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Abstract 
 
The paper at hand presents the environmental impact analysis of a photovoltaic (PV) power 
station sited in Stockholm, Sweden, using life cycle assessment (LCA).  The LCA considers 
the primary energy return on investment and global warming potential of the PV-station, 
including; resource extraction, manufacturing, transportation, operation and maintenance, and 
decommissioning. Other environmental impact indicators are also presented, such as; the 
eutrophication, acidification, human toxicity, and ozone depletion potentials. The results show 
that the most critical phase of the lifecycle is the upgrade from metallurgical to solar grade 
silicon due to the high consumption of energy. The emissions results are compared to the 
emissions factors used for calculations in Sweden in accordance with the Swedish Energy 
agency and the European Commission’s directive for emissions calculations. The results for 
the other environmental indicators showed inconsistencies compared to existing studies, 
something that is according to the IEA’s guideline for PV-systems LCA caused by data 
scarcity and the indicators lacking consensus within the PV LCA-community. The studied 
PV-station is expected to reach energy neutrality after 2,4 years and offset annual GHG 
emissions of up to18 ton of CO2 equivalents.  
 
Keywords: Life cycle assessment, greenhouse gas (GHG) emission, energy payback time, 
grid-connected photovoltaic (PV) power generation, solar grade silicon production, PV-
industry, photovoltaic energy in Sweden. 
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Sammanfattning  
 
Studien tillhands presenterar miljöutvärderingen av en fotovoltaisk solcellsanläggning i 
Stockholm. Detta utfördes med hjälp av livscykelanalysverktyget. Analysen använder 
energiåterbetalningstiden och den globala uppvärmningspotentialen som indikatorer på 
anläggningens miljöinverkan. Både återbetalningstiden och den globala 
uppvärmningspotentialen beräknas för gruvarbetet, transporten, drift och underhåll samt 
avveckling och bortskaffning av anläggningen. Överföringsförluster beräknas också över 
anläggningens livscykel. Andra indikatorer som beräknas i denna studie är potentialen för 
försurning, övergödning, ozonnedbrytning och humantoxicitet. Dessa beräknas endast för 
modulens tillverkningskedja. Studiens resultat visar att den mest kritiska processen under 
solcellsanläggningens livscykel är kiselmetallens omvandling till solkisel, detta med avseende 
på energiförbrukningen och utsläpp av växthusgaser. Anläggningens globala 
uppvärmningspotential uttrycks i växthusgasutsläpp och jämförs med den nordiska elmixens 
utsläppsfaktor. Jämförelsen görs enligt dem gällande EU-direktiven. Resultaten för dem andra 
indikatorerna har visat på väsentliga avvikelser jämfört med tidigare studier. Detta beror 
enligt det internationella energirådet på databrist och på att dessa indikatorer saknar stöd inom 
LCA samfundet. Solcellsanläggningen beräknas bli energineutral efter 2,4 år samt neutralisera 
utsläpp på upp till 18 ton koldioxidekvivalenta per år.  
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I. Introduction 
 
Fossil fuels have played an important role in bringing humanity to its current development 
standing. Since the industrial revolution in the 1800s, western societies have relied mainly on 
fossil fuels to develop their societies and welfare. It was a good solution for the energy access 
issue then, however, the consequences from the excessive use of fossils is displayed today in 
climate change, environmental destruction, and magnified health risks for humans and 
animals. All these aspects and consequences go against the notion and goal of leaving an 
unharmed world for the coming generations. Relying on fossil fuels acts as a reverse salient 
within the current sociotechnical energy system, halting both a sustainable development and a 
successful mitigation of current global environmental issues.  

1. Environmental protection in Sweden 
Mitigation of environmental issues in Sweden dates back to the first half of the 1900s, when 
the main issue was the lack of a functioning sewage system [1] [2]. Building water treatment 
plants and initiating nationwide programs resolved the issue [1] [2]. After the end of the 
Second World War, Sweden went from being a net indebted nation to becoming a net 
creditor, mainly due to raw materials export during that period of history [3]. The result of 
that shift was the Swedish industrial revolution, which increased the welfare standard of the 
country but also brought several environmental issues to the surface [1]. The 1960´s saw the 
real environmental awakening in Sweden when several environmental issues, ranging from 
species death, to acid rain, to nutrient poor sea bottoms, were brought to the attention of the 
government and the public via media outlets [1].  
 
A common denominator between all successive governments was that no environmental issue 
was discarded or ignored. Instead, mitigation mechanisms were implemented swiftly resulting 
oftentimes in reversing the development of the addressed issues and a better public perception 
of the country´s approach to environmental issues [1]. In 1972, Sweden was the first to host 
the International Conference on Environment in the history of the United Nations [4]. The 
conference resulted in the creation of the United Nations Environment Programme and was 
followed by a series of UN conferences on the human environment [4].  
 
In 1987, the World Commission on Environment and Development (often called the 
Brundtland commission) released its report, Our Common Future, coining the term 
“sustainable development” [5]. This is defined as “development that meets the needs of the 
present without compromising the ability of future generations to meet their own needs.” 
Until the early 1990s, Swedish environmental policy was focused on protection from 
environmental threats [1]. This approach was viewed as too “reactive”, failing to address the 
issues at their source. The Swedish government than adopted a different approach focusing on 
sustainable development and a sustainable protection of the environment [5]. The overall goal 
of the Swedish environmental policy became to hand over a society free from environmental 
problems to the next generation and without increasing health problems outside Sweden´s 
borders [1].  
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In 1999 Sweden adopted the generation goals of which the purpose is to define the direction 
of the country´s environmental policy and provide guidance in regard to which societal 
changes are needed in order to achieve a desired environmental quality. In practice the goals 
are, according to the Swedish Environmental Protection Agency (SEPA), set to ensure that 
[6]: 

1. Ecosystems have recovered, or are on the way to recovery, and their long-term 
capacity to generate ecosystem services is assured.  

2. Biodiversity and the natural and cultural environment are conserved, promoted and 
used sustainably.  

3. Human health is subject to a minimum of adverse impacts from factors in the 
environment, simultaneously, positive impacts of the environment on human health 
are promoted.  

4. Material cycles are resource-efficient and as far as possible free from dangerous 
substances.  

5. Natural resources are managed sustainably.  
6. The share of renewable energy increases and use of energy is efficient, with minimal 

impact on the environment.  
7. Patterns of consumption of goods and services cause the least possible problems for 

the environment and human health.  
 
In 2001 the Swedish parliament adopted 16 National Environmental Objectives (NEO) with 
2020 as an achievement deadline to ensure that the policy direction and societal changes 
mentioned above are followed and achieved within one generation [6]. The Swedish NEOs 
are the result of an eclectic mixture of reasoning using management by objectives and the 
notion of relying on policies deriving its legitimacy from scientific facts and natural laws and 
limitations [6]. The 16 NEOs of Sweden are presented in table 1 concerning the 2020 deadline 
and whether the NEO is going through a positive, negative or unclear trend [6].  
 
Table	1	shows	the	status	of	Sweden´s	NEOs	as	of	2016	[6].	
Environmental Quality objective Achieved by 2020? Trend, development 
1. Reduced climate impact No Negative trend  
2. Clean air No Positive trend 
3. Natural acidification only No Positive trend  
4. A non-toxic environment No Neutral, no clear trend 
5. A protective Ozone layer Yes Positive trend 
6. A safe radiation environment  Close Neutral, no clear trend 
7. Zero eutrophication No Neutral, no clear trend 
8. Flourishing lakes and streams  No Neutral, no clear trend 
9. Good-Quality Groundwater No Neutral, no clear trend 
10. A balanced marine environment, flourishing 
coastal areas and archipelago. 

No Neutral, no clear trend 

11.Thriving wetlands No Negative trend 
12. Sustainable forests No Neutral, no clear trend 
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13. A varied agricultural landscape  No Negative trend 
14. A magnificent mountain landscape No Negative trend 
15. A good built environment No Neutral, no clear trend 
16. A rich diversity of plant and animal life No Negative trend 
 
According to SEPA, 15 out of 16 NEOs will not be fulfilled by the set 2020 deadline [6]. 
Such a development implies that a change of course is required to tackle the environmental 
challenges that Sweden was set to solve by 2020 [6]. However, the development of some 
NEOs, such as “natural acidification only” is actually halted and worsened due to foreign 
emissions being transported and deposited on Swedish soil, lakes and watercourses via wind 
and international shipping [6]. Other objectives such as the reduced climate impact and the 
clean air NEOs are according to SEPA worsened due to local emissions, the use of wood-fired 
heating systems and road traffic [6]. This implies that new measures and efforts implemented 
locally are needed to tackle such a negative development. The Swedish government, in broad 
parliamentary consensus, has proposed new emission goals to be met by 2045 in its 2017 
budget. The cross committee´s plan is a reduction of Sweden´s emission by 85% compared to 
1990´s levels [2, 1]. Furthermore, the Swedish government has reiterated its ambition for a 
100% renewable energy system by 2040 in the same budget by increasing investment support 
funds for solar photovoltaic (PV) energy. Given Sweden´s already existing low carbon 
electricity system, how will an increase penetration of PV-installations improve the energy 
sector´s climate impact?  

2. Hypothesis and questions 
If a positive correlation exists between the amount of support funds made available by the 
Swedish government and the rate of investment in PV-energy, such a development implies an 
increase in demand of PV-system components, namely the solar module. Is there a PV-
industry in Sweden with the ability of coping with the eventual increase in demand? If 
Sweden lacks a PV-industry with such capabilities, then relying on imports becomes 
imperative. PV-systems produce emissions free electricity, however, creating a PV-station 
from raw material extraction to final installation further to operation and maintenance, 
decommissioning and transportation requires energy to which are associated green house gas 
(GHG) emissions. The energy consumed during the creation of the PV station becomes 
embedded in it. If a PV-station is to compensate for the energy embedded in it through its 
electricity production, how much time will it take a PV-station situated in Sweden to reach 
energy neutrality and reproduce the same amount of energy embedded in all its realization 
stages? Furthermore, what are the GHG emissions associated with the lifecycle of said PV-
station? Are there other environmental indicators and emissions to consider when studying the 
lifecycle environmental impact of a PV-station?  
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3. Objective and Methodology 
This thesis work is conducted on behalf of the energy company Eneo Solutions specializing 
on solar PV and geothermal energy solutions. Most customers that Eneo Solutions work with 
are property owners with questions regarding how the addition of a solar PV-system to their 
property would affect the building´s environmental footprint. Being able to provide answers 
about PV-system lifecycle energy consumption and emissions helps Eneo Solutions address 
one of the main concerns of their customers. This paper aims to address the issue of the 
environmental impact of a PV-station in Stockholm, Sweden.  
 
It is deemed relevant for the purpose of this paper to start by acquiring the necessary 
background knowledge about the PV-market and industry both globally and in Sweden. 
Knowledge about the existing incentives and support programs in Sweden was also deemed 
relevant for this study in order to understand their effect on the share of solar PV-systems. 
The paper moves on to analyze the production value chain of the PV-module and the all the 
stages involved in realizing a PV-station in Sweden, which is the deemed by the thesis author 
as the most relevant step for the life cycle assessment calculations. The paper concludes by 
presenting its results and discussing possible correlations between the development of the PV-
market and industry and the environmental impact of PV-technology.  
 
As of may 2017, the project commissioner Eneo Solutions owns and operates seven PV-
stations in Sweden. In order to provide answers regarding the energy embedded in and the 
lifecycle emissions of their PV-stations, a case study was conducted on one of them. The 
methodology used to obtain the results presented in this paper will be adapted and scaled up 
to the rest of their PV-stations fleet.  
 
The LCA presented in this paper is initiated by setting a system boundary within which the 
assessment is to be conducted. This paper adopts a cradle to grave approach to calculate the 
energy embedded onto the PV-station. The LCA indicators used in this paper are based on the 
Eco-indicators 99 [7]. The impact indicators used are global warming potential, 
eutrophication potential, acidification potential, ozone depletion potential, photochemical 
oxidation and human toxicity potential [8] [7]. For the global warming potential and energy 
embedded onto the PV-station a cradle to grave approach is adopted. For the other chosen 
indicators, only the manufacturing of the PV-module is considered due to data scarcity and 
performed in accordance with the guidelines provided by the International Energy Agency 
(IEA) [9].  
 
The results are presented using the following functional units: 

- The primary energy demand:   kWh/Wp 
- The energy payback time:   years 
- The global warming potential:   g-CO2, eq/kWh 
- The acidification potential:   g-SO2, eq/kWh 
- Photochemical oxidation:   g-Ethylene, eq/kWh 
- Ozone layer depletion:   g-R11, eq/kWh 
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- Eutrophication potential:   g-PO4, eq/kWh 
- Cancer human toxicity potential:  g-DCB, eq/kWh 

 
The production value chain of the PV-modules is delimited to only multi-crystalline solar 
modules since these are the ones used in the case-studied PV-station. The production value 
chain of the balance of the system (BOS) including inverters, cables, mounting frame is not 
studied, however the BOS contribution to the energy payback time and the global warming 
potential is accounted for. The production value chain of the BOS is left out due to data 
scarcity. However, previous studies have concluded that the BOS accounted for an additional 
0,2 years to the energy payback time and 5 g-CO2, eq/kWh to the global warming potential 
[10].  
 
Data regarding the decommissioning of PV-systems was unavailable in the Ecoinvent 
database; previous studies were used to estimate the energy requirements of the 
decommissioning process [11] [10]. The decommissioning of PV-stations in Europe falls 
under the European Waste Electrical & Electronic Equipment (WEEE) [12]. The first 
significant PV installations in Sweden happened around 2005 meaning that the first 
decommissioning may not occur for another 10-15 years [13]. However, high volume 
recycling of PV-module and systems is still in pilot stage [14]. The Swedish implementation 
of the WEEE directive puts PV waste within the same category as electronic waste and 
batteries [15]. The waste is dismantled and sorted before being sent to the final recycling 
facilities specializing in the cleaning and recycling of metals and glass products [15]. 
However, it was not possible to find data about the chronology of the process, its steps or its 
energy input. Previous studies are used to calculate the energy input for this process.  
 
The solar modules are assumed to have a lifetime of 30 years, while an inverter is assumed to 
have a lifetime of 10 to 15 years [16]. According to [16] the energy requirement of the 
operation and maintenance process can be calculated using a replacement ratio of 0,1% [16]. 
The replacement ratio is multiplied by the energy consumption of the processes of 
construction of the PV-station, meaning, the production of the module and the installation of 
the PV-station [16]. Other studies have concluded that the total energy input to the operation 
and maintenance process stands for 1% of the total lifecycle energy input of the PV-station 
[11]. The method presented in [11] is used for the calculation of the energy input of the 
operation and maintenance process to avoid underestimated results. The replacement ratio of 
0,1 % presented in [16] was deemed to be low and was discarded to avoid running the risk of 
underestimated results. 
 
All the papers used in this paper must fulfill three criterions; relevance for the subject and the 
questions being addressed by this paper, recently published, and being issued from scientific 
journals that held the Q1 quality ranking by the SCImago journal & Country Rank for the last 
three years. Reports from agencies and organizations are used in spite of age if they provided 
calculation methodologies that are deemed to still be valid for use. The Ecoinvent database is 
used to calculate other indicators that the energy payback time and the global warming 
potential. If the data provided by the database is old, peer reviewed studies are used with 
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respect to the above-mentioned relevance, age and quality criterions. Modeling is performed 
in Microsoft Excel to make the tool as accessible as possible and avoid reliance on a paywall 
protected, LCA specific program. Figure, graphs and illustrations are cited in accordance with 
the owner´s requirements. If no clear permission to use the material was found in the source, 
the graph or diagram was recreated or adapted for this paper. Sources as [17] allows for the 
use of their resource if cited in accordance to their requirements and if a copy of the final 
work is sent to them.  

4. The SCImago Journal & country Rank (SJR)  
It is accepted by the scientific community that scientific documents and journals are not equal 
in regards to their value [18]. The two most highly reputed scientific databases at present are 
Web of Science [19] and Scopus [20]. SCImago is a research group from the Spanish 
National Research Council, which is the largest public research institution in Spain and the 
third largest in Europe [21]. The SCImago Journal & country Rank (SJR) is a publicly 
available portal that includes all the journals and country scientific indicators developed from 
the information contained in the Scopus database [21]. The ranking platform provided by SJR 
is based on an indicator developed from the Google Search PageRank (PR) algorithm [18] 
[21]. The indicator is abbreviated SJR and refers to the rank of the scientific journal.  
 
As mentioned above, all the scientific papers used in this thesis are extracted from journals 
with an SJR rank of Q1 (the highest possible) [21]. The SJR rank is based on the transfer of 
prestige from one journal to another one. Prestige is transfered through the references that a 
journal does to the rest of the journals in the Scopus database and to itself [22]. SCImago 
defines it as the average number of weighted citations received in the selected year by the 
documents published in the selected journal in the three previous years, -i.e. weighted 
citations received in year Y to documents published in the journal in years Y-1, Y-2 and Y-3 
[22].  

5. Why is this metric important for this paper? 
The SJR rank is independent from the size of the journal and the number of documents 
included in it [18]. It is different from the impact factor indicator, which is based on the 
number of citations a journal receives and which was the first method used to rank scientific 
journals for 40 years ago [18]. The main negative aspect of the impact factor is the fact that 
different fields of science have different citation frequency, which might end up giving a 
higher rank to a journal just because the field receives, by nature, citations at a higher rate 
[18]. The SJR rank takes a different approach to journal ranking. It does not only count the 
number of citations of or by a journal but also weighs in the prestige of the citing or cited 
journal by accounting for the thematic closeness between them [18]. The SJR rank is also size 
independent, meaning that the size of the citing or cited journal is not relevant for the ranking 
and does not affect the final score of a journal [18].  
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The informetric1 method used by the SJR rank is thus more objective than the impact 
indicator. Since no LCA softwares are used to produce the results calculated in this paper, it 
has to rely on the Ecoinvent Database. However, the database provides for PV-systems, LCA 
datasets for either the European manufacturing of modules abbreviated RER or manufacturing 
in the rest of the world with datasets abbreviated GLO [23]. The GLO datasets are obviously 
the one to use in this paper when extracting data from Ecoinvent (Chinese PV industry). 
These datasets are however average values that cover several manufacturing factories around 
the world and do not narrow it down to a specific factory or country. Using peer-reviewed 
paper and not only relying on Ecoinvent for the purpose of this paper is necessary. The SJR 
indicator provides a tool to classify the papers based on prestige and quality. The papers used 
as sources in this study, beside the Ecoinvent database, are chosen based on the SJR indicator 
and have the highest possible rank (Q1). This guarantees a high data standard of the LCA 
calculations and results.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
1 Refers to quantifying the aspects of information and information retrieval. 
2 Swedish Code of Statutes nr: 2011:1480 in the Swedish electricity certificate is the number of the original law 



 

II. Global PV-market  

1. PV production globally 
The production of PV modules in 2015 was dominated by China and Taiwan with a market 
share of 67%. Asia-pacific and central Asia had a market share of 14%. The European 
production declined from 6% market share to 5% between 2014 and 2015. The United States 
and Canada provided 3%. Silicon wafer based technology accounted for 93% of the total 
production in 2015; multi-Si crystalline technology is now 68% of the total global production. 
Thin film based technology amounted as of 2015 to 8% of the total annual production of PV 
technology [24] [25]. 

2. Global installed capacity  
Globally and since 2010, the total added capacity surpassed all the installed capacity during 
the previous four decades. The rate of annual capacity installation in 2013 reached 100 MWp 
and the total global installed capacity 227 GW by 2015 [26] [24]. Geographically, large-scale 
development of PV in Europe has been led by Germany and Italy. However, PV systems are 
expanding to other parts of the world where irradiation and conditions are more optimal for 
the PV-technology [26]. As of 2013 the PV-market was dominated by China, Japan and the 
US with China in the lead [26].  China increased its installed PV-capacity from 7 GW to 44 
GW of which 15,2 GW was added during 2015. The market expansion that the PV industry 
has seen during the last 10 years is due largely to the decrease in cost of solar PV and to 
several governments putting in place a set of incentives promoting the deployment of solar 
PV and renewable energy. The IEA deems that the share of PV systems in the global 
electricity production is estimated to reach 16 % by 2050 from 2014´s level of 1 % [25]. 
Figure 1 illustrates the development of the global installed PV-capacity between 2005 and 
2015 [24].  
 

 
Figure	1:	The	installed	PV	global	capacity	globally	between	2005	and	2015	[24].	
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3. Solar cells and module efficiencies  
The state of art and record lab cell efficiency is 25,6  % for mono-crystalline and 20,8 % for 
multi-crystalline silicon wafer-based technology. For thin film the highest recorded lab 
efficiency is 21,0 % for CdTe and 20,5 % for CIGS solar cells.  Commercially, the average 
wafer-based technology for silicon modules increased from 12 % to 17 % during the last 10 
years. For thin film technology and for the same time period the average efficiency has 
increased from 9 % to 16 %.  

4. Pricing of PV systems per installed capacity 
Investment costs of a ready to use PV-system include costs for hardware and indirect costs. 
Costs for hardware are costs for modules, inverters and installation systems (mounting frame) 
[27]. Indirect costs are costs related to the projection of the system, consulting services, 
inspection, and commissioning [27]. The prices of PV-systems have been declining since 
1980 from 20 €/Wp to a 0,55 €/Wp. This decrease is mainly due to the price reduction of the 
solar modules and the inverters [27] [13]. The fact that the PV-market has become global has 
contributed to a rapid technical development of the technologies constituting a PV-system 
[13] [27] [28]. The international energy agency expects that the price of PV-systems will 
continue to decrease without specifying any time frame or extent for the predicted decrease 
[25]. The fact that solar cells efficiency records are constantly overmatched at laboratory 
levels serves as a pointer that the trends governing the technical development within the PV 
industry are to remain (see figure 3). Figure 2 illustrates the development of PV-systems 
prices between 1980 and 2014. Figure 3 illustrates the development in solar cell efficiencies 
for different solar technologies [29]. 
 
 
 

	

	

	

 
 
 
 
 
 
 
 
 
 
 
 
Figure	2:	The	development	of	PV-systems	prices	per	installed	capacity	between	1980	and	2014 [27].	
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Figure	3:	The	timeline	of	the	conversion	efficiency	for	solar	cells	since	1976	[29].	

 

5. Chinese dumping and the EU 
Dumping in relation to the PV-industry describes the process under which solar PV-module 
are imported to the EU at prices lower than their normal values, in regard to domestic prices 
and domestic costs for manufacturing of the same product. This became evident and the 
European union conducted investigations that resulted in anti-dumping and anti-subsidy 
duties on imports of solar cells and solar panels from China [30].  

a. EU anti-subsidy policy  
Under the EU anti-subsidy rules, a subsidy is defined as “a financial contribution made by  (or 
on behalf of) a government or public body which confers a benefit to a recipient” [31]. 
Subsidies can be used for different purposes, to pursue social policies, create jobs or to 
expand an industry. For a competing country or industry in a global market, subsidies given in 
one country, to promote an industry, in this case; PV-industry, can distort the industry in 
another country or region where the PV-industry in not benefiting from subsidies [31]. This is 
what happened when the Chinese manufacturers saturated the European market with price-
dumped solar module and cells. When an EU-industry considers that imports of a locally 
subsidized product is injuring the EU-industry producing the same product, a complaint is 
lodged initiating an anti-subsidy investigation [31]. The ambition of such an investigation is 
to impose a countervailing measure –usually in the form of a duty – to stabilize the market 
and restore its competitive fairness [31] [27].   
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b. EU anti-dumping policy  
Legislation to prevent and investigate dumping is the responsibility of the European Union. 
Such investigations are initiated once the commission is made aware of dumping by the 
community or the European producers of PV-modules or cells [32]. The European 
Commission put in place import taxes in the form of a Minimum Import Price (MIP) which as 
of 2013 was set at 0,46 €/Wp for PV-modules and 0,23 €/Wp for PV-cells [27]. If a PV-
module or cell is priced under the MIP set value, import is not allowed. The MIP has been 
frozen at China´s request and will be maintained at 0,46 €/W for modules and 0,23€/W for 
cells. However, the MIP and the anti dumping measures are extended a further 18 months 
period by the European Commissions [32].  
 
 
 
 
 
 
 
 
 
 
 
 



 

III. PV-market in Sweden 

1.  PV-modules manufacturing in Sweden 
The PV production in Sweden is mainly concentrated to the manufacturing of PV modules in 
reference to the encapsulation process. As of 2015 there was no production of silicon, silicon 
ingots or wafer in Sweden and there are no current or future plans for such production [13]. 
The PV industry in Sweden is that of encapsulation and packaging solar cells into solar 
modules. By the year 2011, Sweden had five PV manufacturers. The acceleration that the 
world witnessed in regard to the installed capacity was the result of unbalanced supply and 
demand. Swedish manufacturers suffered from the price reduction that PV industry abroad 
has caused at a global level. By 2012, only SweModule AB remained in business, the 
company filed for bankruptcy by the end of 2015. During the same year, 1,2 MWp of peak 
capacity was produced in Sweden by SweModule, this was before the company´s bankruptcy 
[13].  

2.  Installed PV capacity in Sweden 
The latest report from the Swedish Energy Agency (SEA) defines a PV power system market 
as the market of all nationally installed (terrestrial) PV applications with a PV capacity of 40 
W or more [13]. During 2015, the installed capacity in Sweden was 47,4 MWp, registering a 
growth by 31 % compared to 2014 [13]. The Swedish PV market segments are either off-grid 
or grid connected with the latter either centralized or distributed [13].  
 
Centralized grid connected systems had as of 2015 a market share averaging 3 to 5 %. Grid 
connected distributed systems had a 94 % share in the Swedish PV market. The smaller share 
of centralized systems is mainly due to Sweden lacking incentive schemes covering big park 
PVs. Almost 55 % of all the installed distributed systems in 2015 were big commercial 
installation of capacity greater than 20 kW, the remaining is commercial and residential 
installations of capacities between 0-20 kW. The installed capacity in Sweden has seen a 
surge starting in 2009 and stretching to 2015.  

3. The Swedish direct subsidy incentive program 
The first subsidy program had its start in Sweden in 2006 [13]. The first program that existed 
between 2006 and 2008 was aimed at investments in public buildings and covered up to 70 % 
of the investment cost with a maximum cost per PV system as high as 5 MSEK. Between 
2009 and 2011 the program went through a change and was now aimed at both companies and 
other types of beneficiaries (private investors, etc.) with 55 % and 45 % cover respectively. 
This version of the program lowered the threshold of the maximum system cost to 2 MSEK. 
The program´s version of 2012 made no distinction regarding the type of investor and covered 
up to 45 % of a maximum 1,5 MSEK investment cost. The period between 2013 and 2014 
saw a decrease of the percentage investment cost covered to 35 % of a maximum 1,3 MSEK, 
with no distinction made regarding the type of investor. During 2015, 2016 and the current 
year 2017, the program retook the distinction between companies and other types of investors. 
The program covers up to 30 % of the investment cost for companies and 20 % for others. 
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The maximum investment cost of the system covered is 1,2 MSEK. The data presented above 
is adapted from [13] [33].  The definition of a company in Sweden and within the subsidy 
program is each organization that provides goods or services in a certain market. The type of 
the company or enterprise and the type of ownership it is under is of no relevance to the 
program. Table 2 presents data regarding the programs shape and the budget allocated and 
disbursed for the program.  
 
Table	2:	The	Swedish	direct	coverage	subsidy	system	[13].	

 2006-2008 2009-2010-2011 2012 2013-2014 2015 2016 
Maximum 
coverage of the 
installation 
cost 

70 %, for 
public 

buildings only 

55 % for companies, 
60 % others 

45 % 35 % 
30 % Companies 

20% Others 

Maximum cost 
covered per 
PV system 
(MSEK) 

5 2 1,5 1,3 1,2 

Maximum 
system cost per 
W (SEK/Wp) 

No data 75 40 37 37 

Budget 
allocated 
(MSEK) 

150 212 60 210 50 225 

Granted 
resources 
(MSEK) 

138 28,4 74,1 71,2 58 122,4 67,9 94,7 280,64 

Dispensed 
funds (MSEK)  

138 0,054 33,2 81 78,4 73,16 75,6 78,2 138,93 

 

4.  Labor and the Swedish PV-market 
Due to bankruptcy hitting several Swedish PV production companies, the job created within 
the manufacturing of solar modules has decrease significantly. On the other hand, PV-sales 
and related services is in a constant rise. In 2010 the number of jobs was 766 mainly within 
PV-manufacturing [13]. In 2015, the number of jobs within the PV-sector was 830 jobs with 
the majority within installation and retail services [13]. A survey conducted by Johan Lindahl 
presented in [13] provides an estimation of the number of PV-related jobs reported by 
stakeholders. The jobs reported in the survey are full-time jobs and figure 5 illustrate the 
repartition between different jobs based on the type of employer or activity [13].  
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Figure	4:	The	number	of	PV-jobs	by	type	of	employer	between	2010	and	2015	[13].	

- PV perception in Sweden: The results of the survey conducted by the Samhälle Opinion 
Massmedia institute presented in [34] showed that between 1999 and 2014, the perception of 
solar energy in Sweden was positive and varied between 75-83 % of the participants 
expressing agreement with the notion of increasing investment in solar energy. Solar energy is 
widely accepted in Sweden.  

5. The Swedish electricity certificate system 
The electricity certificate system is a market-based support system for renewable electricity 
production. The system came into force the 1st May 2003 with the ambition of increasing the 
share of renewable electricity and making the generation process more cost-efficient [35]. The 
system is since the 1st January 2012 shared with Norway under a common certificate market. 
Both countries aim at increasing the share of renewables by 28,4 TWh. Both Swedish and 
Norwegian certificates are traded in the joint market and certificates for production are 
received in either country [35]. The electricity certificate is a form of support promoting the 
production of electricity from renewable resources. The idea is that the electricity producers 
receive an electricity certificate, which is later sold in an open market where the price is set 
between the prospective buyer and the producer (Seller) [35]. This way the electricity 
certificate provides an income in addition to the electricity sold via the grid connection [35].  

a. Quota obligation 
The buyer is a stakeholder with quota obligation; these are foremost electricity companies and 
must, under the system, buy a certain number of electricity certificates set in relation to the 
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amount of electricity sold or used by them. The quota obligation is set according to Swedish 
legislation and is calculated so that it creates demand for electricity certificates and for 
renewable energy. This ambition stretches until 2020. Table 3 provides the development of 
the quota obligation levels between 2003 and 2017.  
 
Table	3:	The	historic	development	of	the	quota	obligation	level	between	2003	and	2017.	

Calculation year Quota in % 
2003 7,4  
2004 8,1 
2005 10,4 
2006 12,6 
2007 15,1 
2008 16,3 
2009 17,0 
2010 17,9 
2011 17,9 
2012 17,9 
2013 13,5 
2014 14,2 
2015 14,3 
2016 23,1 
2017 24,7 
 

b. The electricity certificate, approving and issuing agencies  
The electricity certificates system has proven positive in regard to increasing the share of 
renewable electricity production in the Swedish electricity mix. Between 2002 and 2011, the 
renewable electricity production has seen an increase by 13 TWh, mainly bio- and wind 
power. The electricity certificate system is given to the following energy resources [35]: 

- Wind power. 
- Solar power. 
- Wave power. 
- Geothermal energy. 
- Biofuels in accordance with legislation (2011:1480)2 on electricity certificate. 
- Hydropower.  

Stakeholders whom are subject for quota obligations are [35]: 
- Electricity companies. 
- Electricity users using the electricity they have produced in their own renewable 

power plants, if the used electricity is more than 60 MWh per year and if the 
electricity is produced in an installation with a peak capacity greater than 50 kW.  

                                                
2 Swedish Code of Statutes nr: 2011:1480 in the Swedish electricity certificate is the number of the original law 
defining the conditions under which electricity certificates are granted bioenergy installations. The law saw an 
update the 22nd June 2016 and coded SFS 2016:810 extending cover to several emerging types of biomass 
[106,107] 
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- Electricity users using electricity they purchased in the Nordic electricity exchange 
market.  

- Industries with high electricity usage registered by the Swedish Energy Agency.  
 
The Swedish Energy Agency is charged with the responsibility of approving new renewable 
energy installations (PV-station). The new installation must be a renewable energy installation 
and the electricity production measurement is per hour. If an energy installation existed before 
the adoption of the program it has the right to electricity certificates for 15 years but only until 
the end of 2035. Svenska Kraftnät, the national managing agency of the Swedish public grid 
is in charge of issuing electricity certificates. This is done after the Swedish Energy Agency 
has approved the PV-station [36] [35].  

c. The electricity certificate trading platform(s) 
The electricity certificates are available only in digital format and are uploaded to an account 
system called CESAR for the Swedish part of the scheme. The Norwegian counterpart system 
is called NECS. Both the electricity producer and the quota-obligated stakeholder must have a 
CESAR or a NECS account. It is in CESAR and NECS that the trade of electricity certificates 
between buyers and sellers in Sweden and Norway takes place [35] [36].  
 
The Trading process can be simplified in the following steps [35]: 

• The issuing organization, Svenska Kraftnät issues one electricity certificate for each 
produced 1 MWh of renewable electricity, PV included. The Norwegian process is 
similar. 

• The electricity producer has the possibility of selling the certificates in an open market 
where the price is freely negotiated between the buyer (quota obligated) and the 
electricity producer. This way, the price of the certificate is regulated by supply and 
demand market mechanisms.  

• Purchasers are Swedish or Norwegian parties with quota obligations. These are 
required to purchase a certain number of certificates corresponding to a certain 
fraction of their electricity sales or use. The governing electricity certificate laws in 
Norway and Sweden set the quota obligation for the purchasers.  

• Electricity suppliers charge their customers an additional fee added to their electricity 
bill to pass on the cost of the certificates. Through this, the electricity consumers in 
both Norway and Sweden contribute to the expansion of renewable energy production. 
The cost added to the consumer’s electricity bills varies and depend on the energy 
supplier´s costs and expenses from buying electricity certificates. The added cost to 
the consumer’s electricity bill depends also on the type of contract they have with their 
energy supplier. The added cost that the electricity certificate implies for the consumer 
can be calculated using the formula below. 
 
!"#$%&$&%' !"#$%$!&#" !"#$% !"#

!"! ×!""#!$ !"#$%

!"
= Cost of electricity certificate (öre/kWh) 
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For 2016 the quota was set to 23,1 % and the price for one electricity certificate in 
Sweden varied from as high as an average 161,08 SEK/certificate during January 2016 
to as low as an average 122,19 SEK/certificate as of December the same year. The 
average volume weighted annual price of the electricity certificate for 2016 was 
137,87 SEK/certificate. The cost of electricity certificate for the consumer was 
approximately 3,18 öre/kWh.  

• As the word quota obligation refers to, the purchasers –must- by the end of the 
calculation year have held the number of electricity certificates needed to fulfill their 
quota obligations to the Swedish and the Norwegian states. The quotas are canceled 
with each new calculation year start, thus creating constant demand for certificates. 
The cancellation process is imperative in order for stakeholders to fulfill their quota 
obligation. The 31st March each calculation year is the deadline for the purchasers to 
have sufficient number of certificates to fulfill their quota obligation. By the 1st April, 
if the number of certificate in the purchaser´s account is insufficient, the NVE or the 
Swedish Energy Agency will charge the account holder a quota obligation fee.  

d. Issued electricity certificates by energy type 
The energy producers were issued 24,6 million certificates in 2015, with 2,8 million aimed for 
Norway and 21,8 million for Sweden [36] [35]. Out of the 21,8 million certificates issued for 
Sweden, 15,6 million certificates were issued to wind power producers. Figures for the issued 
electricity certificates in Sweden and Norway are presented in figure 5.  
 
 
 

 
Figure	5:	Issued	electricity	certificates	by	type	of	source	in	Sweden	and	Norway,	data	for	2015	[35].			

The increase in the number of electricity certificates in Sweden is mainly due to the expansion 
of wind power in the country. Wind power during 2015 produced 113 % of its normal annual 
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production [37]. Solar power received 20000 certificates in 2015, which is a significantly 
lower value than that for hydro- or wind power. Figure 5 illustrates the difference in issued 
certificates by energy generation type in Norway and Sweden.   

e. Cancellation of electricity certificates and surplus 
The quota obligations are calculated based on the estimation of how much renewable energy 
production is to be financed by the certificate system and relevant estimates of the magnitude 
of calculation-relevant electricity consumption in Sweden and Norway. For the certificate 
system to work and achieve its goals, a certain number of certificates need to be cancelled at a 
certain rate. However, the energy consumption and production, which the quota curve3 is 
based on, are dependent on factors such as temperature and economics. The number of 
cancelled electricity certificates will not always be conform with the rate of cancellation 
necessary to achieve production target [35]. 
 
For 2015 the calculation-relevant electricity consumption in Sweden in 2015 was lower than 
anticipated by the quota curve. Fewer certificates were cancelled, leading to a surplus in 
certificates. During 2015, 19,7 million were cancelled in both Norway and Sweden, 12,8 
million and 6,9 million respectively. This outcome is not optimal in regard to the objective of 
the electricity certificate system. Figure 6 provides a comparison between the actually 
cancelled certificates and the cancellation predictions by the quota curve [35].  
 
  
 

Figure	6:	The	actual	cancelled	electricity	certificates	vs.	the	predicted	ones	by	the	quota	curve	for	2015 [35].	

 

                                                
3 Demand for electricity certificates in Sweden and Norway is determined using quota curves [36].  
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The accumulated surplus is set in context to the actual and predicted cancellation rate in 
figure 7.  
 
 

 
Figure	7:	Issued	certificates,	cancelled	certificates	and	accumulate	surplus	between	2003	and	2015 [35].	
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IV. Photovoltaics product value chain 
 
The product oriented value chain tracks back the final product from its raw material state to 
its final commercialization form. The cost oriented value chain is not developed in this study 
since the product chain is deemed as more relevant for the life cycle analysis in the coming 
chapters. 

1. Product value chain and involved technologies 
The value chain of multicrystalline silicon modules and the involved methods and 
technologies are presented in this chapter. Silicon is the second most abundant element in the 
earth´s crust after oxygen. It does not exist in its chemical elemental form, but is found as 
silicon dioxide (𝑆𝑖𝑂!) in sand, rock and quartz. The process of silicon dioxide extraction is 
often called Quartz mining or silica sand extraction. The silicon dioxide extracted is then 
upgraded to metallurgical grade silicon. Further purification results in solar grade silicon, 
which is then casted to ingots in order to produce photovoltaic wafer, solar cells and lastly 
encapsulation to photovoltaic modules.  

a. Metallurgical grade silicone (MG-Si) 
Silicon metal or metallurgical grade silicon is produced in electric arc furnaces and is a result 
of the reduction of quartz (silicon dioxide) at a vey high temperature by materials such coal, 
coke, charcoal, wood chips and the furnace´s electrodes. The carbothermic reduction process 
and the basic methodology in it entirety has been unchanged since the earliest large-scale 
commercialization in the1930s. The process is governed by the reaction below (1) [38] [39] 
[40]:  
 
𝑆𝑖𝑂! + 𝐶⟶ 𝐶𝑂! ↑ +MG-Si                                                                                                                       (1)  
 
During this process carbon dioxide is emitted directly in accordance with the chemical 
reaction and indirectly due to the use of electricity from the public grid in the manufacturing 
country [16] [39].  
 
The process cycle for MG-Si production starts by feeding raw materials, silicon dioxide and 
coal, onto a combustion chamber where the reduction reaction takes place [40] [39]. Liquid 
material exits the chamber for solidification followed by a crushing and sizing process that 
sorts the silicon products [39] [40]. The exhaust gas from the combustion chamber passes 
through a heat regeneration process where the exhaust gas is cleaned separating silica 
particles from exhaust gas resulting in the emissions of filtered gases [40] [39]. The process of 
MG-Si production in Norway as an example is not intensive with respect to the environment 
and energy consumption, since only small amounts of charcoal are used. The charcoal used in 
Norway is produced under sustainable forestry conditions [40]. Additionally, the electricity is 
renewable with low emissions [40] [36]. However, the production in other regions such as 
Asia and South-America uses charcoal produced under unsustainable forestry conditions and 
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uses electricity from grid with high share of fossils sources [40] [39]. Figure 8 illustrates the 
process of manufacturing metallurgical grade silicon [39] [40]. The illustration in figure 8 has 
been modified for improved readability. 

 

Figure	8:	the	process	of	carbothermic	production	of	metallurgical	grade	silicon [39].		

 

b. Solar grade silicon (SoG-Si) 
The silicon used in the photovoltaics industry must fulfill a purity of 99,9999 % (six nines 
pure) in order to be considered pure enough for Photovoltaics applications. For this purpose, 
metallurgical grade silicon is further purified using purification methods currently divided 
into two routes, metallurgical and chemical. For the metallurgical route, the Norwegian 
company Elkem solar developed a method for producing SoG-Si called the Elkem Solar 
Silicon (ESS) [40] [39]. For the chemical route, the modified Siemens process and the 
fluidized bed reactor process are presented in this paper [40] [39]. The modified Siemens 
process and the fluidized bed reactor process are chosen since the first is the most widely used 
process with respect to SoG-Si production while the fluidized bed reactor process is actually 
used by the manufacturer of the solar cells studied in this paper.  
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- The modified Siemens process: Currently the most common method for commercial SoG-Si 
production. It uses UMG-Si produced separately using the carbothermic process and through 
chemical routes purifies it by using trichlorsilane gas (𝑆𝑖𝐻𝐶𝑙!) abbreviated TCS. The steps of 
the process are described below: 
 
- Hydrogen chloride gas (𝐻𝐶𝑙) is blended with MG-Si in a fluidized bed reactor4 where MG-
Si hydro-chlorination takes place at 300°C [40]. The hydro-chlorination results in gaseous 
silicon compounds, trichlorsilane (85 % TCS) and tetrachlorosilane (𝑆𝑖𝐶𝑙!, STC, 15 %). 
Equations (2) and (3) describe the process [38] [39] [40]: 

 
MG-Si (s)+3𝐻𝐶𝑙(𝑔)  ⟷ 𝑆𝑖𝐶𝑙! 𝑔 + 𝐻!(𝑔)                                                                          (2) 
 
MG-Si (s) + 4𝐻𝐶𝑙 𝑔 ↔ 𝑆𝑖𝐶𝑙! 𝑔 + 2𝐻!(𝑔)                                                                        (3) 

 
- The TCS is separated from the resultants of reaction (1) and (2) through distillation for 
further purification. The STC, 15 % resulting from the hydro-chlorination is converted back 
into TCS and reused as input in the reaction [38] [40] [39]. Figure 9 shows the flow diagram 
of the modified Siemens process, adapted from [40] [38].  
 
- The last step consists of feeding the high purity TCS gas (85 %) into a Siemens bell-jar 
reactor together with hydrogen gas (figure 10). The reactor consists of thin high purity silicon 
rods. The TCS gas is decomposed and reduced by the hydrogen gas leading to deposition of 
silicon onto the rods, see figure 10 [41]. In order to avoid silicon deposition on the inner walls 
of the Siemens reactor, the outer walls are cooled which is energy demanding [40]. The 
equation governing the reaction (4) is presented below [38] [40] [39]: 

 
𝑆𝑖𝐻𝐶𝑙! 𝑔 + 𝐻! 𝑔 → 𝑆𝑖 𝑠 + 3𝐻𝐶𝑙(𝑔)                                                                               (4) 

 
The modified Siemens process is very energy intensive and demands approximately 200 
kWh/kg SoG-Si. Not all the silicon decomposes onto the rods during the last step of the 
process, only 20 to 25 % of the silicon does while the rest leaves the reactor with the off-gas. 
However, the TCS and STC gases leaving the reactor can be reused [38]. Another process 
similar to the Modified Siemens process is the Union Carbide process; they differ in the fact 
that the Union Carbide process uses 𝑆𝑖𝐻! gas instead of the 𝑆𝑖𝐻𝐶𝑙! gas as a precursor for 
SoG-Si production. The Union Carbide process can also be operated at a lower temperature 
than the modified Siemens process and with higher efficiencies. However the process requires 
more purification steps of 𝑆𝑖𝐻! before it can enter the Siemens reactor making the process 
time costly [38] [39]. However and in spite of all the negatives associated with he modified 
Siemens process, it stands for 80 % of all the solar grade silicon produced in the world [41].  

 

                                                
4 A reactor used to carry out multiphase chemical reactions [109].  



 32 

 
 
 

 
Figure	9:	The	process	flow	of	the	Siemens	process.	Adapted	from	[40].	

.	
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Figure	10:	The	different	stages	of	the	modified	Siemens	process.	(a)	The	Siemens	reactor.	(b)	Silicon	
deposited	onto	the	reactor´s	rods.	(c)	Final	polysilicon	chunks	ready	to	be	loaded	into	the	next	step	of	the	
product	value	chain [41].	

 
 
 
- The fluidized bed reactor process (FBR): This approach builds on the same principle of the 
Silane gas (𝑆𝑖𝐻!) reduction using carrier gas (hydrogen 𝐻!) [40]. However, in the FBR 
process the Silane gas is reduced in a continuous process where it is introduced together with 
hydrogen and heated to dissociate the 𝑆𝑖𝐻! [38]. This part of the process replaces the third 
step in the modified Siemens process (see figure 9). The deposition of the silicon dissociated 
is done using fine particles with diameters at a tenth of mm. The silicon is deposited onto 
these particles on a continuous manner leading to the growth of larger polycrystalline 
granules [38]. The entire process is fluidized due to the stream of gas, which make the silicon 
granules flow like a liquid [38]. The Siemens reactor is replaced with a fluidized bed reactor, 
the process is shown in figure 11 [41].   
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Figure	11:	The	fluidized	bed	reactor	schematic	for	the	production	of	SoG-Si	[40].	

 
During the silicon deposition in the Siemens modified process, the walls of the Siemens 
reactor need to be cooled in order to avoid deposition of silicon onto them. The silicone 
deposition in the FBR process takes place at a lower temperature resulting in no need for 
cooling making the process more energy efficient than the modified Siemens process. SoG-Si 
manufacturers claim that the FBR process consumes 80 to 90 % less energy [40]. The product 
granules resulting form the FBR process are in a ready to use format (figure 12), while the 
modified Siemens process results in big chunks that requires crushing to a usable format (see 
figure 10) [40]. The FBR process contributes currently to a small fraction of the polysilicone 
produced worldwide [38].  
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Figure	12:	Granular	polysilicon	produced	using	the	fluidized	bed	reactor	approach [41].	

 
- The Elkem solar silicon process (ESS): Elkem Solar is a silicon production company based 
in Norway. The company has developed their own metallurgical process producing SoG-Si by 
upgrading MG-Si [40]. The main difference between the Elkem and the other chemical route 
processes is that the ESS integrates the production of MG-Si and SoG-Si onto one process 
[40] [42]. The process starts with the production of MG-Si through carbothermic reduction; 
the product passes then through slag treatment to remove impurities and boron [42] [40]. The 
MG-Si is now in liquid phase, it is than solidified and crushed. The MG-Si product is further 
cleaned using acids in a step called Leaching. During this step, metallic impurities and 
phosphorous are removed. The next step is direct solidification during which the silicon is 
further cleaned and more phosphorous is removed. The result is Silicon ingot. The solidified 
ingot product is cut into bricks and further cleaned with acids in a post treatment step. Figure 
13 illustrates the process flow for the ESS method.  

 
	

Figure	13:	Process	flow	of	the	ESS	approach.	
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The ESS approach is energy efficient as it has an energy input approximated at a fourth of the 
modified Siemens´s. The ESS silicon is mixed with silicon produced using other process.  
However solar cells manufactured out off 100 % ESS silicon has shown efficiencies up to 17 
% according to Elkem Solar. Studies examining the use of 100 % Elkem solar silicon have 
shown that the conversion efficiency is similar to that of solar cells using silicon from other 
process [42] [40].  

c. Ingot production (casting) 
Ingots are produced using direct solidification, a process during which the produced SoG-Si is 
heated above its melting point in a furnace. The molten SoG-Si is than cooled at a very slow 
rate resulting in its crystallization. The multicrystalline silicon is then casted into blocks 
weighing between 250 and 330 kg [43]. The most used method for solidification of silicon is 
the Bridgeman technology where the solidification process takes place in one step and in one 
crucible (figure 14.a). An alternative method is to produce the ingot in three different steps, 
heating, casting and crystallization (figure 14.b) [38] [40] [44]. The latter is called 
Czochralski method, is easy but results in a low-efficiency wafer and cells [44].  The 
Bridgeman Ingots growing method allows for directional solidification of silicon (DSS), 
which has seen significant, advances allowing for casting larger charges of multicrystalline 
ingots (figure 15) [41]. The production of larger ingots allows for more wafers per cast, 
improved yields and the potential for sizing lager wafer [41].  
 

 

 
	

	

Figure	14:	The	two	widely	used	methods	of	Ingot	growth.	(a)	The	Bridgeman	process	of	ingot	growing.	
(b)	Silicon	casting	method	using	multiple	crucibles	(edited	for	readability) [45].	

 
 
 
 

(a) (b) 



 37 

 
 
 
 

 
Figure	15:	Change	in	the	size	of	ingots	grown	between	2006	and	2011 [41].	

d. Wafer sawing 
The grown ingot crystals are sawn into wafer using steel wires, slurry or diamond coated 
wires. The increased need for using diamond-coated wires is induced by the need to reduce 
kerf loss (silicon lost or removed during wafering). The wafer thickness is expected to 
decrease from today´s 180-200𝜇m to below 150 𝜇m, which requires more exact cutting 
methods like diamond wire cutting [38]. The wafer cutting process also introduces surface 
cracks that later can cause fractures. According to [46], the probability of introducing surface 
cracks to the wafer during the cutting process is 63 %. However this depends highly on the 
cutting direction and the exposure to bending during this process [46]. After the cutting 
process, wafers are cleaned using chemicals such as sodium, acetic and hydrochloric acid 
[39]. Figure 16 shows a multicrystalline silicon wafer surface [46].  
 
 

 
Figure	16:	Multi-crystalline	silicon	wafer	surface	[40].	
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e. Photovoltaic cell 
The solar cell is the beating heart of all currently manufactured wafer-based PV-modules. 

It is a solid-state electrical device (p-n junction)5 with the ability to convert the energy of light 
directly into direct current electricity (see figure 17) [38]. Photovoltaic cells are solar cells 
made of silicon (semiconductor); the type of PV cell studied in this paper is the 
multicrystalline wafer based photovoltaic cell. In the field of photovoltaics, an n-type layer of 
semiconductor material is positioned over a p-type layer of semiconductor material. When 
solar irradiation strikes the n-layer, the photovoltaic effect mechanisms are induced by the 
photons constituting the solar irradiation. The atoms constituting the n-layer of the material 
becomes exited and jumps on energy levels, since the n-layer is originally negatively charged, 
it will jump from a more stable valence band to a higher energy band. The negatively charged 
electrons move to the p-layer through an electrode connection thus completing the circuit 
[40].  
 

 
Figure	17:	The	photovoltaic	effect	in	a	PV-cell	[46]	

The manufacturing of solar cells is the step following wafer slicing. Until this step, the wafer 
has no capabilities of producing electricity in spite of it being the main building block of the 
solar cell and module [40] [38] [45]. The production of a solar cell could be divided onto 
three steps, etching, diffusing and lastly coloring and printing.  

 
 

                                                
5 A p-n junction is formed by joining p-type (high concentration of electron deficient holes) and n-type (high 
concentration of electrons) semiconductor materials  



 39 

- Texture etching process: Takes place under sterilized conditions (clean room), the wafer is 
sequentially cleaned and heated using alkaline solutions (sodium hydroxide) to remove 
sawing residues.   
 
- Diffusion for p-n junction formation: The front of the wafer has to pass a process called –
doping- in order to create a p-n junction. Usually the wafer is of p-type, a substance to create 
a wafer front that is negatively charged required introducing an n-type impurity [38] [40] 
[45]. Phosphorous diffusion is the process under which the n-type phosphorous is introduced 
to the front of the wafer to create the p-n junction. The diffusion process requires high 
temperatures 830-860 °C [45]. The diffusion process is done either through an open tube 
quartz furnace or a conveyor belt furnace [45] [44] [40] [38].  

The open tube quartz uses phosphorus oxychloride as a dopant (𝑃𝑂𝐶𝑙!). The wafers are 
fed onto the tube by the mean of quartz boats. The dopant is carried into the furnace 
compartment simultaneously as oxygen. The reaction of the dopant with oxygen creates 
phosphorous oxide which in turn transforms into silicon dioxide and atomic phosphorous, the 
latter deposes onto the wafer (diffusion). The open tube quartz furnace is heated using 
resistance heaters (see figure 18). All impurities including oxygen are chemically removed 
from the wafer [38] [40] [45] 
 
 

 
Figure	18:	A	quartz	furnace	(top)	and	a	belt	conveyor	furnace	(bottom)	for	the	diffusion	process	of	

phosphorous	on	wafer	[46].	

The conveyor belt furnace method requires the spraying the wafer with liquid phosphorous 
before entering the conveyor belt chamber. The furnace´s temperature is maintained using 
infrared heating (see figure 18). Disadvantages with the conveyor belt method are that air can 
get into the furnace introducing impurities to the process and that the hot conveyor belt itself 
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can introduces impurities to the wafer that is in direct contact with it. The goal with diffusion 
is to cover the front of the wafer surface with the n-type phosphorous. However, even the 
edges and the backside of the wafers come in contact with the dopant during the process. 
Further etching (cleaning) using plasma is done to remove unwanted phosphorous (n-type) 
regions [45].  
- Coloring and printing: The diffused wafer is sprayed with silicon nitride (blue to purple 
color), which is deposited on the top of the future cell. The silicon nitride coat both gives the 
future cell its dark (blue to purple) color but also reduces reflection. Metals are then printed 
onto the colored future cell using metal paste where the wiring is to be engraved; bus-bar 
circuitry is also added to result on the Photovoltaic multicrystalline cell [45]. The solar cells 
are then tested and sorted under standard conditions. The outcome is classification according 
to current and voltage performance.  

f. Multicrystalline silicon PV-module 
The solar cells are connected using copper wiring and are encapsulated to form a solar 
module. A typical photovoltaic cells module contains tempered or low iron glass on its front 
to maximize conversion efficiency. The encapsulant is made of transparent material and is 
electrically insulating. The most used type of encapsulant is the Ethylene Vinyl Acetate 
(EVA-film); most modules have an additional EVA-layer covering even the back of the solar 
cell [45]. To protect the cells from humidity a foil of protective layer (Tedlar, mostly) onto 
which aluminium is laminated is found in most solar modules [45].   

2. Rest of the PV production value chain 
The PV modules function is to convert solar energy to DC-current. In order to use the 
produced PV-electricity in dwellings, offices, commercial buildings etc. it has to be converted 
to AC-current using inverters connected to the solar modules (arrays or strings) via wiring. 
The inverters are often time connected to control systems using a set of controllers monitoring 
the health of the PV-station [45]. The product value chain of the inverters, mounting frame 
and other components is not analyzed in this paper but is accounted for on the LCA results as 
was mentioned in the methodology section.  
 
 

 
 
 
 
 
 
 
 
 
 



 

V. Life Cycle Assessment (LCA) 

1. Life Cycle Assessment of Photovoltaic-applications 
Life cycle assessment is a process to assess the potential environmental burdens that a 
product, process or activity carries with it [16] [40] [47]. For PV application the main 
characteristic of an LCA is identifying and quantifying the energy and material flows and 
determining the environmental impact associated with them. Conducting an LCA requires 
defining and setting boundaries for the investigated system.  
 
The life cycle assessment of a PV-station covers its entire life cycle, which starts with the 
extraction of raw materials and ends with the decommissioning and disposal of the PV-station 
[9]. For the product value chain of PV applications consult chapter 4.  

2. Life Cycle Assessment indicators (LCIA) 

a. General delimitations 
As mentioned before, the inventory analysis is the step where the materials and energy flows 
are identified and quantified. For the studied PV station the boundaries of the system are 
presented in figure 19.  

 
The system delimitations include upstream processes, ranging from quartz mining to the 
crystalline silicon bar and ingot growth and midstream processes involving module and cell 
manufacturing and mounting frame material as part of the BOS. For this study the BOS is 
considered in the calculations including the manufacturing, installation and transportation 
required. The environmental impact due to the construction of processing factories and 
facilities are not considered in this study, this could lead to an underestimation of the 
environmental impact of the PV-system, however and in accordance with [48], such facilities 
have negligible contribution to the total environmental impact of the PV station due to their 
long-term use and high production capacities. The energy embedded in the PV station is 
calculated for all the chain value processes including transportation, operation, transmission 
losses and the PV station retirement. Four main stages or processes that make up PV power 
generation can be identified from figure 19: 

- The construction of the PV station including the manufacturing the PV-modules and the 
transportation processes.  

- PV station operation and maintenance. 
- PV power transmission. 
- PV station retirement. 

Data regarding the life cycle impact of the balance of system is scarce and uncertain, mainly 
due to most PV installation worldwide being of young age. Previous studies shows that the 
balance of system contributes with an additional 0,2 years to the energy payback time and 5 
g-𝐶𝑂!, eq/kWh. 
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Figure	19:	The	system	boundary	of	the	lifecycle	assessment	process.	

 

b. Primary energy demand 
The total life cycle energy input of the PV station is calculated using (5). This paper considers 
all production stages from quartz mining to end of life processing.  

 
 𝐸!"! = 𝐸!" + 𝐸!" + 𝐸!"# + 𝐸!"#$% + 𝐸!"# + 𝐸!"## + 𝐸!"# + 𝐸!"#$ + 𝐸!"#$% + 𝐸!"#$

+ 𝐸!&! + 𝐸!"#$% 
(5) 
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Where: 
𝐸!" : The energy input during the quartz mining process. 
𝐸!": The energy input during the process of metallurgical grade silicon manufacturing. 
𝐸!"#: The energy input into the process of solar grade silicon manufacturing.  
𝐸!"#$%: The energy input into the process of ingot growing.  
𝐸!"#: The energy input into the process of wafer slicing.  
𝐸!"##: The energy input into the process of PV-cell manufacturing.  
𝐸!"#: The energy input into the process of PV-module manufacturing.  
𝐸!"#$: The energy input into the process of installation (assembly) of the PV-station.  
𝐸!"#$%: The energy input into the process of transportation and shipping.  
𝐸!"#$: The energy losses during network transmissions.  
𝐸!&!: The energy input during the operation and maintenance process.  
𝐸!"#$%: The energy input during the decommissioning of the PV station.  

 
The calculation of the energy input during the PV module manufacturing from quartz mining 
to the solar module assembly relied on the Ecoinvent database and literature review. 
However, the energy input related to processes such as transportation, O&M and transmission 
losses required literature review in order to make assumptions in accordance with the existing 
LCA community consensus.  
 
- Lifecycle energy input due to O&M: Once the PV station is constructed the conversion of 
the solar irradiation to electricity is an emissions free process and no additional energy input 
is required onto the system. However, during the operation of the PV station, maintenance is 
needed and it serves for keeping the plant in a safe, healthy and performant state over its 
lifetime [49]. In the case of a malfunction, corrective maintenance is carried out to reset the 
malfunctioning component into a performant state or replace it with a healthy and performant 
one. This process implies additional energy inputs due to transportation to and from the PV 
station and will thus result in additional GHG emissions. According to previous studies and as 
was mentioned in the methodology the operation and maintenance process is assumed to 
stand for 1% of the total energy input.  
 
- PV power transmission losses as energy input: According to the Royal Swedish Academy 
of Engineering Sciences the total electricity supply including grid losses during 2013 
amounted to 139 TWh [50]. Grid losses were estimated at 7% of the entire transmitted 
capacity [50]. For this study the amount of energy lost during transmission is considered as an 
input or a cost energy wise. Grid connected PV installations can mitigate losses in the form of 
congestion due to the possibility of installation nearby loads. The ability to mitigate 
congestion in the network implies a reduction in GHG emissions and thus a reduction of 
transmission losses. However the congestion benefits are assumed as negligible and are the 
excluded from the energy balance. The PV station´s losses during transmission are calculated 
using (6). 
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 𝐸!"#$% = 0,07.𝐸!""#$ (6) 

 
Where: 

𝐸!""#$ is the PV station´s expected annual production.  
 
- PV station decommissioning energy input: Once the PV station studied in this paper has 
reached its maximum designed lifetime, it is to be decommissioned. This process involves the 
disassembly of the PV station and the disposal or recycling of all components. The recycling 
of the mounting frame, the cabling and the inverters could be used to offset the PV station´s 
total GHG emissions. However, the process itself is energy demanding and still under 
development with few pilot initiatives. None of the involved stakeholder in the value chain of 
the studied PV station has internalized the process of recycling in their value chain. The 
energy input and emissions output during the decommissioning will only considering 
disposal. However the methods of disposing of PV stations will be discussed during the final 
chapter of this report. The energy input 𝐸!"#$% during the decommissioning phase of the PV 
station is calculated based on [11] [47] [10].  
 
- The transportation process energy input: The transportation process energy input is 
approximated based on [51] [52] [53]. The transportation process assumes maritime shipping 
from the country of manufacturing to the first deserving European port. Further transportation 
is done by the mean of rail and roads within the European continent.  
 

o Maritime transportation using ships [51] [52] [53]: Estimating the energy 
consumption and the emissions due to transportation processes is based on the 
international energy agency report on methodologies for calculating transport 
emissions and energy consumption [51]. The Hickman report [51] provides a method 
to estimate the energy consumption and emissions of maritime transportation. The 
Hickman report together with [52] estimates the energy consumption and emissions 
based on an operation speed that is both technically and economically viable. Such 
speed does not compromise with the hydrodynamic limits of the ship´s hull, which 
keeps the fuel consumption at an economically acceptable level [52]. The standard for 
the propulsion system in container ships is the reciprocating diesel engine; the fuel 
used in large marine vessels is Marine Diesel Oil (MDO) of which the energy content 
is used for further calculations [51]. The number of navigation days is estimated using 
the navigation speed and the shipping distance. The emissions from the shipping 
process are estimated using emissions factors provided by [51]. Using the Emma 
Maersk container ship as a basis of calculation, the total Transported PV Wp per used 
kWh of fuel is determined.  

 
o Railroad transportation [51] [52] [53]: For this paper all railroad transportation is 

assumed to take place in Europe. According to [51] the energy consumption of a large 
freight trains in !"

!"##$.!"
 is approximated using equation (7): 
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𝐸!"#$ = 0,019×
𝑉!

ln (𝑋)+ 63 (7) 

 
 

Where: 
X is the distance between stops (assumed as 6 stops). 
V is the average train speed (100 km/h for Sweden and for train freight) 

Assuming the train transport uses electricity generated locally, emissions factors 
specific for the local electricity grid are used for emissions calculations.  

 
o Lorry transportation: In accordance with the European modular system for efficient 

logistics it is assumed that large lorries are promoted [53]. Assuming large lorries with 
ISO 40ft containers the fuel consumption per transported Wp is calculated. The 
emissions are calculated using emissions factors provided by [51]. 

c. Energy payback time (EPBT) 
For the PV station studied in this paper, the energy payback time is defined as the time period 
required for the PV station to generate the same amount of energy that was consumed to 
construct it. The Energy payback time 𝑡!"#$ is calculated in accordance with (8) [10].  
 
 

𝐸𝑃𝐵𝑇 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑚𝑏𝑒𝑑𝑑𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑃𝑉 𝑠𝑡𝑎𝑡𝑖𝑜𝑛

𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑖𝑐𝑖𝑡𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑉 𝑝𝑙𝑎𝑛𝑡 =
𝐸!"!
𝐸!"

 (8) 

 
Where 𝐸!"! is the total energy input consumed during the construction of the PV station and 
𝐸!" is the annual [54]. The energy payback time is an important metric when conducting life 
cycle impact assessments [55].  

d. Energy yield ratio 
The Energy Yield Ratio (EYR) also called the Energy Returned On Investment (EROI), is 
defined as the ratio of the amount of usable energy delivered from a certain energy resource to 
the amount of exergy used to obtain that energy resource [55]. The methodology of the EROI 
uses a life-cycle approach [56] [57]. This implies for the purpose of this project investigating 
the life cycle embodied energy input for the PV station and the usable electricity generated as 
energy output for the EROI metric. The ratio metricizes the cradle to grave electricity 
production and the required input energy during the PV station´s lifetime [55]. The average 
value of the EROI of solar PV using data from 45 separate publications resulted in an EROI 
of 10:1 [58]. Fossil fuels have a much higher EROI reaching 50:1 but produce electricity of 
lower quality compared to that produced by PV-systems. For PV-systems, it is difficult to 
determine an optimal EROI that would classify a system as viable or not. Most available 
literature has failed to do so. Independent of region and country, previous studies have shown 
that EROI for PV-system range between 6:1 and 12:1 [58]. For this study, the purpose of the 
EROI indicator is to give a pointer on how many times the PV-station is capable of producing 
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the energy embedded into it. EROI values from previous studies are considered for 
comparison purposes. To calculate the PV station´s EROI, equation  (9) is used [55].  
 
 

𝐸𝑅𝑂𝐼 =
𝐿𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡  (9) 

 

e. Environmental impact indicators 
For the purpose of this paper, the environmental impact of the PV station is broken down into 
areas of protection and impact category indicators. The delimitation of which areas of 
protection and which impact category indicators to be studied is based on the European 
Union´s Waste Electrical and Electronic Equipment directive (WEEE) [59] [60]. The 
directive clearly states that the type of emission that is of most importance is the emission of 
refrigerants used for example in refrigerators and heat pumps [60]. The studied system is a PV 
system where no emission of refrigerant takes place. This study will adopt a damage-oriented 
approach to determining the environmental impact of the studied PV-station. The Eco-
Indicator 99 method is a damage-oriented approach to LCA indicators and according to it the 
most relevant products or emissions to divert are ozone depleting CFC emissions [8] [60]. 
The studied PV station is mounted on an aluminium system and aluminium is also present in 
other parts on the PV station. The production of liquid aluminium results according to [9] in 
the emission of CFC-14 (Methane, tetrafluoro-R14). The balance of system including the 
inverter, cables and junction boxes are considered for the global warming potential 
calculation, while for the remaining impacts, its contribution is considered negligible in 
accordance with previous studies and thus assumed to be of low impact [11] [10] [16] [47].  
 
The Eco-Indicator 99 covers a variety of environmental impacts based on area to be protected 
(air, water and waste) and impact category indicators. The impact indicators deemed relevant 
for this paper are presented in table 4.  
 
Table	4:	The	protection	areas	and	impact	categories	chosen	for	this	study [8] [60]	

Area of protection Impact category Unit  

Resources consumption Total energy kWh/Wp 

Air pollution Global warming potential g-𝐶𝑂!, eq/kWh 

Acidification potential g-𝑆𝑂!, eq/kWh 

Photochemical oxidation g-Ethylene, eq/kWh 

Ozone layer depletion g-R11, eq/kWh 

Water pollution Eutrophication potential g-𝑃𝑂!, eq/kWh 

Human toxicity Cancer human toxicity potential g-DCB, eq/kWh 

 
Global warming potential is deemed as highly relevant for every stage of the construction of 
the PV station, from quartz (silicon dioxide) mining to the finalization of the PV station 
including the transportation process. The remaining environmental impacts are calculated 



 47 

only for the manufacturing of the PV module from SoG-Si production to the module 
assembly in accordance with [10] [16]. The other steps of the value chain such as 
transportation, O&M, transmission losses etc. are not considered due to the lack of consensus 
in the LCA community in regard to emissions data [9]. The Ecoinvent database is used 
together with available literature to collect emission data for each of the processes and each of 
the environmental indicators.  
 
- Global warming potential [8]: For this indicator carbon dioxide (𝐶𝑂!), dinitrogen oxide 
(𝑁!𝑂) and methane emissions (𝐶𝐻!) are considered. Over a time span of 100 years 𝑁!𝑂 has a 
global warming potential that is 310 times that of 𝐶𝑂!, while 𝐶𝐻! has a global warming 
potential that is 21 times that of 𝐶𝑂!. The global warming potential is based on GHG 
emissions. The GHG emissions associated with the construction of the PV station are 
categorized as direct and indirect emissions. Direct emissions stems from processes where 
emissions are generated during the chemical reactions constituting such process. Indirect 
emissions are emissions associated with the use of electricity from the public grid and its 
emission factors. Direct emissions are mainly generated during the process of Quartz mining 
and the upgrade from silicon dioxide to metallurgical silicon. Indirect emissions are generated 
during all remaining processes of the production value chain including the production of solar 
grade silicon.  
 
- Acidification potential [8]: This indicator expresses the impact on sulfur dioxide (𝑆𝑂!) 
equivalents. Acidification potential is the substance´s ability to form 𝐻! ions. It is taken from 
literature or database and set against the reference substance; 𝑆𝑂! . Table 5 shows the 
acidification factors for select significant compounds. The acidification potential is calculated 
using the sum of all the acidification contributing emissions  
 
 
Table	5:	The	acidification	equivalence	factors	of	select	acid	producers	[8] [60]	

Acid producer (𝐻!formation in air) 𝑆𝑂! Equivalence factor 
1 kg HCl 0,88 kg eq 𝑆𝑂! 
1 kg HF 1,60 kg eq 𝑆𝑂! 
1 kg 𝑁𝑂! 0,70 kg eq 𝑆𝑂! 
1 kg 𝑆𝑂! 1,00 kg eq 𝑆𝑂! 
1 kg 𝐻!𝑆 1,88 kg eq 𝑆𝑂! 
1 kg 𝑁𝐻! 0,93 kg eq 𝑆𝑂! 
 
 
- Photochemical oxidation [8] [60]: Is a measure for the potential for forming atmospheric 
oxidants, abbreviated POCP (Photochemical Ozone Creation Potential) [8] [60]. The POCP of 
a hydrocarbon is the relative measure of the variation of the ozone concentration measured at 
a single location if the concentration of the hydrocarbon in question is altered by the same 
amount as the reference hydrocarbon. The reference hydrocarbon for the POCP is ethylene. In 
LCA databases the POCP is grouped for all the hydrocarbons usually as the group parameter 
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NMVOC (non-methane volatile organic compounds). According to [8], the LCA databases 
provided values are usually approximate and uncertain. For the purpose of this study the 
photochemical oxidation potential is not further considered [9].  
 
- Ozone layer depletion potential: Ozone depletion both describes the decline of the ozone 
amount in the earth´s stratosphere and the large decrease in stratospheric ozone around earth´s 
Polar Regions [61]. The phenomena of ozone depletion are connected to two classes of 
substances grouped as ozone depleting substances. Under the class I ODS are grouped 
chlorofluorocarbons (CFCs) while under class II are grouped hydrochlorofluorocarbons 
(HCFCs). According to [10] [47] compounds of importance when calculating the ozone 
depletion potential are presented in table 4 with trichlorofluoromethane (R11) equivalence 
factors. R11 is assigned an ozone depletion factor of 1,0 and is used as a reference in this 
study [61]. The ozone depletion potential (ODP) factors given are recognized under the 
Montreal Protocol [61]. Table 6 summarizes the ODP factors.  
 
Table	6:	ODP	factors	of	substances	recognized	under	the	Montreal	Protocol.	

Ozone depleting substance  Lifetime, years R11 equivalence factor 
(Montreal protocol) 

Halon 1211  16 3 
Halon (1301)  65 10 
R12 (dichlorodifluoromethane)  1,7 3 
R22 (monochlorodifluoromethane) 11,9 0,055 
Carbon tetrachloride  26 1,1 
 
- Eutrophication of land and water: According to the Swedish Riksdag´s definition of the 
objectives for environmental quality, the amount or concentration of nutrients on the ground 
and water should not have any effect on human health, the conditions for biological diversity 
or the possibilities for versatile use of land or water. Excess in nutrients flow onto water can 
cause excessive growth of water-weeds (phytobenthon), free-floating plant organisms 
(phytoplankton) and other plant forms [8] [60]. The excessive growth of vegetation leads to 
an increase of oxygen consumption and the damage of the inhabiting biological population. A 
certain aspect of toxicity toward humans should also be taken into account when certain type 
of algae grows in number.  

The CML-IA database for characterization factors for life cycle impact assessment 
suggests the factors presented in table 4 when calculating eutrophication potential [62]. The 
CML guideline dates from 1992, however the methodology and factors are still valid for use. 
Table 7 summarizes the eutrophication potential equivalence factors.   
 
Table	7:	PO4	equivalence	factors	of	various	substances	contributing	to	the	eutrophication	potential.	

Nutrient 𝑃𝑂! Equivalence factor 
1 kg Nitrogen Oxides (𝑁𝑂!, air) 0,13 kg eq 𝑃𝑂! 
1 kg Total nitrogen (water) 0,42 kg eq 𝑃𝑂! 
1 kg Total phosphorous (water) 3,07 kg eq 𝑃𝑂! 
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1 kg Chemical 𝑂! demand (COD) 0,022 kg eq 𝑃𝑂! 
1 kg 𝑁𝐻! 0,35 kg eq 𝑃𝑂! 
1 kg 𝑁𝐻!! 0,33 kg eq 𝑃𝑂! 
1 kg 𝑁𝑂!! 0,095 kg eq 𝑃𝑂! 
1 kg 𝑁𝑂!! 0,13 kg eq 𝑃𝑂! 
 
- Human toxicity potential: Emissions relevant in order to estimate the human toxicity 
potential of the studied PV modules are those of heavy metals to air and fresh water, volatile 
organic compounds to air (VOC), inorganic emissions and emission of particles to fresh water 
and air [10]. The purpose of the human toxicity potential is to provide an index that reflects 
the potential harm a unit of chemical released into the environment and is used to weight the 
emissions inventoried as part of the life-cycle assessment (LCA) and to aggregate them in 
term of a reference compound [63] [64].  
 
The heavy metals considered for this study are arsenic, cadmium, chromium, lead and 
mercury. According to [65] the 5 metals ranks among the priority metals that are of public 
health significance. HTP equivalence factors of emissions in DCB equivalents are presented 
in table 6. The presented factors are obtained using the CalTOX model for modeling toxic 
emissions; its main characteristic is that it provides pragmatic values that can be used and 
applied regardless of the geographic location [63] [64]. Arsenic, cadmium, chromium, lead 
and mercury are grouped as heavy metals. 𝑃𝑀!" particulates are inhalable coarse particles 
with a diameter between 2,5 and 10 micrometers [𝜇𝑚]. 𝑃𝑀!,! Particulates are fine or ultrafine 
particles with a diameter of 2,5 micrometers [𝜇𝑚] or less. Both types of particulates are small 
enough to penetrate the thoracic region of the respiratory system and cause human organ 
failure [66]. The exposure pathways to the selected emissions presented in table 6 are 
delimited to water and air; the emissions are hence classified as emissions to water and air. 
The cancer human toxicity potential, which is a measure for the cancer potency of each 
emission, is considered for this study. For the emissions of mercury, no current data ties 
mercury exposure to cancer on humans [67]. There are documented cases where exposure to 
high doses has caused several types of tumors on rats and mice [67]. This study is delimited 
to human toxicity potential; cancer human toxicity potential is not further developed in this 
paper. Table 8 summarizes the human toxicity equivalence factors.  
 
Table	8:	Emissions	contributing	to	the	human	toxicity	potential	and	equivalency	factors.	Emissions	to	air	
and	water	are	considered.	The	cancer	human	toxicity	potential	is	studied [64] [63].	For	emissions	marked	
with	a	-%-	no	cancer	human	toxicity	potential.	For	emissions	marked	with	-@-	no	emissions	to	pathway	
are	recorded.		

Substance Human Toxicity factors 
g-DCB, eq (to Air) 

Human toxicity factors 
 g-DCB, eq (Water) 

Arsenic 2600 640 
Cadmium 2800 1,3.10!!" 
Chromium 0,13 3,2.10!!" 
Lead 28 2 
Mercury % % 
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Carbon Monoxide 𝐶𝑂! 2,7.10!! @ 
Nitrogen oxides (𝑁𝑂!) 4,3 1,4.10!! 
𝑃𝑀!" particulates matter 2,9 @ 
𝑃𝑀!,! particulates matter 33 @ 

 

f. Key considerations for LCA calculations 
For this paper the all emissions are calculated per produced unit of electricity [kWh] (as 
defined in the methodology section). In order to account for the emissions during the entire 
lifetime of the PV-system equation 11 is used.  
 
 

𝑃! =
𝑌𝑒𝑎𝑟𝑙𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 × 𝑠𝑦𝑠𝑡𝑒𝑚 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦  
(11) 

   
The lifetime of the PV station was estimated using a degradation rate of 0,5 % in accordance 
with [68]. The system is expected to have 80% of its initial capacity left after 40 years. This 
paper defines the lifetime of the studied PV-system as 30 years. Equation (12) is used to 
calculate the indirect emissions stemming from the use of public grid electricity [11] [10] [16] 
[69] [47].  
 
   𝐶! =

(!!×!!"#$)
!!

 (12) 

Where: 
𝐶! are the GHG emissions due to process i [g-CO2, eq/kWh]. 
𝐸! is the energy consumption of  process i [kWh/Wp]. 
𝐶!"#$ is the emission factor for the public grid electricity where the process (i) takes 
place [g-CO2, eq/kWh]. 
 

The use of electricity during the manufacturing of the solar module implies emissions of 
green house gases. For this paper the average value of the emissions caused by the use of 
electricity from the public electricity grid are used for involved countries.  
 
- The Nordic electricity mix emissions: The integration of the PV-station and its construction 
takes place on site. Electricity from the grid on site is used during the integration process. The 
host building where the PV station is to be sited is connected to the Vattenfall grid from 
which the electricity has an emission factor of 41 g-𝐶𝑂!,eq/kWh [70]. However, this value 
should not be used and is not recommended when calculating emissions [71]. The electricity 
is Sweden is traded in a common Nordic market and a value for the Nordic electricity mix 
should be used. Between 2005 and 2009 the average value of the emission factors for the 
Nordic electricity production mix was estimated at 125,5 g-𝐶𝑂!,eq/kWh [71] (no newer value 
was found for the emissions associated with the Nordic mix). This value accounts for all 
emissions and does not include reductions in emissions that the use of Swedish electricity has 
caused abroad [71].  
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- The balance of System: It usually includes, for rooftop PV-stations, inverters, cables, 
mounting systems, and connectors. Data regarding the environmental impact of the BOS is 
scarce [11]. However, previous studies have concluded that the BOS contributes with an 
additional 0,2 years of EPBT and 5 g 𝐶𝑂!-eq/kWh [16] [10].  
 
-The system´s technical characteristics: The technical specification of the modules, the 
inverters, PV-station peak installed capacity and the expected production according to the 
Eneo model are presented in table 9.   
 
Table	9:	Technical	specifications	of	the	PV-station.	

Parameter Description 
Module size 1,65 𝑚×0,992 𝑚×0,035 𝑚  
Mass 18,6 [kg] 
Frame Anodized Aluminium Alloy 
Front glass Transparent solar glass, 3,2 mm 
EVA sheet thickness 0,5 mm 
Wafer thickness 200 𝜇m ± 20 𝜇m 
Number of cells per module 60  
Cell efficiency 15.9 % 
Peak installed capacity 235,56 kWp 
Expected annual production 222,3 MWh 
 
The system´s annual expected production is based on simulation performed by Eneo Solutions 
together with the installation firm Svea Solar. The simulated model resulted in a yearly 
production of 234 MWh with Svea Solar guaranteeing 95% of it. For this paper the 
guaranteed production is used for further calculations.  
 
- State of art of the Chinese PV-industry: Table 10 summarizes the input and output of 
materials actually valid for the Chinese PV-industry. Table 10 is the result of surveys at 
Chinese PV-factories and is used for conversion purposes during the calculation phase of the 
life cycle assessment [16] [47] [72].  
 
Table	10:	Materials	input	and	output	for	the	PV	production	value	chain.	The	data	is	representative	of	the	
actual	state	of	art	of	the	Chinese	PV	industry.	The	table	is	used	as	a	mean	of	conversion	for	the	calculation	
presented	in	this	paper.		

Material input Output after process 
2,0 kg Quartz (silicon dioxide) 1,0 kg UMG-Si 
1,35 kg MG-Si 1,0 kg SoG-Si 
1,1 kg SoG-Si 1,0 kg multi-Si ingot 
1,0 kg multi-Si ingot 46 wafers 156mm x 156mm 
1,0 kg multi-Si ingot 196 Wp PV power 
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3. Embedded energy calculations 
 
The energy embedded in the PV-module product value chain is calculated using the 
Ecoinvent database and data presented in [10] [16] [11] [47] [72].  

a. Quartz mining energy consumption 
According to the latest 2013 update of the Ecoinvent database, the energy requirement to 
produce 1 kg of Quartz silica sand is 0,2 MJ. Using table 10, the value converts to 
0,000.kWh/Wp.  

b. Metallurgical grade silicon MG-Si process energy input,  
The energy consumption according to the latest harmonization of data is 13 kWh/kg produced 
metallurgical grade silicon [16] [10] [72] [47]. The Ecoinvent database gives a value of 11 
kWh/kg MG-Si. The Ecoinvent value is deemed as outdated and the value from the literature 
is used. The energy consumption during the production process of MG-Si is 0,097 kWh/Wp.  

c. Solar grade silicon SoG-Si process energy input 
The energy consumption during the process of solar grade silicon production ranges 
according to [16] [54] [72] from 90 to 100 kWh per produced kg of SoG-Si. The ecoinvent 
database uses the value of a 110 kWh per produced kg SoG-Si. Data provided by the literature 
is however up to date. According to [16] the production of 1 kg of SoG-Si requires 120 kWh 
of energy. Using table 10; 1 kg of SoG-Si results in 0,91 kg ingot, which result in 42 wafers 
with a total PV capacity of 178 Wp. It is concluded that 120 kWh is required to produce 178 
Wp of PV-capacity. The energy consumption during the production of SoG-Si is 0,67 
kWh/Wp based on the modified Siemens process.  

d. Ingot casting process energy input 
The process of ingot casting requires according to [16] [10] [11] [72], 7 to 9 kWh electricity 
per 1kg produced ingot. A value that was obtained from surveys conducted on site at Chinese 
manufacturing facilities. The ecoinvent database lacked data regarding this process. For the 
purpose of this paper the value of 9 kWh/kg ingot is used. Using table 10, the energy input to 
produce ingot able to generate 1 Wp is 0,0459 kWh/Wp.   

e. Wafer production energy input 
According to [16] a harmonization of values from [10] [11] [72] [47]results in an electricity 
consumption of 28 kWh/kg produced wafer. According to the Ecoinvent database the 
electricity consumption during this process amounted to 8 kWh/m2, which requires converting 
energy per mass units and exact knowledge about the thickness of the wafer used in this 
panels. Using table 10, the energy input to produce wafer material able to produce 1 Wp is 
0,143 kWh/Wp.  

f. Solar cell production energy input 
The production of solar cells requires 0,204 kWh of electricity per produced PV peak power 
[16]. The Ecoinvent database uses a value of 30kWh/𝑚! produced solar cells. Using solar cell 
area and density for conversion, a value of 0,188 kWh per produced PV peak power is 
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obtained. The energy input value of 0,204 kWh/Wp from the literature is used for the purpose 
of this paper.  

g. Module manufacturing energy input 
The module manufacturing requires according to [16] and values averaged from [47] [11] 
[10] [72] an energy input of 0,204 kWh per PV peak power unit. The Ecoinvent database 
lacked data regarding this process. The value obtained from the literature above includes the 
manufacturing of junction box, packaging glass, encapsulant etc. The energy consumption is 
calculated at 0,204 kWh/Wp.  

h. Construction and installation of the PV system energy input 
According to [16] the process of constructing a PV station requires energy in the range of 
0,15 and 0,31 kWh per produced PV peak power. In accordance with [16] [47] [72] [11] the 
average value of 0,23kWh/Wp is used. This includes the energy input required by the 
integration of controllers, inverters, cables and the mounting system. The manufacturing of 
the BOS is not included in this value.  

i. Transportation process energy input 
The photovoltaic panels are manufactured in Vietnam according to the Swedish PV installer 
company Svea Solar. It is assumed that the modules are shipped from the port of Saigon. It is 
further assumed that the transportation route passes through the Suez Canal in Egypt, the 
Mediterranean Sea to finally reach the port of Rotterdam in the Netherlands. With the help of 
online available maps the shipping distance is approximated at 17 000 kms. According to an 
LCA conducted by the International Energy Agency an additional 50 km of transport by lorry 
and 200 km by train are assumed independent of the location. For the transport from the 
Netherlands to Sweden it is assumed an additional 1000 km of rail transportation. An 
additional 600 km of train freight is added to account for transport within Sweden between 
the southern ports of the country and Stockholm. The values for maritime distances estimated 
above were compared to the values included in [9], the differences are considered negligible, 
and the values assumed above by this report are used for further calculations.  
 

- Maritime transportation: According to [51] the energy consumption of a container ship 
travelling at a speed of 24 knots is 66 tones per day. For a distance of 17 000 km the length of 
the journey is estimated at approximately 16 days. The total energy consumption is 1056 
tones of marine diesel oil per the entire shipping journey [51]. According to [73] the energy 
content of MDO is 44 kJ/g; the total energy consumption during sea shipping for a distance of 
17000 km is 12,9 GWh. Using the Emma Maersk container ship as a calculation basis, the 
total capacity can be assumed at 15000 TEU6 [74]. The total freighting capacity of the ship in 
photovoltaic Wp is approximated using the volume of the solar module and the dimensions of 
a 20 ft. container [75]. One 20 ft. container’s volume is 33,2 𝑚! [75] with a loading capacity 
of 615 modules or 160 MWp of PV power. The energy consumption of the maritime shipping 
process is 0,0053 kWh/Wp.  
                                                
6 Twenty Foot Equivalent Unit is a measure of how many 20 ft. containers with internal length of 5,9 
meters, an internal width of 2,35 meters and a internal height of 2,39 meters can fit in a container ship 
[75].  
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- Railroad transportation: For a railroad freight equation x is used and the energy 

consumption is calculated at 102 !"
!"##$%.!"

. Using the module weight of 18,6 kg provided by 
the manufacturer and the assumed shipping distance of 1800 km results in an energy 
consumption of 0,0052 kWh/Wp.  
 

- Road transportation: It is assumed that road transportation is done using lorry, it is 
assumed that the fuel used is diesel for which the energy density is 34 MJ/liter [73]. 
According to [53] the fuel consumption for a lorry carrying an ISO 40 ft. container is 
estimated at 4,5 !"#$%

!""" !"##$%.!"
. Transporting 1 Wp a distance of 50 km requires 0,00015 

kWh/Wp.  

j. Transmission losses 
The energy input due to transmissions losses is calculated using (6). It considers the loss 
factor of 7% for the Swedish public grid, multiplies it by the annual production to obtain the 
annual losses due to grid transmission. However, the functional unit defined for this paper 
consider the energy input per Wp. Divided by the PV-system peak capacity of 235,56 MWp 
result on an energy loss of 0,066 kWh/Wp.  

k.  PV station decommissioning and end of life 
The energy input during the decommissioning of a PV stations is 250 MJ/𝑚! according to 
[11] [10] [47] [72]. The decommissioning is done in accordance with the WEEE directive 
implementation in Sweden. This is equivalent to an energy consumption of 69 kWh per 
decommissioned square meter of PV-station. The energy input for this process is 0,40 
kWh/Wp.  

l. Operation and maintenance energy input 
The energy input due to operation and maintenance is according to literature responsible for 
1% of the entire energy input of PV-systems. The operation and maintenance process requires 
energy calculated at 0,021 kWh/Wp. 

m.  Total lifetime energy input, 𝑬𝒕𝒐𝒕 
The PV station lifetime energy input is calculated using (5) and is estimated at 2,09 kWh/Wp. 
Factoring in the number of modules installed and their peak capacity, the total energy 
embedded in the PV-station during its entire life cycle is 494 MWh. The results are presented 
in figure 20 for the entire lifecycle of the PV-station. The results are based on the  
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Figure	20:	Lifecycle	energy	requirement	of	the	PV-station	per	creation	process.	
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4. Emissions contributing to the global warming potential 
 
During this chapter the GHG emissions calculations are presented per process, the GHG 
emissions are calculated for all the process from quartz mining to end of life processing. The 
annual production of the PV station presented in table 9 is used in equation 11 to calculate the 
energy production per Wp. Pt is calculated at 28,31 kWh/Wp and used in equation 12 to 
calculate the GHG emissions per process.  

a. Direct GHG emissions during Quartz mining 
The common practice during quartz mining is to use 𝐶!𝐻!𝐶𝐻!(𝑁𝑂!)! (TNT) which lead to 
direct CO2 emissions [16] [40] [39] [10]. The use of energy to fuel the process adds to the 
equation. Carbon dioxide emissions as a result of quartz mining are direct. For the actual state 
of art of quartz mining 1kg of used TNT has the potential of producing 3392 kg of quartz 
[16]. The chemical reaction of the explosion of TNT is as described below: 
 

4 𝐶!𝐻!𝐶𝐻!(𝑁𝑂!)! + 21 𝑂! → 28 𝐶𝑂! + 10 𝐻!𝑂 + 6 𝑁! [16] 
 
Based on the equation above the explosion of 1kg of TNT would result in 1,355 kg non-fossil 
𝐶𝑂!. The extraction of 1kg Quartz requires 2,94.10!! kg TNT, meaning non-fossil 𝐶𝑂! 
emissions in the order of 398g. As stated in table 10, 1kg Quartz yields 0,34 kg of multi-Si 
ingot, which in its turn yields 15 wafers with a total solar cell peak power of 66 Wp. 
 
Using Pt the GHG emissions are estimated at 2,13.10!!g-𝐶𝑂!,eq/kWh.  
 
The energy use during Quartz mining (machinery etc.) was calculated at 0,00084 kWh/Wp. 
No information about the origins of the Quartz was available so it assumed that the mining is 
done in China, which has a national grid electricity average emission factor of 962 g-
𝐶𝑂!,eq/kWh [76]. Resulting in an emission of 0,028 g-𝐶𝑂!,eq/kWh of fossil carbon dioxide.  
 
The total GHG emissions for the process of quartz mining are calculated at 0,028 g-
𝐶𝑂!,eq/kWh.  

b. GHG emissions during the extraction of metallurgical grade silicon 
Metallurgical grade silicone is extracted from silicon dioxide, which is the main element of 
quartz. This process is governed by the following oxidation-reduction reaction; non-fossil 
𝐶𝑂! is a directly generated resultant: 

 
𝑆𝑖𝑂! + 𝐶⟶ 𝐶𝑂! ↑ +UMG-Si  [16] 

 
Using mass balances and molecular masses of MG-Si (28,0855 g/mol) and 𝐶𝑂! (44,01 g/mol) 
it is concluded that the production of 1 kg of MG-Si results in the emissions of 1,57 kg of 
𝐶𝑂!. Using table 1 it is concluded that the amount of 1 kg MG-Si results in the production of 
132 Wp of PV-capacity and the emission of 1,57 kg-𝐶𝑂! eq. The carbon dioxide emissions 
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due to the chemical reaction are classified as non-fossil and are calculated at 0,42 g-𝐶𝑂!, 
eq/kWh.  
 
Fossil 𝐶𝑂! emissions stems from the use of fossil fuels to power the process. According to the 
2011 update of the Ecoinvent database 3,58 kg of fossil 𝐶𝑂! is released to produce 1 kg of 
MG-Si. The emission of fossil 𝐶𝑂! is estimated at 0,95 g-𝐶𝑂!/kWh.  
 
Nitrogen oxides and non-methane volatile organic compounds (NMVOC) contribute to the 
global warming potential of the PV station. The emissions of NMVOC during the MG-Si 
process are small and neglected for this paper.   
 
The total GHG emissions of the MG-Si manufacturing process are the sum of the above-
calculated emissions resulting in 1,38 g-𝐶𝑂!,eq/kWh. 

c. Indirect GHG emissions due to energy consumption 
The production of solar grade silicon, solar cells and solar modules uses public grid 

electricity implying indirect GHG emissions. The studied PV modules were manufactured in 
Vietnam using electricity from the Vietnamese public electricity grid with an emission factor 
estimated at 564 g-𝐶𝑂!,eq/kWh according to [76]. The modules manufacturer Trina Solar 
receives solar grade silicon and cell wafer from the company GCL Silicon technology with a 
manufacturing facility in Xuzhou, Jiangsu Province [77] [78]. The emission factor for the 
province of Jiangsu averaged between 2011 and 2013, 811 g-𝐶𝑂!,eq/kWh [76]. Using (10) 
the GHG emissions can be calculated for each process. Table 11 summarizes the indirect 
GHG emission during the manufacturing of the PV station.  
 
Table	11:	The	indirect	GHG	emissions	during	the	production	of	SoG-Si,	ingot,	wafer,	PV-cell	and	
PV-module.		
Process Grid emission factor 

(g-𝐶𝑂!,eq/kWh) 
Energy 
consumption 
(kWh/Wp) 

GHG emissions 
(g-𝐶𝑂!,eq/kWh)  

SoG-Si production 811(China, Jiangsu) 0,67 19,19 
Multi-Si ingot growing 811 (China, Jiangsu) 0,0459 1,32 
Multi-Si wafer casting 811 (China, Jiangsu) 0,143 4,10 
PV-cell manufacturing 564 (Vietnam) 0,204 4,07 
PV-module assembly 564 (Vietnam) 0,204 4,07 
PV-station integration 131,2 (Nordic mix) 0,23 1,02 

d. GHG emissions due to operation and maintenance 
The operation and maintenance energy requirement was calculated at 0,021 kWh/Wp. Using 
the emission factor for the Nordic electricity mix, the GHG emission for this process are 
calculated at 0,093 g-CO2, eq/kWh.  
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e. GHG emissions due to PV power transmission losses 
The calculation of the GHG emissions due to power transmission losses are based on the 
energy losses during the transmission process. The transmission power losses were calculated 
at 0,066 kWh/Wp, resulting in GHG emissions in the order of 0,29 g-𝐶𝑂!,eq/kWh.  

f. GHG emissions due to PV station decommissioning  
GHG emissions during the retirement of the PV-station are based on the energy consumption 
during this process in accordance with [16] [47] [72] [11]. The GHG emissions for the 
retirement process are 1,79 g-𝐶𝑂!.eq/kWh based on the emission factor for the Nordic 
electricity mix and the energy consumption of the process. As mentioned in the methodology 
section, high volume recycling is not further developed for this study due to data scarcity.  

g. GHG emissions due to transportation  
The maritime shipping process has an energy input of 0,0054 kWh/Wp. According to [51] the 
emission factor for a diesel powered container ship is 676 g-𝐶𝑂!,eq/kWh. The road 
transportation using lorry has an energy input of 0,00016 kWh/Wp. According to the Swedish 
environmental protection agency (Naturvårdsverket) the emissions factor for diesel driven 
Heavy Duty vehicles is 225 g-𝐶𝑂!,eq/kWh [79]. For rail shipping, it is assumed that 
electricity is used as fuel. Furthermore, it is assumed that the rail transportation takes place 
through the Netherlands, Germany, Denmark and Sweden. The average value for emission 
factors is used for this calculation. According to [80] the life cycle emission factors for the 
Netherlands, Germany, Denmark and Sweden are respectively; 716 g-𝐶𝑂!,eq/kWh, 706 g-
𝐶𝑂!,eq/kWh, 760 g-𝐶𝑂!,eq/kWh and 79 g-𝐶𝑂!,eq/kWh with an average value of 565,25 g-
𝐶𝑂!,eq/kWh. The energy consumption during the process of rail transportation is 0,00364 
kWh/Wp. Table 12, shows the GHG emissions per kWh by type of transport.  
 
Table	12:	Mean	of	transportation	with	emission	factors	and	estimated	emissions.	

Mean of transport Emission factor; g-𝑪𝑶𝟐,eq/kWh GHG emission; g-𝑪𝑶𝟐,eq/kWh 

Maritime shipping 676 0,1260 

Road shipping 225 0,0012 

Rail shipping 565 0,1039 

 

h. The total lifetime emissions and emissions savings 
The total lifetime emission based in solar grade manufacturing using the modified Siemens 
reactor and accounting for the contribution of the BOS is 42,6 g-CO2, eq/kWh. Compared to 
the Nordic electricity mix emissions factor of 125,5 g-CO2, eq/kWh the annual emission 
savings are calculated at 18,43 ton CO2 equivalents. Figure 21 illustrates the GHG emissions 
per creation process of the studied PV-station.  
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Figure	21:	The	global	warming	potential	(100	years)	of	the	studied	PV-station	per	lifecycle	process.	
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5. Emissions contributing to the acidification potential 
Data from the ecoinvent database is used to calculate the acidification potential. Literature is 
used to complement the database when data was considered scarce or unavailable.  
 
- Solar grade silicon: The production of 1 kg of solar grade silicon results according to the 
Ecoinvent database in the emissions presented in table 13.  
 
Table	13:	Emissions	contributing	to	the	acidification	potential	in	g-𝑺𝑶𝟐,	eq/kWh	[81].		

Solar grade Silicon SoG-Si 
Emissions Equivalence factor Emissions in g-𝑆𝑂!, eq/Wp Emissions in g-𝑆𝑂!, eq/kWh 
HCl 0,88 3,88.10!! 1,30.10!! 
HF 1,60 2,80.10!! 9,42.10!! 
𝑁𝑂!  0,70 0,038 1,29.10!! 
𝑆𝑂!  1,00 0,070 2,30.10!! 
𝐻!𝑆  1,88 5,28.10!! 1,77.10!! 
𝑁𝐻!  0,93 0 0 
 
- Ingot growing: Data is extracted from the Ecoinvent database and based on the production 
of 1 kg of casted silicon (ingot). The emissions are provided in table 14. 
 
Table	14:	Emissions	contributing	to	the	acidification	potential	in	g-𝑺𝑶𝟐,	eq/kWh	for	ingot	growing	[81].	

Multi-Si casting (ingot growing) 
Emissions Equivalence factor Emissions in g-𝑆𝑂!, eq/Wp Emissions in g-𝑆𝑂!, eq/kWh 
HCl 0,88 0  0  
HF 1,60 0 0 
𝑁𝑂!  0,70 3,6.10!! 1,2.10!! 
𝑆𝑂!  1,00 10!!  3,42.10!! 
𝐻!𝑆  1,88 0 0 
𝑁𝐻!  0,93 0 0 
 
 
- Wafer slicing: Emissions data is extracted form the Ecoinvent database and based on the 
production of 1 𝑚! of wafer weighing 559 g. The emissions are provided in table 15.  
 
Table	15:	Emissions	contributing	to	the	acidification	potential	in	g-𝑺𝑶𝟐,	eq/kWh	[81].		

Wafer slicing 
Emissions Equivalence factor Emissions in g-𝑆𝑂!, eq/Wp Emissions in g-𝑆𝑂!, eq/kWh 
HCl 0,88 0 0 
HF 1,60 0 0 
𝑁𝑂!  0,70 0,063 2,12.10!! 
𝑆𝑂!  1,00 9,15.10!! 3,07.10!! 
𝐻!𝑆  1,88 0 0 
𝑁𝐻!  0,93 0 0 
 
- Photovoltaic cell manufacturing: Emissions data is extracted from the Ecoinvent database 
and is based on the production of 1 𝑚! of multi-Si photovoltaic cell. The emissions are 
presented in table 16.  
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Table	16:	Emissions	contributing	to	the	acidification	potential	in	g-𝑺𝑶𝟐,	eq/kWh [81].	 	

Photovoltaic cell manufacturing 
Emissions Equivalence factor Emissions in g-𝑆𝑂!, eq/Wp Emissions in g-𝑆𝑂!, eq/kWh 
HCl 0,88 1,32.10!! 4,42.10!! 
HF 1,60 4.36.10!! 1,46.10!! 
𝑁𝑂!  0,70 2.10!! 6,6.10!! 
𝑆𝑂!  1,00 4.10!! 1,32.10!! 
𝐻!𝑆  1,88 0 0 
𝑁𝐻!  0,93 0 0 
 
- Photovoltaic module manufacturing: Emissions data is extracted from the Ecoinvent 
database and is based on the production of 1 𝑚! of photovoltaic solar module. According to 
the Ecoinvent database, no emissions contributing significantly to the acidification potential 
are recorded during the manufacturing of photovoltaic modules [81]. 

6. Emissions contributing to the ozone depletion potential 
To estimate the ozone depletion contributing emissions, the Ecoinvent database is used. 
However, data regarding the emissions of ozone depleting substances was scarce in some 
cases and non-existent in other cases. Previous studies were mostly based on calculations 
using paywall-protected softwares providing only the results and not the data used to obtain 
them. However the results obtained by this paper are compared to those of previous studies.  
 
- Solar grade silicon: Emissions data is collected from the Ecoinvent database and is based 
on the production of 1 kg of solar grade silicon SoG-Si. The emissions are presented in table 
17. Most literature  
 
Table	17:	Emissions	contributing	to	the	ozone	depletion	potential	in	g-R11,	eq/kWh	[81].		

Solar grade silicon 
Ozone depleting emissions  R11 equivalence factor 

(Montreal protocol) 
Emissions in  
g-R11, eq/Wp 

Emissions  
g-R11, eq/kWh 

Halon 1211  3 2,12.10!! 7,14.10!! 
Halon (1301)  10 7.10!! 2,37.10!! 
R12 (dichlorodifluoromethane)  3 3,80.10!! 1,3.10!! 
R22 
(monochlorodifluoromethane) 

0,055 7.10!! 2,34.10!! 

Carbon tetrachloride  1,1 0,22 0,007 
R11 (trichlorofluoromethane) 1 0 0 
 
- Ingot growing: Emissions data is extracted from the Ecoinvent database according to which 
no ozone depletion contributing emissions are recorded for the process of ingot growing. 
Previous studies using simulation softwares concluded on similar findings [10] [11]. 
 
- Wafer slicing: Emissions data is collected from the Ecoinvent database and are presented in 
table 18.  
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Table	18:	Emissions	contributing	to	the	ozone	depletion	potential	in	g-R11,	eq/kWh [81].	

Wafer slicing 
Ozone depleting emissions  R11 equivalence factor 

(Montreal protocol) 
Emissions in  
g-R11, eq/Wp 

Emissions  
g-R11, eq/kWh 

Halon 1211 3 0,013 4,64.10!! 
Halon (1301) 10 0,046 1,54.10!! 
R12 (dichlorodifluoromethane) 3 0 0 
R22 
(monochlorodifluoromethane) 

0,055 0 0 

Carbon tetrachloride 1,1 0 0 
R11 (trichlorofluoromethane) 1 0 0 
 
- Photovoltaic cell manufacturing: Emissions data is collected from the Ecoinvent database 
and presented in table 19.  
 
Table	19:	Emissions	contributing	to	the	ozone	depletion	potential	of	the	PV	cell	manufacturing [81].		

Photovoltaic cell manufacturing 
Ozone depleting emissions  R11 equivalence factor 

(Montreal protocol) 
Emissions in  
g-R11, eq/Wp 

Emissions  
g-R11, eq/kWh 

Halon 1211  3 0 0 
Halon (1301)  10 3,336.10!!" 1,12.10!!" 
R12 (dichlorodifluoromethane)  3 0 0 
R22 
(monochlorodifluoromethane) 

0,055 0 0 

Carbon tetrachloride  1,1 0 0 
R11 (trichlorofluoromethane) 1 0 0 
 
- Photovoltaic module manufacturing: Emission data is collected from the Ecoinvent 
database and is presented in table 20.  
 
Table	20:	Emissions	contributing	to	the	ozone	depletion	potential	of	the	module	manufacturing	process	
[81].	

Photovoltaic module manufacturing 
Ozone depleting emissions  R11 equivalence factor 

(Montreal protocol) 
Emissions  

g-R11, eq/Wp 
Emissions 

g-R11, eq/kWh 
Halon (1211)  3 7,45.10!! 2,5.10!!" 
Halon (1301)  10 5,4.10!! 1,8. 10!! 
R12 (dichlorodifluoromethane)  3 0 0 
R22 
(monochlorodifluoromethane) 

0,055 0 0 

Carbon tetrachloride  1,1 0 0 
R11 (Trichlorofluoromethane) 1 0 0 
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7. Emissions contributing to the eutrophication potential 
The emissions contributing to the eutrophication potential are collected for each 
manufacturing process. The ecoinvent is used mainly; if no data is found in the database, 
literature is used.  
 
- Solar grade silicon: The emissions contributing to the eutrophication potential are collected 
from the Ecoinvent database and are presented in table 21. The Ecoinvent database provides 
data for the production of 1 kg of solar grade silicon. See table 21.  
 
Table	21:	Emissions	contributing	to	the	eutrophication	potential	of	SoG-Si	production [81].		

Solar grade Silicon manufacturing 
Nutrient 𝑃𝑂! Equivalence factor Emissions 

g-𝑃𝑂!, eq/Wp 
Emissions 
g-𝑃𝑂!, eq/kWh 

Nitrogen Oxides (𝑁𝑂!, air) 0,13 7,11.10!! 2,38.10!! 
Total nitrogen in water  0,42 4,90.10!! 1,64.10!! 
Total phosphorous (water) 3,07 4,83.10!! 1,62.10!! 
Chemical 𝑂! demand (COD) 0,022 2,49.10!! 8,38.10!! 
𝑁𝐻!  0,35 0 0 
𝑁𝐻!!  0,33 0 0 
 
- Ingot growing: The Ecoinvent database states that no eutrophication contributing emissions 
are recorded during the process of silicon casting. However, literature research has shown that 
emissions in the form of nitrogen oxides and phosphorus with eutrophication potential exist. 
The emissions are presented in table 22. 
 
Table	22:	Emissions	contributing	to	the	eutrophication	potential	of	the	multi-Si	casting	[81].	

Multi-Si casting (ingot growing) 
Nutrient 𝑃𝑂! Equivalence factor Emissions 

g-𝑃𝑂!, eq/Wp 
Emissions 
g-𝑃𝑂!, eq/kWh 

Nitrogen Oxides (𝑁𝑂!, air) 0,13 5,96.10!! 2,0.10!! 
Total nitrogen in water  0,42 0 0 
Total phosphorous in water 3,07 0 0 
Chemical 𝑂! demand (COD) 0,022 0 0 
𝑁𝐻!  0,35 0 0 
𝑁𝐻!!  0,33 0 0 
𝑃𝑂!  1 1,2.10!! 0,4.10!! 
 
 
 
- Wafer slicing: The production of wafer results, according to the ecoinvent database in the 
emissions presented in table 23. 
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Table	23:	Emissions	contributing	to	the	eutrophication	potential	of	the	wafer	slicing	process	in	g-PO4,	
eq/kWh [81].	

Wafer slicing 
Nutrient 𝑃𝑂! Equivalence factor Emissions 

g-𝑃𝑂!, eq/Wp 
Emissions 
g-𝑃𝑂!, eq/kWh 

Nitrogen Oxides (𝑁𝑂!, air) 0,13 0 0 
Total nitrogen in water  0,42 0,0389 1,306.10!! 
Total phosphorous in water 3,07 0 0 
Chemical 𝑂! demand (COD) 0,022 0 0 
𝑁𝐻!  0,35 0 0 
𝑁𝐻!!  0,33 0 0 
𝑃𝑂!  1 4,59.10!! 1,01.10!! 
 
- Photovoltaic cell manufacturing: The production of photovoltaic cells results according to 
the ecoinvent database in the emissions presented in table 24.  
 
Table	24:	Emissions	contributing	to	the	eutrophication	potential	of	the	PV-cell	manufacturing [81].	

Photovoltaic cell manufacturing 
Nutrient 𝑃𝑂! Equivalence factor Emissions 

g-𝑃𝑂!, eq/Wp 
Emissions 
g-𝑃𝑂!, eq/kWh 

Nitrogen Oxides (𝑁𝑂!, air) 0,13 4,07.10!! 1,36.10!! 
Total nitrogen in water  0,42 0 0 
Total phosphorous in water 3,07 0 0 
Chemical 𝑂! demand (COD) 0,022 0 0 
𝑁𝐻!  0,35 0 0 
𝑁𝐻!!  0,33 0 0 
𝑃𝑂!  1 2,52.10!! 8,44.10!! 
 
- Photovoltaic module manufacturing: Emission data of the module manufacturing process is 
extracted from the Ecoinvent database and presented in table 25.  
 
Table	25:	Emissions	contributing	to	the	eutrophication	potential	of	the	module	manufacturing [81].	

Photovoltaic cell manufacturing 
Nutrient 𝑃𝑂! Equivalence factor Emissions 

g-𝑃𝑂!, eq/Wp 
Emissions 
g-𝑃𝑂!, eq/kWh 

Nitrogen Oxides (𝑁𝑂!, air) 0,13 8,94.10!! 3.10!! 
Total nitrogen in water  0,42 0 0 
Total phosphorous in water 3,07 0 0 
Chemical 𝑂! demand (COD) 0,022 0 0 
𝑁𝐻!  0,35 0 0 
𝑁𝐻!!  0,33 0 0 
𝑃𝑂!  1 1,49.10!! 5.10!! 
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8. Emissions contributing to the human toxicity potential 
The emissions contributing to the human toxicity potential are extracted from the Ecoinvent 
database. The ecoinvent database is used primarily; it is however complemented using 
literature in case of data scarcity.  
 
- Solar grade silicon: The emissions contributing to the solar grade silicon manufacturing 
cancer HTP includes even emissions of the mining and the metallurgical upgrade processes. 
Data is extracted from the Ecoinvent database. The table 26 provides cancer HTP emissions 
to air and water [81].  
	

Table	26:	Emissions	contributing	to	the	cancer	human	toxicity	potential	for	SoG-Si	process.	For	emissions	
marked	with	a	-%-	no	cancer	human	toxicity	potential.	For	emissions	marked	with	-@-	no	emissions	to	
pathway	are	recorded [81].		

Solar grade silicon production 
Substance Emissions data 

g/1kg SoG-Si 
Human Toxicity 

Potential  
g-DCB, eq/kWh (to Air) 

Human toxicity 
potential g-DCB, 
eq/kWh (Water) 

Arsenic 9,4223.10!! 4,62.10!! 1,13.10!! 
Cadmium 3,1408.10!! 1,65.10!! 4,08.10!!" 
Chromium 7,8519.10!! 1,92.10!!" 4,74.10!!! 
Lead 3,4352.10!! 1,81.10!! 1,29.10!! 
Mercury % % % 
Carbon Monoxide (CO) 2 1,02.10!! @ 
Nitrogen oxides (𝑁𝑂!) 9,74 7,9.10!! 2,57.10!! 
𝑃𝑀!"  Particulates 
matter 

7,75 4,23.10!! @ 

 
-Ingot growing: Emissions contributing to the cancer HTP of the silicon casting process are 
negligible. According to the Ecoinvent database no cancer HTP contributing emissions are 
recorded [81]. This fact is confirmed by previous studies [10] [47] [11].  
 
- Wafer slicing: Emissions contributing to the cancer HTP are provided in the Ecoinvent 
database based on the production of 1 𝑚! of Si-wafer. The emissions, pre unit produced 
electricity, are presented in table 27.  
 
Table	27:	Emissions	contributing	to	the	cancer	human	toxicity	potential	of	the	wafer	slicing	process.	For	
emissions	marked	with	a	-%-	no	cancer	human	toxicity	potential.	For	emissions	marked	with	-@-	no	
emissions	to	pathway	are	recorded [81].	

Wafer slicing process 
Substance Emissions data 

g/𝑚! wafer 
Human Toxicity 

Potential  
g-DCB, eq/kWh (to Air) 

Human toxicity 
potential g-DCB, 

eq/kWh (to Water) 
Arsenic 0 0 0 
Cadmium (ion) 6,0508.10!! @ 1,50.10!!" 
Chromium 3,0254.10!! @ 1,83.10!!" 
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Lead 3,0254.10!! @ 1,16.10!! 
Mercury % % % 
Carbon Monoxide 𝐶𝑂! 0 0 0 
Nitrogen oxides (𝑁𝑂!) 0 0 0 
𝑃𝑀!"  Particulates 
matter 

0 0 0 

𝑃𝑀!,!  Particulates 
matter 

0 0 0 

 
- Photovoltaic cell production: Emissions contributing to the cancer HTP are provided by the 
Ecoinvent database based on the manufacturing of 1 𝑚! of photovoltaic cell [81]. See table 
28.  
 
Table	28:	Emissions	contributing	to	the	cancer	human	toxicity	potential	of	the	PV-cell	production.	For	
emissions	marked	with	a	-%-	no	cancer	human	toxicity	potential.	For	emissions	marked	with	-@-	no	
emissions	to	pathway	are	recorded [81].	

Photovoltaic cell production 
Substance Emissions data 

g/𝑚! PV-cell 
Human Toxicity 

Potential  
g-DCB, eq/kWh (to Air) 

Human toxicity 
potential g-DCB, 
eq/kWh (Water) 

Arsenic No data No data No data 
Cadmium No data No data No data 
Chromium No data No data No data 
Lead 0,77252 4,56.10!! @ 
Mercury % % % 
Carbon Monoxide 𝐶𝑂! No data No data @ 
Nitrogen oxides (𝑁𝑂!) 0,05 4,3 1,4.10!! 
𝑃𝑀!"  Particulates 
matter 

No data No data @ 

𝑃𝑀!,!  Particulates 
matter 

2,67 0,562 @ 

 
 
- Photovoltaic module production: Emissions contributing to the cancer HTP are provided by 
the Ecoinvent database based on the production of 1 𝑚! of photovoltaic module. The process 
includes the entire assembly of the photovoltaic module and all accompanying sub-processes. 
The Ecoinvent database provides no data on the emissions of the fro this paper selected 
substances for the cancer HTP. Verification and comparison with literature shows that the 
process of module production has a mild contribution to the cancer HTP potential [10]. 
However the process of module production uses hazardous materials, this fact is discussed 
later in this paper.  
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9. Life cycle assessment results  
 
The results of the life cycle assessment are presented in this chapter. 

a. The energy payback time (EPBT) 
The total lifecycle embedded energy onto the PV-station was calculated at 494,18 MWh. The 
energy payback time is calculated using equation (8). Accounting for the additional 
contribution of the BOS the EPBT it is calculated at 2,42 years.  

b. The energy return on energy invested  
The EROI of the PV-station is calculated using (9). The PV-station has an EROI of 13:1. 
Previous studies on PV-systems have resulted in EROI values between 6:1 and 12:1 [58]. 
This indicator is not further developed due to it lacking a defined benchmark in previous 
literature.  

c. The global warming potential  
The total green house gas emissions represent the global warming potential of the PV-station 
(100 years) [10]. The total GHG emissions accounting for the BOS contribution are calculated 
at 42,6 g-CO2, eq/kWh. The global warming potential by lifecycle process was presented in 
figure 21.  

d. The acidification potential 
The acidification potential results are presented in figure 22.  
 

 
	

	

	

Figure	22:	The	acidification	potential	per	process	in	sulfur	dioxide	equivalents	per	kWh.	

The SoG-Si and wafer production processes show high acidification potential. Little to no 
acidification potential is recorded for the processes of ingot growth, cell and module 
manufacturing. A main contributor to the acidification potential is the combustion of coal to 
generate electricity [10].  
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e. The Ozone depletion potential 
The ozone depletion potential emissions are summarized in figure 23. 
 

 
Figure	23:	The	ozone	depletion	potential	per	process	in	R11	equivalents	per	kWh.	

The ozone depletion potential results show higher R11-equivalent emissions for the process of 
SoG-Si production and wafer casting. Low to no emissions is recorded for the processes of 
ingot growth, cell and module manufacturing. The lifecycle of the aluminium used in the 
module and the generation of electricity are significant contributors to the Ozone depletion 
potential [10].  

f. The eutrophication potential 
The eutrophication potential results are presented in figure 24.  
 

	

	

	

	

	

	

	

	

	

	

Figure	24:	The	eutrophication	potential	per	kWh.	
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The process of SoG-Si production shows the highest eutrophication potential of all processes.   

g. The human toxicity potential 
The human toxicity potential results are presented in figure 25. Emissions are distinguished 
by pathway, air and water. The production of the PV-cell shows the highest HTP of all 
processes.  

 
 
	

	

	

Figure	25:	The	human	toxicity	potential	per	kWh.		
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10. Interpretation and analysis of LCA results  

a. The Energy Payback Time consistency 
The energy payback time of the studied PV-station is 2,42 years. The Fraunhofer ISE states 
that the average EPBT of a PV-system in northern Europe is 2,5 years which is close to the 
findings of this paper. An EPBT of 2,42 years means that the PV-station will reach energy 
neutrality at 2,42 years.  

b. The energy return on investment consistency 
The EROI of the studied PV-station is 13:1. Meaning that the PV-station during its entire 
lifetime will produce 13 times the energy embedded onto it through its electricity generation. 
What this means for the PV station is complex and is discussed in previous literature [57]. 
Previous studies have calculated EROI of PV-systems ranging from 6:1 to 12:1. This 
indicator is not further developed in this paper due to it lacking a defined benchmark for 
viability in previous literature.  

c. The GHG emissions, the global warming potential (GHG emissions) 
The production of the solar module contributes to 80% of all the PV-station´s emissions. The 
energy requirement for the module manufacturing stands for 65% of the entire product value 
chain energy input. The process that is responsible for most of the emissions contribution and 
energy requirement is the production of solar grade Silicon (SoG-Si). This is however based 
on production using the Siemens process. The product value chain analysis presented in this 
paper showed that other production methods exist and promise energy consumption levels 
that are up to 90% lower than those of the Siemens process.  
 
The total global warming potential in GHG emissions of the PV-system in this study is 42,6 
g-CO2, eq/kWh. Previous studies have concluded on total emissions of 38 g-CO2, eq/kWh, 
however these were calculated for conditions in southern Europe. For PV-stations using 
Chinese manufactured modules and installed in China, the numbers start at 60 g-CO2, eq/kWh 
and gets as high as 87,3 g-CO2, eq/kWh [16].  
 
The PV-station in this study is expected to produce 222,3 MWh of electricity annually. 
Calculating the emissions associated with using the same amount of electricity from the grid 
in Sweden requires using the Nordic electricity mix emissions factor of 125,5 g-CO2, eq/kWh 
[50]. Consuming 222,3 MWh from the Swedish public grid implies the emission of 27,9 ton 
CO2 equivalents. The PV-station annual emissions using this study´s result are calculated at 
9,47 ton CO2, equivalent implying annual savings in emissions of 18,43 ton CO2 equivalents. 
Figure 26 shows the difference between the emissions associated with the Nordic mix vs. 
those associated with the PV-station´s generated electricity.  
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Figure	26.	Annual	lifecycle	GHG	emissions	contribution	of	the	PV-system´s	electricity	generation	vs.	if	the	

same	amount	of	electricity	was	to	originate	from	the	Swedish	public	grid.		

 

d. Acidification potential 
Both the process of solar grade production and wafer casting shows a high acidification 
potential. The acidification emission data for the production of SoG-Si, ingot and wafer was 
extracted for China, which has a high share of coal in its electricity mix. It is logical that the 
process of SoG-Si production has high emissions of SO2 equivalent and thus the highest 
acidification potential. More than 65% of all Chinese electricity in 2016 has been generated 
using coal-fired power plants [82]. Ingot has a lower energy input than both that of the SoG-
Si production and wafer slicing and has thus the lowest acidification potential. The 
manufacturing of the cell has however a higher energy consumption but does not show a 
higher acidification potential. This could be due to data inconsistency and that the Ecoinvent 
database lacked data for some emissions that contributes to the acidification potential of the 
PV-module.  

e. Ozone depletion potential 
Both the ozone depletion potential (ODP) of the SoG-Si production and wafer slicing 
processes are in accordance with previous studies [10]. The Ecoinvent database was scarce on 
data for the ODP contributing emissions. Previous studies have concluded that the emissions 
of R11 equivalent should highest for the process of module manufacturing due to the 
emissions of Halon (1301) during the lifecycle of aluminium and electricity in China. 
Previous studies have however relied on paywall-protected databases containing newer data.  
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f. Eutrophication potential  
Eutrophication describes the amount of nutrients added to the ecosystem.  
The process of SoG-Si manufacturing shows the highest eutrophication contributing 
emissions. The SoG-Si production process alone stands for 50% of the energy input. This 
process is located in China where the public electricity grid has emission factors of 962,5 g-
CO2, eq/kWh, mainly due to coal standing for 65% of the Chinese electricity generation. 
Power generation using coal emits phosphate to fresh water; SoG-Si production process has 
the highest energy consumption and takes place in China thus it has the highest eutrophication 
potential.   

g. Human toxicity potential (HTP) 
Similar to the other indicators, the emissions of heavy metals such as arsenic, cadmium, 
chromium, lead and mercury and the emissions of nitrogen compounds should be magnified 
proportionally to the energy consumption [10] [11]. The production of SoG-Si should have 
the highest contribution to the HTP. Due to the Ecoinvent database lacking emission data of 
several heavy metals, the results were not consistent with previous studies and simulations. 
However, these are studies based on simulations using paywall-protected softwares and 
databases. The process of SoG-Si production should have the highest HTP due to it having 
the highest energy requirement. The wafer and module production should also have a 
significant HTP due the disposal process of glass and its contribution to the emission of 
dibenzo-p-dioxins stemming from the emissions of carbon monoxide emission on fly ash 
[10].  
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11. Sensitivity analysis 
From the above presented results it is concluded that the energy consumption of the process 
and the contribution to the global warming potential is affected by several factors. The 
sensitivity analysis presented here covers the EPBT and the global warming potential. The 
influence of the SoG-Si production methods and the manufacturing´s location are also 
covered in this analysis. It further compares the manufacturing in Vietnam, which is the case 
of the studied PV-station to the case of manufacturing in Sweden. This analysis also considers 
the case of mono-crystalline PV-panels and presents its energy payback time and global 
warming potential for the studied PV-station. Due to the lack of data regarding the potential 
for acidification, ozone depletion, eutrophication and human toxicity, these are not included 
in the sensitivity analysis.  

a. The influence of technological development 
The process of SoG-Si production stands for 51% of the PV-station´s lifecycle GHG-
emissions. These emissions are associated mainly with the use of electricity from the public 
grid. These results are based on the use of the Siemens process, which is the most energy 
intensive process. Using more efficient SoG-Si production methods would result in energy 
savings and the reduction of the global warming potential of the PV-station. The Fluidized 
bed reactor method (FBR) can deliver energy savings ranging between 80% and 90%. Using 
the Elkem Solar silicon method (ES) would result in energy savings up to 75%. However the 
Elkem Solar silicon is always mixed with SoG-Si manufactured using other methods. This 
sensitivity analysis calculates for a mix using 40% ES SoG-Si and 60% Siemens silicon [40]. 
The results compared are the energy payback time in years and the global warming potential 
in g-CO2, eq/kWh.   
 
Using the FBR process to produce SoG-Si silicon results in an EPBT of 1,8 years and a global 
warming potential of 28 g-CO2, eq/kWh. These results are to be compared with the Siemens 
process that resulted in an EPBT of 2,42 years and a global warming potential of 42,6 g-CO2, 
eq/kWh. Figure 27 shows the energy requirement per process using the FBR vs. that of the 
Siemens process. Figure 28 shows the GHG emissions using the FBR vs. those of the 
Siemens process.  
 
Using the Elkem solar to produce SoG-Si results in an EPBT of 2,20 years and lifecycle GHG 
emissions of 37 g-CO2, eq/kWh. Figure 29 shows the energy requirement per process using 
the Elkem Solar vs. that of the Siemens process. Figure 30 shows the GHG emissions using 
the Elkem Solar vs. those of the Siemens process.  
 
Although the Elkem Solar method offers up to 75% energy reductions, its effect on the entire 
lifecycle´s processes is halted by the fact that it has to be mixed with silicon from the 
Siemen´s process. It offers modest reductions in EPBT and GHG emissions if compared to 
FBR silicon, which reduces the EPBT by 25% and the lifecycle GHG emissions by 34%.  
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Figure	27:	The	energy	requirements	per	process	per	SoG-Si	production	method.	

 
 

 
Figure	28:	The	lifecycle	GHG	emissions	per	process	per	SoG-Si	production	method.	
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Figure	29:	The	energy	requirement	of	the	PV-station	using	the	Elkem	Solar	vs.	the	Siemens	process.	

 
 

 
Figure	30:	The	lifecycle	GHG	emissions	using	the	Elkem	Solar	vs.	those	using	the	Siemens	process.	

 

b. The case of mono-crystalline PV-modules 
Using mono-crystalline PV-modules implies higher efficiencies and higher production. The 
panels used in this study were 260 Wp multicrystalline panels with 15,9% efficiency. 
Assuming the studied PV station used mono-crystalline panels from the same manufacturer 
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with similar peak capacity of 260 Wp. The difference will show in the efficiency of the cell, 
which is approximately 3% higher for the mono-crystalline panels [83]. For this type of 
panels the process of ingot growth is replaced with the production of single crystal rods which 
has 8 times higher energy input than that of the ingot growth process [40]. For the case of 
mono-crystalline PV-panels and assuming the conditions above, the results are an EPBT of 
2,66 years and lifecycle GHG emissions of 50 g-CO2, eq/kWh. Despite the 3% increase in the 
efficiency of the panels, the EPBT and the GHG emissions still saw an increase for the case of 
mono-crystalline panels. The increase was more considerable for the GHG emissions.  

c. PV-manufacturing in Sweden 
Historically, the PV industry in Sweden consisted mainly of PV-cell and module assembly. 
Meaning an eventual manufacturing of the PV-panels in Sweden would only imply a change 
in the emissions factors for the process of cell and module manufacturing. Applying the 
emissions factor of the Nordic electricity mix to said processes results in an EPBT of 2,42 
years and lifecycle GHG emissions of 36 g-CO2, eq/kWh. No change in the EPBT since the 
energy requirement for each process is assumed to remain the same due to the Silicon still 
located in China. The lifecycle GHG emissions show a decrease, this is due to the emissions 
being linked to the emissions factor of the electricity used in Sweden vs. that of Vietnam. If 
the PV-cell and module assembly in Sweden should have a more energy efficient state of art 
this might further reduce the EPBT and the GHG emissions of the PV station. However, this 
was not the assumption for this sensitivity calculation.  
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12. LCA Conclusions 
Lifecycle assessment is conducted for a grid-connected PV-station with multi-Si solar 
modules in Sweden. The EPBT was calculated at 2,42 years and the global warming potential 
in GHG emissions was calculated at 42,6 g-CO2, eq/kWh. Using different SoG-Si production 
technologies resulted in different results. The FBR resulted in an EPBT of 1,8 years and a 
global warming potential of 28 g-CO2, eq/kWh. The Elkem solar process resulted in an EPBT 
of 2,2 years and a global warming potential of 37 g-CO2, eq/kWh. Calculating for the PV-
station using mono-crystalline modules resulted in an EPBT of 2,66 years and a global 
warming potential of 50 g-CO2, eq/kWh. For manufacturing in Sweden the EPBT of the 
studied PV-station was calculated at 2,42 years and the global warming potential at 36 g-CO2, 
eq/kWh.  
 
The process of SoG-Si production is the most energy requiring process during the 
manufacturing of the PV-module and for the entire lifecycle of the PV-station. The energy 
intensity of the process and location in China results in it standing for 51% of the global 
warming potential of the PV-station. Further technological development to reduce the energy 
input to the SoG-process for the multi-Si panels and the single crystal rod production process 
for the mono-crystalline is essential. Further technological improvement should reach the 
entire PV-product value chain. The acidification, eutrophication, ozone depletion and human 
toxicity potential were calculated but showed results that were inconsistent with previous 
studies. According to the IEA guideline for conducting LCA for PV-systems, such indicators 
should not be included in a PV-system LCA due to the lack of data and to the indicators 
having weak support within the LCA community.  
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VI. Discussion 
 
The current trends dominating the PV-market point to the imminence of a considerable 
increase in market penetration. The IEA deems the global PV-power share to reach 16% by 
2050. As shown in this study, the subsidies put in place by the Swedish government and the 
positive public perception of solar PV bodes for similar trends in Sweden as well. This study 
concludes that PV-technology in Sweden does offset emissions when compared to the Nordic 
electricity mix. However, while governmental subsidies might have a direct effect when it 
comes to increasing the share of and the demand for PV electricity in Sweden, technological 
innovation is fundamental for increasing the efficiency of the PV-cell along with its 
concomitant environmental benefits. It plays a decisive role for the development of the PV 
industry. This study has shown that using more energy efficient production technologies 
results in higher environmental benefits. Currently, the state of art of Chinese polysilicon 
production relies mainly on the Siemens process, which outputs a final product with an 
energy and GHG emissions intensive lifecycle. However, the anti-dumping duties charged by 
the US and EU has pushed the Chinese government to introduce supportive policies 
encouraging improvement of other production processes such as the fluidized bed reactor 
[69]. This method has the potential of decreasing the total carbon footprint of a PV-system 
located in Sweden by 34%. If the PV-industry reaches similar energy saving along the entire 
product value chain of its final product, both the EPBT and the global warming potential of 
PV-systems will see considerable improvements. Nonetheless, investigation of the Chinese 
PV-industry in regard to market dynamics, innovation and transition has indicated that it 
suffers from poor connectivity in innovation networks and the lack of market supervision 
[69]. According to the same study, this points at the Chinese PV-industry being young with a 
steep learning curve ahead of it in regard to technological development and energy efficiency. 
Overcoming these issues should be a priority for stakeholders in China and even other 
importing countries of Chinese PV-products.  
 
Energy companies in Europe working with PV technology should strive for PV-products and 
more specifically PV-modules from manufacturers known to implement more energy efficient 
processes. This would eventually lead to an increase in demand for more environmentally 
friendly products. A step further from that and at a European level would be for the EU to put 
in place subsidy mechanisms that rewards corporations in Europe for making lifecycle based 
PV-product selections. Such mechanisms have the potential of promoting PV-technology that 
maximizes emissions mitigation and also helps a country like Sweden reach its ambitious 
environmental objectives.  
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