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Abstract: 

Renewable energies had accomplish to become part of a new era in the energy development 

area, making people able to stop relying on fossil fuels. Nevertheless the environmental 

impacts of these new energy sources also require to be quantified in order to review how 

many benefits these new technologies have for the environment. In this project the use of a 

Life Cycle Assessment (LCA) will be implemented in order to quantify the environmental 

impact of wave energy, an LCA is a technique for assessing various aspects with the 

development of a product and its potential impact throughout a product’s life (ISO 14040, 

1997). Several renewables have been assessed for their environmental impact using this tool 

(wind power, biofuels, photovoltaic panels, among others). This project will be focused on the 

study of wave power, specifically devices called point absorbers. 

At the beginning this thesis offers a description of the Life Cycle Assessment methodology with 

a brief explanation of each steps and requirements according to the ISO 14000 Standard. Later 

a description of different wave energy technologies is explained, along with the classification 

of different devices depending on its location and its form of harvesting energy. After 

explaining the different types available at the moment, the thesis will focus on the point 

absorber device and explain an approach that can be taken in order to simplify the complexity 

of the whole system. 

Once the device is fully explained the thesis approaches the methodology pursued in order to 

evaluate the system in terms of environmental impact in the selected category, for this case 

global warming. After, an evaluation of the different modules from the wave energy converter 

in terms of its environmental impact and choosing the best conditions in order to reduce it has 

being done.  

At the end of the thesis an economical overview of building wave energy converters is 

considered among its monetized cost to the environment and a comparison of this new 

technologies among other renewables in the market is done, in order to have an overview of 

the potential this type of energy can have.  

The main research question to be answered by this master thesis is how competitive is wave 

energy among other renewable technologies available at the moment. Since at the moment 

wave energy is in its early stages a representation of how other renewables had advanced 

from its early stages until today is presented, and the potential of this type of energy is 

evaluated in environmental and economic figures showing competitive results that can further 

be improved. 
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Introduction 
Energy demand is a major problem nowadays, this mainly due to the high increase in 

population which is linked to an increase in energy utilization, especially in developing 

countries. Energy requirements for a country is not only a concern for the population but also 

to the environment (Holdren, 1991).  

Nowadays the energy production is mainly based in fossil fuels accounting for an 81.2% of the 

total energy production (European Union, 2016), the energy generation contributes to 33 289 

Million tons of carbon dioxide (CO2) in 2013. It has been proven that CO2 enrichment is 

correlated with global warming (Norby, 2004). It is important to acknowledge that CO2 is part 

of the denominated Green House Gas (GHG) emissions, that are the main gases causing global 

warming, but at the same time that fossil fuels accounts for the majority of this GHG 

(Intergovernamental Panel on Climate Change, 2012). Global warming is already causing its 

effects around the world; ice is melting especially at the poles, a decrease of some species 

dependent on ice land based ecosystems, rise of sea level, fauna migration of different species, 

increase in precipitation (National Geogrphic, 2007), just to mention some. These effects are 

going to become worse as temperature increases, affecting not only other species but also 

humans.  

Renewable energies promise an alternative in order to reduce the GHG emissions and at the 

same time satisfy the global energy demand, while also contributing in the social and 

economic development of a country (Intergovernamental Panel on Climate Change, 2012). 

Several of these renewable energy technologies are already operating worldwide and 

contributing to energy generation while mitigating climate change, among the most popular 

solar, wind, hydro and biomass, can be mention. Even though these technologies mitigate 

climate change, it is important to mention mitigating is not getting rid of the problem. 

Renewable technologies also generate GHG emissions through their production, 

manufacturing, maintenance and disposal or recycling. In all the life cycle, from cradle to 

grave, renewables also contribute to climate change; that is why it is important to assess which 

of this technologies contribute the less to global warming and include this data among other 

important factors, such as the cost of investing in this technologies before taking a decision on 

which one is the best to invest depending on geographic, social and economic factors. A Life 

Cycle Assessment methodology is going to be used in this master thesis in order to assess the 

environmental impact, in terms of climate change, for a renewable technology. 

Among the renewable energies there is one technology that has been under the radar trying to 

make their way through the energy and environment contribution, this energy consist in 

harvesting energy from the oceans. Wave energy is one of the technologies that has not been 

able to participate grandly in the market compared to other renewables. Even though the 

technology to harvest waves has been in the market since the 1970’s and is available for up to 

90 percent of the time (Pelc, 2002) , the technology has not been able to reach its maturity as 

fast as other renewables. By 2009 only a 17 percent of the devices developed were able to 

reach the full scale prototype phase (Jahangir Khan, 2009). Since the technology had 

experience a low growth there is no surprise that the environmental impact effects of it has 

not been assessed compare to other renewables.  

In this master thesis an assessment of the environmental impacts, in terms of climate change, 

of developing a wave energy converter will be measured through the LCA methodology. 
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LCA Methodology 
A full Life Cycle Assessment (LCA) consist in a cradle to grave analysis of a product or a service 

that provides a comprehensive view of the environmental aspects involving its development. 

The most important aspect to identify in an LCA is the potential transfer of environmental 

impacts from one media to another and from one life cycle stage to another. By identifying 

these aspects it is possible to conclude which products or processes causes the least impact to 

the environment (Curran, 2015). This information can be combined with other factors such as 

cost and performance of the product or service to achieve the best result, when it comes to 

decision making. 

A life cycle assessment can be compressed in to goal and scope definition, inventory analysis, 

impact assessment and interpretation as shown in figure 1.1. 

 

Figure 1.1. Life Cycle Assessment framework (ISO 14040, 1997). 

Goal definition 
In order to define the goal of the LCA it is important to define the applications of the study and 

also the reason why the LCA is being done, this in order to have an understanding of the scope 

and the boundaries (Curran, 2015).  

Different types of LCA’s can be conducted with different purposes some examples are: 

 Single system- Internal use of results: the aim of this type of LCA is to assess an already 

made product and search for opportunities to reduce its environmental impact 

(Curran, 2015). 

 Single system- External use of results: this type of LCA has the goal to declare the 

product environmental impacts for the public (Example the customer) (Curran, 2015).  

 Comparative Analysis- Internal use result: here it is aim to compare different designs 

or manufacturing processes inside or outside the company in order to make a decision 

on which one to choose (Curran, 2015).  
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 Comparative Analysis- External use of results: this type of LCA goal is to provide results 

to the public in order to defend the environmental impact of the product or to defend 

possible legislations or bans affecting the product (Curran, 2015). 

Scope definition 
After clearly defining the goal, the scope of the LCA can be stated and should include: 

 Functional unit: which is defined by the ISO 14040 as the quantification of the 

identified functions of the product and its primary purpose is to provide a reference to 

relate inputs and outputs (ISO 14040, 1997). 

 System Boundaries: this includes all the boundaries the system can have which 

includes: life cycle stages, geographic, time, impact categories and cut–off criteria 

(Curran, 2015). 

 Allocation procedures: which consist in in dividing the unit process into sub process. 

Than after system expansion additional functions can be included (Curran, 2015). 

 Impact assessment methodology and interpretation approach to be used: it is 

important to define the impact categories in order to be linked with the potential 

impacts and effects to the aim entities to be protected (Curran, 2015).  

Life Cycle Impact Assessment 
The main purpose of the Life Cycle Impact Assessment (LCIA) is to bring additional information 

for a better interpretation of the Life Cycle Inventory (LCI) with the aim of understanding the 

environmental significance of natural resources use and the releases to the environment, in 

order to evaluate potential human health and environmental impacts (Curran, 2015). 

Unfortunately LCIA is unable to predict an absolute or precise environmental impact due to: 

 “The relative expression of potential environmental impacts to a reference unit. 

 The integration of environmental data over space and time. 

 The inherent uncertainty in modeling environmental impacts. 

 The fact that some possible environmental impacts may occur in the future.” (Curran, 

2015) 

ISO 14044 considers 3 mandatory elements and 3 optional elements for an LCIA (ISO 14040, 

1997): 

 Mandatory elements: 

-Selection of impact categories: is the first step in a LCIA and it consist in choosing the 

relevant impact categories relevant to the entities the LCA aims to protect. The 

commonly accepted areas of protection (AoP) are natural resources, natural 

environment, human health and man-made environment. Impact categories and 

indicators can be found at two levels: mid-point and end-point level (Curran, 2015). 
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Figure 1.2. Relationship between midpoint impact categories and three areas of protection 

(Curran, 2015). 

 

-Classification: This is the second mandatory step, it consist on assigning the LCI results 

to the selected impact categories. In case the data of a substance exist in more than 

one impact category, the substance is assigned to all of this category entirely (Curran, 

2015). 

 
Figure 1.3. Classification between LCI substances and Impact Categories (Curran, 2015). 

 

-Characterization: This is the final mandatory step and it consist in the calculation of 

category results. Every substance is run through a model to calculate its potential 

impact in the impact category or categories to which it was assign (Curran, 2015). 

 Optional elements:  

-Normalization: it consist in the calculation of the magnitude of a category indicator 

results relative to reference information in order to have a visualization of other 

known impacts compare to the ones caused by the analyzed functional unit (Curran, 

2015). 

-Grouping: it aims to reduce the number of impact categories, and also ranking them 

in order of importance by sorting (Curran, 2015). 

-Weighting: converting and aggregating, when possible, indicator results between 

impact categories using numerical factors based on value choices. The data before 

weighting should always remain available (Curran, 2015). 

The interpretation phase of the LCA consist on the analysis of the results from the LCI along 

with the results of the LCIA to help in the decision making process for selecting a different 

material, process, etc. always considering the uncertainty and the assumptions used to 

generate the results. It can happen that due to the uncertainty of the final results it cannot be 
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clear which option is the best, nevertheless it is important to know the given information from 

the LCA still reveals the pros and cons of each alternative (Curran, 2015). 

The ISO standard defines two objectives in the LCA interpretation: 

1. “Analyze results, reach conclusions, explain limitations, and provide recommendations 

based on the findings of the preceding phases of the LCA, and to report the results of 

the life cycle interpretation in a transparent manner. 

2. Provide readily understandable, complete and consistent presentation of the results of 

an LCA study, in accordance with the goal and scope of the study” (ISO 14040, 1997).  

It is of main importance to state all the modelling assumptions and engineering estimates 

while conducting an LCA, this with the aim of making the LCA as clear as possible and to know 

its specific limitations within the interpretation (Curran, 2015). Also LCA is used as an iterative 

approach and it is of great importance to determine if the results from the LCI or the LCIA are 

incomplete or unacceptable for making conclusions and recommendations, aim for a 

repetition of the results which can support the original objectives of the study (Curran, 2015). 

The use of LCA as a decision support tool should be used among other decision criteria, for 

example cost, performance or engineering limitations of the system, to make a well-balanced 

decision (Curran, 2015). 

Wave energy converter system: 
As mentioned before, this thesis involves the assessment of a Wave Energy Converter (WEC). 

The aim of a WEC is to extract the kinetic energy of the waves generated in the ocean. WEC´s 

can be classified by their location of installment and its method of extraction, table 1.1 

describes the classification of WEC’s by their location of installment (EMEC: European Marine 

Energy Center, 2016).  

Table 1.1. Classification of WEC´s by location (Harris, et al., 2004). 

Location 

First generation These are devices that are installed at the 
shore and where the first WEC´s to be 
developed. 

Second generation These are devices that are nearshore and are 
anchored to the seabed. 

Third generation With the increase in renewable energy 
requirements, devices at offshore were able 
to be push to development. These devices 
are distinguish from nearshore regarding its 
installation depth.  

Table 1.2 shows the three main methods of extraction a WEC can be classified. 

Table 1.2. Classification of WEC’s by method of energy extraction (Harris, et al., 2004). 

Method of energy extraction 

Oscillating Water Column (OWC) The wave cause the water column to rise and fall, 
which causes a change in pressure which is 
extracted by turbines. 

Overtopping Devices (OTD) As water breaks into a storage reservoir energy is 
extracted using turbines. 

Wave Activated Bodies (WAB) Waves activate different oscillatory movements 
of a devices and energy is extracted from this 



11 
 

movement. 

In Figure 1.4. it can be visualized the different examples of the methods of extraction, at the 

top left the Oscillating Water Column (OWC), top right Overtopping Devices (OTD) and at the 

bottom two different examples of Wave Activated Bodies (WAB).  

 

Figure 1.4. Examples of WEC´s (EMEC: European Marine Energy Center, 2016). 

In this thesis the focus is on a Wave Activated Body (WAB) energy converter; specifically a 

point absorber (see figure 1.2., bottom left), which consist of a floating structure that absorbs 

energy in every direction by its movement at the water surface, it converts the buoyant 

motion top relative to the base into electrical power (EMEC: European Marine Energy Center, 

2016). There are also several methods that can be used for the conversion of the mechanical 

energy into electrical energy that can be transported and used for different activities. Since the 

efficiency of a system is equal to the product of the efficiencies of the individual subsystems, 

which allows to conclude that the higher the efficiency of the subsystem or system and the 

less conversion subsystems in use the higher the efficiency of all the conversion system, taking 

into consideration the laws of thermodynamics. The system to be studied has the advantage to 

transform the mechanical energy created by the wave into electrical energy, which allows to 

reduce subsystems compare to using hydraulic systems to harvest the energy.  

Taking a systems engineering overview of the devices, it is possible to subdivide the system 

into three different modules, this in order to make the complexity manageable, enable parallel 

work, and accommodate future uncertainty (Baldwin & Clark, 2006), as shown in figure 1.3.   
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Figure 1.3. Subsystem distribution. 

Figure three shows the subdivision of our entire system for a single point absorber WEC. It is 

also important to notice that the generator can be either included inside the buoy or the 

mooring system or even between both of these subsystems. For this case the study will be 

done as having the generator inside the buoy, this in order to reduce maintenance expenses 

and risk by having the generator under water. It is important to notice that the pretension 

system is not analyzed in this master thesis, mainly because it has not being design at the 

moment. 

Buoy module: 
Different types and models of buoys can be used in order to extract as much energy as 

possible from arriving waves. For this case, a conceptual buoy has been already design and 

analyzed, that includes the generator inside. The hydrodynamic model has already been 

studied in another project master thesis giving already the mass of the total system (buoy and 

generator), diameter and height in order to achieve proficient results, it is important to 

mention that for this model the buoy and the generator is over dimensioned, where the 

generator is over dimensioned several times(See table 1.4).  

Table 1.4. Buoy specifications (Holmgren, 2016). 

Modeled buoy specifications 

Buoy diameter (m) 6 

Buoy height (m) 15 

Design length for generator (m) 7 

Buoy mass (ton) 41.5 

Generator mass (ton) 37.3 

System mass (ton) 78.8 
Table 1.4. Buoy specifications (Holmgren, 2016). 
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For this conceptual buoy, specific materials and a ballast tank configuration has been designed 

for the study and two different configurations are going to be analyzed. The materials has 

been chosen taking as a guide other buoys designs from different manufactures (See table 

1.5).  

 

Figure 1.5. Buoy 1. At the right the Polymer elastomer full buoy. At the right a representation of 

the inside configuration of the buoy. 

These two buoys are the ones to be evaluated in these process, it is important to mention that 

further design is required in order to assess each buoy entirely. Since wave energy technology 

has recently begun to be in the development, especially for offshore waves, this systems with 

these dimensions have not been fully developed. This numbers are estimations of what a buoy 

of this dimensions could be made up on, based on actual scale up buoys. Both buoys are also 

developed by reducing the amount of material while being able to deliver the weight 

requirement through a ballast system. 

Generator module 
Several generators can be used to extract the wave energy. For this project a transverse flux 

generator machine (TFM) will be analyzed, this novel generator is being developed by Anders 

Hagnestål at the Electric Power Systems department at the Royal Institute of Technology. The 

advantages of this generator compared to current linear generators is its shorter winding, by 

which it reduces the electrical resistance. This generator is also expected to have a lower 

weight compared to other linear generators (Hagnestål, 2016). 
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Figure 1.6. Linear generator (Guldbrandzén & Shah, 2016). 

The generator materials are expected to be fixed for this thesis and no further analysis in other 

generators comparison will be made in this project. 

Mooring System module 
A mooring system for a floating structure, which is the case of study, can be describe as a set 

of chain, rope, wire or a combination of them connected to an anchor, with the aim of keeping 

the floating structure in place (Bjørnsen, 2014). For WEC’s, several methods of mooring are 

available and have been studied but not fully tested. The mooring options with the highest 

suitability of installation in terms of cost/ benefit are Multi-Catenary Mooring, Catenary 

Anchor Leg Mooring (CALM) and Single Anchor Leg Mooring (SALM) (Harris, et al., 2004). Each 

of these systems has as a main component; a mooring line and the anchoring point. These two 

elements are the base of a mooring system, other elements can be added to the mooring 

system but for the case study these elements are the ones to be evaluated.  

For the mooring line, different options can be considered; chain, synthetic fiber rope, wire 

rope or a combination of these elements is also possible. For this case scenario a mooring line 

build by chains is going to be the subject of study.  

A chain can be described as rolled steel bars with the shape of links (Bjørnsen, 2014). The 

method for producing the bars is though welding of the steel profiles (Bjørnsen, 2014). After 

the welding the steel is heated and cooled and then heated again to temperatures above 570 

°C (DNV GL, 2013). This process helps to increase the toughness and reduce the hardness of 

the material, the material properties in the process are able to be controlled through changes 

in the heating time, heating temperature and cooling period (Bjørnsen, 2014). 

The mooring system also consist of an anchoring point; the elements which with the  

assistance of the mooring line, have the purpose of hold the structure  in place against the 

forces of wind and tide the floating structure is subjected (Rawson & Tupper, 2001). Different 

type of anchoring point systems can be used for WEC’s: 

 Dead weight: where the holding capacity is created by the weight 

of the material use and partly by the friction between the dead 

weight and the seabed. The main materials used today for this 

type of anchors are concrete and steel. This type of anchoring 

point is also the oldes system available (Vryhof Anchors, 2010). 

 Figure 1.7. 
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 Drag embedment anchor: this type of anchor is designed to to 

penetrate into the seabed, partly or fully. The resistance in this 

type of anchor is generated from the soil resistance infront of the 

anchor. For large horizontal loads these type of anchors are well 

suited, nevertheless for large vertical loads these anchors do not 

work properly (Vryhof Anchors, 2010).  

 Pile: the system consist of a hollow steel pipe which is intall at the 

seabed with the use of a piling hammer or a vibrator. The friction 

of the soil along the pile and the lateral soil resistance generates 

the holding capacity for this system. This system requires to be 

installed at a high depth below the seabed in order to get the 

required holding capacity. The system is also capable of resisting 

both vertical and horizontal loads (Vryhof Anchors, 2010).  

 Suction anchor: same as the pile the suction anchor also consist of 

a hollow steel pipe but with a pipe diameter larger than the pile. 

By the use of a pump connected to the top of the pipe, this type 

of anchor is foced into the seabed. After installation is finished 

the pump can be removed. In this type of anchor the holding 

capacity comes from the friction of the soil together with the 

suction anchor and the lateral soil resistance. These anchors, 

same as the pile is capable of resist both vertical and horizontal 

loads (Vryhof Anchors, 2010).  

 Vertical load anchor: this anchor has the same installation 

principle as the drag embedment anchor, nevertheless it 

penetrates much deeper into the seabed. The anchor is also 

capable to withstand both vertical and horizontal loads (Vryhof 

Anchors, 2010).  

 

 

This systems needs to be further analyzed for the suitability of the WEC installation, several 

factors vary depending on the location of the device, the seabed conditions and also the 

weather conditions. For this thesis the weight system will be analyzed this regarding its 

simplicity for the analysis also its suitability. Also for the mooring system it is important to 

state that the deployment of the system is expected to be at the North Sea, where the average 

depth is 95 meters (Royal Belgian Institute of Natural Sciences, 2016), nevertheless for this 

case an anchoring length of 25 m. 

The modules as described are based in conceptual concepts and the technology to 

manufacture them is available nowadays in different companies. However it is important to 

mention that further engineering work, analysis, simulation, experimental tests and validation 

of the systems is required before production begins.  

Thesis Objective: 

Purpose 
The development of a new WEC requires the knowledge on how the manufacturing and use of 

the product will affect the environment. As well as concerning for the cost and engineering 

Figure 1.8. 

Figure 1.10. 

Figure 1.11. 

Figure 1.9. 
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constrains of the system. For this thesis the main objective is to assess the environmental 

impact a WEC will produce in terms of climate change and to give possible solutions for 

manufacturing, and to suggest materials to use in the WEC in order to reduce its 

environmental impact. 

Goals 
The thesis goals rely on the environmental improvements of a specific WEC, a WAB point 

absorber, which is being developed by PhD Anders Hagnestål, more specifically the main 

analyze relies on the generator which is already being built. The rest of the system analysis 

relies on assumptions and scalable systems, this regarding the technology availability. At the 

moment these devices are built as single devices mainly and mass manufacturing has not being 

done. Nevertheless there are similar manufacturing processes which are going to be scaled in 

order to estimate a possible outcome of the environmental impact these devices can have in 

the future, once mass manufacturing will begin. The WEC in this thesis is expected to be 

deployed at the North Sea, this in order to make use of the already based grid the offshore 

wind energy has developed along the years. The integration of this energy into the already 

build grid will help not only to reduce costs but also to reduce the environmental impact since 

the system is already in place, just specific modifications will be required for both wind and 

wave energy to distribute energy together (Chozas, et al., 2010). 

By modeling different options at the buoy and mooring subsystem and keeping specific values 

for the generator the thesis aims to answer the following questions: 

1)       What is the life cycle climate change impacts associated with the delivery of 
energy by a wave energy converter? 
2) What are the life cycle costs associated with the delivery of energy by a wave 
energy converter? 
3) What are the benefits of using wave energy compare with other renewables? 
 

When building a new product it is also important to consider the cost of 
manufacturing, this thesis also aims to answer the next question in order to make the 
product, not only to reduce the environmental impact of the product but also to 
consider the cost associated with the manufacturing of the product.  
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LCA of WEC 

LCA Goal and Scope 
Every LCA begins with a goal and scope where the identification of the purpose is defined, as 

well as the boundaries of the study, the assumptions and the expected output (Curran, 2015). 

For this LCA the evaluation is done by the modules described before (buoy, generator and 

mooring system), this in case an improvement on one specific module takes place, it can just 

be reevaluated and add it to the other set of modules for a complete assessment of the whole 

system. Nevertheless the results of each module is going to be added at the end in order to 

have a review of the total environmental impact in terms of climate change for the whole 

system. The system boundaries are also defined for the production of each module 

nevertheless it is important to mention that each product material is going to take place in the 

background of this thesis and the main objective to analyze the generator, since it is the 

system from which most of the information is acquired. The buoy and the mooring systems are 

also assessed correctly, nevertheless further designs and analysis are required for both 

systems in order to assess its real material selection. It is also important to mention that in 

each module LCA the product itself is the functional unit. 

  
Raw material extraction 

Raw material processing 

Steel 

 

Polyurethane 

 

Aluminum 

 

Glass Fiber 

 

Epoxy 

 

Buoy 

 

Manufacturing 

 

Generator

 

 

 Transportation 

Transportation 

 

Transportation 

 

Mooring System

 

 

 Transportation 

Energy 

Use 

 

Recycle 

 
Figure 3.1. Diagram of the system to be analyzed 
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Background 

Background 

Disposal 
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Figure 3.1 shows a flow diagram of how the life cycle of the WEC is expected to be developed, 

from its cradle, where the raw materials are extracted, until its grave which can go either to 

recycle or disposal of the buoy. In this thesis the main processes to be analyzed begin at the 

manufacturing of the different materials to generate the three different modules; the buoy, 

the generator and the mooring system. The rest of the life cycle is either taken from databases 

already set or if the contribution to the overall system of a material is considered minimal it is 

omitted or included as a production of a whole section ,e.g. the manufacture of bolts, joints 

and different small components in the generator are considered all together as a production of 

steel, their contribution is important in mass production but for a single component it can be 

negligible or allocated as steel manufactured component which is the case. 

Based on the life cycle being evaluated it is important to mention that the foreground of this 

master thesis is based from manufacture of the components until transportation to the place 

of deployment, in this case the North Sea. The background is based on the processes 

happening before the manufacturing, e.g. the raw material extraction for the manufacturing of 

the materials being used, and the processes happening after the deployment will also live in 

the background area as shown in the diagram. This type of LCA are called from gate to gate, 

where the main evaluation happens at a certain part in the life cycle which does not include 

the cradle nor the grave (Curran, 2015). The complete assessment is done by the used of 

SimaPro7 (See Appendix A). 

As mentioned the functional unit is the product itself for each converter, this in order to 

evaluate possible hotspots in the system where improvements can be made. Nevertheless, in 

order to be able to compare our results with other renewables a functional unit of 1 kWh of 

electricity produced by a wave power farm of 20 MW, since there is no information on the 

maintenance requirements for the devices nor the life time expectancy, a 5 years lifespan for 

the wave energy converters has been assumed. 

Buoy LCA 
The first module to be analyzed in this thesis is the buoy, two different models are assessed in 

terms of manufacturing and material selection. Transportation is also considered for both 

buoys from different manufacturers in Europe having business in the buoy manufacturing 

area, also some of the material for this module is produced in China.  

The goal of this LCA is to compare both buoys to draw conclusions of which one will be the 

better for the overall system giving as a functional unit the product itself. The geographical 

limitations are explained for each buoy and the impact category chosen is climate change.   

The main limitations of this LCA are the engineering design constrains, both models are based 

on a conceptual design buoy with the aim of making the design as light as possible but 

considering the structural constrains of the materials used. No further analysis is done for the 

buoys in engineering terms. Nevertheless this gives a general overview of the material and also 

on the transportation factors for the manufacturing of the buoy in terms of environmental 

impact. Both methods do exist for the buoy manufacturing and the possibility of building the 

buoy with the selected materials exist nowadays. Both data acquisitions was obtained from 

existing buoy manufacturers, nevertheless the dimensions of the buoys are not the ones their 

manufacturer built but the system was scaled linearly in terms of energy consumption from 

the manufacturing machines. 
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Buoy 1: Polyurethane Buoy 
The first buoy to be analyzed consists of a configuration of polyurethane elastomer, 

polyurethane foam and stainless steel, the requirements of each material are shown at table 

3.1. 

Table 3.1. Buoy 1 materials. 

Material: Weight (ton): 

Polyurethane Foam 11.53 

Polyurethane Elastomer 21.95 

Stainless Steel 4.7 

 

For the production of both buoys three main manufacturing techniques are the main ones to 

be evaluated: 

 The rotational molding: the process consists of introducing a known amount of plastic 

powder into a hollow mold. Than the mold is rotated at low speeds while at the same 

time is heated so the plastic inside the mold adheres to the mold surface. After this the 

heating stops but the rotation continues in order for the plastic to maintain the 

desired shape until it solidifies. Finally the rotation stops when the plastic is sufficiently 

rigid in order to allow the removal of the plastic product (Association of Rotational 

Moulders Australasia INC., 2013). 

 Injection molding: the process consist of taking plastic material in the form of granules, 

heat the plastic until it is soft enough for it to be injected under pressure to fill in a 

predetermined mold. After the plastic inside the mold is cooled sufficiently to harden 

the injection the mold can be open delivering and exact copy of the mold (Rutland 

Plastics Ltd., 2013). 

 3-Roller symmetry Rolling: the rolling process consist of three rolls, one fixed and two 

movable, that together bend a metal sheet until the desired shape is done. Figure 3.2 

shows a representation on how the system work (American Machine Tools Co., 2015). 

 

 

For the rotational molding manufacture at Torbiato di Andro in Italy the company RESINEX 

manufacture buoys using this process and the materials assessed, polyurethane elastomer, 

also the company provides the service of injection foaming for the inner polyurethane foam. 

The stainless steel cylinders are assumed to be manufactured at Jiangsu, China using by Wuxi 

Shenchong Machine Co.  with a 3-Roller Symmetry Rolling machine for shipbuilding. The 

energy and gas consumption can be seen at table 3.2. 

Table 3.2. Buoy 1 manufacturing energy consumption. 

Machine Energy consumption 

Rotational Molding: 

-Electricity 130.8 (KWh) 

-Natural Gas 1440 m3 

Figure 3.2. Representation of a 3- Roller Symmetry Rolling Process 

(American Machine Tools Co., 2015). 
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Injection Foaming  

-Electricity 36 (KWh) 

3-Roller Symmetry Rolling 

-Electricity 18.67 (KWh) 

 

Both of the manufacturing will be done at the locations mentioned above but the assembly is 

expected to be done in Sweden, for this reason it is important to consider the environmental 

impact transportation will aggregate to the system. Table 3.3 shows the distances required for 

each component to be delivered after being manufactured at the assembly site in Stockholm, 

Sweden. The distances are calculated from the closest location train station and port, the 

analysis does not include the transportation from the manufacturing facility to the 

transportation site. 

Table 3.3. Buoy 1 distances to assembly. 

Type of transportation Distance (Km) 

Ship 24708 

Train 2120 

 

Buoy 2: Stainless Steel Buoy 
For the second buoy the configuration consist of several sets of stainless steel manufactured 

cylinders with the use of the 3-Roller Symmetry Rolling machine in Jiangsu, China, same as in 

buoy 1, and the injection of polyurethane process is done in Stockholm, Sweden. Table 3.4 

shows the information for this scenario.  

Table 3.4. Buoy 2 specifications. 

Buoy 2: 

Material: Weight (ton): 

Polyurethane Foam 2.43 

Stainless Steel 19.75 

Machine Energy consumption 

Injection Foaming  

-Electricity 0.77 (KWh) 

3-Roller Symmetry Rolling  

-Electricity 110 (KWh) 

Type of transportation Distance (Km) 

Ship 24708 
 

Buoy LCA results 

Buoy 1: 

Table 3.5 shows each process to build buoy 1 with its respective contribution to climate 

change, a 0,5% cut off has been applied in order to visualize only the major contributing 

substances. As it is seen, the polyurethane injection is the major contributor of the climate 

change with a releases of 57,355.6 kg CO2 equivalent. It is also important to notice the 

transportation contribution from both transportation systems, the ship transportation has a 

lower impact even though it travels a farther distance.  
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Table 3.5. Climate change Kg CO2 equivalent Releases from buoy 1. 

 

 

Also it is important to consider the major contributing substances and its percentages in the 

whole process. As it is seen in figure 3.3 the major contributor for this scenario comes from the 

carbon dioxide releases from the manufacture of the buoy. The total releases can also be seen 

at table 3.5 producing a total of 90,812 Kg CO2 equivalent to the air.  

 

Figure 3.3. Contribution by substance in the manufacturing process of Buoy 1. 

Substance Unit Total 
Polyurethane 
Buoy Rigid 

Steel 
Rolling 

Polyurethane 
Injection 

Transport, 
ship 

Transport 
train 

Total kg CO2 eq 103096,8 19705,76 21221,53 57355,6 1308,691 3505,228 

Remaining 
substances kg CO2 eq 966,0279 363,8298 199,8926 340,2073 12,54072 49,5575 

Carbon 
dioxide, 
fossil kg CO2 eq 90812,83 19281,8 19351,49 47640,45 1261,13 3277,952 

Methane, 
fossil kg CO2 eq 11317,95 60,12559 1670,145 9374,936 35,02077 177,7187 
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Buoy 2 

Same as in buoy 1 table 3.6 shows the contribution from each process in order to manufacture 

buoy 2 with a 0.5% cut off and its contribution to climate change. For this case the major 

contributor is the steel rolling process. It is also important to notice the appearing of 

dinitrogen monoxide as the third highest contributor of the manufacturing process in the 

manufacturing of this buoy.  

Substance Unit Total 
Steel 

Rolling 
Polyurethane 

Injection 
Transport 

ship 

Total kg CO2 eq 107349,3 89175,57 12087,95 6085,753 

Remaining 
substances kg CO2 eq 292,8341 241,6994 39,92088 11,21385 

Carbon dioxide, 
fossil kg CO2 eq 97222,45 81317,43 10040,44 5864,58 

Dinitrogen monoxide kg CO2 eq 677,1579 598,2748 31,77936 47,10376 

Methane, fossil kg CO2 eq 9156,83 7018,164 1975,81 162,8556 

Table 3.5. Climate change Kg CO2 equivalent Releases from buoy 2. 

Figure 3.3 shows the contribution of each substance to the manufacturing system of buoy 2. It 

is also important to notice the main contribution comes from the releases of carbon dioxide to 

the air. 

 

Figure 3.4. Contribution by substance in the manufacturing process of Buoy 2. 
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Analysis buoy 1 vs buoy 2 

As it is seen in figure 3.5 buoy 1 contributes less than buoy 2 in terms of climate change in the 

total contribution for Kg CO2 equivalent releases to the air. However it is also important to 

notice that the main contribution difference comes from carbon dioxide, but for methane 

releases the contribution of buoy 1 is higher than the one from buoy 2. The remaining releases 

from other substances difference between both systems is minimal, dinitrogen monoxide 

included as remaining substances, compared to the differences from carbon dioxide and 

methane. 

Regarding this conclusions it is important to recommend in terms of environmental impact 

from the climate change category to manufacture buoy 1. Figure 3.5 shows the contribution of 

each buoy in terms of climate change. 

 

 

Figure 3.5. Climate change kg CO2 equivalent Buoy 1 vs. Buoy 2. 

In order to further improve the process of buoy 1, to reduce the environmental impact, an 

assessment of the same system with full sea transportation is shown in table 3.6 in terms of kg 

CO2 equivalent releases to the air. 

Table 3.6. Comparison of marine transportation vs. land transportation. 

 
Buoy 1 

Buoy 1 (only sea 
transport) Reduction 

Reduction 
per kWh 

Total 103096,8 101847,9 1248,932 4,475E-4 

Carbon dioxide 90812,83 89709,17 1103,656 4,2E-4 

Methane 11317,95 11200,61 117,3398 4,46E-5 

Remaining substances 966,0279 938,0917 27,93621 1,06E-5 

 

Generator LCA 
For the generator, since it is the module being developed, all the information regarding 

materials is known so no further comparison to other possible scenarios will be done. For most 

of the components the place of origin is also known and accounted for in the LCA. Table 3.5 
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shows the materials required for the generator. An inventory of the materials in use can be 

seen at table 3.5 in accordance with its location of shipping. 

Some of the materials in use for the generator account for a minimal part of the whole product 

so only the primary production of the materials is accounted, e.g. bolt, screws and springs are 

considered as one and only their material primary production of the materials is taken into 

account. 

Most of the materials at the generator can be found at SimaPro 7, nevertheless for the 

aluminum winding, the neodymium magnets and the electrical steel a new process had to be 

created. For the aluminum winding the company LWW group in Sweden was contacted and for 

the energy consumption of their winding machines for the amount of aluminum material 

provided. The information from the electrical steel was provided by JFE group in order to 

estimate an average production of the required material contribution to climate change. The 

neodymium magnets contribution had been taken from a previous master thesis from 

Christoffer Venås at NTNU, only the contribution from carbon dioxide emissions to the air for 

climate change was considered for this case. 

Table 3.5. Materials for generator. 

Material Weight (Kg) Location 

Grain Oriented Electrical Steel 2400 Japan 

Non Oriented Electrical Steel 1200 Japan 

Neodynium Magnets (N48H) 132 China 

Aluminum Winding 300 China 

Glass Fiber 593 China 

Epoxy Resin 100 China 

Stainless Steel 612 China 

Steel 550 China 

 

Generator LCA results 
At table 3.7 the results from each material process can be seen for the generator itself and also 

its contribution for 1kWh. It is important to notice the major contributor for climate change is 

both stainless steel and electrical steel production.  

Table 3.7. Climate change Kg CO2 equivalent Releases from generator. 

Substance 
Total per 
generator 

Total per 
kWh 

Unit kg CO2 eq kg CO2 eq 

Total 38947,58 0.0148 

Stainless Steel 17909,8 0.0068 

Glass Fiber 3165,655 0.0012 

Polyurethane 248,6447 9.46E-5 

Steel 574,6081 0.0002 

Epoxy resin insulator 356,9142 0.0001 

Aluminum Winding 4710,802 0.0018 

Neodymium Magnets 8474,4 0.0032 

Electrical Steel 15467,71 0.0058 

Transport sea 1197,399 0.0004 
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Figure 3.6 shows a representation of the contribution of each material in terms of Kg CO2 

equivalent releases of each material in the total build of the generator. Also in figure 3.7 the 

total contribution of Kg CO2 equivalent divided by the mass of each material can be seen. 

 

Figure 3.6. Kg CO2 equivalent. 

 

Figure 3.7. Kg CO2 equivalent per Kg. 

As it can be seen the major contributor to climate change is the steel but when it comes to its 

contribution in terms of the mass use in the system, it is possible to see that the Neodymium 

Magnets constitute the most to the climate change per kilogram.  
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Mooring System LCA 
For the mooring system the assessment is going to be divided into two modules the mooring 

line and the anchor point. This in order to change the module in case new technologies arise 

especially with the continuous development of composites the chain for the mooring line can 

be changed and with the high uncertainty of the mooring system to be used, the dead weight, 

changes will be required. 

Mooring Line: Chain 
For the chain the case studied is based on a chain already developed by DAI HAN ANCHOR 

CHAIN MFG. CO. LTD., the chain of study from the company was chosen by considering the 

worst case scenario for the deployment of the structure in harsh conditions where loads can 

be considerably high. Another consideration when choosing the type of chain for this company 

was the chain diameter, this regarding the availability of information from different machines 

capable to bend and weld the chain links. The final resolution for the chain using the 

information given by DAI HAN ANCHOR CHAIN MFG. CO. LTD. is shown at table 3.8. 

Table 3.8. Chain Specifications (DAI HAN ANCHOR CHAIN MFG. CO. LTD. , 2016). 

Chain Diameter (mm) Proof Load (KN) Breaking Load (KN) Weight (Kg/m) 

100 8640 11520 219 

 

For this case two different scenarios are going to be considered a welding scenario with two 

different welding options. 

 Gas welding: which consist of any welding operation using fuel gas combined with 

oxygen as a heating source (Kou, 1987). 

  Arc welding: this method has as a main heating source the use of an electric arc that is 

placed between the tip of a covered electrode and the desired surface of the metal 

being weld (Kou, 1987). 

Both methods are considered in the project, nevertheless the timing frame is estimated from a 

welding machine produce by WAFIOS AG a German company working with the production of 

chain manufacturing machines, also the bending of the links is considered from one machine 

from WAFIOS AG. Table 3.9 shows a representation for the required time in order to build a 

complete chain from the required length for the North Sea.  

Table 3.9. WAFIOS KEH 7 and KEB 8.1, average welding and bending time. 

WAFIOS Machines Required length of 
the chain (m) 

Average output 
meters per hour 

Required Energy 
(KWh) 

Welding (WAFIOS 
AG, 2016) 

25 210 5,5 

Bending (WAFIOS 
AG, 2016) 

25 150 44 

 

It is important to mention the numbers are based on average specifications from the machine. 

It is also important to point out that the machine uses electric arc welding, nevertheless both 

scenarios are going to be considered with the same time frame, for electric arc and gas 

welding. This scenario is going to be evaluated in this matter since it has the aim to assess only 

the environmental impact of two different processes based on its contribution to the system. 
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Also the uncertainty of innovations in both methods by the time the whole system is planned 

to be developed is unknown. 

Anchoring point: Dead weight 
The calculated dead weight for the buoy is going to be fixed in one ton and concrete and steel 

are going to be the selected materials and are considered to be manufacture in the assembly 

location, which is commonly used in this type of anchoring (Vryhof Anchors, 2010). Other 

materials can be used for the anchoring module and it is of high importance that other 

anchoring systems are assessed also in order to have the right choice for the anchoring device 

to be used, taking into consideration the sea conditions. 

Mooring System LCA Results 
Two mooring system are addressed for this LCA, one considering a steel chain using the 

electric arc welding for its processing with a concrete anchor and the other considering a steel 

chain with a gas welding process and a steel anchor. Also both chains are expected to be 

manufactured at the same facility and both anchors at the assembly place. Table 3.10 shows 

the specifications for both scenarios in terms of materials and location, the transportation is 

included in the assessment for the chain.  

Table 3.10. Materials for Mooring System 1 & 2. 

Mooring System Material Weight (Kg) Location 

Mooring System 1 Chain (Electrical Arc 
Welding) 

5,475 South Korea 

Concrete Anchor 1000 Sweden 

Mooring System 2 Chain (Gas Welding) 5,475 South Korea 

Steel Anchor 1000 Sweden 

 

Mooring System 1 

Table 3.11 expresses the environmental impacts in the climate change category with a cut off 

of 0.5%. As it is seen at the table the Steel Chain Arc Welding is the major contributor to the 

system and the major climate change emissions to be due to carbon dioxide. 

Table 3.11. Climate change Kg CO2 equivalent Releases from Mooring System 1. 

Substance Unit Total 
Steel Chain 
Arc Welding 

Concrete 
block Transport 

Total kg CO2 eq 26734,07 24863,59 106,2987 1764,183 

Remaining 
substances kg CO2 eq 71,29668 67,8102 0,235728 3,250753 

Carbon dioxide, 
fossil kg CO2 eq 24473,83 22671,36 102,3967 1700,068 

Dinitrogen monoxide kg CO2 eq 181,0025 166,9285 0,419208 13,65479 

Methane, fossil kg CO2 eq 2007,942 1957,485 3,247018 47,2098 

 

Figure 3.11 shows the major contributions of each process to the whole system. It can be seen 

how the production of Steel Chain by Arc Welding accounts for a 95% of the system while the 

production of the concrete block can be almost neglected in the system. 
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Figure 3.11. Process percentage contribution to the system. 

Mooring System 2 

At table 3.12 the environmental impacts in the climate change category with a cut off of 0.5% 

can be seen. It is important to notice that same as in the mooring system 1 LCA the 

contributions from the chain production will be the highest one at this assembly. Also the 

major contributing substance comes from the releases of carbon dioxide into the environment. 

Table 3.12. Climate change Kg CO2 equivalent Releases from Mooring System 2. 

Substance Unit Total 
Steel Chain 
Gas Welding Steel Transport 

Total kg CO2 eq 31156,45 24879,05354 4513,217677 1764,183 

Remaining 
substances kg CO2 eq 83,20337 67,71989496 12,2327202 3,250753 

Carbon dioxide, fossil kg CO2 eq 28504,18 22688,58635 4115,522925 1700,068 

Dinitrogen monoxide kg CO2 eq 210,7424 166,8202409 30,26741205 13,65479 

Methane, fossil kg CO2 eq 2358,331 1955,927048 355,1946199 47,2098 

 

Analysis Mooring system 1 vs. Mooring system 2 
As it is seen from both systems the better manufacturing method for doing the chain is 

through electric arc welding and also the best anchoring solution from both systems is using a 

concrete anchor, this in terms of climate change, which are the ones assessed in mooring 

system 1. Figure 3.12 shows a comparison of both mooring systems and its respective kg CO2 

equivalent releases from each substance. 

Transport
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Steel Chain Arc 
Welding
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Figure 3.12. Comparison of Mooring Systems. 

Another factor that requires attention is that even though using a concrete anchor for this 

case, most of the anchoring systems reviewed required some type of steel, so the possibility 

that an anchor made out of steel will be used are high. Further assessment of the mooring 

system is required in order to have the correct selection of systems. Nevertheless this scenario 

gives a general overview of the best choice in order to reduce the environmental impact in 

terms of climate change. 

Figure 3.13 shows the contribution of each system for 1 kWh. 

 

Figure 3.12. Comparison of Mooring Systems per kWh. 
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WEC LCA 
The results for the assembly of the three modules can be seen at table 3.13. For this scenario 

the modules with the lowest climate change results had been gathered in order to build the 

best outcome for the whole system in terms of climate change. A 0.25% cut off has been 

applied to the table in order to only visualize the highest contributing substances to the 

climate change. It has also been included the deployment of the WEC’s in an area close to the 

North Sea. Since no specific area has been assessed at the moment for this type of projects, a 

single route from Sweden to Aberdeen has been chosen in order to have an estimation of the 

deployment. (See Appendix B) 

Table 3.13. Climate change Kg CO2 equivalent Releases from a single WEC. 

 

It can be seen at figure 3.13 the total climate change impact contribution of each process to 

the whole system. As it is shown both the mooring system and the polyurethane buoy 

contribute the most at the system.  

 

Figure 3.13. Process contribution from each module to the system. 

At figure 3.14 the contribution from each substance at each module can be seen. Carbon 

dioxide releases are the major elements at all modules as expected, and methane being the 

second highest. 

60%
16%

23%

1%

Process Contribution

Polyurethane Buoy Mooring Arc Welding Concrete Block

Generator Transport Deployment

Substance Unit Total 
Polyurethane 

Buoy 

Mooring Arc 
Welding 
Concrete 

Block Generator Transport 

Total kg CO2 eq 169010.087 101847.872 26734.0683 38947.5834 1480.56325 

Remaining 
substances kg CO2 eq 992.27797 600.78806 71.2966795 317.465087 2.72814376 

Carbon dioxide, 
fossil kg CO2 eq 151453.304 89709.1734 24473.8276 35843.5472 1426.75545 

Dinitrogen 
monoxide kg CO2 eq 858.433211 337.303638 181.002517 328.66749 11.4595664 

Methane, fossil kg CO2 eq 15706.0719 11200.6066 2007.94152 2457.90366 39.6200895 
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Figure 3.12. Comparison of modules in the system. 

Another analysis regarding the mass of the material against the contribution of kg CO2 

equivalent each material has on the system, the contribution from the process and the 

transport is included in Kg CO2. Figure 3.13 show these results, as it can be seen the major 

contributor in terms of its mass contribution to the environmental impact is the polyurethane 

buoy and that the generator and the mooring contribution are close in terms of its mass 

contribution to the climate change in the system. 

 

Figure 3.13. Module mass/ Kg CO2 eq. contribution to the system. 

The contribution from the best case scenario is already known, nevertheless the complete 

process is not still complete. The complete evaluation should include deployment, use and 

disposal or recycle. In this thesis the focus is going to end at the deployment phase, the other 

stages have not been considered due to unavailability of information.  
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Wave Energy against other Renewables 

In order to be able to compare a wave energy point absorber to other renewables it is required 
to use a functional unit 1 KWh production per year. For this case the energy rating is 
considered between 100-300 KW per unit (CorPower Ocean AB, 2014), according to this 
information it is possible to make estimates of the energy generation for one unit while 
varying its capacity factor.  In figure 4.1 this energy production per year can be seen while 
varying the capacity factor from 10-100% for three different production scenarios. 
 

 

 

Figure 4.1. Energy Production per year depending on capacity factor. 

Since the same amount of Kg of CO2 equivalent is going to be generated despite the capacity 

factor and the energy rating of the WEC it is possible to estimate the contribution of 

environmental impact in terms of climate change for 1kWh for all the scenarios. Figure 4.2 

shows a representation of this different scenarios. 
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 Figure 4.2. Kg of CO2 per year depending on capacity factor. 

As it can be seen from figure 4.2 the WEC is able to reach 0.04 Kg CO2 per kWh is achieve using 

a 200 kWh energy production atg a capacity factor of 50% for a WEC with a life time 

expectancy of 5 years. 

Other Renewables Compare to Wave Energy 
Outside from Ocean Energy several forms of extracting energy from the planet had been 

pursued through the years giving the opportunity to assess the environmental impact of these 

technologies and gather accurate data. Table 4.1 shows different types of already assessed 

renewables, using as a functional unit 1 kWh, done by Martin Pehnt at the Institute for Energy 

and Environmental Research Heidelberg (Pehnt, 2006). 

Table 4.1. Other renewables Climate change (Kg of CO2 equivalent) (Pehnt, 2006). 

Product Climate Change (Kg of CO2 
Equivalent) 

Hydropower 3.1 MW 0.01 

Hydropower 300 kW 0.013 

Wind 1.5 MW (Onshore) 0.011 

Wind 2.5 MW (Offshore) 0.009 

PV (polyc. SOG-Si) 0.104 

Geothermal (Hot Dry Rock) 0.041 

Solar thermal (Parabolic 
through 80 MW) 

0.014 

Forest wood steam turbine 0.045 

SRF steam turbine 0.086 

Waste wood steam turbine 0.037 

Forest wood Co-combustion 0.027 
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SRF combustion 0.054 

Forest wood reciprocating 
engine 

0.038 

SRF reciprocating engine 0.084 

Biogas 0.58 

As it can be seen in table 4.1 most of the renewables are below the analyzed WEC in terms of 

Kg CO2 per kWh. Figure 4.3 shows a representation of different renewable energies Kg CO2 per 

kWh including wave energy at a 200 kWh rating and a 50% capacity. 

 

Figure 4.3. Kg of CO2 equivalent in renewables. 

 

 

One factor affecting the analyzed WEC is its low energy rating at 200 kW. In order for wave 

energy to be able to compete with the rest of the renewables in terms of Global Warming 

environmental impact, it is required a substantial increase in the energy rating of the WEC 

being assessed. Figure 4.4 shows a representation of the percentage increase in this rating in 

order for wave energy to be able to compete with other renewables. 
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Figure 4.4. Percentage increase in a 300 KW energy rating WEC to cope with other renewables. 

As it can be seen in figure 4.3 the analyzed WEC is above biogas and solar photovoltaic, 

nevertheless compared to the rest of the other renewables its energy rating needs to be 

increased in order to make it competitive in terms of Kg CO2 per kWh. 
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WEC costs 
As in every product development the engineering constrains are important for the 

development of a product. The previous chapter addresses environmental concerns which are 

important to be addressed in order to pursuit a reduction on the environmental impact. 

Nevertheless the most important factor, nowadays in product development is the reduction of 

the cost for developing the product; the lower the cost of the development the better (Klaus 

Ehrlenspiel, 2007), especially when it comes to the competitive world of renewables. In order 

to evaluate and compare wave energy cost efficiency among other renewables the Levelized 

Cost of Electricity per Kilowatthour is going to be used.  

LCOE in WEC’s 
Since wave energy converters have not been mass produced for energy production this 

evaluation is better to be made against indirect competitors which are other renewable 

energies available. Also since at the moment the current system being evaluated does not 

have average cost for the entire system this thesis will be focusing on CorPower Ocean AB 

plans and compare them with other renewables. These plans are shown at figure 4.2. 

 

Figure 4.2. CorPower Ocean’s Introduction plan (CorPower Ocean AB, 2014). 

The plans shown comes from the executive summary made by CorPower Ocean in 2014 and 

expectation for a project called “HiWave” which expects to prove a prototype in the ocean 

environment and gather data to demonstrate a Cost of Energy below 150 EUR/MWh, this in 

terms of Levelized Cost of Electricity (LCOE) which can be defined as a representation of a per-

kliowatthour cost of building and operating a generating plant over an expected financial life 

and duty cycle (includes capital cost, fuel cost, fixed and variable operation and maintenance 

costs, financing costs, assumed utilization rate for each plant type) (U.S. Energy Information 

Administration, 2016). 

Table 4.2 expected U.S. shows LCOE for different renewables. 

Plant type Total System LCOE in 2014(€/MWh) 

Wind 75.20 (Lazard, 2014) 

Solar PV 79.84 (Lazard, 2014) 

Large Hydropower 140 (European Comission, 2013) 

Small Hydropower 220 (European Comission, 2013) 
Table 4.2. LCOE of other renewables. 

As it can be seen expectations for the CorPower, “HiWave” project, compared to other 

renewable plants are low. The ratio between Solar PV and Wave Energy in terms of LCOE is 

above the double required for wave energy in order to be able to cope with the worst 

renewable plant address at table 4.2., Solar PV, in 2022 and it is also almost the double for 

year 2014. Nevertheless it is important to mention that both wind and solar PV have 
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experienced a high decreased in their LCOE. Figure 4.3 using information from Lazard’s 

Levelized Cost of Energy report for U.S.A. until 2014 and making a projection with a linear 

depreciation of the LCOE, shows a representation of how the LCOE has been dropping for both 

energies with time. 

 

Figure 4.3. Levelized Cost of Energy-Wind/Solar PV (Historical) (Lazard, 2014). 

As it can be seen both energies had reduced their LCOA in more than 50% this thanks to the 

help of breakthrough technology development in both energies. Despite the fact that 

CorPower expectations are to be just below 150 EUR/MWh results from the coast of Portugal 

where a Backward Bent Duct Buoy, which is a type of OWC (Oscillating Water Column Device), 

has been assessed had shown LCOE of 109 EUR/MWh and below (Santos, et al., 2015). 

Another case, done by Same Behrens among other fellow members assessing a Point Absorber 

type WEC study in Australia, had shown an estimate of 83.22 EUR/MWh (Behrens, et al., 

2012). Nevertheless for this case, regarding the uncertainties of the development, a worst case 

scenario needs be considered were the LCOE just cope with expectations being 150 EUR/MWh. 
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Monetary Valuation 
 
In order to have a better overview of the outcome of the environmental impact of wave 

energy and other renewables, monetary valuation can be done in order to also view the 

environmental impact in terms of price. 

Monetary valuation consist in transforming measures of social and biophysical impacts into 

monetary units and it can be used to visualize the economic value for goods for which no 

market exist (Massimo Pizzol, 2015), in this case global warming units are going to be 

monetized.  

Different approaches and methods can be used to determine the monetary valuation of the 

environmental impacts for LCA´s. Table 5.1 shows different weighting in terms of euro’s per 

KgCO2eq. 

Table 5.1. Monetary weighting for Global Warming (Massimo Pizzol, 2015). 

 STEPWISE2006 ECOTAX02 ECOVALUE08 RCA EVR 

Global 
Warming 
(euro/KgCO2eq) 

0.08 0.07 0.23 0.05 0.11 

 

Based on these values a monetary valuation of the global warming for different renewable 

energies is done in order to compare its monetary impact is the STEPWISE2006, since it has a 

higher relevance for LCA´s (Massimo Pizzol, 2015). Among its monetary contribution in terms 

of global warming, the LCOE is added to the comparison study in order to have a general 

overview of different renewable energies compare to wave energy. Figure 5.1 shows the 

monetary contributions from LCOE and monetized LCA in order to produce 1 KWh from 

different renewables.  
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Figure 5.1. Total Cost of Energy (Frauhofer ISE, 2013). 

In order to have a better overview of the expenditures in different renewables considering the 

LCOE and the monetized cost of KgCO2 an overview of the household consumption per year in 

different regions has been done in order to visualize this impact. The comparison was done in 

countries that have a high wave energy potential in Europe (U.K., Norway, Denmark, Ireland, 

France, Spain and Portugal) (Lynn, 2014). In figure 5.2 it is possible to see these results for 

different renewables based on information from the year 2014. 
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Figure 5.2. Cost of electricity per renewable energy in different countries (World Energy Council, 2014). 

As it can be seen from figure 5.2 wave energy has a potential to compete among other 

renewables in the countries in Europe where it has it highest potential for deployment.  
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Conclusion 
As conclusions it is important to notice that wave energy is not a new renewable type of 

energy, research on how to extract this type of energy from the waves have been conducted 

since the 1970’s (Pelc, 2002). Nevertheless if a comparison is made between all the possible 

options available to extract this type of energy compared to other renewables, it is possible to 

see why scientist and engineers are struggling to identify and select the best option to do it. It 

is also important to notice that when it comes from extracting power from the sea, there are 

two options available; tidal and wave energy. That in conclusion adds a highest uncertainty on 

which one is the best one to pursue. Just focusing on wave energy the possibilities in which 

device to pursue and invest are several already by having three different types of methods of 

extraction and also inside each method of extraction several proposals and ideas on which one 

will be the best. In this master thesis the focus was only made on the point absorber which is 

already having investment from several companies in Europe and around the world (EMEC: 

European Marine Energy Center, 2016) and even inside this method of energy extraction it is 

possible to observe several differences between one company and another, actually the 

generator planned to be used differs from the ones that are already in the market, and it is still 

not known which one is the best. 

This problem of having a high amount of methods and devices for wave energy extraction 

makes it difficult to make major investments into one specific wave energy converter, if that is 

combined with the problems wave energy has compared to other renewables, concerning the 

environmental conditions of the sea. It is possible to see why investment in marine energy is 

lower compared to the rest of other renewables. 

 

Figure 6.1. Investment in different renewable energies in 2015 (Centre, 2016). 

As it can be seen from figure 6.1 the investment in marine energy which includes tidal and 

wave energy is among the lowest making it a technology with difficulties to break through and  

have a higher impact in the energy sector compare to its competitors.  

As it was seen on the study the main problem with wave energy does not come from its 

environmental impact but from the cost of construction this new devices. Nevertheless with 

proper investment and implementation of new materials this factor can be reduced 

significantly as it has been seen with solar and wind energy.  
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Appendix A: Network Description 

Buoy 1: Polyurethane buoy results 

 

Figure A.1. Network distribution of buoy 1. 
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Buoy 2: Stainless Steel Buoy 

 

Figure A.2. Network distribution of buoy 2. 
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Generator 

 

Figure A.3. Network distribution of generator. 
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Mooring System 1 

 

Figure A.4. Network distribution of Mooring System 1. 
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Mooring System 2 

 

Figure A.5. Network distribution of Mooring System 1. 
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WEC LCA 

 

Figure A.5. Network distribution of WEC LCA. 
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Appendix B 

Input of Natural Resources 

Substance Unit Total 
Polyurethane Buoy 
sea transportation 

Mooring Arc 
Welding Concrete 

Block Generator Transport 

1-Butanol µg 562.649432 131.252098 87.9352814 338.937403 4.52464931 

1-Pentanol µg 279.980745 65.0604712 40.069677 172.798514 2.05208284 

1-Pentene µg 903.465759 348.157899 256.576145 296.021632 2.71008378 

1-Propanol g 6.75402346 0.11913047 0.08284341 6.55126592 0.00078366 

1,4-Butanediol mg 6.19678741 1.24717717 1.20047384 3.73284573 0.01629067 

2-Aminopropanol µg 275.335545 62.4116837 37.653628 173.247575 2.02265828 

2-Butene, 2-methyl- µg 18.2735763 7.12092512 6.97022644 4.1608903 0.02153449 

2-Chloroacetophenone ng 31.8979363 31.8979363 0 0 0 

2-Methyl-1-propanol µg 666.809257 158.368017 99.3176631 404.008 5.1155776 

2-Methyl-4-
chlorophenoxyacetic acid µg 56.3676124 11.7829086 6.29669478 37.8985638 0.38944521 

2-Nitrobenzoic acid µg 430.940059 103.051624 64.6423879 259.784344 3.46170306 

2-Propanol g 4.22293661 3.06381372 0.33512985 0.81984476 0.00414828 

2,4-D mg 13.372035 3.30030267 1.88282452 7.95230347 0.23660434 

2,4-D ester µg 331.821326 69.3341183 37.0200619 223.173671 2.29347454 

2,4-D, dimethylamine salt µg 28.4223375 5.93885476 3.17097585 19.1160581 0.1964488 

4-Methyl-2-pentanone µg 3.87159871 1.55541392 1.0073209 1.28440451 0.02445938 

5-methyl Chrysene ng 208.028047 208.028047 0 0 0 

Acenaphthene µg 847.740393 294.440345 232.168987 315.194821 5.93623963 

Acenaphthylene µg 173.917574 89.8403601 51.4031298 32.1648777 0.50920635 

Acephate mg 1.42136516 0.3508019 0.20013269 0.84528099 0.02514959 

Acetaldehyde g 32.6062919 15.277097 8.43109216 8.74562886 0.15247391 

Acetamide µg 349.891482 86.3554269 49.2658234 208.079264 6.19096743 

Acetic acid g 74.3923102 23.2569694 20.7120583 30.0207105 0.40257199 

Acetone g 83.9624843 26.8024102 25.087006 31.8632241 0.20984395 

Acetonitrile mg 152.962158 36.3161461 21.8680384 92.9373119 1.84066128 
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Acetophenone ng 68.3527206 68.3527206 0 0 0 

Acifluorfen µg 195.116925 48.1560907 27.4730771 116.035365 3.45239208 

Acrolein g 6.14829285 3.62642805 1.23702815 1.2705241 0.01431255 

Acrylic acid µg 429.539547 265.63021 55.1757676 107.049095 1.68447547 

Actinides, radioactive, 
unspecified kBq 2.93048151 1.00045109 0.78700725 1.12159528 0.02142789 

Aerosols, radioactive, 
unspecified Bq 21.853712 9.02621927 4.70186965 7.79222433 0.33339878 

Alachlor mg 1.38080203 0.34079066 0.19442127 0.82115824 0.02443186 

Aldehydes, unspecified g 6.71885109 1.71567964 0.55357715 4.43597381 0.01362049 

Aluminium kg 7.56610492 2.85981056 2.95302253 1.74014284 0.01312899 

Ammonia kg 6.84515462 4.30346053 1.2778213 1.12308502 0.14078777 

Ammonium carbonate mg 6.74652116 2.16061108 1.18952861 3.33402996 0.06235151 

Ammonium chloride mg 27.2512418 27.2512418 0 0 0 

Aniline mg 5.16217815 1.11251122 0.6313573 3.38280144 0.03550819 

Anthracene µg 1.9857335 1.9857335 0 0 0 

Anthranilic acid µg 334.967667 80.1232805 50.2731997 201.87995 2.69123636 

Antimony g 69.8603068 42.6491607 13.7676503 13.3068486 0.13664718 

Antimony-124 mBq 4.34726063 1.71302505 1.15445241 1.43045569 0.04932747 

Antimony-125 mBq 73.3418749 29.1199767 19.7933706 23.599798 0.82872948 

Argon-40 kg 11.8295688 3.30703723 3.81515856 4.70000335 0.00736968 

Argon-41 kBq 36.6351886 5.01380592 2.6945438 28.7437024 0.18313648 

Arsenic g 68.3110686 29.9059686 31.0577601 7.17450112 0.17283879 

Arsine ng 4.99516519 3.08650555 0.64244599 1.24658079 0.01963286 

Atrazine mg 1.30800349 0.31468967 0.17800627 0.79450779 0.02079976 

Azoxystrobin µg 645.698799 159.362542 90.9164225 383.994863 11.4249715 

Barium g 58.0299145 28.7670833 17.517305 11.5942901 0.15123609 

Barium-140 Bq 2.4624663 0.96648798 0.64839567 0.819581 0.02800165 

Bentazone µg 599.67241 147.959194 84.4025411 356.71247 10.5982056 

Benzal chloride µg 2.5892271 0.95230106 0.87712024 0.74669037 0.01311542 

Benzaldehyde g 4.61447069 2.75989398 0.92642563 0.91850349 0.00964759 

Benzene kg 2.10665136 0.65994461 0.67163044 0.75179984 0.02327648 
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Benzene, 1-methyl-2-nitro- µg 372.124246 88.9868737 55.8198354 224.328296 2.98924086 

Benzene, 1,2-dichloro- mg 2.62762079 0.61785713 0.38013174 1.60830713 0.0213248 

Benzene, chloro- ng 100.250657 100.250657 0 0 0 

Benzene, ethyl- g 9.06737122 4.07572953 2.3907755 2.07843174 0.52243445 

Benzene, hexachloro- mg 97.5986046 27.3448098 31.414019 38.7782497 0.06152608 

Benzene, pentachloro- µg 89.1853282 57.8727135 9.09892604 22.0555798 0.15810897 

Benzo(a)anthracene µg 4.06979733 2.44595322 0.99278576 0.62122368 0.00983467 

Benzo(a)pyrene g 12.6069736 3.67387128 4.05975634 4.84500402 0.02834194 

Benzo(b)fluoranthene µg 3.91882258 1.99823521 1.17420883 0.73474668 0.01163187 

Benzo(b,j,k)fluoranthene µg 1.04014023 1.04014023 0 0 0 

Benzo(g,h,i)perylene ng 496.645061 378.372934 72.3134776 45.2423356 0.71631412 

Benzo(k)fluoranthene µg 2.83399806 1.44507554 0.84915948 0.53135115 0.00841189 

Benzyl chloride µg 3.18979363 3.18979363 0 0 0 

Beryllium mg 349.561484 146.183113 152.947198 49.9003611 0.53081199 

Biphenyl µg 16.0750443 16.0750443 0 0 0 

Boric acid µg 1.30042306 0.61012593 0.32122997 0.35943461 0.00963255 

Boron g 271.049649 93.9034746 78.7717281 96.7761436 1.5983022 

Boron trifluoride mg 8.7137769 4.08828815 2.15247437 2.40846937 0.06454501 

Bromine g 59.2244411 20.5862442 15.9011167 22.2897404 0.44733988 

Bromoform ng 177.717074 177.717074 0 0 0 

Bromoxynil µg 31.3259526 6.55034465 3.50271043 21.056531 0.21636651 

BTEX (Benzene, Toluene, 
Ethylbenzene, and 
Xylene), unspecified ratio g 385.13085 385.13085 0 0 0 

Butadiene mg 1.32990758 0.68322917 0.09650064 0.54473713 0.00544064 

Butane g 497.057227 203.363093 145.044887 125.234612 23.4146352 

Butene g 7.3108869 3.22153391 1.98378239 1.58963526 0.51593534 

Butyric acid, 4-(2,4-
dichlorophenoxy)- µg 165.209086 34.5165291 18.4941865 111.068162 1.13020897 

Butyrolactone mg 4.41491092 0.87681067 0.93123099 2.59993255 0.00693671 

Cadmium g 4.41633098 2.19964002 1.40930871 0.78026038 0.02712187 

Calcium g 446.515948 192.320159 167.173999 85.619329 1.40245992 
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Carbaryl µg 173.11028 42.3436062 24.0856289 103.727864 2.95318099 

Carbon mg 55.9690367 24.5347579 19.5353536 11.8270367 0.07188849 

Carbon-14 kBq 303.672584 121.191228 78.4128649 94.2561437 9.81234745 

Carbon dioxide kg 1.72378759 0.79926843 0.44724383 0.44922791 0.02804742 

Carbon dioxide, biogenic ton 4.20552073 2.02559214 1.14206441 1.02515521 0.01270897 

Carbon dioxide, fossil ton 151.453304 89.7091734 24.4738276 35.8435472 1.42675545 

Carbon dioxide, land 
transformation kg 105.015581 30.863502 23.3573393 50.0294733 0.76526613 

Carbon disulfide g 488.942088 109.71773 59.2392688 319.191762 0.79332844 

Carbon monoxide mg 86.9057614 86.9057614 0 0 0 

Carbon monoxide, 
biogenic kg 13.7299755 4.41754543 3.38245595 5.89987113 0.030103 

Carbon monoxide, fossil kg 444.314284 190.128873 115.518531 135.21964 3.44724022 

Carbon monoxide, land 
transformation g 88.3781371 20.9826626 12.6348664 53.6971151 1.06349308 

Carbonyl sulfide g 4.62071942 1.32782796 0.61640091 2.55035784 0.12613272 

Carfentrazone-ethyl µg 17.9112418 4.42060777 2.52195932 10.6517538 0.3169209 

Cerium-141 mBq 596.840895 234.251656 157.153466 198.648847 6.78692467 

Cesium-134 mBq 28.5848404 11.2191481 7.52664104 9.51400126 0.32505003 

Cesium-137 mBq 517.75868 203.317024 136.480338 172.075314 5.88600383 

Chloramine mg 2.31873917 0.58979116 0.37800699 1.33331587 0.01762515 

Chloride ng 734.217193 734.217193 0 0 0 

Chlorimuron-ethyl µg 325.884726 80.4304092 45.8855952 193.802528 5.76619319 

Chlorinated solvents, 
unspecified mg 30.2307049 11.7533208 9.21266581 9.01868815 0.24603013 

Chlorine kg 3.95814146 3.61786639 0.01521005 0.32470857 0.00035645 

Chloroacetic acid mg 10.4400519 2.91069483 1.64180992 5.81073463 0.0768125 

Chloroform g 2.66663632 0.14373322 0.09642841 2.42378879 0.00268589 

Chlorosilane, trimethyl- mg 7.21139693 3.07940734 2.18689094 1.93554035 0.00955831 

Chlorosulfonic acid µg 564.310156 136.116151 85.0818802 338.211608 4.90051711 

Chlorpyrifos mg 6.50113824 1.60452201 0.91538075 3.86620457 0.11503091 

Chromium kg 9.35446125 3.97507284 4.63287653 0.74597293 0.00053896 
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Chromium-51 mBq 38.2454608 15.0108058 10.0703666 12.7293835 0.43490491 

Chromium IV ng 97.7313969 42.9142858 34.1155502 20.5762207 0.12534016 

Chromium VI g 233.494565 99.4247837 115.376481 18.6792809 0.0140193 

Chrysene µg 1.30717514 1.12997298 0.10834424 0.06778469 0.00107322 

Clethodim µg 964.133165 237.954159 135.752988 573.36668 17.0593376 

Cloransulam-methyl µg 169.730481 41.8905529 23.8985851 100.938138 3.00320521 

Cobalt g 111.015151 47.0469835 54.1434493 9.79299777 0.03172041 

Cobalt-58 mBq 78.1341207 30.9008546 20.9110812 25.437384 0.884801 

Cobalt-60 mBq 585.31086 230.807816 155.6762 192.188086 6.63875823 

Copper g 427.043467 190.516049 193.334679 42.8619479 0.33079203 

Cumene g 8.46222759 1.51542381 1.42533715 5.48873866 0.03272796 

Cyanide g 145.006009 74.8831269 54.1732223 15.8619092 0.08775019 

Cyanoacetic acid µg 452.945359 108.919631 68.0379983 272.027797 3.95993153 

Cyclohexane mg 3.60027253 1.58398444 1.25028478 0.76107478 0.00492853 

Cyfluthrin µg 34.0233588 8.39717987 4.79059597 20.2335748 0.60200815 

Cyhalothrin, gamma- µg 390.45461 96.3666654 54.9772396 232.202015 6.90869017 

Cypermethrin µg 82.5611461 20.3766125 11.6248692 49.0988303 1.46083405 

Dibenz(a,h)anthracene µg 1.84167846 0.93908484 0.55182774 0.34529941 0.00546648 

Dicamba µg 671.258789 144.492077 78.4636845 442.529092 5.77393487 

Dichlorprop µg 40.7118228 8.5067441 4.54206742 27.3816203 0.28139096 

Diethyl ether µg 13.207313 3.44273673 1.98355679 7.69865494 0.08236453 

Diethylamine mg 2.41231773 0.51976362 0.2952341 1.58075132 0.0165687 

Diethylene glycol µg 92.5582768 43.3645819 22.8437726 25.6627538 0.6871685 

Diflubenzuron µg 17.9112418 4.42060777 2.52195932 10.6517538 0.3169209 

Dimethenamid µg 35.1823449 7.35735564 3.94889409 23.6356677 0.24042747 

Dimethyl malonate µg 567.996856 136.586038 85.3201692 341.12487 4.96577891 

Dimethylamine µg 130.269657 34.2801277 22.4691118 72.8624163 0.65800116 

Dinitrogen monoxide kg 2.88064836 1.1318914 0.607391 1.10291104 0.03845492 

Dioxin, 2,3,7,8 
Tetrachlorodibenzo-p- µg 125.728693 44.758807 47.033299 33.4085237 0.5280635 

Dipropylamine mg 1.38613852 0.29689207 0.1673748 0.91242631 0.00944535 

Esfenvalerate µg 203.477899 50.2196314 28.6503292 121.007607 3.60033103 
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Ethane kg 1.7928816 0.58471142 0.55389516 0.64214924 0.01212578 

Ethane, 1,1-difluoro-, 
HFC-152a g 1.26654706 0.25452706 0.13668387 0.87182313 0.00351299 

Ethane, 1,1,1-trichloro-, 
HCFC-140 mg 28.2881466 9.65856063 7.59700077 10.8257411 0.20684406 

Ethane, 1,1,1,2-tetrafluoro-
, HFC-134a g 1.03659642 0.16529503 0.10602006 0.76177093 0.0035104 

Ethane, 1,1,2-trichloro-
1,2,2-trifluoro-, CFC-113 mg 108.056162 34.7590655 24.9037167 47.6678839 0.72549544 

Ethane, 1,2-dibromo- ng 5.46821765 5.46821765 0 0 0 

Ethane, 1,2-dichloro- g 9.73690482 4.18714036 2.52789486 2.998234 0.0236356 

Ethane, 1,2-dichloro-
1,1,2,2-tetrafluoro-, CFC-
114 mg 745.639276 266.896783 165.512387 304.762855 8.46725058 

Ethane, 2-chloro-1,1,1,2-
tetrafluoro-, HCFC-124 mg 93.2803145 30.86466 22.3569491 39.4077948 0.65091059 

Ethane, chloro- ng 191.387618 191.387618 0 0 0 

Ethane, hexafluoro-, HFC-
116 g 1.49723436 0.09916084 0.06725762 1.33056808 0.00024782 

Ethanol g 27.2155332 10.0075243 7.54172436 9.55895889 0.10732563 

Ethene g 596.579499 248.484451 232.960213 113.481619 1.6532154 

Ethene, chloro- g 5.11944457 2.2538454 1.33906198 1.51487312 0.01166407 

Ethene, tetrachloro- mg 115.185106 43.3683853 29.4949357 41.716465 0.60532004 

Ethephon ng 1.50417226 0.31598943 0.16918876 1.00860452 0.01038954 

Ethyl acetate g 22.5507976 14.1370226 1.61721568 6.78608654 0.01047276 

Ethyl cellulose mg 43.0315443 28.1400916 2.74965861 12.1241689 0.01762514 

Ethylamine mg 2.41113312 0.68163041 0.46760778 1.24610709 0.01578785 

Ethylene diamine mg 3.32702307 0.81838403 0.5316912 1.96134531 0.01560253 

Ethylene oxide mg 190.424085 31.0148024 91.4629187 67.4269146 0.51944894 

Ethyne g 84.4013492 37.6509572 37.639583 9.01597986 0.0948292 

Fenoxaprop µg 266.336952 65.7336469 37.5010839 158.389664 4.71255725 

Fluazifop-p-butyl µg 382.176433 94.323559 53.8116471 227.27901 6.76221614 

Flufenacet µg 143.295457 35.3662253 20.1764517 85.2173154 2.53546493 
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Flumetsulam µg 33.5266665 8.27459362 4.72066038 19.9381928 0.5932197 

Flumiclorac-pentyl µg 57.3678541 14.1587486 8.0775745 34.1164661 1.01506488 

Flumioxazin µg 580.301085 143.221972 81.7082204 345.103064 10.2678276 

Fluoranthene µg 36.9037665 22.1078265 9.04594198 5.66038766 0.08961032 

Fluorene µg 36.0195963 22.5837288 8.21442101 5.14007332 0.08137315 

Fluoride µg 811.535701 811.535701 0 0 0 

Fluorine g 44.9094657 17.8510817 18.8513088 8.13529596 0.07177918 

Fluosilicic acid g 7.42042967 0.48730311 0.33253388 6.5993967 0.00119598 

Fomesafen mg 2.1575721 0.53250244 0.30379295 1.2831007 0.038176 

Formaldehyde g 155.932858 66.2957875 48.6853202 40.3602397 0.59151028 

Formamide µg 512.057725 118.989311 73.2835737 316.031781 3.75305978 

Formic acid mg 957.952699 239.514013 135.539667 571.636309 11.2627106 

Furan g 4.07899694 0.96843284 0.58314947 2.47833028 0.04908434 

Glyphosate mg 431.645509 106.521373 60.7683094 256.721589 7.6342378 

Heat, waste GJ 4.81413503 3.87832095 0.27238195 0.66048072 0.00295141 

Helium g 13.618159 5.8789185 3.86084325 3.01409655 0.86430072 

Heptane g 119.580349 32.4362754 20.0555562 61.9233005 5.16521691 

Hexane g 319.248445 112.699285 81.5316519 113.184353 11.8331555 

Hydrazine, methyl- ng 774.664167 774.664167 0 0 0 

Hydrocarbons, aliphatic, 
alkanes, cyclic g 265.508313 25.6756675 0.68876118 239.117444 0.02644053 

Hydrocarbons, aliphatic, 
alkanes, unspecified kg 1.50759851 0.46920667 0.50334189 0.52954431 0.00550564 

Hydrocarbons, aliphatic, 
unsaturated g 215.729868 86.0320952 80.3669585 48.5253714 0.8054425 

Hydrocarbons, aromatic kg 1.46998362 1.01273624 0.21091258 0.24486723 0.00146757 

Hydrocarbons, chlorinated g 155.865559 148.928189 2.61558348 4.29817466 0.02361248 

Hydrocarbons, unspecified mg 711.552741 294.146031 78.1178543 329.486018 9.80283727 

Hydrogen kg 22.7929522 22.2905359 0.01649706 0.48497443 0.00094482 

Hydrogen-3, Tritium kBq 875.483799 330.464816 198.92667 324.047549 22.044764 

Hydrogen chloride kg 13.7589975 6.34249408 4.46731686 2.88883221 0.0603543 

Hydrogen fluoride kg 1.97533673 0.44704185 0.32295865 1.19823143 0.0071048 
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Hydrogen peroxide mg 29.5128042 21.3773797 2.44504881 5.66845756 0.02191813 

Hydrogen sulfide g 276.371159 73.8549825 63.3606657 138.282779 0.87273171 

Imazamox µg 85.8172329 21.1802357 12.083337 51.035213 1.51844716 

Imazaquin µg 273.594155 67.5247677 38.5229179 162.705504 4.84096573 

Imazethapyr µg 566.228145 139.74869 79.7267078 336.733926 10.0188217 

Indeno(1,2,3-cd)pyrene µg 1.30087992 0.94602462 0.21695144 0.1357547 0.00214915 

Iodine g 30.9526053 10.7885952 8.41390081 11.5196495 0.23045972 

Iodine-129 Bq 84.0231608 30.7333837 20.2385873 32.1444157 0.90677406 

Iodine-131 kBq 9.43709661 1.22335437 0.64343305 7.52490596 0.04540323 

Iodine-133 Bq 5.70436838 2.2648872 1.53948464 1.83553981 0.06445673 

Iron kg 1.10702711 0.46428621 0.4893033 0.15135825 0.00207935 

Isocyanic acid g 15.1811973 6.02132408 6.4744268 2.66439941 0.02104696 

Isophorone µg 2.64297186 2.64297186 0 0 0 

Isoprene g 24.0788602 24.0684914 0.00194397 0.00826122 0.00016362 

Isopropylamine µg 971.558033 266.473367 177.802387 520.822763 6.4595162 

Kerosene mg 13.0513646 13.0513646 0 0 0 

Krypton-85 kBq 114.620537 16.1567881 8.77935852 89.0997182 0.58467197 

Krypton-85m kBq 51.7780759 20.0940571 13.5628344 17.5438255 0.57735875 

Krypton-87 kBq 8.81652105 3.20653665 2.13304438 3.38301735 0.09392267 

Krypton-88 kBq 11.2702958 4.1926113 2.79622257 4.15905973 0.12240219 

Krypton-89 kBq 4.507416 1.74939911 1.17221952 1.53503294 0.05076443 

Lactic acid mg 1.08582529 0.23256923 0.13111251 0.71474457 0.00739898 

Lactofen µg 275.52573 68.0014928 38.7948914 163.854202 4.87514315 

Lambda-cyhalothrin pg 47.6095974 10.0016001 5.35511039 31.9240404 0.32884654 

Lanthanum-140 mBq 210.416176 82.5853913 55.4044333 70.0336216 2.39272955 

Lead g 364.312882 153.012779 165.212404 45.798202 0.28949685 

Lead-210 kBq 18.8553796 7.10547722 6.48539764 5.17473486 0.08976989 

Lithium µg 9.5595775 4.19055206 3.33665846 2.02008823 0.01227875 

m-Xylene g 6.61096391 3.27700849 1.8861012 1.42654288 0.02131134 

Magnesium g 652.260428 281.363629 293.678113 76.4443446 0.77434102 

Manganese g 75.1987226 26.7155595 36.2715429 12.0866001 0.12502006 

Manganese-54 mBq 19.5859105 7.68719494 5.15714358 6.51885245 0.2227195 
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MCPB µg 55.9098177 11.6823724 6.2376551 37.6033541 0.38643603 

Mercaptans, unspecified µg 925.400937 925.400937 0 0 0 

Mercury g 15.0626901 5.6803074 4.16429778 5.18981485 0.0282701 

Metals, unspecified ng 2.72260942 2.72260942 0 0 0 

Methane kg 13.8840822 13.8839784 6.5316E-05 3.8319E-05 2.405E-07 

Methane, biogenic kg 10.0031906 7.38732045 0.6490091 1.95240501 0.01445602 

Methane, bromo-, Halon 
1001 µg 1.32137647 0.94693276 0.2006396 0.17080398 0.00300013 

Methane, 
bromochlorodifluoro-, 
Halon 1211 mg 89.6456746 29.0941536 23.5754565 36.4254049 0.55065959 

Methane, bromotrifluoro-, 
Halon 1301 mg 300.594057 129.597568 85.3245275 66.7747687 18.8971923 

Methane, chlorodifluoro-, 
HCFC-22 g 13.8792173 1.86664015 1.90179017 10.0927453 0.01804162 

Methane, dichloro-, HCC-
30 g 1.50322166 1.13642657 0.12219191 0.24144406 0.00315912 

Methane, dichlorodifluoro-, 
CFC-12 mg 370.820328 81.9565157 49.2223577 239.137423 0.50403128 

Methane, dichlorofluoro-, 
HCFC-21 mg 1.70712012 0.05872526 0.0364805 1.61095435 0.00096001 

Methane, fossil kg 628.242875 448.024264 80.3176607 98.3161463 1.58480358 

Methane, land 
transformation g 19.9058237 4.3113899 2.42121622 13.0101558 0.16306179 

Methane, monochloro-, R-
40 mg 749.168651 255.772617 201.202269 286.715571 5.47819458 

Methane, tetrachloro-, 
CFC-10 mg 614.902821 118.310362 15.6725469 480.503943 0.41596952 

Methane, tetrafluoro-, 
CFC-14 g 20.5421441 1.34917852 0.9206843 18.2689679 0.00331337 

Methane, trichlorofluoro-, 
CFC-11 mg 2.76936055 0.09461569 0.05878932 2.61441754 0.001538 

Methane, trifluoro-, HFC-
23 mg 543.174574 18.6853137 11.6074337 512.576369 0.30545738 

Methanesulfonic acid µg 457.71481 110.066535 68.7544243 274.892223 4.00162807 
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Methanol g 51.1488536 15.4192837 14.4396336 21.0619134 0.22802289 

Methomyl ng 5.14557879 1.08095898 0.57877288 3.45030565 0.03554127 

Methyl acetate µg 99.7832926 23.861392 14.967812 60.1525382 0.80155031 

Methyl acrylate µg 486.214597 300.431326 62.5337894 121.338477 1.91100377 

Methyl borate µg 269.26699 62.9710368 38.9105777 165.357179 2.02819679 

Methyl ethyl ketone g 22.5576893 14.1396513 1.61910696 6.78843643 0.01049461 

Methyl formate µg 254.8232 89.6263078 31.8477982 132.025299 1.32379531 

Methyl lactate mg 1.19204676 0.25532012 0.14393832 0.78466554 0.00812278 

Methyl methacrylate ng 91.1369608 91.1369608 0 0 0 

Methylamine mg 2.06273074 0.42279056 0.3985345 1.2349806 0.00642508 

Metolachlor mg 4.57181002 1.12617754 0.64209546 2.72327647 0.08026055 

Metribuzin mg 1.78698515 0.44103923 0.25161314 1.06271394 0.03161885 

Molybdenum g 10.2147084 4.82395542 3.70354299 1.66283143 0.02437854 

Monoethanolamine g 46.5234045 0.89711989 44.2873379 1.33182101 0.00712569 

Naphthalene mg 15.2321396 15.2321396 0 0 0 

Nickel g 221.903631 93.8200446 91.5189933 29.1232395 7.44135327 

Niobium-95 kBq 9.64429386 3.72333496 2.80301848 3.02957554 0.08836488 

Nitrate g 4.00321822 2.19966436 0.80743254 0.97904144 0.01707988 

Nitrobenzene mg 7.471162 1.61459188 0.91856047 4.88633353 0.05167613 

Nitrogen fluoride µg 25.4495453 11.940284 6.2865345 7.03421575 0.18851109 

Nitrogen oxides kg 413.617129 230.821457 88.3677404 75.4386279 18.9893039 

Nitrogen, atmospheric g 143.127102 13.9747338 12.5641722 116.45729 0.13090615 

NMVOC, non-methane 
volatile organic 
compounds, unspecified 
origin kg 91.5332497 61.8137763 14.0070301 14.3892341 1.32320922 

Noble gases, radioactive, 
unspecified kBq 808267.641 295726.353 194676.736 309135.716 8728.83576 

o-Xylene g 1.26978011 0.77864444 0.24668202 0.24199636 0.00245729 

Organic acids µg 100.141242 100.141242 0 0 0 

Organic carbon mg 139.204078 61.021913 48.5875943 29.4157718 0.17879846 

Organic substances, 
unspecified mg 58.7480227 58.7480227 0 0 0 
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Ozone g 245.347981 79.5172112 63.530857 100.250309 2.04960365 

PAH, polycyclic aromatic 
hydrocarbons g 38.2843168 9.22803659 8.52781439 19.8242709 0.70419491 

Paraffins mg 224.528478 51.5847398 32.2448152 139.862265 0.83665802 

Paraquat mg 1.14956457 0.2837198 0.16186231 0.6836421 0.02034036 

Parathion, methyl µg 220.613753 54.4488698 31.0631136 131.198237 3.9035324 

Particulates, < 2.5 um kg 190.244127 85.1772424 69.1531504 34.9615728 0.95216122 

Particulates, > 10 um kg 142.335908 64.1791903 38.7609736 38.305831 1.08991328 

Particulates, > 2.5 um, and 
< 10um kg 129.376586 67.9948691 39.5996444 21.105444 0.67662822 

Particulates, unspecified g 34.2107499 34.2107499 0 0 0 

Pendimethalin mg 12.3053322 3.02971003 1.72707888 7.33292379 0.21561954 

Pentane g 660.506223 268.375402 189.249672 173.708798 29.1723504 

Pentane, 3-methyl- mg 56.5379114 25.2807371 19.6877715 11.4965124 0.07289039 

Permethrin µg 179.967837 44.417198 25.3400375 107.026257 3.18434452 

Phenanthrene µg 447.687456 240.791563 126.492009 79.1508368 1.25304678 

Phenol g 3.88976603 1.28526956 0.94323665 1.65475147 0.00650835 

Phenol, 2,4-dichloro- mg 1.02699038 0.25060597 0.15447866 0.61161315 0.0102926 

Phenol, pentachloro- g 5.35651532 1.56257355 1.7323378 2.04921834 0.01238564 

Phenols, unspecified mg 1.65716558 1.65716558 0 0 0 

Phosphine mg 59.4209369 27.8788684 14.6780916 16.4238329 0.44014402 

Phosphoric acid µg 46.036441 21.5991525 11.3719062 12.7243794 0.34100292 

Phosphorus g 20.5974492 8.89011399 8.02778083 3.62848162 0.05107275 

Phosphorus trichloride mg 75.7153924 3.83250277 2.48716969 69.3121045 0.0836155 

Phthalate, dioctyl- ng 332.649907 332.649907 0 0 0 

Platinum ng 140.465711 34.8196729 23.4375375 81.1609751 1.04752591 

Plutonium-238 µBq 11.4621182 4.1925307 2.76087054 4.38501832 0.12369867 

Plutonium-alpha µBq 26.2754509 9.61084453 6.3289457 10.0520972 0.28356343 

Polonium-210 kBq 33.7546613 12.7437137 11.6665599 9.1857852 0.15860245 

Polychlorinated biphenyls mg 154.941907 44.1711153 50.3978679 60.2040278 0.16889599 

Potassium g 909.626665 361.485484 347.208121 197.631234 3.30182467 

Potassium-40 kBq 6.02342178 2.2454009 2.02798162 1.72019814 0.02984111 
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Propanal mg 84.4763539 30.5089051 24.6394856 28.9295933 0.39836982 

Propane g 807.148578 327.948193 266.09599 188.876779 24.2276168 

Propene g 116.198563 54.7350875 43.004721 17.2876279 1.17112653 

Propiconazole µg 211.373048 52.1673511 29.761605 125.704407 3.739685 

Propionic acid g 2.60292723 0.92665334 0.8356052 0.82737095 0.01329773 

Propylamine µg 313.371569 69.2151499 40.3124753 201.651495 2.19244925 

Propylene oxide mg 561.884526 249.665189 98.021261 209.203528 4.99454781 

Protactinium-234 Bq 216.503693 74.6175499 56.4196005 83.7281044 1.73843861 

Prothioconazol pg 131.368185 27.5972104 14.7762472 88.0873475 0.90737947 

Pyraclostrobin (prop) µg 497.820858 122.86488 70.0944173 296.053273 8.80828729 

Pyrene µg 25.1532857 14.3551349 6.60177389 4.1309789 0.06539806 

Quizalofop ethyl ester µg 66.8049905 16.4878941 9.4063533 39.7286979 1.1820452 

Radioactive species, other 
beta emitters kBq 1533.8299 353.877865 220.54412 953.671203 5.73671312 

Radioactive species, 
unspecified kBq 540.351437 540.351437 0 0 0 

Radionuclides (Including 
Radon) mg 729.842947 729.842947 0 0 0 

Radium-226 kBq 5.96787378 2.22733552 1.92409928 1.78121714 0.03522183 

Radium-228 kBq 11.4524885 4.84728735 5.11890641 1.47103769 0.015257 

Radon-220 kBq 95.3689592 31.5800835 24.1938934 38.8883643 0.70661795 

Radon-222 kBq 3423045.27 1228663.53 770639.363 1385363.69 38378.6745 

Ruthenium-103 µBq 510.821733 200.490361 134.503878 170.01873 5.80876474 

Scandium mg 514.919635 199.446404 164.394003 147.429675 3.64955386 

Selenium g 7.38328114 2.97318247 2.29674073 1.9618657 0.15149224 

Sethoxydim µg 143.79215 35.4888112 20.2463878 85.5126974 2.54425333 

Silicon kg 3.66591339 1.24188747 1.19604281 1.22561964 0.00236347 

Silicon tetrachloride mg 47.7069975 0.83041676 0.57858035 46.29283 0.00517037 

Silicon tetrafluoride mg 5.70178035 1.7672667 0.97688972 2.91423327 0.04339067 

Silver mg 17.8164227 5.75544227 3.77821705 8.12647099 0.15629241 

Silver-110 mBq 9.81025948 3.89510762 2.64757529 3.15672517 0.11085139 

Sodium g 184.106811 79.6553977 73.2550192 30.5835412 0.61285294 
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Sodium chlorate mg 33.3326896 12.2862817 5.18351177 15.5061205 0.3567756 

Sodium dichromate mg 191.386465 46.573216 27.1346049 116.974112 0.70453171 

Sodium formate mg 20.2878933 7.49322659 7.3967248 5.38210929 0.01583263 

Sodium hydroxide mg 108.980853 79.6461259 9.20238992 20.0538515 0.07848569 

Sodium tetrahydroborate mg 16.8963413 7.92735256 4.17373332 4.67010046 0.12515499 

Strontium g 41.6750127 17.0013015 17.183187 7.38519909 0.10532514 

Styrene g 2.14061786 1.22130826 0.42919607 0.48585241 0.00426111 

Sulfate g 347.095545 104.342723 60.3942569 180.01932 2.33924548 

Sulfentrazone mg 1.37500727 0.33936048 0.19360535 0.8177121 0.02432933 

Sulfur dioxide kg 543.915575 307.180088 117.428934 101.340837 17.9657163 

Sulfur hexafluoride g 4.09312454 1.56345636 0.81320344 1.65899623 0.0574685 

Sulfur monoxide g 56.0351164 56.0351164 0 0 0 

Sulfur oxides kg 3.61981999 3.61822499 0.00086769 0.00072177 5.5503E-06 

Sulfur trioxide mg 75.8264332 17.769598 13.2073489 44.4465006 0.40298568 

Sulfuric acid g 2.24073321 0.45593769 0.17498834 1.60642549 0.0033817 

Sulfuric acid, dimethyl 
ester ng 218.728706 218.728706 0 0 0 

t-Butyl methyl ether mg 352.566535 117.303897 97.9155303 134.433238 2.91386918 

t-Butylamine mg 1.08957008 0.29831912 0.20188283 0.58158766 0.00778047 

Tar ng 825.792671 825.792671 0 0 0 

Tebuconazole pg 350.055295 73.5379673 39.3740943 234.725349 2.41788362 

Tefluthrin µg 9.01398586 1.88501079 1.01173691 6.0556388 0.06159936 

Terpenes mg 127.468465 30.2634575 18.2233664 77.4477566 1.53388438 

Tetramethyl ammonium 
hydroxide mg 610.352244 286.361944 150.768937 168.700335 4.52102871 

Thallium mg 265.726293 114.716841 121.689148 29.1003473 0.21995633 

Thifensulfuron µg 19.5972344 4.83672109 2.75935209 11.6544085 0.34675278 

Thiodicarb µg 69.8403246 17.2370333 9.83373792 41.5338012 1.2357522 

Thorium mg 303.558217 130.047389 141.77598 31.5274126 0.20743522 

Thorium-228 kBq 1.44839312 0.57448751 0.56008771 0.3089527 0.0048652 

Thorium-230 Bq 280.705072 97.1514702 70.3670345 110.759638 2.42692916 

Thorium-232 kBq 1.38856031 0.5251066 0.47988602 0.37698271 0.00658498 
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Thorium-234 Bq 216.529298 74.6266915 56.4252619 83.7386172 1.73872765 

Tin g 63.4785878 27.9824184 29.6129917 5.86715654 0.01602119 

Titanium g 70.0642462 30.4642004 30.1941141 9.29067197 0.11525968 

Toluene g 292.403382 114.375405 89.8380209 77.2138204 10.9761351 

Toluene, 2-chloro- mg 2.68977839 0.59001437 0.34162161 1.73916594 0.01897647 

Toluene, 2,4-dinitro- ng 1.27591745 1.27591745 0 0 0 

Trifloxystrobin µg 12.5390273 3.09469919 1.76552527 7.45694128 0.22186156 

Trifluralin mg 19.8041892 4.8877988 2.78849207 11.7774837 0.35041463 

Trimethylamine µg 208.695753 49.9392159 31.3464114 125.73297 1.67715644 

Tungsten mg 35.2645924 12.6577753 7.93876456 14.2727184 0.39533417 

Uranium mg 403.402714 172.671261 188.669457 41.7913047 0.2706918 

Uranium-234 Bq 667.733151 233.091741 164.854298 263.682357 6.10475418 

Uranium-235 Bq 15.2308258 5.46691061 3.42876353 6.16440625 0.17074537 

Uranium-238 kBq 4.50626021 1.68655655 1.50312345 1.2929025 0.02367771 

Uranium alpha kBq 1.75111472 0.62852417 0.39415992 0.70879737 0.01963325 

Vanadium g 60.5692818 23.3592543 20.9971356 15.794249 0.41864285 

Water/m3 m3 4288.59275 1584.84441 245.140415 2455.49721 3.11071566 

Vinyl acetate ng 34.6320451 34.6320451 0 0 0 

VOC, volatile organic 
compounds kg 1.00685168 1.00685168 0 0 0 

Xenon-131m kBq 46.83114 16.9070356 11.2372198 18.1910835 0.495801 

Xenon-133 kBq 2585.3329 982.492186 662.857812 911.738355 28.2445439 

Xenon-133m kBq 2.51974028 0.69554416 0.44565813 1.35720098 0.02133702 

Xenon-135 kBq 906.629673 345.227305 232.503142 318.950918 9.94830849 

Xenon-135m kBq 407.324298 153.265441 102.349936 147.24188 4.46704088 

Xenon-137 kBq 12.2992696 4.78375628 3.20618932 4.17055042 0.13877361 

Xenon-138 kBq 92.9432941 35.7999853 23.9687747 32.1345824 1.03995171 

Xylene g 334.223055 121.609986 89.3597673 112.681592 10.5717102 

Zinc kg 1.0771367 0.44305594 0.49323364 0.14022186 0.00062527 

Zinc-65 mBq 97.7972066 38.3840325 25.7508677 32.5502138 1.11209261 

Zirconium mg 4.30900848 1.16696332 1.24086519 1.89168918 0.0094908 

Zirconium-95 mBq 183.264888 72.7546954 49.4453733 58.9938588 2.07096014 
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Air Emissions Contributing to Global Warming 

No Substance Compartment Unit Total 

Polyurethane 
Buoy sea 
transportation 

Mooring Arc 
Welding 
Concrete 
Block Generator Transport 

 
Total 

 
kg CO2 eq 169010.087 101847.872 26734.0683 38947.5834 1480.56325 

 
Remaining substances 

 
kg CO2 eq 6.6066E-09 4.7148E-09 1.0041E-09 8.5129E-10 1.4779E-11 

1 Carbon dioxide, fossil Air kg CO2 eq 151453.304 89709.1734 24473.8276 35843.5472 1426.75545 

2 Methane, fossil Air kg CO2 eq 15706.0719 11200.6066 2007.94152 2457.90366 39.6200895 

3 Dinitrogen monoxide Air kg CO2 eq 858.433211 337.303638 181.002517 328.66749 11.4595664 

4 Methane Air kg CO2 eq 347.102056 347.099459 0.00163291 0.00095797 6.0124E-06 

5 Methane, biogenic Air kg CO2 eq 223.07115 164.737246 14.472903 43.5386318 0.32236921 

6 Methane, tetrafluoro-, CFC-14 Air kg CO2 eq 151.806445 9.97042928 6.80385698 135.007673 0.02448578 

7 Carbon dioxide, land transformation Air kg CO2 eq 105.015581 30.863502 23.3573393 50.0294733 0.76526613 

8 Sulfur hexafluoride Air kg CO2 eq 93.3232396 35.6468051 18.5410385 37.8251141 1.31028185 

9 Methane, chlorodifluoro-, HCFC-22 Air kg CO2 eq 25.1213832 3.37861867 3.4422402 18.267869 0.03265534 

10 Ethane, hexafluoro-, HFC-116 Air kg CO2 eq 18.2662592 1.20976222 0.82054297 16.2329306 0.00302344 

11 Methane, trifluoro-, HFC-23 Air kg CO2 eq 8.03898369 0.27654264 0.17179002 7.58613026 0.00452077 

12 
Ethane, 1,2-dichloro-1,1,2,2-
tetrafluoro-, CFC-114 Air kg CO2 eq 7.45639276 2.66896783 1.65512387 3.04762855 0.08467251 

13 Methane, dichlorodifluoro-, CFC-12 Air kg CO2 eq 4.04194157 0.89332602 0.5365237 2.60659791 0.00549394 

14 Methane, bromotrifluoro-, Halon 1301 Air kg CO2 eq 2.14624157 0.92532664 0.60921713 0.47677185 0.13492595 

15 Carbon dioxide Air kg CO2 eq 1.72378759 0.79926843 0.44724383 0.44922791 0.02804742 

16 Hydrocarbons, chlorinated Air kg CO2 eq 1.65217493 1.5786388 0.02772518 0.04556065 0.00025029 

17 
Ethane, 1,1,1,2-tetrafluoro-, HFC-
134a Air kg CO2 eq 1.48233288 0.2363719 0.15160868 1.08933243 0.00501987 

18 Methane, tetrachloro-, CFC-10 Air kg CO2 eq 0.86086395 0.16563451 0.02194157 0.67270552 0.00058236 

19 
Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, 
CFC-113 Air kg CO2 eq 0.66238427 0.21307307 0.15265978 0.29220413 0.00444729 

20 
Methane, bromochlorodifluoro-, Halon 
1211 Air kg CO2 eq 0.16943032 0.05498795 0.04455761 0.06884402 0.00104075 

21 Ethane, 1,1-difluoro-, HFC-152a Air kg CO2 eq 0.15705184 0.03156136 0.0169488 0.10810607 0.00043561 

22 Chloroform Air kg CO2 eq 0.08266573 0.00445573 0.00298928 0.07513745 8.3263E-05 
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23 
Ethane, 2-chloro-1,1,1,2-tetrafluoro-, 
HCFC-124 Air kg CO2 eq 0.05680771 0.01879658 0.01361538 0.02399935 0.0003964 

24 Methane, trichlorofluoro-, CFC-11 Air kg CO2 eq 0.01315446 0.00044942 0.00027925 0.01241848 7.3055E-06 

25 Methane, dichloro-, HCC-30 Air kg CO2 eq 0.01307803 0.00988691 0.00106307 0.00210056 2.7484E-05 

26 Methane, monochloro-, R-40 Air kg CO2 eq 0.00973919 0.00332504 0.00261563 0.0037273 7.1217E-05 

27 Ethane, 1,1,1-trichloro-, HCFC-140 Air kg CO2 eq 0.00413007 0.00141015 0.00110916 0.00158056 3.0199E-05 

28 Nitrogen fluoride Air kg CO2 eq 0.00043773 0.00020537 0.00010813 0.00012099 3.2424E-06 

29 Methane, dichlorofluoro-, HCFC-21 Air kg CO2 eq 0.00025778 8.8675E-06 5.5086E-06 0.00024325 1.4496E-07 
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Appendix C: Full LCA 

 

The aim of the master thesis was to evaluate climate change environmental impact nevertheless and overview of eight different categories, similar as the 

ones evaluated in other Life Cycle assessment can be seen. From left to right: Climate Change, Ozone Depletion, Terrestrial Acidification, Marine 

Eurotriphication, Photochemical Oxidant Formation, Particulate Matter Formation, Terrestrial Ecotoxicity, Fossil Depletion. As it can be seen from the 

picture the highest impact comes from Particulate Matter Formation and the highest contributor to the building of Wave Energy Converters is the building 

of the Polyurethane Buoys.  


