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Renewable energy is an important part of the mitigation of climate change. Photovoltaic systems
(PVs) are the fastest growing energy source. They use energy from the sun to produce electricity,
not from burning fossil fuels. However, from a life cycle perspective, PV is not an emission-
free energy source because greenhouse gas emissions (GHG) are produced, mainly during the
manufacturing of components such as solar modules. Generally, these emissions are negligible
compared to the ones produced from fossil fuels. Therefore, it is commonly assumed that only
operation emissions are relevant. This thesis explores the GHG mitigation of optimized grid-
connected PV systems. The results show that, in most cases, the mitigation of GHG emissions is
considerably higher than the emissions. For example, in Cyprus the life cycle GHG mitigation
potential is 18.6 t CO#-eq / kWp, which exceeds by far the GHG emissions of PV systems which
are between 0.46 t CO#-eq / kWp and 1.11 t CO#-eq / kWp. However, exceptions (where the
mitigation potential is not enough to cover the GHG embodied emissions of the PV systems)
are found if relatively high carbon PV modules are simulated in Sweden, France and Norway
due to the mostly decarbonized grid in those countries. For example, in Sweden the life cycle
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life cycle emissions from a PV system, depending mostly on the manufacturing conditions.
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1. Introduction

1.1. Aim and research questions of the thesis

This thesis focuses on analyzing the impact on climate of grid-connected, config-
uration-optimized solar photovoltaic (PV) systems and their mitigation potential
in Europe. The overarching aim of this thesis is to explore the trade-off between
climate impact and mitigation of PV systems. To achieve this aim, the thesis has
the following objectives:

i. To examine the indicators and alignment between environmental mo-
tives, optimization objectives, and key performance indicators (KPIs)
used in studies to assess solar PV systems.

ii. To assess the life cycle climate impact performance of a grid-connected
PV system optimized using technical, economic, and environmental ob-
jectives.

iii. To compare the GHG emissions averaged over the lifetime from different
solar PV technologies with those related to the hourly average grid across
various locations in Europe.

iv. To analyze the life cycle GHG mitigation potential of a 1 kWp PV system
for each of the 27 EU countries, with an hourly resolution.

v. To compare the life cycle GHG mitigation potential obtained with yearly
and hourly resolution.

Having established the thesis aim and objectives, the overarching research ques-
tion is:
RQ1. What is the tradeoff between the climate impact and mitigation potential
of grid-connected, configuration-optimized solar photovoltaic (PV) sys-
tems in Europe?

The overarching research question is addressed through the following specific
research questions (RQs):

RQ2. What indicators are selected for use in optimization models of PV sys-
tems and how are they distributed among environmental, technical, and
economic categories in terms of motives, objectives, and KPIs?

RQ3. What is the life cycle environmental impact of a grid-connected PV sys-
tem of a building’s energy system in Sweden when technical, economic,
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and environmental optimization objectives and panel technologies are
considered?

RQ4. How do the GHG emissions of different solar PV systems compare to
grid emissions across multiple European locations in terms of time and
energy generation?

RQS5. When considering hourly grid carbon intensity, what is the life cycle
GHG mitigation potential of a 1 kWp PV system across the 27 EU coun-
tries?

RQ6. What is the difference between the life cycle GHG mitigation potential
obtained with yearly and hourly resolution?

1.2. Overview of the thesis and appended papers

This thesis includes four papers, each addressing one objective and leading to the
next one:

Paper 1I: The motivation for this paper is given by the increasing deployment of
renewables, specifically PV systems, and the need to optimize their performance.
Therefore, Paper I provides an analysis of the indicators and alignment between
the motives, optimization objectives, and KPIs used in solar PV systems for the
built environment within the Nordic countries, fulfilling objective i.

Paper II: The motivation of this paper originates from the imbalance between
environmental motives and environmental impact variables found in Paper 1.
Paper II compares the GWP performance of bi-objective optimization models
with different optimization objectives (economic, technical and environmental-
economic), which fulfills objective ii.

Paper I1I: This analysis is based on the conclusions of Paper II, specifically that
the GWP resulting from optimization are drastically different in PV systems with
different embodied carbon, and the limitation that Paper II is done using a PV
system connected to a grid with one of the lowest carbon intensities of the world.
Paper III compares the hourly GWP of electrical energy from the grid with the
life cycle GWP of three different PV systems in seven locations in Europe. As a
result, objective iii is achieved.

Paper IV: The motivation for this study is to provide a life cycle perspective of
the GWP mitigation based on the conclusions from Paper III. In Paper IV, cal-
culating the GWP from the grid equivalent to all the energy produced during the
life cycle of a 1kWp PV system produces a result that can be easily compared
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with the embodied GWP of a PV system allowing for a more direct and clear
comparison. Furthermore, the scope of the study is extended from 7 to 27 loca-

tions in different countries, providing a broader perspective. Therefore, Paper IV
fulfills objective iv.
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2. Background

Earth is the place where humans and other life forms coexist. Human civilization
developed during the Holocene, a relatively mild interglacial epoch of around the
last 11 700 years during which human advances (from agriculture to the latest
technological breakthroughs) have developed [6]. Despite some natural fluctua-
tions, environmental conditions on Earth have remained relatively stable since
then [7]. However, this stable state has been increasingly affected by human ac-
tivity since the Industrial Revolution [8]. A framework to define and assess a safe
operating Earth environment for humanity was first proposed by Rockstrom and
colleagues in 2009 [9].

The planetary boundaries framework was updated by Sakschewski and Caesar
etal. in 2025 [10]. In this latest update, seven out of nine boundaries were crossed,
including Climate Change, Biosphere Integrity, Land-system Change, Freshwa-
ter Change, Biogeochemical Flows, Ocean Acidification, and Novel Entities (see
Figure 1) [10]. The two boundaries that were assessed within a safe operating
space were Stratospheric Ozone Depletion and Atmospheric Aerosol Loading
[10]. Climate Change, besides being a planetary boundary, is a driver that ampli-
fies others [11]. Climate Change is a change in the state of the climate that persists
for decades or longer and may be due to natural internal processes or external
forcings [12], though the UNFCCC refers specifically to change attributed di-
rectly or indirectly to human activity [13].

Climate Change is primarily caused by the accumulation of greenhouse gases
(GHGs) in the atmosphere [14]. In 2023, worldwide GHG emissions reached 53.2
Gt CO:2-eq [15]. The power industry has the highest share of global GHG emis-
sions with 30% [15], and it has had the highest increase since 1990 (104%) com-
pared to other sectors like industry and transport [15]. Fossil fuels remain the
highest source of power for global electricity consumption, coal reached 10,858
TWh in 2025 (representing a -0.4% decline compared to 2024) [16], as shown in
Figure 2. On the other hand, renewables keep growing, between 2024 and 2025,
renewables growth rate was 8.7%, reaching 10,808 TWh, a similar share to coal
[16]. Solar PV accounted for more than three-quarters of new renewable capacity
additions worldwide [16].
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2.1. Photovoltaic energy systems

Among renewable energy sources, solar photovoltaic (PV) is the fastest growing
power generation technology worldwide, and according to the IEA forecast, solar
PV capacity is projected to triple by 2030 [17]. Solar PV capacity surpassed 600
GW in 2025, making the cumulative capacity around 2 800 GW, becoming the
generation technology with the largest installed capacity [16]. Furthermore, solar
PV has become the biggest driver of investment in the global electricity sector,
with 441 billion USD, followed by grids with 413 billion USD (according to an
estimate for 2025) [18]. However, this rapid deployment comes with challenges
related to generation and demand imbalances such as an increasing number of
hours with negative electricity prices, curtailment and higher flexibility needs
[19].

The rapid expansion of solar PV, central to decarbonizing the electricity sec-
tor, raises new questions about the sustainability of this technology. PV modules
have an operational lifespan of around 25 to 30 years [20], which means the ca-
pacity deployed in the past two decades will begin reaching the end of its tech-
nical life in the coming years. Waste from global PV is projected to reach between
1.7 and 8 million tons by 2030 and rise to around 60 to 78 million tons by 2050
[21]. Simultaneously, the growing scale and complexity of PV energy systems
require increasingly sophisticated management of these assets from performance
monitoring and maintenance to economic planning over their lifetime [22]. These
two dimensions —environmental performance of PV technology (as a product)
and the technoeconomic management of a PV system (as an asset) — are influ-
enced by the decisions made during the design, installation, operation, and end of
life of a PV system. Therefore, a life cycle approach is needed to assess and man-
age the environmental and technoeconomic perspectives in a coherent way.

The life cycle of a PV system can be seen from different perspectives, a prod-
uct perspective or from an asset perspective. Product perspective is useful to track
the environmental impact. PV’s life cycle stages from the product perspective are
defined by IEA PVPS Task 12 as raw material extraction and pre-processing,
manufacturing, distribution and storage, installation, operation and end-of-life
[23]. The methodological framework to quantify environmental impact is ISO
14040 [24]/14044 [25]. The asset perspective follows the general asset manage-
ment life cycle defined in ISO 55000 which can serve as a framework for decision
making [26]. It includes planning, acquisition, operation and maintenance, and
end-of-life [26].
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2.2. Life cycle assessment

Life cycle assessment (LCA) is a methodology to quantify the environmental im-
pact of a product or service across its life cycle, from raw material extraction to
end-of-life (sometimes including effects beyond the boundaries). The founda-
tional standards of LCA are ISO 14040 [24] and ISO 14044 [25]. The methodo-
logical phases are defined by ISO 14040 as goal and scope definition, inventory
analysis, life cycle impact assessment, and interpretation of the results [25]. The
results of LCA are expressed using environmental impact indicators, which are
indicators related to one specific impact category. The EN 15804+A2 standard
has define a set of 12 mandatory environmental impact categories including Wa-
ter scarcity potential and Human toxicity, other non-mandatory impact categories
include lonizing radiation [27].The most commonly assessed impact category is
Climate Change and it is usually quantified by the global warming potential
(GWP) impact indicator. GWP is defined as the impact indicator used to quantify
the potential warming effects of greenhouse gases relative to carbon dioxide, one
hundred years in the future, expressed in COz2-eq mass units [28].

2.3. Global warming potential of energy systems

As mentioned in section 2.1, renewable energy technologies (wind, hydro, solar
etc.) are an alternative energy source to fossil fuels such as coal, oil and gas.
Unlike fossil fuels, renewable energy does not directly emit greenhouse gases
during operation. However, from a life cycle perspective and under current cir-
cumstances, renewables are not emission free energy technologies [29]. Never-
theless, as shown in Figure 3, renewable energy generation technologies have a
significantly lower life cycle GWP compared to fossil fuels (notice that they are
not even comparable on the same linear axis). Electrical energy generated with
fossil fuels has a GWP higher than 400 gCO»-eq/kWh, while the GWP of renew-
able energy sources is generally lower than 50 gCO,-eq/kWh, as shown in Figure
3.

The energy supplied from the grid is often a mix of several generation sources.
On the right side of Figure 3 the average life cycle yearly emissions for Sweden,
European Union and the World are shown [5]. These values are calculated using
the emissions factor per each generation source and total generation in a country.
The average electricity from the grid in the world is lower than any of the fossil
fuel technologies. The European Union value 212 g COz-eq/kWh) [5] is less than
half of that for electricity generating using Natural gas (486 g CO,-eq/kWh) [2].
On the lower end of the GWP axis, next to the renewable energy technologies is
Sweden, with an average GWP during 2024 of around 34.9 g CO;-eq/kWh [5],
lower than the reference GWP for PV systems. However, comparing the two
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numbers directly would be an oversimplification of an indicator reflecting multi-
ple complex phenomena.

GWP per generation GWP average

technology electricity grid emissions
1200 . 1200
=
Coal; 1001 E
1000 38 &' 1000
O
an
il; 840 = =
Ot g0 = Z 800
B
3
600 S 600
Natural & ‘g b World
Gas; 486 5 (2024); 472
400 k= 400
g European
'c% Union
200 S B 200 (2024); 212
0 = io
50 S 50
1 &n I
i Photovoltaic; 43 ; .
: 4 = 4 !
| - Sweden (2024) ; |
| g M. 349 i
| 30 - 30 i
! Hydropower; 24 B i
! 20 oy 20 ;
: 2 :
i Wind Energy; 11 - icl( é 10 .
i £ i
0 § 0

Figure 3. The GWP of electrical energy generated with different technologies is shown
on the left [2], the average GWP from the grid is shown on the right [5]. A zoom of
the bottom 50 g CO2-eq /kWh of the axis is shown on the bottom to facilitate a clear
interpretation.
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The GWP of PV systems has been estimated in scientific literature. Some of the
latest findings regarding GHG emission found that they range from 25.2 gCO»-
eq/kWh to 35.8 gCO»-eq/kWh depending on the technology (3 kWp rooftop, Eu-
rope, 976 kWh/ kWp/yr, 30-yr lifetime, 0.7%/yr degradation) [30]. A critical
meta-survey of several studies on the life cycle greenhouse gas emissions of PV
systems found that the mean value for life cycle GHG emissions for solar PV is
around 50 gCO2-eq/kWh, with a theoretical minimum and maximum between 1
gCO2-eq/kWh to 218 gCO2-eq/kWh [29]. This wide range of results depends on
several conditions such as PV technology, irradiance, location of manufacturing
and installation, and system capacity [29].

2.4. Optimization of energy systems

Optimization is used to find the minimum or maximum valuable achievable for a
given mathematical function (objective function) and its related optimized varia-
bles, within a set of constraints. This way of problem solving can be applied to
the performance of energy systems to minimize or maximize the desired output.
For example, minimizing costs or maximizing net present value; these two are
common economic objectives [31]. However, objectives can be optimized from
other categories of metrics to assess the performance of an energy system such as
environmental, technical or social. Furthermore, the boundaries of the optimiza-
tion models for energy systems can encompass different stages of their life cycle
[32]. For example, optimization can be used during the operation to optimize the
energy flows, or during the design stage to determine the optimal combination of
capacities of different subsystems [33].

An optimization problem of an energy system can have conflicting goals. For
example, aiming to maximize net present value could cause an increase of an
environmental impact variable that is aimed at being minimized. Multi-objective
optimization (MOO) is used to obtain solution sets that contain solutions that
cannot be improved for one objective without taking another objective further
from the optimal [34]. These non-dominated solutions are known as Pareto-opti-
mal solutions, and the set of all such solutions — representing the best possible
trade-offs between the competing objectives — forms what is called the Pareto
front [35]. One of the techniques to solve MOO problems is the use of evolution-
ary algorithms, and they have gained popularity due to their effectiveness in get-
ting the Pareto fronts [35].

One of the most popular evolutionary algorithms is Non-dominated Sorting
Genetic Algorithm-II (NSGA-II), it can be used to produce a Pareto front of a
complex optimization problem [34]. NSGA-II evaluates conflicting goals by it-
erating solutions and pooling existing and new solutions to keep the most suc-
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cessful ones [34]. The new solutions are produced by combining previous suc-
cessful solutions. It also ensures a diverse range of options by prioritizing solu-
tions that are in less crowded areas [34].

2.5. Literature review

Studies and reviews about motives, optimization and key performance indicators
related to energy systems have been published previously. Environmental mo-
tives have been found to be highly valued for the selection of an energy supply
system [36], as well as for the adoption of renewable electricity technologies [37].
A meta-analysis of residential roof PV adoption studies shows medium-to-large
correlations between intention to adopt and environmental concern, perceived
benefits, novelty seeking and subjective norms, while socio-demographic varia-
bles showed weaker correlations [38]. While these studies analyze why PV sys-
tems are deployed, there is a parallel body of research that focuses on how these
systems are designed and operated. Optimization of energy systems has been
broadly studied.

Regarding optimization processes, a review on the optimization methods ex-
plains the key parameters in the process of optimal planning for PV-battery sys-
tems [39]. Furthermore, different objectives, models and algorithms for design
optimization of a smart energy system have been compared [40]. Other studies
have focused on multi-criteria optimization approaches, which are recommended
in a review about indicators for the optimization of sustainable urban energy sys-
tems [33]. Meanwhile, other reviews within the renewable energy field focus on
the key environmental and energy performance indicators [32]. Despite the avail-
ability of separate studies and reviews about motives, optimization objectives and
key performance indicators used within the renewable energy field, a study or
review about the coherence of these three strategic choices was not found.

The motives and variables in a MOO model for PV systems can be from dif-
ferent categories. The technical motives include matching power generation and
energy demand, which is generally quantified by indicators such as self-suffi-
ciency and self-consumption [41]. Similar motives such as minimizing power in-
terruptions can be matched with indicators like Loss of power supply probability
[42]. Other indicators can be used to assess a community, for example Energy
Sharing Ratio [43]. Often PV systems are integrated with energy storage systems.
Some of the indicators related to energy storage include efficiency of seasonal
storage system [44], annual temperature variation of thermal storage [45], and
Battery energy system (BESS) cycles [46].

Economic motives expressed in the introduction of scientific articles are re-
lated to costs, feasibility and volatility concerns. Regarding the indicators used
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for optimizing and assessing PV systems, there are indicators that consider a life
cycle perspective and there are others which do not. Some studies have limited
the analysis to one stage of the life cycle. For example investment cost [47] or
yearly operational costs [43, 48]. Other studies have considered costs from a life
cycle perspective, using indicators such as life cycle cost, levelized cost of elec-
tricity [49], and cumulative cash flow [50]. In a similar way, the environmental
indicators can consider or not a life cycle perspective.

Environmental motives are often expressed in the PV optimization literature.
The most common concern is Climate Change and less concrete expressions such
as “environmental issues” are found in some articles [43]. In a similar way as for
the economic indicators, environmental indicators can be assessed from a life cy-
cle perspective or from a narrower one. Examples of optimization variables con-
sidering only operational emissions include minimizing direct emissions, such as
those from a biomass boiler [51], or related to heat and electricity production [52],
without considering other life cycle stages such as manufacturing.

Within the variables that quantify environmental impact, those that do it from
a life cycle perspective are still rare in the MOO research. One example is a study
of an optimization model used to find the capacities of batteries and diesel gen-
erators for an off-grid energy system in Spain [53]. Another study about optimal
capacities, for life cycle environmental impact, analyzed an off-grid system in
Russia [54]. In addition to off-grid systems, this approach has been used for grid-
connected systems, from a regional perspective in China [55] and for a single
commercial building in Morocco [56]. The grid-connected system studies men-
tioned previously are from countries with relatively carbon intensive grids, China
(555 gC0O2-eq/kWh) and Morocco (577 gCO2-eq/kWh) [5]. Other studies about
configuration optimization for PV considering life cycle environmental impact
have included grids with lower carbon intensity. For example, a residential grid-
connected energy system with PV is studied to optimize life cycle GHG emis-
sions and cost simultaneously, using hourly-resolution carbon intensity data [57].
The results show that the most cost-effective solutions do not necessarily achieve
the best emission reductions for this system with hydrogen and battery storage
connected to the UK electricity system (247 gCO:-eq/kWh)[57]. However, no
study was found that optimizes the configuration of a grid-connected PV system
for life cycle GWP using hourly carbon intensity data for a low-carbon grid con-
text, such as Sweden, where embodied emissions of PV components dominate
over operational emission savings.

A model using a Climate Change indicator to optimize the performance of a
grid-connected PV system on a low-carbon grid (with an hourly resolution) could
give a new perspective to the field. For example, LCA studies for grid -connected
PV systems in Sweden [58] and Norway [59] have shown that adding a PV sys-
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tem can increase the life cycle environmental impact, and that optimization stud-
ies could provide a better understanding of the LCA results [58]. Therefore, MOO
could add a broader perspective given that the previous LCA studies made only
one LCA, while a MOO model can provide a whole range of optimal solutions.

Considering climate change is an Earth-level phenomenon, PV deployment
can be prioritized in certain areas to minimize the GWP on a broad scale. PV
deployment is expected to reduce GHG emissions from the electrical grid. GHG
mitigation potential is an indicator that reflects this capacity. It has been defined
as the product of the PV energy generation potential and the grid carbon intensity
[60]. This indicator has been studied in different scales, resolutions and configu-
rations. For example, 1 kWp of three PV technologies are examined in 141 loca-
tions worldwide [60]. A more recent study analyzed the total worldwide GHG
mitigation potential under different scenarios from 2009 to 2019 and projected to
2060 [61]. A similar publication studies the worldwide mitigation potential of
rooftop PV, using a 1-km resolution [62]. Despite the comprehensive assessment
of locations, all these studies have a limitation due to daily and seasonal variation
given by the yearly resolution used to quantify the GHG mitigation potential. The
variation in the GHG mitigation potential due to the difference of resolution
(yearly and hourly) is assessed for a case in Spain, GHG mitigation potential is
8% lower than the one quantified with yearly resolution [63]. Besides this hourly
analysis in Spain, an assessment in other countries, or multiple locations was not
found during the literature review.

2.6. Research gaps

On basis of the literature review, the research gaps identified and addressed in
this thesis are the following:

e The motives, optimization objectives and key performance indicators
for optimizing PV systems have been studied previously by separate
studies. However, a systematic review of the coherence between these
three choices has not been found during the literature review. Paper I
addresses this gap by providing the first systematic analysis of the co-
herence between motives, optimization objectives and KPIs in PV op-
timization studies in Nordic countries, offering a structured overview
absent from existing literature.

e Although environmental impact objectives have been considered in
PV system optimization, studies adopting a life cycle perspective are
less common than those focusing solely on operational-phase emis-
sions, especially for grid-connected systems under a relatively low-
carbon grid. Paper II addresses this gap by analyzing the life cycle
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climate impact performance of a grid-connected PV system optimized
using technical, economic, and environmental objectives. Therefore,
Paper II offers a new perspective for capacity optimization models
for low-carbon grids in high latitudes with an hourly resolution.

e Although GHG mitigation potential of PV systems has been quanti-
fied with yearly resolution for several locations and with hourly reso-
lution for one location, a GHG mitigation potential of PV including
multiple locations with an hourly resolution appears to be absent in
the current literature. Paper III compares the life cycle GHG emis-
sions from different solar PV systems with those from the grid across
various locations in Europe on an hourly basis. Additionally, Paper
IV analyzes the life cycle GHG mitigation potential of a 1 kWp PV
system for each of the 27 EU countries. Both studies are carried out
with an hourly resolution providing a more precise quantification for
GHG mitigation potential from PV.

2.7. Thesis structure

To address these three research gaps, four research questions are respectively
proposed as listed in section 1.1. Built upon the research questions, the thesis sets
up the overall aim and specific objectives in chapter 1. In the following chapter
3, research methodology is structured in detail. Chapter 4 then presents the key
findings while chapter 5 continues to discuss these findings, by identifying the
related limitations and future work. Chapter 6 depicts the essential conclusions
and demonstrates how the thesis addresses each research question and objective.
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3. Methodology

3.1. Methodological Framework

This thesis follows a sequential approach, where each study is grounded in the
findings and limitations of the preceding one. The methodology progresses from
Paper I with a broad literature synthesis that identifies research gaps, to optimi-
zation modeling that explores those gaps in Paper 11, and finally Paper III and
Paper IV have two comparative analyses that address the limitations encountered
in the modeling stage (progressively expanding in geographical scope and meth-
odological directness, as shown in Figure 4).

Paper I: Literature analysis

Meta-analysis of motives, objectives and KPIs

Gap: environmental
mismatch

Paper II: Bi-objective ooptimization modeling

Evaluation of three objective sets on GWP

Limitation: single grid

Paper I1I: Hourly GWP mitigation and emissions

Analysis of 7 countries, 3 PV systems, 1 year

Refinement: broader scope,
clearer metric

\ 4

Paper IV: Life cycle GWP mitigation analysis

Y
Life cycle assessment and PV modeling

27 countries, 3 PV systems, lifecycle

4 — === ———— - — - -Expanding scope = = = = = = = = — — — —

Figure 4. The methodological framework of the thesis.
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3.2. Overview of the methods

In this section the methodology used in each of the papers is described. In Paper
I, a meta-analysis of the motives, optimization objectives, and KPIs extracted
from studies on solar photovoltaic (PV) systems with energy storage within the
built environment in Nordic countries is performed. In Paper II, an analysis of
the GWP obtained from the solutions of three bi-objective capacity optimization
models (technical, economic and environmental-economic) is performed. In Pa-
per I1I and Paper 1V, a comparative analysis between the embodied GWP and
mitigation potential of PV systems across countries in Europe is performed. The
GWP analysis is carried out on an hourly basis for one year in Paper III and in
a 25-year life cycle (with hourly resolution) in Paper IV.

3.2.1. Meta-analysis of published studies

The meta-analysis of published studies conducted in Paper I that determines the
distribution of motives, optimization objectives and key performance indicators
within environmental, technical and economic categories was performed in 4
steps shown in Figure 5: (1) The first step is the scientific articles search, where
search strings (related to optimization of solar photovoltaic (PV) systems with
energy storage within the built environment in Nordic countries) are performed
in three relevant scientific search engines. Once the searches are completed, (2)
a refined filtering based on the abstract is performed to ensure the relevance of
the studies given the scope. Once the relevance is determined, (3) the motives
(typically found in the introduction), optimization objectives (typically found in
the method) and KPIs (typically found in the results) from each article are ex-
tracted and (4) grouped into environmental technical and economic categories.

Search strategy Filtering by abstract
Databases Concepts
« IEEE Xplore 349 papers
P * Optimization
+ Scopus —

* Web of science * Build environment

* Nordic
* Energy storage

Search string

—
¢ (Optim* OR maxim*) AND
* (PV OR Photovoltaics OR Solar Panel OR
PV panel) AND Q 36 papers
* (Buildings OR Building Cluster OR District
OR Urban area OR Villages) AND Strategic framework Categorization
* (Sweden OR Nord* OR Cold climate OR
Norway OR Denmark OR Finland OR Motives Environmental
Iceland) AND
* (Storage OR Batter* OR Hydrogen OR Optimization objectives E> Technical
Thermal storage)
/ Key performance indicators Economic
./

Figure 5. The method for the analysis done in Paper I includes search strategy,
abstract filtering, strategic framework extraction and categorization.
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3.2.2. Analysis of multi-objective optimization models for sizing
solar photovoltaic systems

The method used in Paper II to compare the GWP obtained from the solutions
of three bi-objective capacity optimization models (technical, economic and en-
vironmental-economic) is shown in Figure 6. The key steps are obtaining the Pa-
reto front for each model and evaluating them in the GWP function to compare
their life cycle climate performance. The three models aim to find the optimal
installed capacities in the roof and fagade using logged data from the study case
(Magasin X building). Two scenarios are analyzed: Scenario 1 includes mono-Si
(mono-Si) modules in the fagade and roof, and Scenario 2 considers CIGS mod-
ules in the fagade and mono-Si modules in the roof.

Each of the steps of the analysis are shown in the following sections. An over-
view of the study case and its data is described in Section 3.2.2.1. To quantify the
GWP, the LCA shown in Section 3.3 is performed. The multi-objective optimi-
zation models are described in Section 3.2.2.2. The economic, technical and cli-
mate-related functions of multi-objective optimization models are described in
detail in the Appendices of Paper II.

Loggiz_i df_ta ant: Technical
specifications o 77 optimization | ) paretofront | o |
! to front | |
Magasin X ; paretoTron : |

¥ : LA— : : Y
Data cleaning and initial ; 100 solutions were ! NPV
processing i iterated290 time§ using a ! function )
' genetic algorithm i Economic

pareto front

with NPV and
GWP

evaluation

Building’s Power
demand and PV
power production
Data

_______ L Economic | Economic B 3 o
i optimization pareto front ' !
; 7Y ' v

Yoo ‘ | owp
) 100 solutiQns were "l function r
iterated 200 times using a T
genetic algorithm r'y Economic-
! environmental
Economic- Economic- pareto front
--» environmental environmental [ - with NPV and
optimization pareto front GWP
; evaluation

[

100 solutions were iterated
200 times using a genetic
algorithm

Figure 6. The method for the analysis used to compare the GWP of three optimization
models in Paper II is shown.
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Study case for PV capacity optimization modeling

The case study building for Paper II is an office building with a grid-connected
PV system installed in the facade and roof located in Uppsala, Sweden
(59°51'22"N, 17°38'59"E), called Magasin X, developed by Vasakronan (shown
in Figure 10). This building has seven stories and 11 451 m? of heated area. It is
used for this study because it is designed to be at the forefront of modern archi-
tectural and engineering practices for sustainability. Therefore, the results can
give an insight into the effects of capacity optimization on cutting-edge office
buildings. Furthermore, all the energy used in the building (including heating) is
covered by electrical energy, despite being in an area with access to the district
heating network. The power is supplied by the local grid and the on-site PV sys-
tem. The estimated yearly energy demand of the building is 496 MWh. The
monthly demand and the PV power generation are plotted in Figure 11. This plot
shows the seasonality of the energy demand and the PV power generation of an
office building in this latitude, where most of the PV energy is generated during
the summer, while the energy demand is highest during the winter months.
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Figure 7. Magasin X building is shown and its PV installation is described.
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Figure 8. Magasin X monthly PV energy generation compared with the electrical
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GWP from three bi-objective optimization models

Paper II compares the GWP obtained from the solutions of three bi-objective
capacity optimization. The method used includes obtaining the Pareto front for
each model and evaluating them in the GWP function to compare their life cycle
climate performance. The three models aim to find the optimal installed capaci-
ties in the roof and fagade under two scenarios, Scenario 1 that includes mono-Si
modules in the fagade and roof, and Scenario 2 that considers CIGS modules in
the facade and mono-Si modules in the roof.

The three models to be compared share the same solution space, a combination
of installed power in the fagade (Pr) and roof (P;), all the functions in these models
are defined in the Appendices of Paper II, with the constraints defined in equa-

tions (1) to (4):

0<P <114 (1)
0 < Pr < 168 (Scenario 1) or 0 < Pr < 129 (Scenario 2) )
P.(k) = 0.45-k,where k e Z* 3)
Ps(m) = 0.19 - m,where m € Z* €))

where P; and Pr represent the installed capacity on the roof and fagade respec-
tively.

The optimization models being evaluated are: (i) Technical model that maximizes
self-consumption (SCy) and self-sufficiency (SSy) [64] according to expression 5
(SCy and SS, are defined in Appendix B of Paper II); (ii) an economic optimi-
zation model that maximizes net present value (NPV) and internal rate of return
(r) as shown in expression (6) (NPV and r are defined in Appendix C of Paper
II); and (iii) an economic-environmental model that minimizes the total GWPr
while maximizing the NPV, according to expression (7) (GWPr is defined in
equation D.5 of Appendix D of Paper II). To find the Pareto fronts for each of
the models a state-of-the-art evolutionary algorithm (NSGA-II) is run using the
DEAP (Distributed Evolutionary Algorithms in Python) library, each Pareto front
has 100 solutions.

(Z:iff) F = [SC)’(PW Pf)’SSY(Prv Pf)] (%)
(i) F2 = [NPV(P,, Pf),7(B., Pf)] (6)
(epy) Fs = [NPV (P, Pr), =GWPr (P, Pr)] (7)

Finally, each solution of the Pareto fronts obtained (Technical, Economic and
Environmental-economic) is evaluated in the GWPr function that represents the
sum of the GWP of the energy used in the building studied across a life cycle of
25 years, including the GWP embodied in the PV system, grid import, and grid
export.
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3.2.3. Analysis of the hourly Global Warming Potential mitigation
of photovoltaic systems in Europe

The overview of the method used for the analysis in Paper III is shown in Figure
7. To analyze the share of energy and time during which the GWP from three PV
systems is lower than that from the grid in seven locations in Europe. The loca-
tions are in the capital of each country, and the countries were selected to provide
a variety of energy mixes and weather. The PV power generation for a 100 kWp
PV system with optimized orientation (slope and azimuth that give the highest
yearly energy output) is simulated for each location using PVGIS [65]. The sim-
ulated data is used to estimate the total energy produced from a PV system in
each location. In addition to lifetime energy generation, the embodied GWP of
each of the three systems is used to get the GWP per kWh using the LCA method
defined in Section 3.3. The difference in the GWP between the three systems is
the PV modules, the data used corresponds to two different mono-Si from the
literature [66] and CIGS PV modules from an Environmental product declara-
tion[67]. The GWP obtained for each of the three PV systems is compared with
that from the grid across each hour of 2024 [68] for the seven locations. Finally,
the time and energy where the GWP from PV is lower than that from the grid is
summed as a percentage. The detailed equations and data are shown in the Mate-
rials and Methods section of Paper I11.

/ Seven locations in Euro pe /

ThreePV systems
with different
GWPs per module
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intensity from the
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PV power generation
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PV generation
simulation data
for the seven
locations

Is PV’s GWP
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next hour
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Figure 9. The flow chart illustrates an overview of the methods and materials used in
Paper II1.
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3.2.4. Analysis of the life cycle Greenhouse gas mitigation potential
in the European Union

To determine the life cycle GHG mitigation potential of 1 kWp of PV in the EU
countries, the GWP of the electrical AC energy from the grid, equivalent to that
generated by the PV system, is quantified over a lifetime of 25 years. The main
analysis is made by simulating the PV generation a 1 kWp system with optimized
orientation (slope and azimuth that give the highest yearly energy output) using
PVGIS. The result of the simulation is the power generated during each hour from
2015 to 2020. The power generation from this six-year range is averaged per hour
to create an average year with hourly resolution. Afterwards, the hourly PV power
generation of the average year is projected over 25 years with a degradation of
0.5%, and multiplied by the hourly life cycle carbon intensity of the electrical
grid during 2024 from Electricity Maps [68].

The GHG life cycle mitigation potential calculation is repeated for one loca-
tion in each capital of the 27 EU countries. In addition to the main analysis, var-
iations are carried out. The first variation is a comparison of this hourly quantifi-
cation with one made with yearly resolution, where the yearly average carbon
intensity of the grid is used for the calculation. A comparison of the results with
the GWP impact of PV systems under three manufacturing scenarios (Norway,
Germany, and China) [69] is also shown. Furthermore, an analysis of the life
cycle GHG mitigation potential projected under linear and exponential grid de-
carbonization scenarios is also performed using the decarbonization goals of each
country as a reference. An overview of the method, including the variation anal-
yses, is shown in Figure 8.

The methodological framework of this analysis is LCA, which is described in
Section 3.3. The exact locations, references, assumptions and all the equations
used to obtain the results can be found in the Methods section of Paper IV.
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Figure 10. The flowchart shows an overview of the methods used to obtain the results
related to the life cycle GHG mitigation potential of PV systems in EU countries.

Life cycle GHG
mitigation
potential negative
prices filter.
(Figure 5)

3.3. Life cycle assessment

A common theme across Papers II to IV is the use of LCA to analyze the GWP
of grid-connected PV systems in different ways (LCA methodology is briefly de-
scribe in section 2.2). In Paper II, LCA is used to determine the total GWP of a
building’s energy use across 25 years under different scenarios with PV systems
compared with using only energy from the grid. In Paper III, LCA is used to
compare the life cycle GWP per unit of energy of three different PV systems
across seven countries with the hourly average GWP from the grid during 2024.
In Paper IV, LCA is used to determine the GWP mitigation potential due to the
installation of 1 kWp of PV for 25 years, across the 27 EU countries. The meth-
odological choices of the LCAs in the Papers are summarized in Table 1.

Table 1. The LCA’s methodological choices for each of the Papers are shown.

Paper 11 Paper 111 Paper IV
Goal To determine the total Comparing the life cy- | Determine the climate
GWP of a building’s en- | cle GWP per unit of change mitigation po-
ergy use compared to us- | energy of PV systems tential due to the in-
ing only grid electricity. with the hourly aver- stallation of 1 kWp of
age GWP from the PV.
grid.

Geographical scope

One office building in
Uppsala, Sweden

One location per each
of the following coun-
tries: Norway, Swe-
den, Germany, Poland,
Netherlands, France
and Spain.

One location per coun-
try in the EU [70].
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Technical lifetime

25 years

Functional unit

Total electrical AC en-
ergy use of the building
across 25 years

1 kWh of electrical
AC energy supplied
from a PV system with
optimal orientation

The lifetime electricity
generation of a 1 kWp
PV system with opti-
mized orientation over
25 years, assumed to
displace an equivalent
amount of grid elec-
tricity at each location.

embodied impact

tions of P, and Py in two
scenarios: (1) mono-Si
for roof and fagade; and
(2) mono-Si for roof plus
CIGS for fagade.

systems: (1) CIGS
modules [67], (2) Low
GWP mono-Si mod-
ules[66], (3) Medium
GWP mono-Si [66]

Environmental Global warming potential
impact category
PV technologies for | 300 optimal combina- Three variations of PV | Three variations of PV

systems, mono-Si
modules with different
simulated manufactur-
ing: (1) China, (2)
Germany, (3) Norway
[69]

Operational
mitigation poten-

Hourly average life cycle
carbon intensity for SE3

Hourly average life cycle carbon intensity for the
corresponding price area during 2024 [68]

building with that of a
given system with PV

systems and locations
for every hour across
2024

tial price area during 2023
[71]
Analysis of the Compare the GWP of Compare the GWP of Compare the GWP of
results using only grid electrical | grid electricity with grid electricity equiva-
energy in the case study that of the listed PV lent to that produced

by a PV system across
25 years for a given
location (mitigation
potential) with the em-
bodied GWP for a PV
system

The life cycle inventory used in Paper II is shown in Figure 9, it includes the
energy and material flows divided in two: the PV system and the electrical energy
supplied from the grid. For the PV system, references used in scientific articles
are used and for the grid electrical energy data from Electricity Maps [71] portal
is used. On the other hand, the life cycle inventory in Paper III and Paper IV
considers both systems separately, the data from Electricity maps [68] and the
embodied GWP from the PV system are compared directly instead of being both
part of a building’s energy system.
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Figure 11. The life cycle inventory used for Paper II is shown.
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4. Results

4.1. Meta analysis of the literature

The analysis in Paper I performed on the motives, optimization objectives, and
KPIs shows that even when environmental motives are expressed in 75% of the
articles, only 8% and 11% used environmental optimization objectives or KPIs
respectively (see Figure 12). In contrast, the economic optimization objectives
are used in 89% of the cases despite being the least commonly shown motives.
Technical motives are the most repeated (97%), supported by 67% of optimiza-
tion objectives and 94% of KPIs. These strategic choices are not mutually exclu-
sive, and the strategies used usually include different combinations of motives,
optimization objectives and KPIs. The detailed description of the motives, opti-
mization objectives and key performance indicators is in the Results section of
Paper L.

0% 20% 40% 60% 80% 100%
Environmental

Technical I I I I 1
Economic

Environmental ===
Technical

Economic

Objectives Motives

Environmental
Technical
Economic

KPIs

Figure 12. The distribution of environmental, technical and economic strategic
choices analyzed from the literature reveals an unbalance of environmental motives
with its corresponding optimization objectives and KPIs.
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The environmental category is dominated by Climate change in the motives, op-
timization objectives and KPIs. The motives expressed in the papers analyzed are
related to Climate change and general environmental concerns, none of the other
environmental impact categories are mentioned. Furthermore, all the environ-
mental impact indicators both used as an optimization objective and as KPIs
found are Climate change-related and focused only on the operation stage.

4.2. Analysis of multi-objective optimization models

The solutions of the three bi-objective optimization models have different effects
on the life cycle GWP of the energy use of the building which is shown in this
section. The solutions that maximize self-consumption and self-sufficiency
caused an increase of the life cycle GWP of up to 10.3% compared with not in-
stalling any PV for the Scenario with only mono-Si PV. On the other hand, the
same model can cause a reduction in GWP of up to 5.3% in the Scenario that
includes CIGS thin film modules. While the model that included minimizing
GWP as an optimization objective gave solutions with the minimum possible
GWP for both scenarios, using only grid electrical energy for the Scenario with
only mono-Si PV (0% GWP change) and installing as many CIGS as possible,
while avoiding installing mono-Si PV for the Scenario 2 (5.3% GWP reduction).
The results for each of the models and both scenarios are shown in the following
subsections 4.2.1 and 4.2.2. The detailed results of this analysis can be found in
Paper II.

4.2.1. Scenario 1: Roof PV-mono-Si, Facade BIPV-mono-Si

A comparison of the economic and environmental performance for the three op-
timization models in Scenario 1 is shown in Figure 13. The solutions from the
Technical model (maximizing SS and SC) are entirely within the economically
non-feasible and GWP non-feasible zone. The solution that maximizes SS
reached the highest GWP values of around 322 t CO:-eq, while maximizing SC
achieved a slightly lower GWP of approximately 303 t CO2-eq but with a less
unfavorable NPV. On the other hand, the Economic model generated solutions
spanning both the economically non-feasible and feasible regions, extending up
to the Max. NPV point at roughly 90,000 Euro, although its GWP values re-
mained consistently above the feasibility threshold, between 295 and 298 t CO2-
eq. The Environmental-economic model overlapped with the Economic one be-
cause in this scenario facade modules are neither economically nor environmen-
tally feasible. Overall, none of the three models was able to deliver solutions that
are simultaneously feasible in both economic and GWP terms, indicating that un-
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der the assumptions of Scenario 1, no PV configuration achieves a favorable com-
promise between the two objectives.
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Figure 13. The three optimization models for Scenario 1 are plotted as a function of GWP
and NPV. The minimum GWP and maximum NPV are found by the economic and envi-
ronmental-economic optimization models. On the other hand, the Technical model solu-
tions, including

4.2.2. Scenario 2: Roof PV-mono-Si, Facade thin film CIGS

A comparison of the climate and economic performance of the three optimization
models for Scenario 2 is shown in Figure 14. The Technical model provided so-
lutions confined to the economically non-feasible region, with net present values
between roughly -93,000 and -15,000 Euro, though their GWP values remained
within the feasible range of 280 to 290 t CO--eq. On the other hand, the Economic
model produced solutions within the economically feasible region, extending up
to the Max. NPV point, but all of these fell into the GWP non-feasible zone, with
values between 295 t COz-eq and 302 t CO2-eq. The Environmental-economic
optimization model generated the most balanced Pareto front, covering both eco-
nomically non-feasible and feasible regions while consistently staying within the
GWP feasible area. A subset of the solutions provided by the Environmental-
economic model are both environmentally and economically feasible. Taken to-
gether, the Environmental-economic model offers the most favorable compro-
mise, being the only one that produces solutions simultaneously feasible in both
economic and GWP terms.
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Figure 14. The three optimization models for Scenario 2 are plotted as a function of
GWP and NPV. All the solutions given by the technical model are in the GWP feasible
and economically non-feasible quadrant, including the maximum SS and SC. The so-
lutions provided by the economic optimization model are economically feasible, and
GWP non-feasible. While the environmental-economic optimized solutions are the
only set with a portion in the GWP and the economically feasible quadrant.

4.3. Global warming potential mitigation analysis in

Europe

The results of the analysis in Paper III are shown in Figure 15. The life cycle
GWP between the hourly grid carbon intensity in seven European countries is
compared with that from three PV systems. The grid’s GWP is generally higher
than that from the PV systems in most cases, with a few exceptions. The hourly
average GWP of the grid in Poland, Germany, Netherlands and Spain are higher
than that from the three PV systems analyzed. Similarly, in France, Sweden and
Norway, the PV system with CIGS modules have a lower GWP than that from
the grid across all the analyzed hours. However, the GWP of the grid in France,
Sweden and Norway is found to be lower than both systems with mono-Si PV
modules during different portions of the hours analyzed and its equivalent energy
generation. For example, the system with medium GWP mono-Si PV modules
simulated in Sweden has a GWP lower than that from the grid during only 8% of
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the time equivalent to 16% of the energy generation. The results for all the cases
are shown in Paper I11.
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Figure 15. The GWP per unit of energy generated by the three PV systems is lower than
that from the grid in Poland, Germany, the Netherlands, and Spain. While in France, Swe-
den (SE3), and Norway, only the CIGS module manufactured in Sweden has a lower
GWP compared to the grid all year round.

In Paper IV, the life cycle GWP mitigation potential quantified for the 27 coun-
tries in the European Union shows a broader perspective of the previous results.
In this case the mitigation potential across the life cycle of the PV systems is
summed and compared with the total GWP of three PV systems with different
simulated electricity mixes for manufacturing taken from the literature[69]. The
comparison shown in Figure 16 reveals similar results as the previous analysis,
in most locations the PV system has a higher mitigation potential than the GWP
related to the life cycle of various PV systems. From the 81 possible combinations
obtained (27 countries and 3 PV systems) only in two cases the life cycle GWP
from the PV system is higher than its mitigation potential, PV system with mod-
ules produced with the Chinese electricity mix installed in Sweden and France.
On the other end, if a PV system with modules produced with the Norwegian
electricity mix is installed in Cyprus, the mitigation potential can be around 40
times higher than the life cycle GWP of the PV system.
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Figure 16. The mitigation potential of a PV system in different locations in the Euro-pean
Union from this thesis is compared with the life cycle GWP from mono-Si, according to
the literature[69].

The life cycle GHG mitigation potential is mainly driven by two factors the PV
generation potential and the carbon intensity. Furthermore, when the PV penetra-
tion of a grid increases, the requirements for grid flexibility increase [19]. There-
fore, to provide comprehensive analysis of the results and its main drivers, the
four variables have been plotted together in Figure 17. This Figure reveals that
the life cycle GHG mitigation potential (bubbles size) varies more along the
grid’s carbon intensity (Y axis) than along the PV generation (X axis), which
means that the main driver of the life cycle GHG mitigation potential is the grid’s
carbon intensity. This is due to the higher variation found in the grid’s carbon
intensity (30-fold range ~700/22) compared to that for the PV generation (less
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than a 2-fold range ~1670/930). Regarding the PV penetration [4], this variable
ranges from 1% to 24% in Finland and Hungary, respectively. Generally, PV
penetration is higher in locations with higher generation, while grid’s carbon in-
tensity does not show an evident influence on it. Despite this, Cyprus the country
with the highest life cycle GHG mitigation potential shows one of the highest PV
penetration rates with almost 20% [4].
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Figure 17. Life cycle GHG mitigation potential is plotted as bubbles with the average
PV generation (X axis) and the 2024 yearly average life cycle carbon intensity (Y axis).
Bubble fill level indicates the proportion of total electricity generation from solar PV

in 2024 [4].
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One of the main contributions of this thesis is made in Paper IV: the analysis of
the difference between estimating the life cycle GHG mitigation potential on an
hourly basis versus on a yearly basis. This variation analysis is shown in Figure
18. The calculation made with an hourly resolution is generally lower than that
made with yearly resolution. For countries with high PV generation and penetra-
tion, the yearly-resolution calculation is generally significantly higher than the
hourly one. For example, the result for Cyprus with a yearly resolution is 26.2 t
CO2-eq kWp™, 41% higher than that obtained with an hourly resolution (18.6 t
CO2-eq kWp™). Similarly, the life cycle GHG mitigation potential calculated with
a yearly resolution in Greece is 12.5 t CO2-eq kWp™', 49% higher than that ob-
tained with an hourly resolution (8.4 t CO2-eq kWp™'). However, there are two
countries where the life cycle GHG mitigation potential calculated with a yearly
resolution is lower than that calculated with an hourly resolution: Ireland and
Sweden, both of which have low PV generation and penetration.
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The life cycle GHG mitigation potential shown in the previous results assume a
constant grid’s carbon intensity 25 years in the future, despite the decarbonization
that they are undertaking and the national goals clearly stated. Therefore, an
analysis that accounts for future grid decarbonization is shown in Figure 19. Two
decarbonization projections based on the net zero targets are shown, one with
linear decarbonization and other with exponential decarbonization (faster at the
beginning). This additional assumption lowers the life cycle GHG mitigation
potential compared with the constant grid’s carbon intensity assumption.

The beginning of the
The enq of}the blue The end of the S
arrows indicates the indicates th
< arrows indicates the indicates the

mitigation with
exponential grid
decarbonization

mitigation with linear mitigation without
grid decarbonization considering future

grid decarbonization

Cyprus 56 «—<104 18.6
Poland 44 +————<81 145
Malta 47 «——<738 13.8
Czech Republic 34 €«——<59 104
Ireland 3.3 ¢«—<55 9.6
Romania 3.2 <«—<51 8.9
Greece 3.0 +«—<48 8.4
Italy 3.0 +—<46 8.1
Bulgaria 2.8 «—<46 8.0
Germany (1.9 <«—<31 e |
Croatia 25 €—<37- 64 | '
Slovakia |22 <«<32-+ 56 !_' éL|thuan|a 15 4—e2q 35 :
Hungar <« [ f :
g .y 21 3.2+ 55 i Spain 17 <—<21 35 !
Slovenia |21 <=<32% 54 i ; Latvia :
Estonia 20 <<31+ 54, ! 14 +—<20 34 4
Luxembourg 1.8 <<2.7> 47 | Portugal 17 €—<21 34 |
Netherlands 16 <«<25 43 /  Belgium 14 <—<19 31
:_‘_"'T_'ifhaéfhi'é ------- ‘e : :Denmark 12 4<16 2.6 :
: Spain < i i Austia 09 <<1. 25
; Latvia < ! o '
: Portugal < i : Finland 0.55 «0.61» 1.46 :
! Belgium < : ! France 0.58 <0.60.78 :
i Denmark < : : Sweden 0.54 <0.54).63 :
; Austria < : i i
i ; ; : 0 1 2 3 4
! Finland || < ; : Lifecycle Mitigation (tCO,e '
: France « i ; KWp™) i
! Swedon || e | e T s S s
0 5 10 15 20 25

Lifecycle Mitigation (tCO.e kWp~™)

Figure 19. Variation of life cycle GHG mitigation potential by assuming no decar-
bonization, linear, and exponential decarbonization.

45



The exponential decarbonization caused a higher reduction in the life cycle GHG
mitigation potential compared with a linear one. In general, higher mitigation po-
tential is related to a larger variation between the three assumptions. For example,
in Cyprus the reduction is 40% for linear and 70% for exponential decarboniza-
tion, while the reduction for France is 23% and 25% respectively. Another factor
that influences the variation is the target year. For example, the earlier target for
Finland (2035) caused a lower life cycle GHG mitigation than France (2040)
when exponential decarbonization is projected, 0.55 t CO2-eq kWp-1 for Finland
and 0.58 t CO2-eq kWp_; for France, while the results without decarbonization are
1.46 t CO2-eq kWp™ and 0.78 t COz-eq kWp™', respectively.
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5. Discussion, limitations and future work

5.1. Discussion

Paper I highlights that despite engaging environmental motives, a significant
portion of the scientific articles analyzed do not optimize for environmental ob-
jectives, and even more rare is to find articles that consider a life cycle perspec-
tive. Furthermore, the same optimization models cause different results in the
GWP quantification. They can even cause an increase in the GWP related to an
energy system, if the embodied GWP of the PV system is not considered (Paper
II). As suggested previously in the literature, a multi-criteria approach is recom-
mended to achieve more holistic solutions from optimization models [33]. In gen-
eral, optimizing for a single indicator can cause other variables to deteriorate. To
avoid this and achieve more sustainable PV systems, the use of multi-objective
optimization is required.

As mentioned previously, the case study used in Paper II is connected to a
Swedish grid with low carbon intensity. Previous LCA studies have shown that
under low-carbon grids, such as those in Sweden [58] and Norway [59], installing
a PV system in a building can increase the life cycle environmental impact. Ca-
pacity optimization is proposed in the literature as future research to provide a
better understanding of LCA and life cycle cost results [58]. Paper II provides
this understanding, concluding that for a low-carbon grid the embodied impact of
the PV systems is the main driver for climate feasibility. As shown by the two
scenarios, CIGS modules, unlike mono-Si modules, could achieve GWP-feasible
results. These results coincide with the environmental LCA report of electricity
from PV by the IEA, where electricity from CIS/CIGS has a lower GWP than
that from mono-Si PV modules [30]. However, the PV technology explains only
part of the relatively low GWP from the CIGS modules (made in Sweden) studied
[67]. The electricity mix from which the modules are manufactured also influ-
ences their GWP [69]. Therefore, the results from Paper II are specific to one
context and should not be generalized. What can be generalized, however, is the
unknown impact on variables not considered as part of an optimization model (in
this case, the environmental ones). For example, the changes in GWP can be
caused by a single focus on economic or technical optimization objectives.
Considering that the results from Paper II represented only one building in a
specific location, Papers I1I and IV studied more locations and PV systems with
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various embodied GWP values. Papers III and IV show that the grid’s GWP is
higher than that of the PV systems in most cases, meaning the specific results
from Paper II are more an exception than a general phenomenon when a broader
European context is considered. Furthermore, Paper II1 compared in more detail
the GWP from PV electrical energy with that from the grid by analyzing specific
products, locations and every hour of the 2024 grid mix. The results from Paper
III reveal more cases where the GWP from PV is not consistently lower than that
from the grid, showing that it can be higher in some hours and lower in others for
different PV modules in France, Norway and Sweden. The level of detail added
by the hourly grid GWP inventory provides a more comprehensive assessment
than comparing only the yearly average grid electricity with the life cycle GWP
of the energy provided by the various PV systems.

Paper IV simplifies the findings from Paper III by assigning every hour a
GWP mitigation potential and summing them across 25 years for each location
to obtain the life cycle GHG mitigation potential. Furthermore, the number of
locations is extended from 7 European locations to all 27 EU countries to provide
more comprehensive insights. One advantage of using life cycle GHG mitigation
potential is that it can be directly compared with the GWP of a PV system per
kWp. The life cycle GHG mitigation potential is generally lower than the GWP
of PV systems reported in the literature [69], with the same exceptions found in
Paper 111 (France and Sweden) due to low-carbon intensity electricity mix. How-
ever, these exceptions apply only when the life cycle GHG mitigation potential
from these two locations is compared with the PV system showing the highest
GWP in reference.

In addition to the comparison between the GHG impact and the mitigation
potential of PV, Paper IV provides further insights. For example, the life cycle
GHG mitigation potential is mainly driven by the grid’s carbon intensity rather
than PV power generation. This is due to the higher variability of the grid’s car-
bon intensity in different locations compared with that of PV power generation.
Other contributions come by adding the time dimension to parts of the analysis,
for example, the effect of increasing the temporal resolution of the inventory,
using hourly generation and carbon intensity rather than a yearly one. The hourly
resolution also allowed making the variation analysis that considers negative
electricity prices as a non-mitigation period. Another time-dynamic considered
in the inventory in Paper IV is the decarbonization of the electricity mix, which
generated the highest variation across all the analyses. For example, considering
exponential decarbonization for the electricity mix in Cyprus produced a result
on the life cycle GHG mitigation potential approximately 70% lower than that
calculated without considering this dynamic. Despite considering the time dy-
namics mentioned previously, there are others that this thesis has not considered.
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Beyond the modeling choices made in this thesis, there is a broader context that
is still outside of the boundaries considered. Human-made climate change is an
Earth-phenomenon. Therefore, quantifying this impact as a GWP indicator using
hourly average carbon intensity from the grid and GWP data from the scientific
literature has several limitations.

5.2. Limitations

This thesis focuses on analyzing the climate impact of grid-connected, configu-
ration-optimized solar photovoltaic (PV) systems and their mitigation potential
in Europe. These analyses involve modeling highly complex phenomena using
PV simulation and LCA. Given this complexity and despite the contributions
made, several limitations arise from the studies’ constraints and modeling as-
sumptions. These can be mainly grouped into two categories: limitations from
PV power generation simulation and limitations from climate impact assessment.
The main limitations are discussed in this section.

The limitations from the PV power generation calculation differ in Paper 11
compared with Paper III and IV. Paper II examined a specific building using
logged electrical energy, demand, and PV generation from the fagade and roof,
which is scaled to the PV capacity in the optimization models. This means the
models assume the same power generation from a module on the top floor as from
one in the lower floors of the facade. However, previous research has shown that
the irradiance received on the lower floors of the facade can be reduced by be-
tween 14% and 65% compared with that on the top floors [72]. Therefore, the
total generation may be underestimated for smaller systems (with most modules
on the top of the fagade) and overestimated for larger systems (with modules in-
stalled on the top as well as the bottom of the facade). The sensitivity analysis
presented in Paper II shows that this variation would cause a change which is
not significant enough to alter the main conclusions. On the other hand, Papers
II and IV used PV power generation data obtained from PVGIS using satellite
data [65]. Only one point is simulated per country, which may not comprehen-
sively capture the performance diversity within each country caused by climate
conditions. For example, temperature effects (not part of the simulation) can
cause a variation of up to 10% in the energy generation, and this uncertainty in-
creases if climate change is considered to affect future temperatures [73]. Besides
the limitations of the PV power generation simulation, limitations on the climate
impact and mitigation analysis are part of this thesis.

The main limitation of this thesis is that the effects on climate change of in-
stalling a PV system are highly uncertain and not fully captured by the models
presented here. Additional dynamics are involved, such as the effects on climate
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change due to PV systems’ integration into the grid and other temporal dynamics.
This effect of the change is usually referred to as the marginal effect. In the grid,
the marginal energy is usually assumed to be more carbon-intensive due to the
reduction of controllable, often fossil fuel-based energy sources, such as gas tur-
bines [63]. Beyond the replacement of more carbon intensive technologies in the
grid, other marginal effects can occur such as cannibalization of other renewa-
bles, additional requirements for flexibility assets, and influences on grids outside
the defined price or control area. Furthermore, the marginal emissions studied in
the literature are subject to temporal and grid constraints that can increase uncer-
tainty. Moreover, if the boundaries considered extend beyond the grid to a more
holistic perspective of the energy system, the effects of installing a PV system
can spread to the decarbonization of energy demand that is currently outside the
grid, such as some transport and industrial processes. Nevertheless, average emis-
sions still serve as an indicator of the GWP from energy sources, which can be
considered a proxy for the potential GWP to be mitigated.

In LCA, the time dynamics that can be captured are limited. One of these lim-
itations is represented by the time dynamics of the inventory [74]. In this thesis,
some inventory’s time dynamics have been considered, such as the seasonal and
daily variations in the PV power generation and the grid’s carbon intensity (cap-
ture through hourly resolution calculations). Additionally, the decarbonization of
the grid represents another dynamic analyzed in Paper IV but not considered in
Paper II and III. Besides the time dynamics of the inventory, environmental im-
pact assessment involves other dynamics. Most environmental impacts depend
on the concentration of certain substances. In the case of GWP, GHG concentra-
tions change over time. For example, methane emissions have a GWP 72 times
higher than CO, over a 20-year horizon, but only 25 times higher over a 100-year
horizon [74]. The GWP used in this thesis is derived from other sources that as-
sume a 100-year impact assessment horizon.

This thesis centers on climate change impact assessment, quantified by the
GWP indicator. However, as mentioned previously, the environmental impact
goes beyond Climate Change, including other impact categories such as Ionizing
radiation. Therefore, quantifying only GWP could cause other impact categories
to deteriorate. For example, prioritizing a low-carbon energy source such as nu-
clear could shift the environmental impact from Climate Change to Ionizing ra-
diation. This could potentially occur with other impact categories such as Water
Scarcity potential or Mineral Depletion potential.

Other limitations emerge from the scope of the thesis. Regarding the geographic
scope: (1) the meta-analysis of literature in Paper I only assessed the Nordic
countries; (2) the study on optimization models in Paper II considers only an
office building in Uppsala, Sweden; and (3) the analyses in Papers III and IV
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focus only on European countries, without considering other parts of the world.
This scope could be extended geographically to provide a better understanding of
the field. Additionally, the optimization models studied focused on capacity op-
timization rather than operation optimization to actively control the power flows.

5.3. Future work

Several future research directions can be taken from the limitations of this thesis,
both in the PV power generation and in the life cycle assessment themes. The PV
power generation potential used to obtain the life cycle GHG mitigation potential
in a country can be done with a more comprehensive geographic resolution, like
done in previous studies [62, 75]. Regarding the marginal effects of PV deploy-
ment, future studies can analyze the marginal effects both in the grid and beyond
the grid. Another direction could be exploring more accurately the climate impact
by using dynamic LCA to include the timing of the GHG emissions in the analy-
sis. Future research can also include GWP analysis of operation optimization
models, analysis of world-wide GHG life cycle mitigation of PV systems, and
broader literature reviews about the coherence of optimization strategies.
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6. Conclusions

The main aim of this thesis is to explore the climate impact and mitigation of
optimized PV systems in European locations. To achieve this general aim the
overarching research question of this thesis is RQ1: What is the tradeoff between
the climate impact and mitigation potential of grid-connected, configuration-op-
timized solar photovoltaic (PV) systems in Europe? The general conclusion is
that, in most cases, PV systems have a lower GWP than the grid in the European
Union. However, there are some exceptions, where the grid has a relatively low
carbon intensity, it can have a lower GWP than a PV system, even if they are
optimized. To find a configuration with a minimized climate impact, optimization
models should have GWP (or a similar indicator) set as part of the optimization
function. It is not enough to minimize technical or economic variables that do not
consider the embodied GWP of the PV system or the carbon intensity of the grid.

Below, conclusions for each specific research question presented in Section 1.1
are shown.

RQ2: What indicators are selected for use in optimization models of PV systems
in the built environment in Nordic countries and how are they distributed among
environmental, technical, and economic categories in terms of motives, objec-
tives, and KPIs?

Conclusion of RQ2
e Even when environmental motives are expressed in most of the articles,
arelatively low portion of them optimize using environmental objectives
or presenting environmental impact KPIs.

RQ3: What is the life cycle environmental impact of a grid-connected PV system
of a building’s energy system in Sweden when technical, economic, and environ-
mental objectives optimization objectives and panel technologies are considered?

Conclusion of RQ3

e Optimizing the installed capacity of a PV system without considering a
GWP optimization objective can cause either an increase or reduction of
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the GWP, compared to using only electrical energy from the grid. For the
study case analyzed the increase in the GWP is up to 10.3% and the re-
duction can be up to 5.3%, under a relatively low-carbon grid, depending
on the embodied GWP of the PV system.

RQ4: How do the GHG emissions of different solar PV systems compare to grid
emissions across multiple European locations in terms of time and energy gener-

ation?

Conclusion of RQ4

The GWP from the PV systems is found to be lower than the hourly GWP
across 2024 for most locations. Exceptions are found in three of the 21
cases in France, Norway and Sweden. In those three countries, GWP
from PV systems with Medium GWP mono-Si PV is higher than that
from the grid across several hours, for the cases with higher GWP from
the PV modules.

RQS5: When considering hourly grid carbon intensity, what is the life cycle GHG
mitigation potential of a 1 kWp PV system across the 27 EU countries?

Conclusion of RQ5

The life cycle GHG mitigation potential of a grid connected PV can vary
significantly depending on the grid’s life cycle carbon intensity and the
irradiation of the location. According to the findings from Paper 1V, the
range goes from 0.6 t COz2-eq kWp™' in Sweden to 18.6 t COz-eq kWp'!
in Cyprus.

RQ6: What is the difference between the life cycle GHG mitigation potential ob-
tained with yearly and hourly resolution?

Conclusion of RQ6

Using hourly resolution implies a higher precision on the quantification
represented by a variation of up to 49% lower GHG mitigation potential
compared to values calculated with a yearly resolution.
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