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Abstract 
This paper presents a detailed environmental feasibility and a smaller, secondary economic 

feasibility of a proposed wind farm system used to provide electricity for district heating in 

the Westman Islands archipelago. The goal of this research is to gain a comprehensive 

understanding of the environmental and financial costs of constructing a wind farm in the 

area. The methodologies used for this study include a preliminary and detailed life cycle 

assessment (LCA) as well as a minor, supplemental levelized cost of electricity (LCOE). 

The LCA uses Enercon E-82 wind turbine data regarding design, energy capacity, turbine 

materials used. The LCA is the primary focus of this thesis study and is a cradle to grave 

investigation into the environmental consequences of the wind farm's complete supply chain. 

The projected wind farm's raw material gathering, transportation, manufacturing, building, 

operation, and end-of-life are all considered in this analysis. The results of the preliminary 

LCA and supplemental LCOE are significant because they demonstrate the environmental 

and economic feasibility of a renewable energy transition in the Westman Islands. 

Furthermore, the results can be used to aid in Iceland’s climate action plan of becoming 

100% renewable. Results from the preliminary LCA assessment revealed that a proposed 

wind farm has lower environmental impact in regards of global warming potential, mineral 

resource scarcity, and terrestrial acidification compared to the current Icelandic energy mix. 

The secondary LCOE results show that the proposed wind farm is, however, not 

economically feasible as the LCOE is more costly than that of the current Icelandic energy 

mix. Hotspot analysis shows that increases in wind farm capacity factor and lifespan results 

in decreased environmental impacts and cost.  

  



 

Útdráttur 
Í þesssu verkefni er grein gerð fyrir ítarlega umhverfishagkvæmni og minni, 

aukahagfræðilegri hagkvæmni rannsóknar fyrirhugaðs vindorku verkefnis í 

Vestmannaeyjum. Fyrirhugað vindorkuver er hugsað til að knýja hitaveitu í 

Vestmannaeyjum. Tilgangur með þessari rannsókn er að veita alhliða skilning á 

umhverfisáhrifum og efnahagslegum kostnaði sem kemur að vindorkuveri sem þessu. 

Aðferðafræðin sem notast er við í þessari rannsókn felur í sér bráðabirgða lífsferilsgreiningu 

(LCA) sem og kostnaðar eining raforkunnar (LCOE). Lífsferilsgreiningin notar Enercon E-

82 gögn frá vindmillum sem meðal annars innihalda upplýsingar um hönnun, orkugetu og 

hverfla efni sem notuð eru. Lífsferilsgreiningin er aðal áherslan í þessari rannsókn þar sem 

„vagga til grafar“ aðferðarfræðinni er beitt til að skilja umhverfisáhrif sem stafa af allri 

aðfangakeðju vindorkuversins. Gerð er grein fyrir hráefni til framleiðslu, flutninga, 

framleiðsluna, smíði, reksturs og endalok fyrirhugaðs vindorkuvers. Mikilvægi niðursaðna 

úr þessu verkefni er að veita umhverfislega og efnahagslega innsýn í hvað þarf til orkuskipta 

í Vestmannaeyjum, og niðurstöðurnar væri einnig hægt að nota við aðgerðaráætlun Íslands 

í loftslagsmálum. Niðurstöður úr LCA greiningunni leiddu í ljós að fyrirhugað vindorkuver 

hefur minni umhverfisáhrif en núverandi orkusamsetning. Hinsvegar sýnir LCOE greiningin 

að vindorkuverið sé ekki hagkvæmt þar sem kostnaðareining orkunnar er kostnaðarsamari 

en núverandi íslensk orkusamsetning. Afkastageta og líftími vindorkuversins hefur einna 

helst áhrif á niðurstöður.
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1 Introduction 
This section offers a description of the overall thesis beginning with background, then 

covering the research aim, methods used, and structure of thesis. 

1.1 Background 
Immediate action must be taken to maintain world temperatures below 1.5 degrees Celsius 

warmer than pre-industrial levels (IPCC, 2021). Much of the global community has taken to 

developing more sustainable and fuel-efficient technologies, transportation, and building 

standards; however, the most important transition that the world can make is changes to 

industry and the energy sector. Energy usage is the single largest producer of greenhouse 

gas emissions globally, out of all human activities. Among all contributing industries, fossil 

fuel utilization in energy, industry, and transportation has generated the most greenhouse gas 

emissions over the last 100 years (IPCC, 2021). Because industry depends heavily on fossil 

fuels, renewable resources currently account for only 14.8% of overall industrial demand 

(REN21, 2021). The COVID-19 pandemic and resulting economic implications caused a 

reduction in demand for global industrial output which called for a temporary curtailment in 

industrial energy demand for the year 2020 (REN21, 2021). 

 

Even though COVID-19 lockdowns crushed global economies, renewable energy resources 

such as onshore wind, offshore, wind, and solar photovoltaics saw rapid growth. This 

emergence of a renewable energy economy is the result of technical innovation and virtuous 

policy action, sustaining its current momentum now with lower costs; furthermore, wind and 

solar photovoltaics currently represent the cheapest new available energy source in most 

markets. Although 2020 was marked by an increase in global renewable energy generation, 

fossil fuel usage recovered significantly in 2021, resulting in the second-largest yearly 

increase in greenhouse gas emissions in human history. According to the IEA (2021), the 

global energy portfolio is still a long way from meeting the "Net Zero Emissions by 2050" 

scenario. This scenario maps an unlikely yet achievable guidelines to a 1.5 °C stabilization 

in increasing global temperatures as well as the attainment of other sustainable development 

goals related to sustainable energy development (IEA, 2021) This shows that making the 

push for further sustainable energy development like solar voltaic and wind energy 

generation still necessary and relevant. 

 

Offshore wind generation has the technical potential to meet today’s global energy demand 

many times over offering higher capacity factors than both onshore wind and solar PV due 

to stronger and steadier winds at sea. However, offshore wind generation is far more 

expensive than onshore wind generation. By the end of 2020, new policy objectives had 

encouraged record investments in new projects. New players (both renewable and fossil fuel 

businesses) entered the wind power sector in 2021, while wind turbine manufacturers 

expanded into new markets.  Wind energy has now been better integrated into existing 

electrical systems, and technologies have been improved to boost output and lower energy 

costs. According to REN21's "Global Status Report" (2021), the global levelized cost of 

energy (LCOE) fell 17% for new onshore wind farms (to USD $41 per MWh on average) 

and 17% for new offshore wind farms (to USD $79 per MWh on average) between 2019 and 

2020. Several factors contribute to cost reductions, including stronger and more efficient 

wind turbines as well as economies of scale associated with the development of larger wind 

farms, which lower installation, operation, and maintenance costs per unit. These costs are 
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significantly higher than onshore generation costs, due to higher construction, grid 

connection, and operation and maintenance costs offshore. Installation costs of onshore wind 

generation are still relatively high with low operation and maintenance costs.  Island 

communities offer promising settings for wind energy generation due to favorable wind 

resources (Stenzel et al., 2017). Island communities, however, are often burdened with high 

electricity prices although they have access to excellent wind resources (Rogers, et al., 2019). 

Pre-existing fossil fuel systems in many of these communities require fuel to be transported 

to the island which comes at a high financial and environmental cost (Stenzel et al., 2017). 

Wind farms could potentially reduce these issues for island communities and allow them to 

benefit from having an onshore wind farm, at onshore wind farm costs, with capacity factors 

close to that of offshore wind generation.  

 

Iceland is a prime example of an isolated island country that must rely on the import of fossil 

fuels from outside sources. In the 1950’s and to the1970’s, Iceland enhanced efforts in 

investing in renewable energy generation to address energy security issues and to achieve 

energy independence. Today, Iceland’s national energy supply for electricity and heat is 

nearly 100% renewable due to its immense expansion geothermal and hydropower energy 

generation. Furthermore, Iceland does have a significant wind resource that it largely has yet 

to tap into. Because of the strength of Iceland's wind resource, the Icelandic National Power 

Company Landsvirkjun estimates that onshore wind farms in Iceland will be nearly 100 

percent more efficient than those in Europe or the United States (Askja, 2012a). Although 

Iceland’s energy portfolio is almost entirely renewable, the country has areas that are still 

somewhat fossil fuel dependent. Such is the case of the Vestmannaeyjar archipelago, or 

Westman Islands, in southern Iceland. This community retrieves its power from hydropower 

and geothermal resources on mainland Iceland via sea cable, and powers its district heating 

using electricity from these mainland resources. Whenever this connection is interrupted for 

various reasons, the island municipality depends on fossil fuels for its electricity for district 

heating. If a wind farm were to be successful here, this island community would achieve 

renewable, self-sustaining electricity generation. 

 

1.2 Research Aim and Methods 
Although onshore wind power generation is renewable, it is not without its limitations. Wind 

farms come with their own set of environmental impacts and are often associated with high 

capital costs. If a wind farm were to be considered for the Westman Islands, these aspects 

will all have to be considered. The primary aim of this research is to quantify the embodied 

emissions and environmental impacts of a utilizing a hypothetical wind farm for district 

heating in the Westman Islands municipality. These environmental impacts are quantified 

using life cycle assessment (LCA). A secondary and supplemental aim of this study is to 

calculate the levelized cost of energy (LCOE) of the wind farm.  This will allow for an 

environmental and economic comparison between the hypothetical wind farm, the current 

Icelandic energy mix, and electricity generation from conventional fossil fuel sources such 

as diesel over the lifetime from pre-use to end of life. This is the first LCA study done on a 

wind farm for the Westman Islands case. 
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The main research questions are:  

 

1. What are the environmental impacts of an onshore wind farm in the Westman 

Islands?  

2. What is the economic feasibility of an onshore wind farm in the Westman Islands 

community?  

3. How do different scenarios effect the environmental and economic impacts of a wind 

farm in the Westman Islands? 

1.3 Structure of Thesis 
The structure of this research will be as follows. Section 2 includes a description the history 

of wind energy generation as it came to be as well as mechanical properties of wind turbines. 

This section also describes other LCA and LCOE studies on wind turbines, notable findings 

from these previous studies, and other applicable data. Section 3 of this study provides a 

description of this project and specific details regarding the Westman Islands’ energy 

portfolio as well as the selected wind turbines used for the hypothetical wind farm in this 

study. This section also outlines several different scenarios that will be used as a sensitivity 

analysis for the wind farm. Section 4 outlines the methods and relevant data used in the LCA 

and LCOE. Section 5 displays the results found from the LCA and LCOE. Section 6 

discusses the results of the study and scenarios as well as other considerations that may 

impact the results of this study. Lastly, section 7 offers conclusions drawn from the results 

of this combined LCA and LCOE study.  
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2 Literature Review 
This section includes the history of wind energy as it come to be as well as relevant LCA 

and LCOE studies regarding wind farms. 

2.1 A History of Wind Energy 
Humans have harnessed wind energy since the cradle of civilization. They used its power as 

early as 5000BC to transport ships along the Nile River; and, by 200BC the very first wind 

powered turbines were used as water pumps in China as well as grain mills used for food 

production in the Middle East (EIA, 2021). Wind energy harvesting techniques ultimately 

expanded around the world thanks to merchants and crusaders traveling to Europe, as well 

as immigrants from Europe to the Western Hemisphere. Large windpumps were designed 

by the Dutch to drain lakes and marshes in the Rhine River Delta, and American colonists 

utilized windmills to pump water, cut wood, and grind grain at sawmills (EIA, 2021). Small 

wind-electric generators, commonly known as wind turbines, were widely employed 

throughout the continental United States by the late 19th and early 20th centuries (EIA, 

2021). 

 

Wind turbines are devices that generate electricity by harnessing the kinetic energy of wind, 

see Figure 1. A turbine rotor is made up of turbine blades mounted on a shaft, and the blades 

of a wind turbine are pulled and pushed by a combination of lift and drag forces, causing 

rotation. The rotational force spins a built-in generator which generates electricity. This 

electricity can then be consumed, transmitted to grid, or stored by means of battery or pump-

storage hydropower. (National Geographic Society, 2019).  

 

 
 

Figure 1: How does a wind turbine work? 

Note: Reprinted from (EcoPlanet Energy, 2016). 
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Oil shortages in the 1970s altered the energy outlook for the entire global civilization by 

sparking an interest in developing alternative electricity generation methods, such as 

utilizing wind energy. For example, Denmark was oil dependent at this time, having more 

than 90% of its energy mix supplied by imported oil (IRENA, 2013). The 1973 and 1979 oil 

crises led to economic struggles in Denmark and prompted the Danish authorities to change 

from conventional fossil fuel resources for electricity production and to reinforce energy 

security (IRENA, 2013). Plans made by the Danish government then blossomed into a new 

proactive and comprehensive energy policy. These proposals aimed to increase energy 

independence by lowering Denmark's reliance on imported oil and preventing future energy 

supply shortages (IRENA, 2013). Initially, the main objective of this new energy policy was 

energy saving and shifting from conventional fossil fuels to nuclear energy. By the mid-

1970’s, the Danish government had imposed energy taxes on electricity prices for all 

electricity customers and used the proceeds for public research and development of 

renewable energy generation sources. Of all renewable energy generation sources 

researched, wind power was regarded a key alternative to nuclear power (IRENA, 2013). 

These advancements, together with the anti-nuclear campaign, paved the way for the 

introduction of wind and other renewable energy sources as nuclear power alternatives. One 

important parallel development in this sector was the emergence of a relatively large 

renewable energy market in California during the 1980’s. Until the California wind market 

came to a standstill in 1985, this provided export opportunities for Danish wind turbine 

makers (IRENA, 2013). 

 

Like Denmark in the 1970’s, large wind turbines were also being researched and developed 

by the US federal government. In the 1980s, federal and state laws were developed to 

encourage the utilization of renewable energy sources in many places. Thousands of wind 

turbine units were built and installed throughout California because of these new regulations 

(EIA, 2021). Beginning in 1982, European agricultural machinery manufacturers traveled to 

California to evaluate the wind energy market. Shortly after, the European manufacturers 

returned to their respective home countries with enough orders to initiate mass production 

of wind turbines. By the end of 1982, California had 25-30 turbines delivered from its 

European manufacturers and installed. In 1983 a total of 350 wind turbines, having a total 

capacity of 20 MW, were exported to California, and thus ushered in the era known as the 

"California wind rush” between the years of 1982 and 1985, creating the modern wind 

industry (Kjaer, 2013). After this, Danish parliamentary majority decided to reject nuclear 

power by 1986. This resulted in the Danish Ministry of Energy and utilities to make an 

agreement known as the “100MW agreement” with the goal of developing 100MW of wind 

energy before 1990 (OECD, 2000). This agreement stimulated the growth of Denmark’s 

local wind industry when overseas exports began to decline. The Danish government created 

goals to install 100MW of wind energy by 1990 and 200MW of wind energy by 2000. To 

help meet these objectives, the Danish government funded up to 30% of the installation costs 

in the form of early capital grants. As turbine technology rapidly developed, cost 

effectiveness and turbine reliability improved resulting in the repeal of these grants in 1988. 

Although Danish authorities repealed the capital subsidy, they still required utilities to 

interconnect with wind farm projects, purchase electricity from wind farm projects, and to 

charge its customers a fair price for electricity. These proactive policy measures caused the 

total installed capacity of wind power to skyrocket to roughly 300 MW. The Danish 

government continued to offer subsidies initially presented under this plan to be available 

into the mid-21st century through research grants as well as offered grants for the replacement 

and repowering of old and outdated wind turbines (IRENA, 2013). As a result of these 
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proactive measures, wind power is now responsible for a significant portion of electricity 

generation in Denmark, making up over 58% of the Danish energy portfolio. Denmark is 

now one of the top countries in terms of non-hydro renewable energy per capita (REN21, 

2021). 

 

Similarly, in response to an increased concern for the environment in the late 20th and early 

21st century, the US federal government developed incentives for the adoption of renewable 

energy generation sources (EIA, 2021). Furthermore, the United States government began 

to provide research and development funding as well as tax incentives for wind generating 

projects to reduce the cost of wind turbines. In addition, some state governments enacted 

new regulatory requirements for renewable energy generation, requiring electrical and utility 

companies to provide electricity generated from renewable energy sources such as wind 

energy resources to its patrons. These new regulations and innovative programs resulted in 

an increase in the number of wind turbines installed and, as a result, the amount of power 

generated by wind energy. Between 1990 and 2020, the percentage of US electricity 

produced by wind energy grew from 1% to roughly 9% (EIA, 2021). China has also made 

significant investments and developments in wind energy, currently making them the world's 

largest wind energy producer. Currently, electricity from wind energy is generated in 127 

countries, totaling roughly 1.42 trillion kWh annually (EIA, 2021).  

 

Although wind energy development is rapidly accelerating, there are several factors that 

limit the effectiveness of this technology. No turbine can capture more than 59.3 percent of 

the kinetic energy in wind, according to Betz' law: 𝜂𝑚𝑎𝑥 = 16/27 = 0.593; however, in reality 

wind turbines capture roughly 40% of kinetic energy in wind at best or even less with 30% 

average capacity factors in the United States (Burton, 2002; Thorsteinsson, 2019). Turbine 

manufacturers are striving to build bigger turbines with higher capacities because of this 

(Figure 2), so that they may maximize the amount of kinetic energy captured by these wind 

turbines and, therefore, maximize energy output. These turbines also reach higher altitudes 

with stronger and steadier winds.  

 

 
Figure 2: Evolution of wind turbine size and output. 

Note: Reprinted from (Liebreich, 2017) 

 

The Enercon E-82 wind turbine is a prime example of a modern wind turbine. With a 2.3MW 

installed capacity, the E-82 is an established and reliable wind turbine; furthermore, it is 

available in various wind class designs and power levels making it ideal for locations ranging 

from medium to high wind conditions (Enercon, 2016a). For these reasons, the Enercon E-

82 has been selected for this study. Although wind turbines are considered as a renewable 
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technology, they do come with their own set of environmental and economic considerations. 

Sections 2.2 and 2.3 describe previous publications which analyze these considerations 

regarding wind farms and the Enercon E-82 specifically. 

2.2  Life Cycle Assessment 
The study of environmental impacts from consumer products started in the early 1960’s. For 

many of the assessed products, most of their environmental impacts occur during their 

production, shipping, and disposal, rather than during their use. From understanding this 

came the importance of addressing a product’s entire life cycle. Thus, Life Cycle Assessment 

came to be. (Guinée, 2011).  

 

Section 2.2.1 offers a literature review of LCA concepts regarding wind energy. The specific 

LCA data used in this study is outlined in more detail in section 4.1.  

2.2.1 LCA and Wind Energy 
Several LCA studies have been performed in the previous decade to estimate the 

environmental implications of wind farms. Life Cycle Assessments of wind farms are 

generally divided into five phases: manufacturing, installation, transportation, use (operation 

and maintenance), and dismantling. Each study has its own assumptions and methodology 

for assessing impact, resulting in variances in the outcomes. However, comparing wind 

energy generation to other forms of energy generation can reveal important information 

about wind energy's environmental performance. Furthermore, an LCA analysis provides for 

the quantification of contributions from each of a wind farm's several life cycle stages to 

better understand the degree of environmental impact. 

 

Climate change and the risks associated with it have been a concern that has earned focus 

from the entire global community in recent years. Since climate change has been in the 

spotlight, the impacts from greenhouse gas emissions have been a significant area of focus 

for many environmental groups and LCA studies. An LCA of wind turbines analyzes direct 

emissions from production, usage, and disposal, as well as all environmental burdens and 

required resources over the course of the wind farm's lifetime (EWEA, 2009). Although 

global climate change is an important area of focus, it is not the only environmental impact 

that exists; and it is not the only environmental impact associated with wind energy. 

However, many LCA studies regarding wind energy focus mainly on greenhouse gas 

emissions as the sole impact category of importance, leaving other impact categories 

unreported or reported less frequently. In an LCA study regarding LCA studies of buildings, 

Anand et al. (2017) finds that the selection of LCA software and life cycle impact assessment 

(LCIA) method defines which impact categories are presented. The (LCIA) phase of an LCA 

study assesses the possible environmental impacts which stem from the elementary flows 

defined in the life cycle inventory (LCI) (Nieuwlaar, 2004). Furthermore, when conducting 

an LCIA, environmental impact categories are selected based on project requirements, 

resulting in many LCA studies only including relevant environmental consequences while 

disregarding others (Mu et al., 2020). According to Hauschild et al.’s handbook on LCA 

theory and practice (2018), LCA research involves varying assumptions and research 

methods, and the application of diverse LCIA methods can lead to a variance in observed 

results for the same impact category. Due to these discrepancies and lack of LCIA 

standardization, comparison among wind energy LCA studies is challenging.  
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In an LCA study on electricity generation systems conducted by Varun et al. (2008), 

researchers compare the environmental impacts between an 800kW turbine and a 2MW 

turbine. In their analysis on global warming impact and greenhouse gas emissions, they 

found that the 2MW wind turbine contributed to higher emissions. Furthermore, the 

manufacturing process of both turbines was shown to be the biggest contributor to global 

warming, with absolute values of greenhouse gas emissions of roughly 11g-CO2/kWh 

(Varun et al., 2008). In this study, Varun et al. (2008) also conducts a comparison between 

renewable and conventional electricity producing sources (Table1). In this study global 

warming impacts are comparatively much higher in conventional sources with nuclear-based 

power electricity generation as the only exception.   

 

Table 1: Comparison of emissions (g-CO2/kWh) of conventional electricity generation 

with renewable electricity generation sources. 

 
Note: Reprinted from (Varun et al, 2008) 

  

Many LCA studies focus on emissions associated with global warming potential and which 

life cycle phase attributes to the largest greenhouse gas emissions. The European Wind 

Energy Association (EWEA) performed their own LCA study as well as compared LCI and 

LCA results from several different studies regarding wind farms using data provided to them 

by wind turbine manufacturer Vestas (2009). The EWEA found a variety of emissions 

associated with wind turbine production. Furthermore, when compared to other findings, the 

manufacturing phase was found to be the most significant contributor to greenhouse gas 

emissions, accounting for approximately 80% of total life cycle emissions. The energy 

intensiveness of raw materials production, particularly steel, concrete, and aluminum, is 

responsible for these effects, according to the study. The EWEA study does not mention the 

effect of turbine lifespan on its overall emissions.  According to the EWEA, the energy 

production from a wind farm releases no emissions during use. Furthermore, The EWEA 

(2009) determined that the environmental implications of the transportation and operating 

stages of wind energy are minor in contrast to the entire impact of the technology. This is 

not the only LCA study with this outcome.  

 

Alsaleh et al. (2019) compares many previous wind turbine LCA publications in their LCA 

study and developed a table that ranks life cycle phases by total impact between them (Table 

2). It should be noted that among all studies the raw materials acquisition or manufacturing 

stages lead all other life cycle phases in terms of greenhouse gas emissions. Typically, LCA 

studies focus mainly on greenhouse gas emissions, studies over the past decade have been 

more inclusive with impact category results. Aslaleh et al. (2019) considers all impact 

categories and provides data for each phase of the turbine life cycle. This table can be found 

in Appendix B. This is a favorable study for turbine comparison because it allows other 

studies to not only compare turbines based on impact categories outside of global warming 
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impact, but it also allows comparison among life cycle phases. Of the selected LCA 

publications reviewed by Alsaleh et al. (2019), global warming impact (kg CO2-eq) is the 

most common life cycle impact category evaluated; however, the results differ greatly 

between independent studies. For all LCA studies reviewed by Alsaleh et al. (2019), global 

warming impact ranged from 4.6-55 g CO2-eq/kWh, leaving a large margin for uncertainty 

for the actual global warming impact of a wind farm. This can be attributed to the differences 

in LCI (ie. turbine type) and LCIA, outdated manufacturing and recycling processes, and 

differences in turbine lifespan which is not outlined clearly. Furthermore, nowhere in this 

study do they mention the impact assessment methods used by each study which may lead 

to differences in results. 

 

Table 2: Ranking impact of wind farm life cycle phases in other studies. 

 
Note: Adapted from (Alsaleh et al., 2019) 

 

Turbine manufacturers such as Enercon and Vestas conduct LCA studies on their own wind 

turbines to examine the product's environmental impact. Table 3 shows a comparison of the 

global warming potentials found in the studies conducted by turbine manufacturers. Between 

the studies evaluated, global warming impact had a range of 4.2-8.9 g CO2-eq per kWh for 

turbines with roughly a 2MW capacity. This falls on the low end of the spectrum when 

compared to the LCAs conducted by independent researchers. This could be a result of bias 

conducted by the manufacturers so that they may market their turbines as environmentally 

friendly. However, in 2015 independent environmental firm EFLA conducted an LCA study 

regarding wind farms in Iceland. Researchers found that the wind farm’s global warming 

impact was 5.3 g CO2-eq per kWh over a 25-year lifetime at a 43% capacity factor (EFLA, 

2015). This falls within the global warming impact range found by turbine manufacturers 

Enercon and Vestas. In the EFLA study, raw material procurement and turbine production 

(pre-use) of the wind turbine contributed to a dominant part of the carbon footprint with 

concrete and reinforcing steel as main contributing materials. Since the evaluated global 

warming impact by independent researcher EFLA was comparable to the ranges provided 

by Enercon and Vestas, one could argue that the results provided by these turbine 

manufactures could be accurate. 
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Table 3: Global warming impact ranges for LCA studies conducted by various turbine 

manufacturers. 

Global Warming Potential 

Ranges 

Turbine Model and 

Capacity Source 

6.1-8.9 g CO2-eq per kWh Enercon E-82, 2.3MW (Enercon, 2011) 

5.2-7.8 g CO2-eq per kWh Vestas V100, 2.0MW (Vestas, 2015) 

4.2-6.4 g CO2-eq per kWh Vestas V116, 2.0MW (Vestas, 2018a) 

5.6-8.4 g CO2-eq per kWh Vestas V120, 2.0MW (Vestas, 2018b) 

 

Enercon conducted an LCA study on the E-82, a wind turbine with 2.3MW installed capacity 

and a lifespan originally estimated at 20 years. In this study, Enercon considers the electricity 

and thermal energy required to produce turbine components as well as the consumed energy 

from raw and operating materials production. Enercon considered all materials and wastes 

that could be allocated to the turbine and modeled waste treatment with most materials being 

recycled or incinerated with energy recovery. In this study, Enercon uses variations in the 

turbine’s load hours as separate scenarios to replicate the E-82 E2’s environmental 

performance at different locations. They use average full load hours of 3100 hours per year, 

2500 hours per year, and 2170 hours per year to represent the turbine being placed at coastal, 

near-coast, and inland locations respectively (Enercon, 2011). According to the Enercon 

study, the E-82 generates between 35 and 51 times more electricity than the turbine 

consumes over the course of its 20-year lifespan. In the near-coast scenario, an increase in 

the lifespan to 25 years would raise the factor to 47 times the energy produced versus 

consumed. A 30-year lifespan raises this factor even further to 57 times the amount of energy 

produced versus consumed. Furthermore, Enercon finds the global warming impact to range 

from 6.1 to 8.9 g CO2-eq per kWh for the proposed sites (Enercon, 2011). These results 

display the importance of exploring the impact of varying turbine lifespan on LCA studies 

regarding wind farms. Enercon also mentions that although a longer lifespan than 20 years 

is feasible, it might make sense to replace the turbine after 20 years due to technological 

improvements and a process called repowering. Repowering is the uninterrupted 

improvement of the utilization of a specific area for renewable generation by increasing 

installed capacity while simultaneously reducing the number of turbines (Enercon, 2011).  

2.3 Levelized Cost of Energy 
The levelized cost of energy (LCOE) is the cost of producing energy, most often electricity, 

for a specific energy generation source. LCOE analysis includes all the costs of an energy 

generation source over its entire lifetime and measures in cost per unit of energy. The 

simplest application of LCOE is to offer a comparison of the costs of diverse electricity 

production sources and are usually utilized by world governments (for example the UK 

Government's Department for Business, Energy, and Industrial Strategy (BEIS) and 

commercial consultants (HM Government Department for Business, 2016; Aldersey-

Williams et al., 2019). To making informed policy decisions, cost comparisons of various 

electricity producing sources are required. It is imperative that an educated and informed 

understanding of these cost comparisons lay the groundwork for knowledgeable policy 

making, especially in a world attempting to shift from conventional fossil fuel consuming 

energy technologies (Aldersey-Williams et al., 2019). LCOE is widely acknowledged as a 

strategy to measure comparative costs over the lifetime of different electricity generation 

sources; however, until recently LCOE required a theoretical justification in literature due 
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to uncertainties pertaining to inflation, discount rates, and costs of future commodities 

(Aldersey-Williams et al. 2019). Aldersey et al. (2019) offers a justification for the use of 

LCOE compared to other measures of cost per unit of energy and regards LCOE as the 

preferred choice of method, mainly because it’s extensive use in literature. Capital 

expenditures, capacity factor, operational expenditures, and discount factors are important 

elements of calculating LCOE.  

 

Section 2.3.1 offers a literature review of LCOE concepts regarding wind energy. The 

specific LCOE data used in this study is outlined in more detail in section 4.2.  

2.3.1 LCOE and Wind Energy 
The global COVID-19 epidemic, as well as the subsequent human and economic toll, defined 

the year 2020. However, one silver lining was the resilience of renewable energy generation 

and the unprecedented development of new renewable supply chains (IRENA, 2021). In 

addition, the cost of solar and wind electricity continued to fall, as it had in prior years. The 

global weighted average for levelized cost of electricity (LCOE) from new onshore wind 

deployment declined by 13% from 2019 to 2020, from USD 0.045/kilowatt hour (kWh) to 

USD 0.039/kWh (IRENA, 2021). 

 

Improvements to turbine technology have also carried improvements to the cost of wind 

farms with them. Because of growing competition, sector maturity, and economies of scale 

there has been an observed gradual decline in capital expenditures, operational expenditures 

(O&M costs), and the consequent LCOEs of wind farms (IRENA, 2021). Table 3 below 

shows a comparison of total installed costs of onshore wind turbine projects as provided by 

the National Renewable Energy Laboratory (NREL-Stehly et al, 2020), the International 

Renewable Energy Agency (IRENA, 2020;2021), and the U.S. Energy Information Agency 

(EIA, 2020). The values published by IRENA are representative of onshore wind power's 

total installed costs in Europe. They, however, do not mention any reasoning for the 

significant drop in installed cost between 2019 and 2020. 

 

 Table 4: Total installed cost comparison among relevant anergy agencies. 

Source Total Installed Cost (USD/kWh) 

(Stehly et al, 2020) 1436 

(IRENA, 2020) 1800 

(EIA, 2021) 1846 

(IRENA, 2021) 1515 

 

Costs of turbine maintenance is governed by access cost over capacity, allowing for a smaller 

number of turbines to provide economies of scale in terms of operational expenditures 

(Aldersey-Williams et al., 2019a). Bigger wind farms provide viability to alternative 

operational strategies which result in higher reliability, greater electricity production, and 

year-round service (Aldersey-Williams et al., 2019a). According to the International 

Renewable Energy Agency’s assessment on power generation costs (2021), onshore wind's 

operation and maintenance expenditures can account for up to 30% of the technology's 

LCOE (IRENA, 2021). Furthermore, at the country level, Onshore wind operation and 

maintenance costs range between USD 33/kW per year for wind farm deployment in 

Denmark to USD 56/kW per year for Germany (IRENA, 2021). These differences in prices 

can be explained by additional expenses, mainly operational expenses such as insurance, 
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local taxes, and lease agreements (IRENA, 2020;2021). O&M costs are being driven down 

by technological advancements, improved operator and service provider experience, and 

increased competition among service providers. This trend is fueled by turbine 

manufacturers’ increased efforts to secure service contracts, which have the potential for 

improved profit margins than that of turbine supply contracts. (BNEF, 2020; Wood 

MacKenzie, 2019). Nonetheless, is necessary to state that considerable uncertainty exists in 

most countries' operation and maintenance values, which is not ideal considering that it can 

comprise up to 30% of life cycle expenses. (Duffy et al., 2020). 

 

Capacity factors have increased as onshore wind turbine technology has evolved 

dramatically during the last decade (IRENA, 2021). Larger and more efficient turbines offer 

a higher capacity per foundation, resulting in economies of scale in production and 

installation. Higher capacity factors reduce LCOEs due to an increased wholesale market 

value for wind as well as lower balancing costs (Duffy et al., 2020). According to a study 

conducted by Duffy et al. (2020), greater electricity outputs from increased capacity factors 

had the largest effect on LCOE results compared to other variables surrounding wind farms. 

A wind farms capacity factor and profitability depend heavily on whether the turbines are 

properly sized and site location. According to Diyoke (2019), wind power plants have failed 

entirely in the past due to underperformance that can be attributed to improper matching of 

wind turbine to wind resource.  

 

In an analysis of LCOE components conducted by Duffy et al. (2020), it was found that 

increases in capacity factor, decreases in WACC and CapEx had the biggest impact on 

lowering LCOE for wind farm projects. OpEx reductions represented almost all the 

remainder of the decrease in LCOE, however it is noted that these reductions should be 

cautiously considered as there tends to be “significant data uncertainty” regarding OpEx 

(Duffy et al., 2020). 

 

Because the capacity factor has the greatest impact on wind farm LCOE, it is important to 

note that Iceland's wind energy potential falls into the top category as determined by the 

European Wind Atlas. (Perkin et al., 2015). One study on Icelandic wind energy performed 

by Ragnarsson et al. (2015) the Búrfell capacity factor carried an average value of 38%. The 

estimated LCOE from this study was 0.087–0.088 USD/kWh, which classified this location 

in Iceland among the lowest for wind energy sites across Europe. Moreover, the national 

energy agency of Iceland Landsvirkjun estimates the Icelandic capacity factor to be roughly 

43% (Landsvirkjun, 2013; EFLA, 2015).  
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3 Project Description 
This project is a case study of the environmental and economic impacts of using Enercon E-

82 wind turbines with the sole purpose of supplementing electricity supply for the district 

heating system in the Westman Islands; therefore, the selected geographic location of this 

wind farm will be near Vestmannæyjar, Iceland. Since the island community is small with a 

limited availability of space for a wind farm, this study focuses solely on the electricity 

production needed for the district heating system rather than providing electricity for the 

entire municipality’s electricity needs. Enercon turbines are used for this study for multiple 

reasons. Enercon is an established turbine manufacturer, having installed over 30,000 

turbines worldwide (Enercon, 2021). Also, Iceland currently has two Enercon wind turbines 

that are fully operational in the Icelandic central highlands region known as Hafið 

(Landsvirkjun, 2013). Furthermore, Enercon has produced its own LCA on the Enercon E-

82, the turbine chosen for this study. The following sections will give a description of the 

municipality’s energy profile and Enercon E-82 wind turbines with the purpose of 

establishing the parameters of the study.   

3.1 Westman Islands 
The municipality of Heimaey in Iceland’s Vestmannaeyjar archipelago relies on local 

operator HS Veitur who distributes electricity, freshwater, and district heating throughout 

the island community. Electricity is supplied from Iceland’s grid on the mainland and 

transported to the company’s Vestmannaeyjar substation via two submarine cables. HS 

Veitur then distributes the electricity throughout the municipality almost entirely via 

underground cables. This provides security of supply as well as minimizes the effect of 

weather on the distribution system. Freshwater comes from water sources on the Icelandic 

mainland, and it is pumped via submarine water pipes to the island community where it is 

then distributed onward (HS Veitur, 2021). The Heimaey district heating is provided by HS 

Veitur’s heating plant which uses a state-of-the-art sea extraction heat pump. The district 

heating will be described in section 3.1.1. 

 

3.1.1 Westman Islands District Heating 
HS Veitur’s heating station provides about 93% of annual thermal energy for central heating 

throughout the Westman Islands. Sea water is used in this system as the source of heat 

(Verkís, 2019).  The heat pump station is made up of four sea extraction pumps which extract 

roughly 700 liters of 6–11°C seawater into an evaporator. Next, the sea water is cooled. The 

resulting energy generated from cooling the sea water then heats the district heating water 

in a heat exchange process. Hot water is pumped via the distribution network businesses and 

homes and then pumped back to be reheated afterwards (HS Veitur, 2021). When heating 

demand is lower than the heat pump´s capacity of 9MW, the return water is warmed to the 

district heating system’s required temperature of 77°C. However, when demand exceeds the 

heat pump's capacity, return water is routed to a boiler room, where electrical heating raises 

the temperature to 77°C. Chilled Sea water from the heat pump station is among other things 

used in fish processing. (Verkís, 2019). 

 

Occasionally, the electricity connection between mainland Iceland and the Westman Islands 

is severed.  In an event of an outage, the municipality relies on 50Hz industrial diesel 
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generators ranging from 660kW to 900kW capacities for its backup electricity generation 

(Atlason, 2022). The heat pump has no power when this happens, and the municipality then 

switches using electrode boilers as a backup for district heating. These boilers are less 

efficient and, therefore, more expensive to operate without the heat pump. According to 

correspondence with the municipality, this happens rarely for a few hours per year as they 

have a stable transmission of electricity (Atlason, 2020). Table 5 depicts the energy demand 

from the system components before and after the heat pump was commissioned.  

 

Table 4:Effect of sea-pump on Vestmannaeyjar electricity demand. 

  
Without Heat 

Pump 

GWh/year 

With Heat 

Pump 

GWh/year 

Electricity 

Use Boiler 
78.6 5.3 

Electricity 

Use Heat 

Pump 

0 20.7 

Electricity for 

Sea 

Extraction 

0 1.7 

Total 78.6 27.2 

Note: Adapted from (Verkis, 2016). 

 

Without the heat pump, the municipality would require nearly 80GWh of electricity bought 

and transported to the community annually for its district heating. With the efficiency of the 

saltwater heat pump, the island’s electricity demand for its district heating falls to nearly 

30GWh annually, reducing the electricity demand and cost by a degree equivalent to roughly 

51.4 GWh/year. The efficiency of the heat pump highlights the importance of energy 

independence for the island municipality. Moreover, the municipality has expressed its 

interest in utilizing renewable resources, specifically the wind resource, to aid in the 

continuous powering of the heat pump.   

The current cost of electricity and electricity transport used by the Vestmannaeyjar district 

heating system can be seen in Table 6. The data was retrieved from an electricity invoice 

provided from the district heating provider HS Veitur (Atlason, 2021). The invoice covers a 

30-day period for April 2020. It can serve as average for electricity costs throughout the year 

being that April is between the Icelandic winter and summer seasons when electricity usage 

from district heating is neither at its highest nor at its lowest. According to the invoice, the 

Vestmannaeyjar municipality is currently paying for its district heating system roughly 

4.7334ISK/kWh or 0.036USD/kWh using the OANDA (2022) currency converter as of 

January 6, 2022.  
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Table 5: Cost of electricity and transport used by Vestmannaeyjar district heating system. 

Item   Unit 

Electricity Usage 1836333 kWh 

Cost of Electricity 3.93 ISK/kWh 

Cost of Transmission 0.8034 ISK/kWh 

Total Cost-30days  8,692,098.62 ISK 

Total Cost ISK per kWh 4.7334 ISK/kWh 

Total Cost USD per kWh 0.036 USD/kWh 

Note: Adapted from Correspondence with HS Veitur (Atlason, 2021). 

3.2 Enercon E-82Turbine Component Description 
This section outlines the various components of the Enercon E-82 wind turbine. A visual 

representation of the turbine and its components can be seen in Figure 3. 

. 

 
 

Figure 3: Enercon E-82 wind turbine components. 

Note: Adapted from (Enercon, 2016a) 

Rotor Blades 

The E-82 has three rotor blades made predominantly of fiberglass. Such blades are 

manufactured using a vacuum infusion process. The blades are produced using a so-called 

sandwich technique and finished with a protective coating that helps efficiently protect 

against the natural elements of wind, rainwater, and UV radiation. After the blades are 

finished, they are balanced and shipped. (Enercon, 2016b). 

Nacelle and Generator 

The Nacelle, or engine house, of the Enercon E-82 sits atop the tower, see Figure 3. Enercon 

designs their nacelles in a streamlined fashion to reduce noise and wind rotation (Efla, 2015).  

It houses the turbine, generator, and other electrical equipment necessary for electricity 
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generation. The electrical equipment inside the engine compartment is included with all 

electrical equipment inside the wind turbine, see section 3.1.4.  

 

The generator is comprised of disks, a rotor, and a stator made from copper wire and steel 

among other materials. The annular generators used in Enercon turbines are multi-polar 

synchronous, and they are exclusively manufactured for Enercon in Germany and Portugal. 

Furthermore, theses generators are a key component of Enercon’s gearless design because 

they are manufactured to withstand high stress over their lifetime. Enercon protects their 

generators from corrosion via impregnating them with resin and powder coating in during 

manufacturing. (Enercon, 2016b). 

Electrical  

The electrical equipment within an Enercon turbine consists of control equipment for the 

rotary drive, a transformer, circuit boards, cabinets, sensors, and wires. This electrical 

equipment is found within the turbine’s nacelle and base for the turbine’s own use and 

maintenance (Efla, 2015). Quantity figures are obtained from the manufacturer for the LCA. 

Tower 

Enercon turbine’s use a hybrid tower which is comprised of precast concrete elements in the 

tower’s base and steel sections that shape the tower’s upper portion. The concrete sections 

are transported to hard-to-reach locations and combined on site with the rest of the tower 

elements by means of prestressing tendons (Enercon, 2016b). 

Foundation and Grid Connection 

The turbine’s foundation is generally circular in form; however, design can vary based on 

the characteristics of site location. Generally, these foundations are comprised of concrete 

and reinforced steel. Excavation and access roads are also considered for the foundation. 

Consumption of operational materials and wastes are considered and included in the 

expenditures. (Enercon, 2016b). 

3.3 Scenarios 
This section describes the different scenarios that will be considered in this study. Relevant 

scenarios are defined based on selected parameters and their range and are used in the 

sensitivity analysis of this master’s thesis. 

3.3.1 Wind Capacity Factor 
Advancements in turbine technologies such as increased rotor diameters and hub-heights has 

resulted in increased capacity factors and, therefore, energy outputs over the last decade. 

Between 1983 and 2020, the global weighted average capacity factor for onshore wind has 

seen an 81% rise from 20% to 36% currently (NREL, 2021). The Icelandic national energy 

company Landsvirkjun currently operates a research and development wind project at Hafid, 

an area with heavy airflow and average wind speeds between 10m and 12m at a 55m 

elevation. In their trials, Landsvirkjun has gained insights and experience regarding the 

operation of wind farms in Iceland. (Landsvirkjun, 2013). As stated in the literature review, 

one LCOE study conducted on Icelandic wind energy performed by Ragnarsson et al. (2015) 

states that the capacity factor for this Icelandic wind farm was roughly 38%. From internal 

experiments conducted by Landsvirkjun, it was found that this location has an average 
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annual capacity factor of 43% (Efla, 2015). Askja Energy Partners, an energy consulting 

firm located in Reykjavik, speculate that capacity factor for an onshore wind farm in Iceland 

may be as high as 50% (Askja Energy, 2012b). For this study, a 43% capacity factor will 

serve as the baseline (most likely) for a Vestmannaeyjar wind farm. Since wind resource 

availability is intermittent and variable, the effects of lower (36%) and higher (50%) capacity 

factors on LCA and LCOE will also be explored via sensitivity analysis.  

3.3.2 Wind Farm Lifespan 
Turbine life span extension offers changes in environmental impacts, cost, and electricity 

produced. LCA wind energy studies usually include a 20-year lifespan for a wind project. 

This matches the standard design life of a wind turbine; however, turbine life spans of 30 

years or longer have been achieved (Garrett and Rønde 2013). In the LCA study conducted 

by, Alsaleh et al. (2019), it was found that the overall energy production increased and 

impacts per kWh of electricity decreased when turbine life span was extended. This makes 

sense as most of the overall impacts from a turbine’s lifespan come from the manufacturing 

phase. The environmental impacts from this phase are distributed over more time with a 

longer turbine life span (Alsaleh et al., 2019). 

 

In this study, impacts from 20-year, 25-year, and 30-year lifespans will be evaluated for the 

proposed Vestmannaeyjar wind farm. The purpose of this is to perform a sensitivity analysis 

to see what effect the given lifespan of a wind farm has on the LCA and LCOE of this wind 

farm and how that compares to other studies. 

3.3.3 End of Life  
This LCA study also includes two end of life scenarios. The first scenario, or the “recycling 

scenario” is modeled as a “best case” scenario where almost all turbine elements are prepared 

for recycling or materials recovery. The recycling and end-of-life management of glass fibre 

thermoset composites used in wind turbine blades remains a challenge, even though the bulk 

of wind turbine components can be recycled. (Beauson et al., 2022). Recycling of these 

composites has been investigated for years and has been presented by the media as 

impossible as this could have a major impact on the environmental impact of wind farms. 

The effects of glass fibre thermoset composite recycling on overall environmental impact 

will be discussed in more detail in section 6.3.3. The second scenario, or the “excess landfill” 

scenario, is modeled as a “worst case” scenario where most of the components are sent to 

landfill. The processes used for each scenario will be outlined in more detail in the Life 

Cycle Inventory located in section 4.1.4.  

3.3.4 Electricity Source Impact Comparison  
This LCA study will also include separate scenarios calculated in openLCA using ecoinvent 

processes which model the current Icelandic energy mix well as a scenario for a hypothetical 

situation where the Westman Islands, or another island community with a similar district 

heating system, depends solely on diesel generators for its electricity generation. Backup 

diesel generators are rarely used to supplement Westman Island district heating, running a 

maximum of a few hours per year (Atlason, 2020); therefore, the diesel scenario will serve 

to represent the emissions of the Westman Islands’ district heating, or any similar island 

community, if it were to solely rely on diesel fuel for electricity used in its district heating 

system. The purpose of these two scenarios is to comparing overall environmental impacts 

among different electricity sources calculated using processes included in the ecoinvent 3.7.1 
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database. These LCA processes will also be compared to the emission factor values provided 

by the Environment Agency of Iceland, Uhmverfisstofunun. 

 

The Environment Agency of Iceland’s National Inventory Report gauges the resulting 

greenhouse gas emissions associated with electricity production in Iceland for fuels, 

hydropower reservoirs, and geothermal power plants expressed in terms of CO2e per kWh. 

The report states that the emission factors for these electricity generation sources are 803 g 

CO2e/kWh, 1.45 g CO2e/kWh, and 28.8 g CO2e/kWh respectively for the year 2017 

(Uhmverfisstofunun, 2019). The report states that Iceland’s weighted average GHG 

emissions from electricity production were 8.8 g CO2e/kWh for the year 2017 

(Uhmverfisstofunun, 2019). This will be used as the main emission factor value for GWP 

comparison between the existing system and the proposed wind farm. 

 

The environmental impacts calculated using the ecoinvent 3.7.1 database for the current 

Icelandic energy mix scenario mimics the Icelandic energy mix as it stands and includes 

aggregated totals from the Icelandic energy portfolio. This includes fuel combustion, 

hydropower, and geothermal resources. Only country specific data was available for the 

Icelandic energy mix scenario, and it is used as a basis for the Westman Islands region’s 

energy portfolio since the community depends on electricity from mainland Iceland. This 

scenario portrays the available electricity on the medium voltage level in Iceland by showing 

the transmission of 1kWh electricity at medium voltage. The shares of electricity 

technologies are relevant for the year 2017, were calculated using on statistics provided by 

the IEA, were computed by the data supplier, and may not correlate to the production 

volumes entered in the various electricity producers' undefined databases (Ecoinvent, 2019). 

This process begins with the provision of 1kWh of electricity into the medium voltage 

transmission network and ends with the transportation of 1 kWh of medium voltage 

electricity over arial power lines and cables throughout the transmission network (Ecoinvent, 

2019). The Icelandic energy mix dataset includes electricity inputs produced from Iceland 

as well as from electricity imports, the transformation to medium voltage, the transmission 

network itself, electricity losses during transmission, and direct emissions to air (Ecoinvent, 

2019). This dataset does not include electricity losses during transformation from high to 

medium voltage or medium to low or insulation oil leakages from electro-technical 

equipment and cables due to lack of inventory data availability (Ecoinvent, 2019).  

 

The diesel dataset represents a hypothetical scenario where the Westman Islands depends 

solely on diesel for its electricity generation used for district heating.  Many isolated island 

territories typically have microgrid power systems ranging from 200 kW to 5 MW, virtually 

all relying on diesel generators for some or all their electricity, according to the US 

Department of Energy (EERE, 2019). Therefore, processes for this calculation represent the 

burning of diesel in a series of industrial 200kW diesel generators. Data for this scenario 

comes from the ecoinvent 3.7.1 database, and this size generator was the only available 

option in the ecoinvent database for the provision of medium voltage electricity. The exact 

frequency or model of generator was not included in the process description; however, 

industrial diesel generators of this size are available in both 50Hz and 60Hz frequencies 

(Americas Generators Inc., 2022). All environmental impacts are calculated using the 

ecoinvent database and are scaled to represent the emissions associated with the provision 

of 1kWh of medium voltage electricity produced from burning diesel. It includes 

infrastructure associated with diesel generators, emissions to the atmosphere, fuel usage, and 

other materials required for diesel generator operation (Ecoinvent, 2019).  
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4 Methods 
This section outlines the various methods used in this study. Section 4.1 describes the details 

associated with the preliminary LCA portion of this study, and section 4.2 describes the 

details associated with the supplemental LCOE conducted in this study. 

 

The intended application of this thesis is to mainly identify and measure specific 

environmental impacts and provide of developing an onshore wind farm to provide 

electricity to the district heating system in the Westman Islands. This study will also include 

a secondary and supplemental economic feasibility analysis of the proposed wind farm. The 

results from the LCA and LCOE of this thesis study can be used by the Westman Islands 

municipality stakeholders and policy makers to define the environmental impacts of 

developing a wind farm compared to the impacts of ongoing energy processes in the island 

community as well as compare the costs of a new wind farm to their current electricity mix 

purchased from the grid. The baseline specifications for both the LCA and LCOE can be 

seen in in Table 6. 

 

Table 6: Wind turbine baseline specifications for LCA and LCOE. 

Turbine Model Enercon E-82 E2 

Capacity 2,300 kWh 

Efficiency/ (Capacity Factor) 43% 

Average time at full processing capacity 3769 hours/year 

Lifespan 25 years 

Total Energy production during lifetime 216 GWst 

 

4.1 Life Cycle Assessment (LCA) 
This section outlines the methods used for the LCA portion of the study starting with 

theory followed up by the specific processes considered. 

4.1.1 LCA Theory 
Environmental impacts are inevitable throughout the life cycle of a product or service. With 

an increased understanding of the significance of environmental protection comes the 

increased interest in developing methods like Life Cycle Assessment (LCA) to better 

quantify and manage these environmental impacts (ISO14040:2006). The LCA technique 

has multiple purposes including:  

 

1. Pinpointing improvements that could be made to the environmental performance of 

a specific product or service throughout varying stages of their life cycle. 

2. Aiding the decision-makers of government, industry, or other organizations with 

product design, product redesign, priority management, and strategy.  

3. Helping in the selection of environmental performance indicators including methods 

of measurement. 

4. Assist in the selection of marketing strategy for a specific product or service such as 

making an environmental claim or applying for ecolabelling.  
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LCA offers a holistic approach to identifying potential environmental impacts through 

the methodical and extensive analysis of a product’s entire life cycle. The phases of the 

life cycle include the acquisition of raw materials, production, or manufacturing of the 

specific product, use of the product, end of life treatment of the product. This is otherwise 

known as a cradle-to-grave study (ISO14040:2006). According to international ISO 

standards 14040 and 14044, an LCA has four phases: 

 

1. goal and scope definition phase 

2. life cycle inventory (LCI) phase 

3. life cycle impact assessment (LCIA) phase 

4. interpretation phase 

 

The goal of a particular LCA study defines the complexity and range of the study. LCA 

studies can have a great variety of complexities and ranges because of this. The scope of 

an LCA study depends on the intended usage of a particular subject and includes a system 

boundary.  The second phase, the LCI, Is an inventory of data regarding the inputs and 

outputs of a selected product or system. This phase includes the data collection required 

to achieve the defined goal. The third phase, the LCIA, provides any information that 

may assist in the assessment of LCI results and determine their environmental 

significance by impact characterization. Impact categories for LCA are described in 

more detail in section 4.1.5. The fourth and final phase, the interpretation, summarizes 

and discusses the LCI or LCIA results to be used for conclusions, suggestions, and 

decision-making outlined by the goal and scope definition (ISO14040:2006). A visual 

demonstration of an LCA framework can be seen in Figure 4. 

 

 
Figure 4: LCA framework.  

Note: Reprinted from ILCD Handbook 2010. 

 

The information gathered from an LCA study can generally be utilized as a portion of a more 

extensive study. One can also compare the results of two separate LCA studies if, and only 
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if, the assumptions and framework of both studies are equivalent and if the International 

Standard requirements are met.  

 

The objective of LCA is to quantify and evaluate any potential environmental impacts that 

may occur throughout the life cycle of a product or service (ISO14040:2006). These impacts 

include both the upstream processes such a suppliers and downstream processes such as 

disposal processes associated with the manufacturing phase, use phase, and end of life phase 

(Sphera, 2020). The environmental impacts which are evaluated during LCA are as follows: 

 

1. Climate change: This is a quantification of greenhouse gas emissions, such as carbon 

dioxide and methane. Greenhouse gas emissions are responsible for the absorption 

of increased levels of solar radiation by Earth’s atmosphere. This is a process known 

as the “greenhouse effect” and can is responsible for detrimental impacts on human 

health, ecosystem health, and material well-being. (Sphera, 2020) 

 

2. Eutrophication: This category, also known as “overfertilization”, encompasses all 

possible environmental impacts attributed to the introduction of disproportionately 

high levels of macronutrients, such as nitrogen (N) and phosphorus (P), into the 

environment. Overfertilization can cause nutrient enrichment in both aquatic and 

terrestrial ecosystems, leading to an unfavorable shift in species configuration as well 

as higher biomass creation. This could possibly have adverse environmental effects 

such as toxic algal blooms. Elevated biomass creation in aquatic ecosystems may 

lead to decreased oxygen levels in an ecosystem due to the increased oxygen 

consumption associated with biomass decomposition (Sphera, 2020). 

 

3. Acidification: This is a quantification of emissions which lead to acidifying effects 

on the environment. Acidification potential measures a molecule’s ability to increase 

the concentration of hydrogen ions in the presence of water, causing a decrease in 

the molecule’s pH value. An example of this is acid rain. Possible aquatic and 

terrestrial effects from acidification include forest deterioration, fish mortality, and 

the building material corrosion (Sphera, 2020). 

 

4. Photochemical ozone creation (or smog): This is the quantification of emissions from 

precursors associated with smog formation (mainly ozone O3) at the ground level. 

Smog is created by the reaction of carbon monoxide and volatile organic compound 

(VOC) in the presence of UV light and nitrogen oxides. Smog can cause undesirable 

effects to human health, ecosystems, and crops (Sphera, 2020). When ground level 

ozone (smog) is inhaled, it irritates one’s airways. This increases the chances of 

developing heart and lung diseases by an exposed individual (EDF, 2021). 

 

5. Particulate matter: This is the quantification of aerosol and dust emissions emissions, 

which are predecessors to secondary particulates, such as SO2 and NOx. Emissions 

like these are generated from sources like dust particles fields and roads, combustion 

of wood, and combustion of fossil fuels. Particulate matter can cause an increase in 

overall mortality rates through negative human health effects such respiratory-related 

illnesses (Sphera, 2020). 

 

6. Ozone depletion: Ozone depletion describes the quantification of air emissions that 

are associated with stratospheric ozone layer depletion. This is sometimes referred 
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to as a “hole in the ozone layer.” Ozone depletion creates increasing quantities of 

UVB ultraviolet rays that reach the planet’s surface. This comes with undesirable 

effects on humans, plants, and entire ecosystems (Sphera, 2020). 

4.1.2 Goal Definition 
The intended application of this study is to accurately quantify the environmental impacts of 

utilizing Enercon E-82 wind turbines to power district heating in the Westman Islands. The 

policymakers in the Westman Islands and similar island communities can use the results of 

this study as evidence of the environmental impacts of wind energy generation with the final 

goal of achieving energy independence for their communities. This study is conducted in 

accordance with the ISO 14040 and 14044 guidelines. 

 

The limitations of this study are a result of incomplete inventory data due to proprietary 

constraints and reliance on the turbine manufacturer for inventory data and transparency. 

Specific imitations include uncertainty surrounding exact raw materials extraction processes 

used, general descriptions of electrical systems within the turbine, and energy used for 

turbine assembly. Some of the markets and processes related to the turbine life cycle will 

therefore be incomplete because of this. The data used in this study comes from previous 

LCA studies on wind turbines, limited Enercon E-82 inventory data, general Enercon 

manufacturing descriptions seen in Table 8. Due to the limitations previously described, 

assumptions were made regarding certain processes regarding the Enercon E-82 life cycle. 

This study should not be an influence or play a role in decision-making and, therefore, is 

studied as a C1 decision context.  The target audience of this study includes policy makers 

for island communities, renewable energy research organizations, and utility providers. The 

results from this study may be disclosed to the public, and all information presented may be 

utilized in decision-making and planning. Since wind energy utilization is marketed as a 

sustainable and renewable means of energy, the environmental impacts should be considered 

by project planners as a reference to create the most environmentally friendly project as 

possible. 

 

Table 7: Enercon E-82 inventory data sources. 

Data Used Source 

Enercon E-82 Inventory Data (Enercon, 2011) 

Enercon Technical Details (Enercon, 2016a) 

Enercon Production (Enercon, 2016b) 

Enercon Operation and Maintenance (Enercon, 2011); (EFLA 2015) 

Enercon End of Life  (Enercon, 2011); (EFLA 2015) 

 

4.1.3 Scope Definition 
 

The functional unit refers to the generation of 1kWh of electricity by the wind farm at any 

given hour over its 25-year lifetime for a total electricity production of 216 GWst. This 

functional unit has been chosen based on published LCAs and other literature, see Table 7.  
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Table 8: Functional units in other relevant wind farm related LCA studies. 

Functional Unit Reference 
1 kWh of electricity (Martínez, et al., 2009) 

1 kWh of electricity (Enercon, 2011) 

1 kWh of electricity (Efla, 2015) 

1 kWh of electricity (Ozoemena, et.al, 2017) 

1 kWh of electricity (Alsaleh et al., 2019) 

This study is a comparative LCA of a Westman Islands wind farm. It includes a hot-spot 

analysis for the baseline scenario (43% capacity factor over a 25-year period). The product 

to be analyzed is a wind farm using Enercon E-82 2.3MW wind turbines. The obligatory 

and positioning properties are included in Table 8. 

 

Table 9: Obligatory and positioning properties. 

Obligatory Properties Positioning Properties 

• Generates electricity 

• Complies with safety regulations 

• 25-year lifetime 

• Low Maintenance 

• Renewable Electricity Generation 

• Possible High Recyclability 

 

This LCA is a cradle-to-grave analysis. The system boundaries include the processes of raw 

material extraction and processing, wind turbine production, the use phase, and the end-of-

life. The system boundary overview can be seen in Figure 5.  

 

 
Figure 5:System boundary of the LCA. 
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4.1.4 Life Cycle Inventory 
This subsection serves as an inventory for the life cycle phases to be analyzed in the LCA 

study. This section provides an explanation and justification for processes used. 

Pre-Use Phase 

The pre-use LCI for an Enercon E-82 Turbine encompasses all the inventory components of 

the wind turbine and considers extraction of raw materials, turbine manufacturing, transport 

to the wind farm location, installation, and grid connection. The breakdown of turbine 

components has been extrapolated from previous Enercon LCA studies and the pre-existing 

eco invent processes. These values can be seen in Table 9. Some elements have been 

modified to fit the geographic boundaries of this case, most notably in the pre-use 

transportation and grid connection. Since Enercon E-82 turbines are manufactured in 

Germany, the European electricity mix was used. 

 

Table 10: Breakdown of materials used and weights for Enercon E-82 components. 

Turbine Components  Weight (kg)  

Main Materials  

Used 

Rotor Blades (kg) 30,155 Glass Fibre 

Nacelle (kg) 137,940 Cast Iron, Steel 

Tower (kg) 746,680 Concrete, Steel 

Electrics (kg) 1,605 Copper 

Foundation (kg) 1,143,300 Concrete, Steel 

Grid connection Materials (kg) 36,720 Steel, Copper 

Total (kg) 2,096,400  
Note: Materials adapted from (Enercon, 2011). 

 

The pre-use transportation includes transportation of the wind turbine from the Enercon 

factory to the port in Emden, Germany via lorry as well as the cargo ship transport of the 

wind turbine directly to the Westman Islands. An extra 3 km was added to the lorry distance 

to account for the delivery of turbines to anywhere on the island from the port. Normally 

shipment deliveries and customs procedures occur in Hafnarfjörður, Iceland; however, in 

this case it is assumed the turbine is delivered directly to the Westman Islands because this 

is the most likely scenario since a customs official can travel to the Westman Islands with 

relative ease to conduct the customs process. To deliver the turbine to Hafnarfjörður first 

would require the turbine’s lorry transport an additional 150 km at least to the Westman 

Island ferry. After this, the turbine would have to be delivered via ferry to the island. This 

would most likely take multiple trips via ferry, assuming that the ferry would be capable of 

transporting the larger components such as the turbine blades. This process would be 

complex, undoubtedly increase the environmental impacts of the wind farm, and become 

cost prohibitive. The master’s student has chosen to simplify the transportation process for 

these reasons and assume that the turbine can be delivered directly to the island. The total 

weight of one fully equipped wind turbine is 2,260 tons. Transport includes all wind turbine 

components as well as required components for grid connection. It is based on 27 km of land 

transport from the Enercon factory to the port of Emden in Germany and 2,400 km of 

shipping from the port of Emden to the Westman Islands. 3km have been added to freight 

transport to consider the transport distance from the Westman Islands harbor to the wind 

farm location (ShipTraffic, 2021).  For land transport, a 40-ton lorry with a trailer (Euro 5) 
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traveling 30km is used. For sea transport, a freight container ship was used. The travel for 

the customs agent has also been accounted for via domestic flight from Reykjavik (RKV) to 

Vestmannaeyjar (VEY). Also, construction of access roads has been accounted for based on 

preexisting wind turbine processes in Ecoinvent 3.7.1. 

Use Phase 

The use phase of this a wind farm has two components: operation and maintenance (O&M) 

and electricity generation. Information on the operation of the wind turbines is based on the 

plans of the Enercon and Landsvirkjun for the wind farm in Hafid (Efla, 2015). Weekly 

inspection trips are planned; however, it is assumed that this will be managed by locals who 

live within the island community. Twenty total maintenance trips (quarterly for five years) 

to be conducted by Enercon employees travelling from Germany will also be accounted for. 

Enercon employee transportation includes international air-travel between Emden and 

Keflavik (4116km round-trip) as well as domestic air-travel between Reykjavik and the 

Westman Islands (230km round-trip). Land transport between Keflavik and Reykjavik was 

also, included (100km round-trip). At the end of 5 years, it is assumed that domestic 

employees within the Vestmannaeyjar community will take over the maintenance trips for 

the rest of the turbine’s lifespan. Transportation of utility passenger vehicles (diesel, Euro 5) 

to be used by various turbine maintenance employees has also been considered for the entire 

lifetime of the wind farm (25,000km/year over 25 years).  Outside inspection and 

maintenance trips, various inputs are calculated in the annual operation and maintenance of 

the wind turbine. Information regarding waste generated during use was obtained from 

Enercon and modeled to fit the Icelandic waste treatment processes. 

End of Life Phase 

As stated in section 3.3.2, this LCA study includes two end of life scenarios:  

Scenario 1, or the “recycling scenario,” is modeled as a best-case scenario where all turbine 

elements are prepared for recycling or materials recovery. Based on Enercon’s own LCA of 

the E-82 wind turbine. (Enercon, 2011). Steel and cast iron are modeled with an 80% 

recovery, while aluminum and copper components are modeled with a 95% recyclability. 

Scenario 2 was built using this data as a model for a high-recyclability scenario. Based on 

recyclability in Iceland this will be the base case for the study.  

Scenario 2, or the landfill scenario, models for most turbine components such as electronics, 

concrete, steel, and fiberglass to be sent to landfill. However, some elements such as copper, 

aluminum, and iron used in turbine construction are modeled with some sort of sorting, 

incineration, remelting, or recycling. The copper dataset, for example, represents the activity 

of waste disposal of scrap copper in a municipal solid waste incinerator; moreover, pure, 

isolated copper fractions will not be disposed in incinerators, but go to recycling. The 

reasoning for this decision is high value and recyclability of copper. If the scrap is pure 

copper and has not been tainted, it can be converted into a high-quality product. Similarly, 

it is easier to remelt scrap copper into a high-quality product if it only has one alloy 

composition, albeit some adjustments to composition might have to be made on remelting 

(European Copper Institute, 2018). Based on this, it is highly unlikely that it will ever be 

sent to landfill.  
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4.1.5 Life Cycle Impact Assessment Method 
This study was conducted using the OpenLCA software version 1.10.3 in grouped with the 

Ecoinvent 3.7.1 database. The Ecoinvent 3.7.1 database encompasses a diverse range of 

regional and global sectors, containing more than 18,000 datasets modelling human activities 

or processes (Ecoinvent, 2019). These datasets hold information regarding agricultural and 

industrial processes in which they model; furthermore, they measure natural resources 

extracted from the environment, emissions discharged to the environment, products and 

electricity demanded from other processes, and products, co-products, and waste produced. 

Each process in the ecoinvent database is paired with a geographic location, or 

‘geographies’, with the aim to represent activities using the most relevant geographies for 

the selected service or product. Data availability and quality can affect the geographic 

representation of a product or service, so ecoinvent also offers almost every activity from 

the global perspective (average global production. Ecoinvent’s structure also grants users 

the opportunity to trace their product’s impacts over the entire supply chain to gain a deeper 

understanding of their results (Ecoinvent, 2019). The ReCiPe 2016 impact assessment 

method used to complete the LCIA which converts resource extractions and emissions into 

environmental impact scores through characterization factors (Huijbregts et al., 2017). 

Characterization factors can be determined in two ways: at midpoint level and at endpoint 

level (Huijbregts et al., 2017).  ReCiPe was chosen for this LCA study because it covers a 

large array of impact categories, including both midpoint and endpoint indicators. Midpoint 

indicators display impacts from activities to a single area of environmental importance. 

These include global warming, stratospheric ozone depletion, and land use among others. 

Endpoint indicators display the impact to three higher impact categories, or areas of 

protection. The three areas of protection are damage to human health, damage to ecosystems, 

and damage to resource availability (Huijbregts et al., 2017). How midpoint and endpoint 

indicators relate to each other can be seen in Figure 6. The ReCiPe 2016 impact assessment 

method is used in other studies regarding renewables and wind energy, such as Thomson et 

al. (2018) and de Souza Junior et al. (2020). Results for this study were analyzed using the 

midpoint methods and the hierarchical (h) 21 perspective which accounts for uncertainty and 

fits the timeline of this study (Goedkoop et al., 2013).  

 

 
Figure 6: Midpoint indicator relation to areas of protection. 

Note: Adapted from (Huijbregts, 2017). 
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4.2 Levelized Cost of Electricity 
LCOE the discounted lifetime cost of ownership and use of a generation asset, converted 

into an equivalent unit of cost of generation in £/MWh” (BEIS, 2016); however, this study 

will be using USD/kWh as it’s unit of analysis. 

Virtually all modern wind farms use horizonal axis wind turbines (HAWTs), or turbines with 

three blades positioned upwind from the wind resource; and the largest share of the total 

installed cost of a wind farm can be attributed to the wind turbine itself. The wind turbine 

itself makes up roughly 64%-84% of this installed cost. Towers, installation, and delivery 

are typically included in contract agreements currently.  Other costs associated with wind 

farms include turbine installation, grid connection, research and development costs, and 

operation and maintenance costs. The smallest share of wind farm costs includes land costs, 

environmental impact assessments, project costs, and other costs associated with project 

planning (IRENA, 2021).  

 

The formula for LCOE used by BEIS (described in section 2.3) as well as in this study is 

displayed in Eq. (1) (BEIS, 2016; Aldersey-Williams et al., 2019). 

 

 

(1) LCOE = 
𝑁𝑃𝑉𝐶𝑜𝑠𝑡𝑠

𝑁𝑃𝐸
 = Σ𝑡=1

𝑛 𝐶𝑡+𝑂𝑡+𝑉𝑡

(1+𝑑)𝑡
/Σ𝑡=1

𝑛 𝐸𝑡

(1+𝑑)𝑡
 

 

In this formula, t represents the period ranging from year 1 to year n. Ct represents the capital 

expenditures (CapEx) for t (including installation and decommissioning). Ot represents fixed 

operational expenditures (OpEx) for t. Vt represents variable operating expenditures for t. 

The variable costs describe fuel expenditures, sometimes taxes, and sometimes carbon costs 

among other expenditures. Et represents the energy generated for t. Discount rate is 

represented by d, and n represents the final year of operation (BEIS, 2016; Aldersey-

Williams et al., 2019a). According Aldersey-Williams et al. (2019a), this is the preferred 

way of calculating LCOE with the aim of comparing costs for different electricity generation 

sources; therefore, the use calculation makes sense in terms of understanding the economic 

feasibility of this commodity. 

 

The following sections describe the data selected for the LCOE calculation including Wind 

farm CapEx, OpEx, capacity factor, and discount factor.  

4.2.1 Wind Farm CapEx 
 

Capital expenditures, in terms of energy generation, describe the initial investments 

associated with a new power plant or energy generation technology. It includes upfront cost 

of generation technologies, electrical equipment associated with grid connection such as 

utility poles, wiring, substations, and transformers. Capital expenditures also include any 

long-term interest payments necessary to finance upfront capital costs (UT, 2021). A 

breakdown items included in capital expenditures can be seen in Table 10. 
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Table 11: Inclusions in capital expenditures (CapEx). 
Expense Category 

  

Item 

  

Balance of System 

• All other power plant and grid 

connection components considered 

necessary to generate and transmit 

electricity. 

Electrical Infrastructure and Grid Connection 

• Generation source, generation 

connections, and controls 

• Onsite electronics 

• Power electronics 

• Upgrades to transmission systems  

Generation Infrastructure • Wind farm erection 

• Wind farm equipment 

Installation and Other Expenses 

• Distributable labor and materials 

• Wind farm engineering 

• Start-up and commissioning 

Owners' Expenses 

• Research and development costs 

• Preliminary feasibility and 

engineering studies 

• Legal fees 

• Insurance 

• Environmental studies and 

permitting 

• Property taxes during construction 

Location Expenses 

• Roads 

• Buildings for operation and 

maintenance 

• Fencing 

• Wind farm land acquisition 

• Location preparation 

• Transformers 

• Underground utilities 

Note: Adapted from (NREL, 2021). 

 

Since Enercon is based in Europe and contracts typically include CapEx, the value chosen 

for the LCOE calculation performed in this study is based on IRENA’s estimated CapEx for 

wind farms in Europe which is 1515 USD/kWh (2021).  

4.2.2 Wind Farm OpEx 
Operational Expenditures in terms of energy generation describe the costs associated with 

operation and maintenance of a given system. These expenditures include fuel, operation 

engineering labor, supervision engineering labor, the cost of electric energy consumed by 

generation equipment, the cost of electricity consumed by delivery equipment, and the cost 

of environmental monitoring and controls. They also include maintenance expenditures 
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which include the cost of maintaining the operability of existing generation, delivery, and 

other infrastructure (UT, 2021). A breakdown items included in operational expenditures 

can be seen in Table 11. 

 

Table 12: Inclusions in operation and maintenance expenditures (OpEx). 

Category  Item  

Fixed Costs 

• Administrative fees 

• Administrative labor 

• Insurance 

• Land lease payments 

• Legal fees 

• Operating labor 

• Other 

• Property taxes 

• Site security 

• Taxes 

Fixed costs components • Project management 

Maintenance costs 

• General maintenance 

• Scheduled maintenance over wind 

farm lifetime 

• Unscheduled maintenance over 

wind farm lifetime 

Variable cost components 

• Consumables (e.g., water, 

chemicals, catalysts, lubricants, 

paints, etc.) 

• Waste disposal 

Maintenance components • Transformers 

Replacement costs • Annual value of component 

replacement over plant lifetime 

Note: Adapted from (NREL, 2021). 

 

As stated previously, it is necessary to address that considerable uncertainty exists in relation 

to operation and maintenance data for most countries. The value chosen for OpEx included 

in the LCOE calculation performed in this study is based on the fixed Danish value of 

33USD/kW taken from IRENA (2021). 

4.2.3 Capacity Factor 
Capacity factor, or generation capacity, offers a means of measuring energy resource growth, 

and has a significant impact on the LCOE (Mueller, 2020; Hearps et al., 2011). “Capacity” 

refers to the amount of electricity generated when an electricity generation source is 

producing at its maximum output, and it is generally measures in kilowatts (kW) or 

megawatts (MW). This assists electricity utility providers estimate the maximum load that a 

generator can handle. Capacity factor allows relevant stakeholders to assess the reliability of 

electricity generation sources by measuring the how frequently the generator is at maximum 
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production. A generation source with a capacity factor of 100% is always producing its full 

load. Electricity generators have the capacity to generate a certain amount of electricity for 

a certain period. However, if the generator is taken offline for maintenance, refueling, lack 

of resources, or any other reason, the generator is not producing and has a capacity factor of 

less than 100% (Mueller, 2020). In the case of renewable energy sources, the capacity factor 

typically depends on resource quality. (Hearps et al., 2011). For example, capacity factors 

for solar photovoltaics or wind energy are never 100% because wind and solar resources are 

intermittent. In other words, the sun is not always shining; and wind isn’t always blowing. 

This resource unavailability can result in a significant increase for the LCOE.  

 

The capacity factor for a wind farm represents the annual energy output and is a percentage 

of the farm’s maximum output. Wind farm capacity factors are generally determined by the 

quality of wind resources for a given wind farm location and the technologies used (turbine 

and balance-of-plant). Unlike technologies that run constantly (except for failures), wind 

farms are dependent on intermittent wind resources for electricity production; so, wind farm 

capacity factors vary from one day to the next (NREL, 2021).  

 

As stated in section 3.3.1, Iceland has an average wind capacity factor of 43% (Efla, 2015). 

This will be the baseline scenario for this study; however, the effect of lower and higher 

wind capacity factors on LCOE are also explored for capacity factor values of 36% (IRENA, 

2021) and 50% (Askja, 2012b) respectively.  

4.2.4 Icelandic WACC/Discount Factor 
Weighted average cost of capital (WACC) refers to the average rate a company or relevant 

stakeholder must spend to finance its assets, and it describes the opportunity cost of an 

electricity generation project. Typically, in LCOE studies, it is standard practice to equate 

the WACC to discount rate and it can be either real or nominal depending on costs of equity 

and debt used (Duffy, 2020) WACC and discount rate used in LCOE calculations can greatly 

impact the outcome of an LCOE analysis and should mirror the implicit risk for an energy 

project (Aldersey, 2019). Data obtained from the Icelandic Energy Authority, Orkustofnun, 

provided a 2021 average WACC of 6.51% (Orkustofnun, 2021). 
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5 Results  
This chapter displays the results from the methods discussed in chapter 4, LCA and LCOE. 

Sensitivity analysis and visual representation of the data is included for both methods. 

5.1 LCA Results (Preliminary) 
This section displays the results from all phases of the wind farm’s life cycle which is the 

primary focus of the study. This subsection includes the midpoint results with the intention 

of reporting relevant environmental impacts from wind farm. A complete breakdown of the 

results can also be found in the Appendix for insight into the complete spectrum of 

environmental impacts associated with wind farms. 

5.1.1 Baseline Results 
This section outlines the results of the environmental analysis are displayed in terms of the 

functional unit: “the generation of 1kWh of electricity by the wind farm at any given hour 

over its 25-year lifetime.” This allows for the comparison of results between alternative 

energy generation sources as well as scenarios like the ones outlined in section 3.3. This 

section expresses results for the combined LCA phases at the baseline scenario of a 25-year 

lifespan with a 43% capacity factor. This section offers results for three midpoint impact 

categories that are relevant to the study: global warming, resource scarcity, and terrestrial 

acidification. Global warming was chosen due to the fact the aim of the wind farm was to 

reduce and mitigate fossil fuel emissions from the backup diesel system used in the Westman 

Islands. All reviewed literature regarding wind farm LCAs focus on this impact category as 

an area of importance. Mineral resource scarcity is also chosen because wind turbines require 

rare earth metals in components to function. Lastly, acidification potential was chosen 

because this is also relevant to emissions as burning of fossil fuels and land changes can be 

associated with raising terrestrial pH levels and the detrimental environmental effects 

associated with it. Some of these impact categories are evaluated in other literature; however, 

mineral resource scarcity is rarely found to be an area of focus although it is an area of 

importance as many metals are used in the formation of a wind turbine. The cradle-to-grave 

results for the selected impact categories can be found in Table 11.  The totals for the overall 

global warming, mineral resource scarcity, and terrestrial acidification impacts were 6.71g 

Co2 eq/kWh, 0.176g Cu eq/kWh, and 0.0275g SO2 eq/kWh respectively. A comparison of 

these results will be discussed in Chapter 6. As stated previously, the results for other 

midpoint indicators can be found in the appendix. It should be noted that the recycling “best 

case” scenario is used for the end-of-life phase when calculating these totals because this is 

the most realistic to the Icelandic case. 

 

Table 11: Wind Farm midpoint results cradle-to-grave. 

Impact category Reference Unit 
 Lifetime 

Impacts 

Impacts 

per kWh  

 

Global warming kg CO2 eq 1.45E+06 6.71E-03  

Mineral resource scarcity kg Cu eq 3.80E+04 1.76E-04  

Terrestrial acidification kg SO2 eq 5.96E+03 2.75E-05  

Note: Results encompass all life cycle phases and reflect a total lifetime energy production 

of 216 GWst.  



32 

Another area of importance in this LCA study is to understand how heavily each life cycle 

phase contributes to each midpoint category. Table 12 displays the contribution of each life 

cycle phase to each impact category. This table shows that for all impact categories the pre-

use phase contributes the overwhelming majority percentage of impact.  

 

Table 13: Percentage of overall impacts distributed between wind farm life cycle phases. 

Impact category Reference Unit Pre-Use % Use % E.O.L.% 

 

Fine particulate matter formation kg PM2.5 eq 88% 10% 2%  

Fossil resource scarcity kg oil eq 80% 20% 0%  

Freshwater ecotoxicity kg 1,4-DCB 96% 4% 0%  

Freshwater eutrophication kg P eq 96% 4% 0%  

Global warming kg CO2 eq 82% 17% 1%  

Human carcinogenic toxicity kg 1,4-DCB 96% 4% 0%  

Human non-carcinogenic toxicity kg 1,4-DCB 96% 4% 1%  

Ionizing radiation kBq Co-60 eq 89% 12% 0%  

Land use m2a crop eq 96% 4% 0%  

Marine ecotoxicity kg 1,4-DCB 96% 4% 0%  

Marine eutrophication kg N eq 92% 6% 2%  

Mineral resource scarcity kg Cu eq 97% 3% 0%  

Ozone formation, Human health kg NOx eq 84% 14% 2%  

Ozone formation, Terrestrial ecosystems kg NOx eq 84% 14% 2%  

Stratospheric ozone depletion kg CFC11 eq 83% 16% 1%  

Terrestrial acidification kg SO2 eq 88% 12% 1%  

Terrestrial ecotoxicity kg 1,4-DCB 88% 12% 0%  

Water consumption m3 96% 4% 0%  

Note: Colors represent the total contribution, in percentage, from the various life cycle 

phases for each impact category, with red being the highest percentage and green being the 

lowest percentage impact.  

Hotspot Analysis  

After conducting a hotspot analysis for the pre-use life cycle phase of the wind farm, it can 

be seen than the largest contributor to global warming impact is the steel used in the wind 

turbine (34%), followed up by the concrete used in the foundation (17%), and fiberglass used 

in the turbine blades (17%). The contribution of different Wind Farm components can be 

seen in Figure 7. Table 11, also provides a hotspot analysis for the global warming potential, 

mineral resource scarcity, and terrestrial acidification for all life cycle phases and reflect a 

total lifetime energy production of 216 GWst.  
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Figure 7: Wind farm contribution percentages to global warming impact. 

5.1.2 Sensitivity Analysis 
This section displays the results for the various scenarios discussed in section 3.3. Table 13 

offers the total wind farm impacts per the functional unit (per kWh) over 36%, 43%, and 

50% capacity factors (at the baseline 25-year life span). For each impact category described, 

as capacity factor increased, environmental impact decreased.  

 

Table 14: Total Wind Farm Impacts for 36%, 43%, an 50% CF over a 25-year lifespan. 

Impact category Reference Unit 
Total Wind Farm Impacts per kWh 

36% 43% 50% 

Global warming kg CO2 eq 8.02E-03 6.71E-03 5.77E-03 

Mineral resource scarcity kg Cu eq 2.10E-04 1.76E-04 1.51E-04 

Terrestrial acidification kg SO2 eq 2.74E-05 2.75E-05 2.37E-05 

 

Table 14 displays the total wind farm impact per kWh at 20-year, 25-year, and 30-year 

lifespans (at the baseline 43% capacity factor. As expected, as turbine lifetime increased, 

environmental impact decreased. 

 

Table 15: Total Wind Farm Impacts for 20-, 25-, and 30-year lifespans at 43% CF. 

Impact category Reference Unit 
Total Wind Farm Impacts per kWh 

20-year 25-year 30-year 

Global warming kg CO2 eq 7.43E-03 6.71E-03 5.59E-03 

Mineral resource scarcity kg Cu eq 2.20E-04 1.76E-04 1.46E-04 

Terrestrial acidification kg SO2 eq 3.44E-05 2.75E-05 2.29E-05 

 

Both results are most likely linked to the fact that most of the environmental impacts are 

associated with the pre-use phase of a wind farm’s life cycle. Increasing the capacity factor 

of the wind farm results in an increase in of electricity production over a set period, causing 

the impacts per kWh to decrease. Similarly, expanding wind farms life span results in longer 

periods of energy production and increased overall energy production which leads to lower 

impacts per kWh.  
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5.1.3 End of Life  
This section describes the results from end-of-life scenarios outlined in section 3.3.3. As 

seen in Figure 8, the recycling scenario has a significantly smaller impact than the landfill 

scenario which was expected. The figure shows the normalized indicator results of the 

respective project variants. 

 
Figure 8: Normalized Indicator results. 

 

Analyses were conducted for each of the selected impact categories, also known as 

midpoint indicator. Figures 9, 10, and 11 show the single results of each project variant for 

the selected indicators of global warming impact, mineral resource scarcity, and terrestrial 

acidification respectively. Figure 9, which expresses a global warming impact comparison 

between the landfill and recycling scenarios, shows the recycling the wind farm 

components shows that the recycling scenario has about 24% of the impact that the landfill 

scenario has. 

 
Figure 9: Global Warming Potential end of life comparison. 
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Mineral resource scarcity for each end-of-life scenario is expressed in Figure 10. Recycling 

has a negative impact in terms of value because metal components of the turbine such as 

aluminum, copper, and steel are recovered; therefore, not contributing to mineral resource 

scarcity but rather taking away from it. 

 

 
Figure 10: Mineral Resource Scarcity end of life comparison. 

 

Terrestrial Acidification for each end-of-life scenario is expressed in Figure 11. Recycling 

has about 28% of the acidification impact compared to the landfill scenario.  

 
Figure 11: Terrestrial Acidification end of life comparison. 

 

As expected, all three selected midpoint indicators have a significantly smaller impact from 

recycling when compared to the landfill scenario thus outlining the importance of recycling 

for wind energy projects. 

5.1.4 Environmental Impact Comparison 
This section compares the selected impact categories between the scenarios where the 

Westman Islands, or a similar island community, powers its district heating solely via diesel 

generator, the current Icelandic energy mix, or the proposed wind farm. Table 15 shows this 

comparison for the selected global warming, mineral resource scarcity, and terrestrial 

acidification scenarios. 
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Table 16: Environmental impact comparison for alternative electricity generation sources. 

Impact category Reference Unit 
Diesel 

Impact 

per kWh 

Iceland 

Energy 

Mix per 

kWh 

Wind 

Farm 

Impact per 

kWh 

 

 

Global warming potential kg CO2 eq 6.96E-01 5.22E-02 6.71E-03  

Mineral resource scarcity kg Cu eq 3.20E-04 2.33E-04 1.76E-04  

Terrestrial acidification kg SO2 eq 1.32E-03 3.40E-05 2.75E-05  

Note: Wind farm values are at baseline parameters. Emission factor values for Diesel and 

Icelandic scenarios come from calculations made for this study using data from the 

ecoinvent database. 

 

When comparing the wind farm LCA results for global warming impact to the calculated 

results for each scenario, the diesel generator has roughly a 1332% greater impact than the 

current Icelandic energy mix and a 9072% greater impact per kWh than the proposed wind 

farm. Immediately it can be assumed that the global warming impact for diesel generators is 

far greater than that of renewable systems. Thus shifts the focus of the difference in impact 

between renewable systems. When these systems are compared, the current Icelandic energy 

mix contributes 681% more CO2 per kWh to the environment than the proposed wind farm 

(Figure 12), thus making an argument that a wind farm would be more environmentally 

friendly in terms of CO2 emissions than the current Icelandic energy mix. However, it should 

be stated that the values for the Icelandic energy mix are roughly 493% higher than the 

Icelandic energy mix emission factor values of 8.8g CO2eq/kWh given by the Environment 

Agency of Iceland (Uhmverfisstofunun, 2019). This discrepancy will be discussed in more 

detail in the discussion section 6.3.1. 

 

 
Figure 12: Iceland energy mix emission factor calculated from ecoinvent database vs. 

wind farm LCA global warming impact comparison. 

 

When comparing the results for global warming impact between the emission factor values 

given by the Environment Agency of Iceland (Uhmverfisstofunun, 2019) and the wind farm 

LCA, the difference in global warming potential (GWP) between the two is significantly 

smaller than the impact comparison between the caluclated Icelandic energy mix emission 

factor values and the wind farm LCA emission factor values. As stated in section 3.3.4., the 

Environment Agency of Iceland states that Iceland’s weighted average GHG emissions from 
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the electricity production mix were 8.8 g CO2e/kWh for the year 2017 (Uhmverfisstofunun, 

2019). As seen in Figure 13, the GWP associated with Icelandic electricity production is 

roughly 2.09g CO2eq/kWh higher than the values given by the wind farm LCA. This 

emission factor value is only 31% higher than the emission factor value given by the wind 

farm LCA.  

 

  
Figure 13: Uhmverfisstofunun (2019) vs wind farm LCA global warming impact 

comparison. 

 

The terrestrial acidification impact per kWh for the current Icelandic energy mix and 

proposed wind farm both only make up roughly 3% of the impact from the diesel generator 

scenario. Based on the results, the diesel generator contributes 3883% and 3697% more SO2 

to the environment than the calculated Icelandic energy mix and the proposed wind farm 

respectively. Immediately it can be assumed that the terrestrial acidification impact for diesel 

generators is far greater than that of renewable systems. Like the global warming indicator, 

this shifts the focus of the difference in impact between renewable systems. When these 

systems are compared, however, the current Icelandic energy mix scenario contributes 

roughly 0.0339 g SO2 per kWh to the environment while the proposed wind farm contributes 

roughly 0.0275g SO2 (Figure 14), thus making an argument that a wind farm would be 

slightly more environmentally friendly in terms of SO2 pollution than the current Icelandic 

energy mix. 

 
Figure 14: Iceland energy mix vs. wind farm terrestrial acidification impact comparison. 
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The mineral resource scarcity impact per kWh between all three energy systems are closer 

together in comparison to the other two selected midpoint indicators. Still, the diesel 

generator has the higher impact, contributing roughly 0.32g Cu per kWh to the environment. 

The current Icelandic energy mix has the second highest contribution of 0.23g Cu per kWh. 

The proposed wind farm once again has the smallest impact, contributing 0.18g Cu per kWh 

to the environment. The comparison of these results is represented visually in Figure 15. 

 

 
Figure 15: Diesel, Iceland energy mix, and wind farm mineral resource scarcity impact 

comparison. 

 

This section only offers the comparison of global warming impact, terrestrial acidification, 

and mineral resource scarcity results between the scenarios calculated using data from the 

ecoinvent database and the wind farm LCA. However, a full comparison of all calculated 

environmental impacts between the scenarios and wind farm LCA can be found in Appendix 

A, Table A6.  
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5.2 LCOE Results (Supplemental)     
The supplemental wind farm LCOE was completed for 20, 25, and 30-year lifespans for 

capacity factors of 36%, 43%, and 50%. Based on the parameters discussed in section 4.2 

and these variables, the wind farm had LCOEs ranging from as high as $0.06/kWh to as low 

as $0.04/kWh. The results can be seen in Table 16. These results are evaluated in more detail 

in section 6.1.2. 

 

Table 17: Wind farm LCOE results based on variations in lifetime and capacity factor. 

Wind Farm 

Lifetime 

LCOE 

36% Capacity Factor 43% Capacity Factor 50% Capacity Factor 

20-year 
 $         0.06  per kWh  $         0.05  per kWh  $         0.04  per kWh 

 $       59.83  per MWh  $       50.09  per MWh  $       43.07  per MWh 

25-year 
 $         0.06  per kWh  $         0.05  per kWh  $         0.04  per kWh 

 $       55.22  per MWh  $       46.23  per MWh  $       39.76  per MWh 

30-year 
 $         0.05  per kWh  $         0.04  per kWh  $         0.04  per kWh 

 $       52.55  per MWh  $       43.99  per MWh  $        37.83  per MWh 

 

5.3 Combined Results 
This section describes the combined preliminary LCA and supplemental LCOE results from 

this study. Section 5.3.1. provides insights into comparing various capacity factor and 

lifespan scenarios. Section 5.3.2 displays combined LCA and LCOE results and offers a 

comparison between the current Icelandic energy mix and a proposed wind farm for the 

Westman Islands. 

5.3.1 LCA and LCOE for Wind Farm Scenarios 
Nine total scenarios were run for this study combining varying turbine lifespans of 20-year, 

25-year, and 30- year with varying capacity factors of 36%, 43%, and 50%. As seen in Figure 

16, as turbine lifespan and capacity factor increase, both the LCOE and emissions associated 

with global warming potential (GWP) decrease. As expected, a wind farm with a 30-year 

lifespan and a 50% capacity has the lowest LCOE and GWP out of all scenarios, having 

values of $0.038 USD per kWh and 4.81g CO2-eq per kWh. Furthermore, a wind farm with 

a 20-year lifespan and a 36% capacity has the highest LCOE and GWP out of all scenarios, 

having values of $0.06 USD per kWh and 10.02g CO2-eq per kWh. There are a few 

exceptions, however. A wind farm with a 25-year lifespan and 43% capacity factor (25yr, 

43%) has a lower GWP but higher LCOE than both a wind farms with the 20yr, 50% 

scenario. All things considered, the difference in LCOE between the two scenarios is small, 

having a difference in value of $0.0042 USD per kWh. This could suggest that turbine 

lifespan has a stronger effect on GWP while capacity factor has a stronger effect on LCOE; 

however, the general trend shows that as capacity factor and turbine lifespan increase, LCOE 

and GWP decrease.  
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Figure 16.: LCOE and LCA comparison for various wind farm scenarios. 

Note: Each scenario is represented by the proposed turbine lifespan and capacity factor. 

The scenario is described as lifespan, capacity factor (yr, %). 

5.3.2 Wind Farm vs. Current Electricity Mix 
The comparison of combined LCA and LCOE results for both the current Icelandic energy 

mix and proposed wind farm are shown in Table 19. As the results show, the proposed wind 

farm has a higher LCOE than the current Icelandic energy mix; however, has lower 

environmental impacts for all selected midpoint indicators. The results suggest that a 

proposed wind farm could be environmentally feasible, however, will not be economically 

feasible. 

 

Table 18: Current energy mix vs. wind farm LCA and LCOE comparison. 

  

Unit 

Current 

Electricity 

Mix 

Wind Farm 

LCOE USD/kWh $0.04 $0.05 

Global warming potential g CO2eq/kWh 52.19 6.71 

Mineral resource scarcity g Cueq/kWh 0.233 0.176 

Terrestrial acidification g SO2eq/kWh 0.034 0.027 

GWP (Uhmverfisstofunun, 2019) g CO2eq/kWh 8.80 6.71 

Note: Green represents lower value, red represents a higher value. Wind farm results are 

for a baseline scenario with a lifespan of 25-years and a capacity factor of 43%. 
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6 Discussion 
This chapter contains a discussion on the preliminary LCA and supplemental LCOE results 

as well as other factors that may affect the feasibility of a wind farm in the Westman Islands. 

Given that the LCA was the primary focus of this study, more detail was applied to this 

methodology in comparison to the supplemental LCOE. 

6.1 LCA Results (Preliminary) 
The baseline results of the detailed LCA study show that the pre-use phase contributes most 

to the environmental impacts out of the life cycle phases, across all impact categories. This 

result is in line with all the studies reviewed in section 2.2.1. This is most likely because 

many processes withing the pre-use phase release pollutants. For example, sealant used in 

the fiberglass rotary blades contain high chemical concentrations such as acids and 

polycyclic hydrocarbons (PAHs) (Alsaleh et al., 2019). The turbine tower is one of the 

largest components of the wind turbine, and it is mostly made of reinforced steel. In the 

hotspot analysis of the pre-use- phase, steel was the biggest contributor to global warming 

potential, contributing over 30% of the total CO2 emissions for the entire wind farm. Each 

tower section must be molded to its specific shape; therefore, the steel used must be 

superheated to temperatures exceeding 1300°C. This requires a large amount of energy that 

is most likely produced by burning coal or natural gas. Burning fossil fuels for electricity 

required by turbine manufacturing creates nitrogen oxides, which contribute greatly to smog 

formation, eutrophication, and acidification. After casting, the turbine components are then 

welded together. There are many pollutants associated with welding, including particulates 

such as cadmium, chromium, copper, fluorides, iron oxide, lead, nickel, and zinc. Gases such 

as carbon monoxide and oxides of nitrogen can also be released because of the welding 

process (Golbabaei et al., 2015). The impact from global warming derives mainly from the 

steel production in the tower and nacelle as well as from the fiberglass production for the 

rotor blades. This can most likely be attributed to the fossil fuels consumed to perform these 

processes. 

 

In the sensitivity analysis, it is seen that capacity factor and turbine lifespan have a major 

impact on the impact results of the preliminary LCA study. As capacity factor and turbine 

lifespan increases, impacts per kWh decrease across all impact categories. As stated 

previously, both results are most likely linked to the fact that most of the environmental 

impacts are associated with the wind farm’s pre-use phase. Increasing the capacity factor 

and lifespan of a turbine increases the amount of electricity produced by a wind turbine. This 

leads to lower impacts per kWh because the environmental impacts associated with the wind 

farm’s pre-use phase are therefore spread over more electricity produced. 

 

The total global warming impact per kWh for the wind farm is roughly 6.71g CO2 per kWh 

of electricity produced. This is slightly lower than the minimum 9.7g CO2 per kWh given 

by Varun et al. (2009); however, it falls in range of 4.6-55 g CO2-eq/kWh given by Alsaleh 

et al. (2019). In their own LCA of a 2MW turbine, Alsaleh et al. (2019) found a global 

warming impact of roughly 18g CO2 per kWh which is higher than the value found in this 

study. Based on all literature reviewed, global warming results vary greatly. This could be 

because of differences in geographies (wind resources), raw materials used, differences in 

turbine technology used, outdated literature (advancements in turbine technology), different 

impact assessment methods used, differences in recycling methods, differences in turbine 
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life span, and capacity factor differences. Alsaleh et al. (2019) presents their results as a 

subtotal with and without end-of-life factored in. As stated previously, the total global 

warming impact for their study was found to be roughly 18g CO2 per kWh over a 20-year 

lifespan; however, without end of life factored in, the value jumps up to 52.7g CO2 (Alsaleh 

et al., 2019). This means that the end-of-life scenario for this study mitigates roughly 34.7g 

CO2 per kWh of electricity produced. When an LCA is conducted, all elements of the 

product are to be considered. It is possible that elements are missing from this LCA study 

because much of the turbine inventory is proprietary data, so the master’s student may not 

have had full access to all components included in the wind farm. However, in an LCA 

conducted by Icelandic environmental firm EFLA on the current wind farm at Hafið (2015), 

they found the carbon footprint of the wind farm to be 5.3 g CO2-eq per kWh for a 25-year 

lifetime and 43% capacity factor. This is much closer to the global warming impact found 

in this study (6.71g CO2 per kWh). It should be noted that the EFLA study used totally 

different turbines; however, the wind farm country geography, lifespan, and capacity factor 

parameters were the same as in the one’s used this study. This could point to the importance 

of these factor on total impact result. 

 

When comparing the environmental impacts between different electricity generation 

sources, the calculated Icelandic energy mix scenario and wind farm LCA have significantly 

lower global warming and terrestrial acidification impact per kWh when compared to diesel 

electricity generation scenario. The difference in mineral resource scarcity impacts between 

the diesel generator scenario and the renewable generation sources (Iceland energy mix 

scenario and the wind farm LCA) were not nearly as significant as the other two selected 

indicators.  However, the diesel generator ranked highest categories and the proposed wind 

farm ranked lowest impacts per kWh of electricity produced for all three impact categories. 

The fact that the proposed wind farm ranked lowest in global warming impact, terrestrial 

acidification, and mineral resource scarcity certainly should come with the understanding 

that there are areas of uncertainty that may affect these results. For example, there is a 

significant difference between the emission factor values calculated using the ecoinvent 

3.7.1 database for the current Icelandic energy mix and the emission factor values given by 

the Environment Agency of Iceland (Uhmverfisstofunun, 2019). This shows that the 

environmental benefits of the wind farm could be an overestimation when compared to the 

Icelandic energy mix emission factor values calculated using data from the ecoinvent 3.7.1 

database. Therefore, although the calculated emission factor values for the wind farm are 

still lower than the values given by Uhmverfisstofunun (2019), a degree of uncertainty exists 

for the environmental impacts of a proposed wind farm that should be considered. The 

emission factor given by the Environment Agency of Iceland include fossil fuel usage, 

hydropower, and geothermal energy. Since these results are derived from an Icelandic 

government authority with access to specific inventory data that was not available the author 

of this study, these results should be the main values used for comparison.  These emission 

factors were only 31% higher than the emissions associated with the proposed wind farm, 

showing that the wind farm could not be environmentally feasible in the sense of global 

warming potential if the emission factor for the wind farm was determined to be only slightly 

higher in future studies. Uncertainties surrounding the wind farm emission factor results 

exist as well; however, when comparing the impact results of the proposed wind farm to the 

impacts from the EFLA (2015) wind farm study, the closeness of LCA results between these 

two studies should be considered.  
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6.2 LCOE Results (Supplemental) 
The results from the supplemental LCOE portion of this study found the cost of the proposed 

Westman Islands wind farm ranged from $0.04USD per kWh to $0.06USD per kWh 

(baseline LCOE of $0.05USD per kWh) dependent on the wind farm capacity factor and 

lifespan. As these two variables increased, it was found that the overall LCOE for the 

proposed wind farm decreased, once again pointing to the importance of capacity factor and 

lifespan to wind farm feasibility. These results are somewhat similar, if not slightly higher, 

to those expressed by IRENA (2021) and REN21 (2021) of $0.039USD per kWh $41 

USD per MWh respectively. It should be noted that the results from the wind farm could be 

skewed as the cost of transportation as well as operation and maintenance could be 

significantly higher as the costs used were averages provided through literature and are 

estimates that do not necessarily represent costs associated with the actual Westman Islands 

case. 

 

In comparison to the current cost of electricity for the Westman Islands district heating 

(roughly $0.036USD per kWh), the cost of a Westman Islands wind farm is higher in all 

scenarios. Even in the best-case scenario of a 30-year wind farm at 50% capacity factor, the 

LCOE of a Westman Islands wind farm would exceed what the municipality is already 

paying for renewable energy from the mainland. There is an argument that there would be a 

trade-off in that what the municipality would lose in cost, they would gain in electricity 

independency; however, other factors exist that could drastically increase LCOE of the wind 

farm. Such factors as possible higher operation and maintenance costs or shorter turbine 

lifespans due to natural wear-and-tear from extreme weather. Furthermore, the need to invest 

in battery storage to make up for intermittency would certainly affect the feasibility of a 

Westman Islands wind farm. This is discussed in further detail in section 6.2.1. 

6.3 Other Considerations 
This section outlines factors that may affect the feasibility of a wind farm in the Westman 

Islands. 

6.3.1 Uncertainty of LCA results 
There are significant areas of uncertainty that can affect the results provided by both the 

LCA and LCOE studies. This section outlines a few aspects that may contribute to these 

areas of uncertainty. 

 

Within the primary LCA study there exists several areas of uncertainty that could potentially 

affect the determined results. First, a lack of inventory data for the proposed wind farm could 

potentially contribute to lower emission values than those determined in section 5.1.  As 

wind turbine inventory is proprietary data for turbine manufacturers, certain turbine 

components from the life cycle inventory could have been omitted which would result in 

lower overall environmental impacts than if they were included. Furthermore, the exact 

replacement of turbine components during maintenance differs on a case-by case basis. 

Some turbine components may need to be replaced more frequently than previously 

estimated depending on wind conditions, manufacturing flaws, and unpredictable 

circumstances. This would elevate the overall environmental impact of the wind farm as 

more components would be manufactured for use throughout the wind farm’s life cycle. 

There could also be some inventory discrepancies for the diesel and current Icelandic energy 
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mix scenarios that may cause an overestimation of the wind farm’s environmental benefits. 

As stated previously in sections 5.1.4. and 6.1, there is a significant difference between the 

emission factor values of the current Icelandic energy mix calculations, and the values given 

by the Environment Agency of Iceland (Uhmverfisstofunun, 2019). This discrepancy can be 

caused by a lack of access to region specific data regarding the exact energy components 

included in the Icelandic energy portfolio. Secondly, the diesel generators used for the diesel 

calculations are relatively small industrial generators compared to those used in the Westman 

Islands if they were to hypothetically only use diesel generators to provide electricity to their 

district heating system. However, this process provided by ecoinvent was the best possible 

selection for this calculation due to lack of available inventory data. Larger, more efficient 

diesel generators may be associated with a smaller environmental impact per kWh of 

electricity produced than those provided in section 5.1.4. Based on data from literature 

review like that seen in Table 1 from section 2.2.1., is unlikely that diesel generating systems 

will have a smaller GWP than that of a proposed wind farm. Still, these areas of uncertainty 

could result in an overestimation of the environmental benefits associated with a wind farm 

and should be considered. 

6.3.2 Transportation 
Although special emphasis was placed on transportation in section 4.1.4., it seems to have 

very little effect on the overall LCA of a wind farm in the Westman Islands (Figure 7). For 

this reason, transportation was included in the life cycle phases rather than modeled 

individually. Other studies such as Ozoemena et al. (2018), Garrett et al. (2013), and Ji et al. 

(2016) also model transportation this way. As previously stated in section 2.2.1, The EWEA 

(2009) determined that the environmental implications from the transportation stages of 

wind energy are minor in contrast to the entire impact of the technology. However, 

transportation is by no means negligeable for wind turbine LCA studies and should be 

considered on a case-by-case basis.  

6.3.3 End of Life 
As stated previously in section 3.3.3, the recycling of glass fibre thermoset composites in 

wind turbine blades remains a challenge that can impact the environmental sustainability of 

a wind farm (Beauson et al., 2022). Being that wind turbines are marketed as a renewable 

energy source, the inability to properly recycle turbine blades through re-processing and 

material conversion is problematic (Beauson et al., 2022). Although the end-of-life phase of 

a wind turbine has been found to have the smallest impacts of the life cycle phases across all 

impact categories in this study, refining this process is important to the integrity of renewable 

energy transition. This section outlines ways recommendations to research, industry, and 

policy needs that could reduce the environmental impacts associated with the end-of-life 

phase for wind turbines. 

 

Research regarding the analysis of wind turbine blade end of life could greatly improve the 

environmental integrity surrounding a wind farm. For example, the development of methods 

which can accurately assess the properties and level of damage taken to a turbine’s blades at 

its decommissioning could assist in the repurposing or even re-use of these components 

(Beauson et al., 2022). Technology such as predictive maintenance, also discussed in 6.3.4., 

can extend the life span of these blades and reduce overall the overall environmental impact 

by spreading them over more years and higher electricity production. Turbine manufacturers 

could also conduct research and development of design solutions that facilitate the end-of 
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life blade processing and recycling processes via the development of newer, more 

environmentally sustainable materials or blade designs (Beauson et al., 2022). Furthermore, 

the use of LCA of turbine designs and recycling solutions could aid turbine manufacturers 

to identify environmentally friendly design alternatives for decision making regarding 

sustainability. From this research, policy guidelines and standardization can follow. 

 

Industrial scale recycling solutions are for turbine blade components are currently rare or 

non-existent in most regions around the world (Beauson et al., 2022). The end-of-life 

associated with wind turbine blades can be described in several phases. The first phase would 

be the extension of blade operation or re-use of turbine blades. Next would be, the recycling 

of blade materials for repurposing into new blades or other materials. The final phase would 

simply be disposal, usually landfilling. There are several ways that the environmental impact 

associated with wind turbine blade end-of-life can be reduced at the industry level. Firstly, 

decommissioning standards and standardization of wind turbine treatment should be 

developed as it would set a precedent for the use of environmentally friendly processes 

included in a wind turbine’s the end-of-life phase. Next, life cycle engineering (LCE) 

guidelines should be developed for the designing of wind turbine blades. LCE is defined by 

Jeswiet (2014), as “the engineering activities, which include the application of technological 

and scientific principles to manufacturing products with the goal of protecting the 

environment, conserving resources, encouraging economic progress, keeping in mind social 

concerns, and the need for sustainability, while optimizing the product life cycle and 

minimizing pollution and waste.” The development of turbine design guidelines using LCE 

would account for the blade’s end-of-life and optimize the environmental impact associated 

with it. Furthermore, an estimation of the second-hand market for wind turbines can 

stimulate the re-use and reduce the waste of turbine blades (Beauson et al., 2022). 

 

Policy standards can also assist in the refinement of turbine end-of-life. Standards such as 

tracing the waste amounts and locations of waste turbine blades can assist with nation-wide 

and global policy development. This tracing can result in harmonized regulations that 

establish recycling solutions, standardize the use of recovered turbine materials, and offer 

guidelines on the selection of specific recycling solutions for a given wind farm (Beauson et 

al., 2022).  

6.3.4 Intermittency and Battery Storage 
Although a wind farm could certainly assist the Westman Islands municipality to become 

energy independent, one factor that needs to be considered is the issue of intermittency. If 

there is no wind on a particular day, the wind farm produces no electricity. This is 

problematic since a community needs a constant and consistent supply of energy especially 

when the district heating relies on electricity for district heating. To make up for this, it 

would be advisable for the municipality to invest in a backup battery storage system to 

account for the down time from the wind turbines. 

 

Utility-scale battery storage systems are an emerging solution for intermittent energy sources 

such as wind energy, offering ways to increase wind farm flexibility through absorbing, 

holding, and reinjecting electricity back into the grid. These systems can offer grid services 

to system operators including frequency response, regulation of reserves, control over ramp 

rate, defer peak generation investments, as well as reinforce the grid (IRENA, 2019). 

Furthermore, utility-scale battery storage can store any excess generation produced by the 

intermittent renewable energy source as well as firm the source’s output allowing for greater 
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penetration of the source into the grid. The pairing of utility-scale battery storage and 

renewable energy generation sources can provide cheaper and more reliable electricity to 

off-grid communities that are dependent on imported diesel which can be expensive. 

(IRENA, 2019). Renewable energy generation sources combined with utility-scale battery 

storage can also maximize profitability by increasing revenues that could be lost due to 

curtailment; moreover, these combined systems can help island communities reduce their 

dependency on fossil fuels as well as offer cost savings on expensive imported fuels 

(IRENA, 2019). One example of this is in Hawaii, where nearly 130 MWh of combined 

renewable generation sources and utility-scale battery storage systems have been deployed 

to (Hawaii Electric Company, 2018). Another example of successful deployment of these 

combined systems is on the island of Ta’u in American Samoa. In 2016, Tesla installed 

1.4MW of solar power in combination with a 0.75MW/6MWh utility battery-storage system 

on Ta’u, shifting the islands dependency on diesel to solar. Now the island rarely uses their 

diesel generators, using them strictly for supplemental electricity generation (Muoio, 2016). 
 

Although utility-scale battery storage offers maximization of intermittent renewable energy 

technologies, they are not without their own set of environmental impacts that need to be 

considered. However, most of these impacts are far exceeded by those produced by fossil 

fuel sources. Based on an LCA study on utility-scale Li-ion batteries, results show that these 

storage systems have significantly lower impacts on climate change, fine particulate matter, 

photochemical ozone formation, and terrestrial acidification when compared to natural gas 

power; therefore, having the potential to reduce the impact of air pollution and climate 

change (Balakrishnan et al., 2019). 

 

While combined battery storage reduces the fossil fuel dependency of island communities 

and maximizes revenues for renewable energy generation sources, the Westman Islands 

already receive most of their electricity from mainland Icelandic hydropower and geothermal 

energy. This arguably challenged the need for such a system. However, since the sources are 

transported via sea cable, the combined system could be worth looking into as a secondary 

measure for times when the connection is disrupted, and the island is forced to switch to 

backup diesel generators. Furthermore, an argument could be made that the combination of 

wind energy, utility-scale battery storage, and the onshore renewable resources would 

eliminate the need for diesel generators completely (except for in the event of a catastrophic 

failure). To fully assess the feasibility of such as system, a combined LCA and LCOE of the 

combined wind and battery storage system would need to be conducted for the Westman 

Islands. 

6.3.5 The Advent of Predictive Maintenance 
As turbine technology progresses, so does the operation and maintenance of large-scale wind 

farms. Companies such as IBM and GE are already developing digital means of predictive 

and preventative maintenance for such wind farms with the intention of bolstering wind 

turbine production. For example, GE’s Predix software platform is currently used to create 

“digital twins” of gas, steam, and wind turbines alike. These twins exist digitally, usually 

stored in online clouds, and are provided with data from their physical twin- the turbine. This 

technology has an infinite number of applications, including testing different scenarios such 

as determining the outcome of stronger winds, longer sustained winds, no winds, etc. These 

twins can also gauge the status or health of a turbine in use. For example, digital temperature 

sensors from a turbines digital twin can be compared to the temperature of the actual sensors 

within the actual turbine. This will allow engineers to both monitor the turbine’s 
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performance as well as estimate the turbine’s future well-being. These estimates allow for 

necessary changes to be made to maximize turbine lifetime and efficiency (GE, 2021) 

(Pomerantz, 2018). Similarly, IBM has developed the Maximo application suite. This 

software is used to improve asset reliability with condition-based maintenance that is based 

on insights into asset health using analytics and operational data. Maximo gives accurate 

alerts and anomaly detection by putting asset data to work, providing engineers with the 

ability to conduct remote monitoring of wind turbines. Preventative and predictive 

maintenance via digital applications gives the turbine owners complete operational control 

over their assets and can, in turn, expand the lifetime of a turbine, increase generation uptime, 

reduce downtime, reduce risks, increase productivity, reduce maintenance costs, and ensure 

a faster return on investment. (IBM, 2021).  

6.3.6 Barriers 
Although a wind farm may be environmentally and economically feasible, the factors 

outlined in this section could possibly impede the deployment and feasibility of wind 

turbines for a given location. 

NIMBY 

NIMBY, or “Not in my backyard”, is expression used for local opposition to wind 

development as an alternative to fossil fuels. This opposition is common with wind projects; 

and it can complicate wind development for a given area, especially for local stakeholders, 

despite the economic and environmental feasibility. 

 

A recent study was conducted on tourist industry attitudes towards wind energy development 

in Iceland (Sæþórsdóttir et al., 2021). The results of this study express that the impacts 

associated with wind farm development were mostly perceived as negative due to the 

degradation of Iceland’s natural landscape. Furthermore, this study emphasizes the 

importance of examining local stakeholder opinions with the goal of reducing 

socioeconomic matters as well as disputes over land use related to the wind farm deployment 

(Sæþórsdóttir et al., 2021). Since the Westman Islands is a popular tourist destination, local 

support is necessary for any wind energy deployment.  Furthermore, a study was conducted 

on Icelander’s willingness to pay to preserve Búrfellslundur, an area discussed for major 

wind turbine development, from wind development (Einarsdóttir et al., 2019). The results of 

this study indicated that the economic value of preserving Búrfellslundur is of a scale that 

would be of significant impact to the social welfare gains or losses related to developing a 

large-scale wind farm here (Einarsdóttir et al., 2019). If this were also to represent the 

opinions of the Icelandic residents of the Westman Islands, it could significantly affect the 

feasibility of a Westman Island wind farm as it could affect the lifestyles of the people in the 

community. If the wind farm were to drive people out of the community, it would be 

counterproductive to the goal of making the community sustainable and energy efficient. 

The opinions of those in the community should be considered before the municipality 

engages in any type of wind farm development there. 

Bird Mortality 

A common concern with wind farm deployment is the effect of wind turbines and bird 

mortality due to collision. There was recently a study conducted by Heuck et al. (2019) 

regarding the correlation between wind turbines and bird mortality. The results of this study 

found that wind turbine density had a strong correlation to collision mortality rates; 
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Furthermore, Heuck et al. (2019) discovered that the combination of habitat suitability and 

turbine density amplified the effects on bird collision mortality. They concluded that a wind 

farm should not be in proximity to vulnerable bird species as it may damage the positive 

effects of local conservation efforts (Heuck et al., 2019). 

 

Roughly 20% of the Atlantic puffin (Fratercula arctica) world’s population breeds in the 

Westman Islands (Hansen et al., 2008). These puffin colonies make the Westman Islands a 

center for nature conservation and nature tourism. All things considered installing turbines 

within the small island community could very well have a significant impact on the fragile 

ecosystem. This should be an area of consideration if the municipality were to decide to 

move forward with adopting wind turbine energy as it could not only affect the nature 

tourism, but more importantly be detrimental to the puffin population in the Westman 

Islands. 
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7 Conclusion 
Renewable energy options play a significant role in reducing the effects of climate change 

for the global community. However, in clean energy transition it is important to understand 

the environmental impacts of the renewable energy systems and whether the proposed 

systems are a correct fit for a given community. As the world shifts towards a greener and 

more energy efficient future, it is important to fully understand the environmental and 

economic impacts of sustainable energy options. Advancements in wind turbine 

technologies have produced higher capacity factors and longer turbine lifespans which affect 

the impacts associated with wind farm technologies. The motivation of this study was to 

provide an environmental and economic analysis for the utilization of wind energy for Island 

communities such as the Westman Islands. 

 

The first research question focuses on the environmental impacts of a wind farm in the 

Westman Islands, the primary focus of this study. According to this study, the pre-use phase 

is responsible for most of the environmental impacts associated with a wind farm. The 

production of steel used in specific turbine components was found to have the largest 

contribution to the global warming impacts, as well as many other impacts, associated with 

the wind farm. The total embodied impacts for the Westman Islands wind farm were 

quantified and reported at the midpoint level using the open source openLCA software in 

combination with the ecoinvent 3.7.1 database and the ReCiPe impact assessment method. 

The total global warming impact of the wind farm for the baseline scenario was roughly 

6.71g CO2 per kWh of electricity produced which was comparable to another study on wind 

turbines in Iceland. This value also fell in the range of other reviewed LCA studies on wind 

farms. The results confirm that both increased capacity factor and increased lifespan reduced 

the overall impacts per kWh of electricity produced. The results also show that differing end 

of life scenarios do contribute to the overall impacts of a wind farm; however, the impacts 

are disproportionately attributed to the pre-use phase, so the end-of-life options have little to 

no impact on the overall environmental impact. Furthermore, when compared to the 

ecoinvent-calculated environmental impacts associated the current Icelandic energy mix and 

the use of diesel generators, the wind farm was found to have lower impacts to global 

warming potential, terrestrial acidification, and mineral resource scarcity. This demonstrates 

that a wind farm in the Westman Islands could prove environmentally sound. It should be 

noted, however, that a significant difference exists between the emission factor values of the 

current Icelandic energy mix scenario calculated using data from the ecoinvent 3.7.1 

database and the emission factor values given by the Environment Agency of Iceland 

(Uhmverfisstofunun, 2019). This indicates that the environmental benefits of the wind farm 

could be overestimation when compared to the performed Icelandic energy mix calculations. 

So, although the emission factor values for the wind farm are still 31% lower than the values 

given by Uhmverfisstofunun (2019) for the current Icelandic energy mix, a degree of 

uncertainty exists for the environmental impacts of a proposed wind farm. Also, 

environmental impacts such as bird mortality and visual impacts cannot be included in an 

LCA study. The wind farm could prove to not be environmentally feasible taking these 

factors into account Therefore, impacts of this type shed light on the limitations of using 

LCA as a tool to assess environmental impacts as it does not encompass all the 

environmental impacts associated with a wind farm in this case. 

 

The second research question focuses on the economic feasibility of the Westman Islands 

wind farm. Based on the baseline results of the supplemental LCOE, the wind farm was 
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found to have an LCOE of $0.05USD per kWh of electricity produced, ranging from 

$0.04USD per kWh to $0.06USD per kWh ($37.83-$59.83 USD per MWh) in the sensitivity 

analysis. Like the LCA study, increasing capacity factor and turbine lifespan decreased the 

wind farm LCOE. These results are similar, if not slightly higher, than the global weighted 

average LCOE results given by IRENA (2021) and the global benchmark LCOE given by 

REN21 (2021) listed at $0.04USD per kWh and $41 USD per MWh respectively. 

Furthermore, the LCOE is shown to be more expensive than the Island’s current electricity 

costs. As stated in section 6.2, the cost of a Westman Islands wind farm is higher in all 

scenarios when compared to the current cost of electricity for the Westman Islands district 

heating (roughly $0.036USD per kWh). Even in the “best-case” scenario of a 30-year wind 

farm at 50% capacity factor, the LCOE of a Westman Islands wind farm would exceed what 

the municipality is already paying for renewable energy from the mainland. This means that 

the proposed wind farm is currently not an economically feasible option for the Westman 

Islands community. It would take significant cost reductions in turbine manufacturing due 

to technological advancements, increases in turbine capacity factors due technological 

advancements, and perhaps developments in turbine design which provide the ability to re-

use turbine components (reducing the need for turbine replacement) to make a wind farm 

economically feasible for the Westman Island community.  

 

Lastly, it was evident throughout the preliminary LCA and supplemental LCOE analysis that 

the environmental and economic impacts of the proposed wind farm were mainly affected 

by variation of capacity factor and turbine lifespan. Although the results show slightly lower 

environmental impacts per kWh for the wind farm LCA then the current Icelandic energy 

mix the economic feasibility of a wind farm is not currently economically attractive for the 

Westman Islands community despite the capacity factor or lifespan. With that being said, 

the prospect of being energy independent could be attractive to the municipality and worth 

the increase in cost. Further research on the willingness to pay for energy independence by 

the Westman Islands community should be conducted to gauge this interest. Further research 

should also be conducted on the environmental and economic effects wind energy paired 

with utility-scale battery storage as a supplemental system. This system would be primarily 

utilized for periods when mainland electricity is unavailable for district heating. With high 

import prices of fossil fuels, results may show that this type of secondary system is 

environmentally and economically feasible for an Island community. Still, other 

socioeconomic and wildlife conservation considerations need to be made before a system 

like this were to be implemented by the community. 
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Appendix A: Midpoint Indicator 
Results per Life Cycle Phase 

 

Table A1. Pre-Use Phase 

Impact category 
Reference 

Unit 

Total 

Lifetime 

Impacts 

Total 

Impacts per 

kWh 

Fine particulate matter formation kg PM2.5 eq 2.42E+03 1.12E-05 

Fossil resource scarcity kg oil eq 3.23E+05 1.49E-03 

Freshwater ecotoxicity kg 1,4-DCB 5.26E+05 2.43E-03 

Freshwater eutrophication kg P eq 8.75E+02 4.04E-06 

Global warming kg CO2 eq 1.20E+06 5.52E-03 

Human carcinogenic toxicity kg 1,4-DCB 1.02E+06 4.69E-03 

Human non-carcinogenic toxicity kg 1,4-DCB 4.67E+06 2.16E-02 

Ionizing radiation kBq Co-60 eq 5.37E+04 2.48E-04 

Land use m2a crop eq 1.40E+05 6.46E-04 

Marine ecotoxicity kg 1,4-DCB 6.61E+05 3.05E-03 

Marine eutrophication kg N eq 6.63E+01 3.06E-07 

Mineral resource scarcity kg Cu eq 3.68E+04 1.70E-04 

Ozone formation, Human health kg NOx eq 4.72E+03 2.18E-05 

Ozone formation, Terrestrial ecosystems kg NOx eq 4.92E+03 2.27E-05 

Stratospheric ozone depletion kg CFC11 eq 5.22E-01 2.41E-09 

Terrestrial acidification kg SO2 eq 5.23E+03 2.41E-05 

Terrestrial ecotoxicity kg 1,4-DCB 6.92E+06 3.20E-02 

Water consumption m3 1.75E+04 8.07E-05 

Note: Results are shown at the baseline capacity factor of 43% at 25-year lifespan 
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Table A2. Use-Phase 

Impact category 
Reference 

Unit 

Total 

Lifetime 

Impacts 

Total 

Impacts per 

kWh 

Fine particulate matter formation kg PM2.5 eq 2.87E+02 1.32E-06 

Fossil resource scarcity kg oil eq 7.88E+04 3.64E-04 

Freshwater ecotoxicity kg 1,4-DCB 2.28E+04 1.05E-04 

Freshwater eutrophication kg P eq 3.70E+01 1.71E-07 

Global warming kg CO2 eq 2.47E+05 1.14E-03 

Human carcinogenic toxicity kg 1,4-DCB 3.89E+04 1.80E-04 

Human non-carcinogenic toxicity kg 1,4-DCB 1.88E+05 8.67E-04 

Ionizing radiation kBq Co-60 eq 7.23E+03 3.34E-05 

Land use m2a crop eq 6.19E+03 2.86E-05 

Marine ecotoxicity kg 1,4-DCB 2.90E+04 1.34E-04 

Marine eutrophication kg N eq 4.08E+00 1.88E-08 

Mineral resource scarcity kg Cu eq 1.26E+03 5.82E-06 

Ozone formation, Human health kg NOx eq 7.99E+02 3.69E-06 

Ozone formation, Terrestrial ecosystems kg NOx eq 8.22E+02 3.80E-06 

Stratospheric ozone depletion kg CFC11 eq 1.04E-01 4.78E-10 

Terrestrial acidification kg SO2 eq 6.96E+02 3.21E-06 

Terrestrial ecotoxicity kg 1,4-DCB 9.19E+05 4.24E-03 

Water consumption m3 7.84E+02 3.62E-06 

Note: Results are shown at the baseline capacity factor of 43% at 25-year lifespan.  
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Table A3. End-of-Life Phase (Recycling) 

Impact category 
Reference 

Unit 

Total 

Lifetime 

Impacts 

Total 

Impacts per 

kWh 

Fine particulate matter formation kg PM2.5 eq 4.40E+01 2.03E-07 

Fossil resource scarcity kg oil eq 1.73E+03 8.00E-06 

Freshwater ecotoxicity kg 1,4-DCB 1.22E+03 5.65E-06 

Freshwater eutrophication kg P eq -1.89E+00 -8.74E-09 

Global warming kg CO2 eq 1.10E+04 5.10E-05 

Human carcinogenic toxicity kg 1,4-DCB -1.21E+02 -5.60E-07 

Human non-carcinogenic toxicity kg 1,4-DCB 2.93E+04 1.35E-04 

Ionizing radiation kBq Co-60 eq -2.44E+02 -1.13E-06 

Land use m2a crop eq -4.37E+02 -2.02E-06 

Marine ecotoxicity kg 1,4-DCB 1.88E+03 8.67E-06 

Marine eutrophication kg N eq 1.41E+00 6.51E-09 

Mineral resource scarcity kg Cu eq -4.26E+01 -1.97E-07 

Ozone formation, Human health kg NOx eq 8.66E+01 4.00E-07 

Ozone formation, Terrestrial ecosystems kg NOx eq 8.79E+01 4.06E-07 

Stratospheric ozone depletion kg CFC11 eq 4.12E-03 1.90E-11 

Terrestrial acidification kg SO2 eq 3.19E+01 1.47E-07 

Terrestrial ecotoxicity kg 1,4-DCB -5.27E+03 -2.43E-05 

Water consumption m3 -1.93E+01 -8.89E-08 

Note: Results are shown at the baseline capacity factor of 43% at 25-year lifespan.  
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Table A4. End-of-Life Phase (Landfill) 

Impact category 
Reference 

Unit 

Total 

Lifetime 

Impacts 

Total 

Impacts per 

kWh 

Fine particulate matter formation kg PM2.5 eq 8.03E+01 3.71E-07 

Fossil resource scarcity kg oil eq 1.01E+04 4.66E-05 

Freshwater ecotoxicity kg 1,4-DCB 1.19E+06 5.50E-03 

Freshwater eutrophication kg P eq 5.90E-01 2.72E-09 

Global warming kg CO2 eq 4.58E+04 2.11E-04 

Human carcinogenic toxicity kg 1,4-DCB 1.83E+03 8.47E-06 

Human non-carcinogenic toxicity kg 1,4-DCB 9.61E+04 4.44E-04 

Ionizing radiation kBq Co-60 eq 2.79E+02 1.29E-06 

Land use m2a crop eq 1.55E+03 7.16E-06 

Marine ecotoxicity kg 1,4-DCB 1.42E+06 6.56E-03 

Marine eutrophication kg N eq 7.05E+00 3.25E-08 

Mineral resource scarcity kg Cu eq 9.08E+00 4.19E-08 

Ozone formation, Human health kg NOx eq 2.15E+02 9.92E-07 

Ozone formation, Terrestrial ecosystems kg NOx eq 2.19E+02 1.01E-06 

Stratospheric ozone depletion kg CFC11 eq 1.56E-02 7.19E-11 

Terrestrial acidification kg SO2 eq 1.13E+02 5.21E-07 

Terrestrial ecotoxicity kg 1,4-DCB 1.54E+05 7.09E-04 

Water consumption m3 2.77E+02 1.28E-06 

Note: Results are shown at the baseline capacity factor of 43% over a 25-year lifespan.  
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Table A5. Total 

Impact category Reference Unit 

Total 

Lifetime 

Impacts 

Total 

Impacts 

per kWh 
 

 

Fine particulate matter formation kg PM2.5 eq 2.76E+03 1.27E-05  

Fossil resource scarcity kg oil eq 4.03E+05 1.86E-03  

Freshwater ecotoxicity kg 1,4-DCB 5.50E+05 2.54E-03  

Freshwater eutrophication kg P eq 9.10E+02 4.20E-06  

Global warming kg CO2 eq 1.45E+06 6.71E-03  

Human carcinogenic toxicity kg 1,4-DCB 1.05E+06 4.87E-03  

Human non-carcinogenic toxicity kg 1,4-DCB 4.89E+06 2.26E-02  

Ionizing radiation kBq Co-60 eq 6.07E+04 2.80E-04  

Land use m2a crop eq 1.46E+05 6.73E-04  

Marine ecotoxicity kg 1,4-DCB 6.92E+05 3.19E-03  

Marine eutrophication kg N eq 7.18E+01 3.32E-07  

Mineral resource scarcity kg Cu eq 3.80E+04 1.76E-04  

Ozone formation, Human health kg NOx eq 5.60E+03 2.59E-05  

Ozone formation, Terrestrial ecosystems kg NOx eq 5.83E+03 2.69E-05  

Stratospheric ozone depletion kg CFC11 eq 6.29E-01 2.91E-09  

Terrestrial acidification kg SO2 eq 5.96E+03 2.75E-05  

Terrestrial ecotoxicity kg 1,4-DCB 7.83E+06 3.62E-02  

Water consumption m3 1.82E+04 8.42E-05  

Note: Results are shown at the baseline capacity factor of 43% over a 25-year lifespan. 
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Table A6. Energy Mix Impact Comparison per kWh. 

Impact category 
Reference 

Unit 

Diesel 

Energy 

Impact 

per kWh  

Iceland 

Energy 

Mix per 

kWh 

Wind 

Farm 

Impact/ 

kWh 

 

 

Fine particulate matter formation kg PM2.5 eq 4.35E-04 1.83E-05 1.27E-05  

Fossil resource scarcity kg oil eq 1.66E-01 2.22E-03 1.86E-03  

Freshwater ecotoxicity kg 1,4-DCB 2.79E-03 5.34E-03 2.54E-03  

Freshwater eutrophication kg P eq 1.65E-05 5.30E-06 4.20E-06  

Global warming kg CO2 eq 6.96E-01 5.22E-02 6.71E-03  

Human carcinogenic toxicity kg 1,4-DCB 8.81E-03 8.82E-03 4.87E-03  

Human non-carcinogenic toxicity kg 1,4-DCB 4.26E-02 2.44E-02 2.26E-02  

Ionizing radiation kBq Co-60 eq 5.02E-03 6.06E-04 2.80E-04  

Land use m2a crop eq 1.60E-03 3.69E-04 6.73E-04  

Marine ecotoxicity kg 1,4-DCB 3.96E-03 6.55E-03 3.19E-03  

Marine eutrophication kg N eq 3.94E-06 3.87E-07 3.32E-07  

Mineral resource scarcity kg Cu eq 3.20E-04 2.33E-04 1.76E-04  

Ozone formation, Human health kg NOx eq 9.87E-04 3.20E-05 2.59E-05  

Ozone formation, Terrestrial 

ecosystems kg NOx eq 1.05E-03 3.31E-05 
2.69E-05  

Stratospheric ozone depletion kg CFC11 eq 5.60E-07 6.05E-08 2.91E-09  

Terrestrial acidification kg SO2 eq 1.32E-03 3.40E-05 2.75E-05  

Terrestrial ecotoxicity kg 1,4-DCB 2.76E-01 3.65E-02 3.62E-02  

Water consumption m3 1.26E-03 2.27E-02 8.42E-05  

Note: Results are shown at the baseline capacity factor of 43% over a 25-year lifespan. 
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Table A7. Capacity Factor sensitivity at baseline 25-year lifespan. 

Impact category Reference Unit 
Total Wind Farm Impacts per kWh 

36% 43% 50% 

Fine particulate matter formation kg PM2.5 eq 1.52E-05 1.27E-05 1.09E-05 

Fossil resource scarcity kg oil eq 2.22E-03 1.86E-03 1.60E-03 

Freshwater ecotoxicity kg 1,4-DCB 3.03E-03 2.54E-03 2.18E-03 

Freshwater eutrophication kg P eq 5.02E-06 4.20E-06 3.61E-06 

Global warming kg CO2 eq 8.02E-03 6.71E-03 5.77E-03 

Human carcinogenic toxicity kg 1,4-DCB 5.82E-03 4.87E-03 4.19E-03 

Human non-carcinogenic toxicity kg 1,4-DCB 2.70E-02 2.26E-02 1.94E-02 

Ionizing radiation kBq Co-60 eq 3.35E-04 2.80E-04 2.41E-04 

Land use m2a crop eq 8.04E-04 6.73E-04 5.79E-04 

Marine ecotoxicity kg 1,4-DCB 3.82E-03 3.19E-03 2.75E-03 

Marine eutrophication kg N eq 3.96E-07 3.32E-07 2.85E-07 

Mineral resource scarcity kg Cu eq 2.10E-04 1.76E-04 1.51E-04 

Ozone formation, Human health kg NOx eq 3.09E-05 2.59E-05 2.22E-05 

Ozone formation, Terrestrial ecosystems kg Nox eq 3.21E-05 2.69E-05 2.31E-05 

Stratospheric ozone depletion kg CFC11 eq 3.47E-09 2.91E-09 2.50E-09 

Terrestrial acidification kg SO2 eq 2.74E-05 2.75E-05 2.37E-05 

Terrestrial ecotoxicity kg 1,4-DCB 4.52E-02 3.62E-02 3.11E-02 

Water consumption m3 1.05E-04 8.42E-05 7.24E-05 

Table A8. Lifespan sensitivity at baseline 43% capacity factor. 

 

Impact category 

Reference 

Unit 

Total Wind Farm Impacts per kWh 

20-year 25-year 30-year 

Fine particulate matter formation kg PM2.5 eq 1.59E-05 1.27E-05 1.06E-05 

Fossil resource scarcity kg oil eq 2.33E-03 1.86E-03 1.55E-03 

Freshwater ecotoxicity kg 1,4-DCB 3.18E-03 2.54E-03 2.12E-03 

Freshwater eutrophication kg P eq 4.55E-06 4.20E-06 3.51E-06 

Global warming kg CO2 eq 7.43E-03 6.71E-03 5.59E-03 

Human carcinogenic toxicity kg 1,4-DCB 5.27E-03 4.87E-03 4.06E-03 

Human non-carcinogenic toxicity kg 1,4-DCB 2.82E-02 2.26E-02 1.88E-02 

Ionizing radiation kBq Co-60 eq 3.50E-04 2.80E-04 2.34E-04 

Land use m2a crop eq 8.41E-04 6.73E-04 5.61E-04 

Marine ecotoxicity kg 1,4-DCB 3.99E-03 3.19E-03 2.66E-03 

Marine eutrophication kg N eq 4.15E-07 3.32E-07 2.76E-07 

Mineral resource scarcity kg Cu eq 2.20E-04 1.76E-04 1.46E-04 

Ozone formation, Human health kg NOx eq 3.23E-05 2.59E-05 2.15E-05 

Ozone formation, Terrestrial ecosystems kg NOx eq 3.36E-05 2.69E-05 2.24E-05 

Stratospheric ozone depletion kg CFC11 eq 3.63E-09 2.91E-09 2.42E-09 

Terrestrial acidification kg SO2 eq 3.44E-05 2.75E-05 2.29E-05 

Terrestrial ecotoxicity kg 1,4-DCB 4.52E-02 3.62E-02 3.01E-02 

Water consumption m3 1.05E-04 8.42E-05 7.02E-05 
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Appendix B: Other Relevant Data from 
Literature 

Table A9. Midpoint impacts by phase for 2MW Gamesa turbines, per kWh. 

 
Reprinted from (Alsaleh et al., 2019) 
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Table A10. Total installed cost ranges and weighted averages for onshore wind projects by 

country/region, 2010 and 2019. 

 
Reprinted from (IRENA, 2020) 

 

 

Table A11. Total installed cost ranges and weighted averages for onshore wind projects by 

country/region, 2010 and 2020. 

 
Reprinted from (IRENA, 2021) 
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Table A12. Cost and performance characteristics of new electricity generating technologies. 

 
Reprinted from (EIA, 2021) 
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