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Abstract 

Energy is an essential asset in the present society. It is needed for transportation, electricity and heating. Fossil 
fuels, being a limited reserve, are presently the dominating resource from which energy is being used. As indu s-
tries and consumers around the world use more energy for each passing day it becomes vital to shed some light 

on how important it is to decrease the global energy demand. Fossil fuels are needed to be replaced by renewa-
ble energy sources, such as solar and wind power, in order to obtain a more sustainable development. 

When a new product is being developed it is usually important to analyze the potential environmental impact, 
suggestively by conducting a life cycle analysis, prior to manufacturing. Deep Green, being a tidal energy device 

for generation of electricity, is a product in its initial developing stage. In this thesis a lifecycle assessment has 
been conducted of the complete product with the purpose of achieving an analysis of how different choices of 
materials affect the energy usage, CO2 footprint and the energy payback time. Identifications by comparison 

have been taken into account to determine which component of Deep Green that contributes mostly to the 
energy usage and CO2 footprint. In addition to the Life Cycle Assessment, LCA, a digital model, created in an 
Excel workbook, has been developed to simplify calculations of the energy usage, CO 2 footprint and energy 
payback time. The digital model, namely ENCO©, provides the possibility to interchange choice of materials for 

each component in order to evaluate the potential environmental impact and the energy payback time. Deep 
Green consist of 34 different components which are included in the LCA but an initial analysis shows that only 
twelve specific parts contribute largely to the energy usage and the CO2 footprint. The foundation and the wing 

structure account for 78 % and 15 % respectively of the energy usage along with ten other parts which together 
stand for an additional 6 %. Remaining 27 parts share the final percentile. Given the materials provided by the 
company of Minesto the total energy usage and CO2 footprint for the complete product corresponds to approx-
imately 4500 GJ and 342 tonne respectively. The foundation is the part of Deep Green that contributes most to 

the total environmental impact. 

Depending on the defined materials for each component the energy payback time varies between 220 to 260 
days which is to say that a production of Deep Green would be profitable. Nevertheless the conducted LCA has 
several delimitations which should be reflected upon prior a final decision is made. 

The resulted Energy Payback time, EP, should be carefully used and presented with the system boundaries, since 
they affect the EP very much. The outcome of energy consumption and CO2 footprint, depend highly on the 
choice of end of life management. Based on the result it is recommended that the foundation is left on the sea-

bed at the end of its lifecycle to obtain the best EP.  

An investigation of whether it is possible to position the complete supply-chain within the boundaries of a de-
veloping country, namely Tanzania, has also been conducted along with the LCA. It is believed that most of the 
raw materials, which are necessary for the manufacturing of Deep Green, are mined in Tanzania. It is however 

possible to import those materials which are not available within the country. When considering Tanzania, as a 
point of implementation for Deep Green, the energy payback time will become higher compared to Sweden or 
England since more components need to be imported which in turn generates an increase of transportation. 

It is recommended that a new calculation of the EP and the carbon footprint are done when Deep Green is fully 

developed. ENCO© can advantageously be used for this. It is also recommended that the distribution cables and 
the installation are included. 
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Sammanfattning (Abstract in Swedish) 

I dagens samhälle är energi av essentiell vikt. Energi behövs för transport, elektricitet och uppvärmning. Fossila 
bränslen, som är en begränsad resurs, är idag den dominerande energikällan som används. Allteftersom ind u-
strier och konsumenter världen över använder mer energi för vardag blir det allt viktigare att belysa hur viktigt 

det är att minska på den globala efterfrågan på energi. Fossila bränslen behöver ersättas med förnyelsebara 
energikällor, såsom sol-, vind- och tidvattenkraft, för att samhället ska uppnå en hållbar utveckling. 

När en ny produkt utvecklas är det viktigt att analysera den potentiella miljöpåverkan, förslagsvis genom att 
genomföra en livscykelanalys, innan tillverkningen tar vid. Deep Green, som är en enhet som drivs med hjälp av 

tidvatten varefter elektricitet genereras, är en produkt som befinner sig i ett initialt skede av produktutvecklin g-
en. I den här rapporten har en livscykelanalys sammanställts på hela produkten med syftet att uppnå en analys 
av hur olika val av material påverkar energianvändningen, koldioxidutsläppen och energiåterbetalningstiden. 

Komponenter har jämförts med varandra för att fastställa vilken komponent hos Deep Green som bidrar mest 
till energianvändningen och koldioxidutsläppen. Utöver en livscykelanalys, LCA, har en digital modell, skapad i 
ett Excel dokument, utvecklats för att underlätta beräkningar av energianvändning, koldioxidutsläpp och ener-
giåterbetalningstid. Den digitala modellen, med namn ENCO©, erbjuder möjlighet för användaren att ändra 

och definiera materialval för varje enskild komponent för att således utvärdera den potentiella miljöpåverkan 
samt energiåterbetalningstiden. Deep Green består av 34 olika komponenter som alla ingår i den genomförda 
LCAn men en initial analys visar att bara tolv specifika komponenter bidrar störst till energianvändningen och 

koldioxidutsläppen. Fundamentet och vingstrukturen står för 78 % respektive 15 % för energianvändningen 
samtidigt som tio andra komponenter tillsammans utgör sex ytterligare procent. Resterande 27 komponenter 
delar på den sista procenten. Givet materialen som företaget Minesto har bistått med uppgår den totala ener-
gianvändningen och koldioxidutsläppen för hela produkten till ungefär 4500 GJ respektive 342 ton. Fundamen-

tet är den del av Deep Green som bidrar mest till den potentiella miljöpåverkan. 

Beroende på de definierade materialen för varje komponent varierar energiåterbetalningstiden mellan 220 och 
260 dagar vilket betyder att en produktion av Deep Green vore lönsam. Dock har den genomförda LCAn flera 
begränsningar som borde beaktas innan ett sista beslut fattas. 

Den resulterande energiåterbetalningstiden, EP, bör användas försiktigt och presenteras ihop med system grän-
serna då de påverkar energiåterbetalningstiden mycket. Den totala energianvändningen och koldioxidutsläppen 
beror starkt på val av hantering när produkten är uttjänt. Baserat på resultatet, rekommenderas att fundamen-

tet lämnas på havsbotten i slutet på livscykeln för att få lägst energiåterbetalningstid.  

En undersökning om huruvida det är möjligt att placera hela produktionskedjan i ett utvecklingsland, såsom 
Tanzania, har också blivit genomfört jämsides med LCAn. De flesta råmaterial, som är nödvändiga för tillverk-
ning av Deep Green, bryts i Tanzania. Det är dessutom möjligt att importera de material som inte finns tillgän g-

liga lokalt i landet. Med Tanzania som land kommer energiåterbetalningstiden att bli högre jämfört med Sve-
rige eller England eftersom fler komponenter behöver importeras som i sin tur genererar en ökning av transpo r-
ter. 

När Deep green är färdigutvecklad rekommenderas att en ny beräkning av energiåterbetalningstid och koldiox-

idutsläpp göras. ENCO© kan med fördel användas till detta. Det rekommenderas även att distributionskablar 
och installation inkluderas.  
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List of Abbreviation  Explanation 
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EP 
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LCA Life cycle assessment  

LCI 

LCIA 

Life cycle inventory  
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CO2 
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Carbon dioxide  

International Organization for Standardization  
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1 Introduction 

The energy situation today and different energy sources will  be presented in this chapter along with an intr o-

duction to energy payback time and life cycle assessment. The problem description, purpose, goal and 
timeframe will  also be specified. 

1.1 The Situation of Today 

Energy is essential  in today’s  society. Today’s  civil ization needs energy for transportation, electricity and heat-
ing. Fossil fuel stands for 81 % (2009) of the world’s  infusion of energy. When it comes to electricity production 
the number is 60 %, see Figure 1 for details about energy sources for electricity production. There are several 

methods of producing electricity on an industrial level weather it is through the implementation of hydro, nu-
clear, solar, wind and/or tidal power plants. Burning of coal and natural gas are also common. Some of the 
mentioned solutions are yet not commercially developed and thus more expensive. There is however an ongo-
ing desire to modify power plants and replace fossil  fuels with renewable energy sources in order to obtain a 

sustainable development and decrease potential environmental impacts. It is known that fossil  fuels will  cease 
to exist and it is necessary to decrease the use of fossil  fuels and replace it with renewable energy sources. 
Gröndal (2011) states that several scientists say that society have 20 year before a change from a fossil  fuel 
addiction society, some say that the change has to happen within 8 years . If human society waits too long be-

fore changes are made the average temperature on earth will  soon be 2 degrees higher than before the indus-
trialization in the 18

th
 century. If no changes are made the climate would drastically be affected with bad con-

sequences for both humanity and ecosystems  as a result. With this in mind it is understandable that our energy 

system needs to be changed. Todays most discussed challenge is the adjustment to energy sources that are 
renewable; hence not running out of them and in turn not contributing to the climate changes (Gröndal, 2011). 

To secure a sustainable future more renewable energy has to be used. The best way to solve the climate issue 
is to use less energy and increase the use of renewable energy. A good way to increase the knowledge about 

how much energy that is used is to do an investigation of how much energy a product requires during a l ifetime 
(Gröndal, 2011). 

 

Figure 1: Pie chart showing the source of electricity production in the world. 

An LCA study is to be carried out for Minesto AB being the developer of a new concept for tidal power plants. 

The tidal energy device called Deep Green is based on a new principle for electricity generation. Read more 
about Deep Green in Subchapter 4.2. Deep green will  from this point and on be referred to as DG. It is possible 
to apply the power plant in areas where other technologies  cannot operate cost effectively, thanks to its  ability 

to operate at low water current velocities. The technology is new but predicts a good future. Minesto expands 
the total marine potential and offers a step change in cost of tidal energy. Read more about Minesto in sub-
chapter Minesto. 
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The global energy consumption in year 2010 was 550 EJ compared to barely 100 EJ in year 1950, see Figure 2.  

 

Figure 2: World energy consumption from year 1820 to year 2010 

Households and industries in Sweden pay CO2 tax but household pay more than the industries. The taxes for 
the industries have not increased due to low taxes in USA and China. An increase of taxes could lead to indus-

trial movement (Nässén, 2011). 

1.1.1 Life Cycle Assessment 

The Life cycle assessment methodology will  be used to achieve the values for energy usage and CO2 footprint, 
which is the sum of the emitted CO2 during the lifecycle. Life cycle assessments, LCA, were introduced in the 
60’s. It started after discussions about waste management and after the oil  crisis in the 70’s the interest for LCA 

grew and the development accelerated. The first guidelines for LCA methodology was introduced in 1993 in 
Code of Practice by SETA after a series of conferences.  

International Organization of Standardization (ISO) started to standa rdize LCA methodology in 1993. The first 

standard was introduced in 1997. Since 1997 a series of different standards have been publicized but in 2006 
ISO 14040:2006 and ISO 14044:2006 came and replaced all  earlier standards about l ife cycle analyzes. The 
document states that “LCA describes environmental aspects and potential impacts throughout a product’s l ife 
cycle, i .e. raw material acquisition, production, use and disposal” (Til lman, 2004). 

1.2 Problem Description 

It is desired to increase the understanding of how the different phases  in the lifecycle of Deep Green affect the 
energy payback time, which will  hereafter be referred to as EP. The phases of a l ife cycle consist of raw material 

acquisition, manufacturing processes, transportation and end of l ife management. Deep Green is currently at a 
developing stage and an examination of resulting EP is preferred to justify the choice of material. In other  
words; what choices of materials, manufacturers, manufacturing processes, mode of transports and end of l ife 

managements give rise to an optimum EP? An LCA will  be carried out and used when calculating the EP. It is 
also of interest to compare different geographical sites to see how the EP affects. When developing a new 
technology, especially for renewable energy, it is of utmost importance to consider the EP. 

The established EP can come to be used i n sales objectives by Minesto AB. Valid conclusions can be drawn if 

good data can be found for all  l ifecycle phases. 

To optimize the EP, during the product development two main aspects should be taken into account; demate-
rialization, i.e. when reducing material usage, and trans -materialization, namely interchanging materials. Mate-
rial choices are hence very important when conducting an EP analysis. 

Due to the fact that the product is under development, the construction is not fully decided. The evaluation of 
materials can be used in the development of Deep Green. Comparison between materials might give the de-
veloper an understanding of the importance of choosing a less energy demanding material. The LCA will  be 

based on general material data. When the product is fully developed a new LCA should be carried out to g et a 
more accurate EP. 
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1.3 Purpose 

The objective of this project is to establish an EP while considering the life cycle of Deep Green. It is important 
to grasp the importance of how design and/or material decisions affect the energy usage, CO 2 footprint and the 

EP of Deep Green in order to produce a product that desires minimal amount of energy during its l ifetime. This 
implies that different phases of the product’s l ifecycle and the geographical site are to be analyzed in order to 
determine which factors that affect the EP mostly. 

An LCA based tool will  be developed with the purpose of simplifying EP calculations and providing a user -

friendly platform where materials can be altered and compared from an energy usage and CO 2 footprint per-
spective. 

1.4 Goal 

The goal of this project is to establish an EP of Deep Green by defining materials for each single component. 
According to the LCA guidelines  (Til lman, 2004) specified goals have to be formulated, these are stated below: 

 Perform an analyze of which parts that are important to include in the LCA and if there are any parts 

that could be excluded 

 Identify which activity that makes the biggest contribution of energy consumption by comparison  

 Identify which part that makes the biggest contribution of  energy consumption by comparison 

 Identify which activity that makes the biggest contribution of CO 2 footprint by comparison 

 Identify which parts that makes the biggest contribution of CO 2 footprint by comparison 

 Evaluate potential environmental impacts caused by materials used in the product 

 Find out which parts of the lifecycle that can be performed in Tanzania 

 Identify the inequality in the lifecycle of Deep Green between use in England and Tanzania  

 Do an excel fi le with the possibility to change material and calculate the EP 

This project will  also aim to compile updated figures and credible numbers of energy consumption, material 
usage and CO2 footprint generated during the lifecycle of Deep Green. These figures can later be used for fur-

ther communication with external interested parties such as investors. This project will  also aim to design a 
digital model for calculation of energy consumption as well as CO2 footprint and finally the energy payback 
time.  The model will  provide possibilities to interchange choice of material in order to evaluate corresponding 
energy payback time and CO2 footprint for updated parameters. The goal is also to compare alternative mate-

rial choices from an energy payback time point of view.  

1.5 Expected Time frame 

Fifteen weeks, totally 1200 hours, is  dedicated for the thesis. Six weeks are initially spent in Sweden for initi a-
tion of the thesis. This part includes writing a demand specification, 40 hours, l iteracy study, 120 hours, initial 
LCA study, 120 hours, gathering of information from concerned companies, 80 hours, compiling a network of 
the production chain, 40 hours, and report writing, 80 hours. 

Subsequently the thesis will  continue for six weeks in Tanzania where the LCA study is continued, 200 hours, an 
Excel workbook is planned to be created including functions and a material database for future calcula tions, 
180 hours. In accordance with the initial phase the network of the production chain is refined, 40 hours. 

Interviews will  be held to identify which parts of the supply chain that can be placed in Tanzania , 20 hours. An 
LCA study for Tanzania is also planned to be conducted once the results from the interviews are compiled, 20 
hours. A comparison between countries, Great Britain and Tanzania, is a lso planned to be carried out, 20 hours. 

The final three weeks in Sweden is intended for finalization of the written report and prepar ation of an oral 

presentation, 160 hours, given an administration time of about 80 hours. 
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2 Method 

To establish an EP while considering the lifecycle of Deep Green implies that the energy consumption and CO2 

footprint for included materials are to be evaluated and analyzed. 

Data on energy consumption and CO2 footprint for raw material acquisition, processing, production, finish, 
assembly, usage, service & maintenance and end of l ife potential of all  primary material choices for Deep Green 
has been gathered through communication with a ll  possible manufacturers. Data on occurring transportations 

between each phase have also been inquired with the manufacturer in order to complete the supply chain. 

To il lustrate which component, or better yet which material, that contributes  mostly to the EP of Deep Green 
an initial and undetailed LCA was carried out by use of Audit software, namely CES EduPack 2011. The LCA 

calculations have been based on current constructional dimensions and material suggestions, i .e. no alterations 
in component material, dimension and mass has been made. 

The digital tool, including functions interlinked with a small material  database, will  be created in an Excel work-
book and form the basis for future analysis of the EP. Data on energy consumption and CO2 footprint will  be 

stored in the workbook which will  provide a selection of materi als that can be applied onto any component 
thus enabling the user to analyze how the EP changes with respect to the choice of materials.  

Subsequent the determination of the LCA an investigation will  be carried out on whether it is possible to pos i-
tion the complete supply-chain within the boundaries of Tanzania or if it is necessary or perhaps required to 

decentralize parts internationally. The investigation will  be conducted through interviews with Charles Masa n-
ja, who is a local citizen in Tanzania, to gather information about Tanzanian infrastructure, the situation of raw 
material sources, the scope of the power gri d and available process facil ities. 

A breakeven analysis , i .e. the point where produced energy overtakes the amount of consumed energy, will  be 
conducted by determining the ratio of energy consumed versus the energy produced during the lifespan of 
Deep Green. 

A dominance analysis will be carried out by calculating the percentile of energy consumption and CO 2 footprint 

for all  components with respect to the complete energy demand and CO2 footprint for Deep Green. 

A sensitivity analysis, meaning analyzing which factors affect the result most, will  also be conducted fo r each of 
the phase in the lifecycle, by comparing the results and determining how sensitive a component is to changes 
in material with respect to energy consumption and CO2 footprint. 

2.1 LCA Functional Unit 

The CO2 footprint will  be presented in the functional unit kg CO2/ produced kWh. The energy consumption will  

be presented in the functional unit kWh/kWh. 

3 Delimitation 

Given the vast number of existing power plants and in the spirit of sustainable development focus has been 
aimed on a tidal and ocean power plant which is based on renewable energy sources. In more detail, it will  
become possible to evaluate the potential environmental impact, based on energy usage and the CO2 footprint. 
CO2 is the only greenhouse gas taken into account during this specific l ifecycle assessment since no or very 

small amounts of other greenhouse gases are emitted during the lifetime of Deep Green. 

The evaluation of energy payback time and CO2 footprint will  be based on the current construction of Deep 
Green. The choice of material will  be based on information that experts at Minesto AB provided.  

Energy consumption for embodied energy for primary production, manufacturing, transport, maintenance and 
service, use, disposal and end of l ife management will  be taken into account. All  parts in Deep Green will  be 
included but the cables will  be l imited and only include cables from the unit to the hub. Transp ortation includes 
material transportation from the mine to the place of assemble past the manufacturer. Transport will  not i n-

clude deployment of the unit. 



University of Skövde School of Technology and Science  

Elin Elmehag, Rojé Torosian 2013-02-18 

5 

3.1 Delimitations of LCA 

In the LCA the system boundaries, type of environmental impacts, level of details and allocation procedure has 
to be stated clearly because it affects the reliability of the result. 

3.1.1 LCA System Boundaries  

Information about the material used in the product is gathered together with alternative material options. 
Manufacturing processes including primary and secondary processes is decided. The expected life time is after 
careful calculations, by Minesto, set to 20 years and the different options for end of l ife management are de-
termined.   

When producing components often up to 20 % more material is used than the final product (Granta Design 
Limited, 2011). This number is set for each manufacturing process. Some processes need chemical substances 
but these will  not be taken into account in this LCA. If any process  require a lot of chemical substances further 
investigations will  be done.  

Transportation of raw material from place of extraction to manufacturer, from manufacturer to the place for 
assembly and transport from assembly to the final site of placement is c alculated in the LCA.  

Embodied energy for primary production and energy usage during the phases will  be considered for all  parts.  

The parts that contribute most to the total energy consumption will  be analyzed in more detail  with infor-
mation from the manufacturer. Seabed cables, transmission system and other electrical systems are left out-
side the system boundaries for this calculation 

Different options of End of Life management will  be compared for all  parts. Available options are landfil l , com-

bustion, downcycle, recycle and re-manufacturing.   

Service and maintenance during the product’s service l ife will  be omitted in the LCA in this report but will  be an 
additional option in the Excel workbook.  

3.1.2 Type of Environmental Impact being considered 

The environmental impact that is considered is only energy consumption and CO2 footprint. Resources that are 

used will  be analyzed from an environmental and sustainable view. Total energy consumption will  be calculated 
and used to calculate the EP. 

3.1.3 Level of Detail   

The product is under development and manufacturers are not decided. Average data will  be used and a poss i-
ble manufacturer will  be used when considering transportation distance. The average data will  be taken from 

Granta Design Limited’s database in CES EduPack 2011. 

3.1.4 Allocation Procedure  

Choice of allocation procedure has not been necessary in this project. Allocations have been applied in weight 
percent where applicable. 

3.1.5 Life Cycle Inventory Analysis (LCI)  

The life cycle inventory analyze (LCI) establishes the flows of energy and CO2. Data for the flows are collected. 

Data collection is a time consuming assignment. A good view of what data is needed and a good plan on how 
the data is collected is essential to the collection efficient. The data is then vali dated in a sensitivity analysis, 
see subchapter 6.2.5. 

Usually the use phase is the most energy intensive part but in this case with a system that produces energy the 

material phase is the most contributory. Val ues for embodied energy for primary material production is gath-
ered from Granta Design Limited except from the value for biodegradable oil, see subchapter 5.2.1. 

The manufacturing processes are common for the selected materials and only primary and secondary process-

es are calculated. Casting and fine machinery are standard choices for metals. The most common manufactur-
ing choices for plastics are extrusion and fine machinery. The carbon- and glass-fiber composites are made by 
prepreg, autoclave and then cutting and trimming. 
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4 Literacy study 

An initial l iterary study is  conducted to gain general information on central aspects of the thesis involving Deep 

Green, tidal and ocean currents, l ife cycle assessment, energy and CO2 footprint calculations and the Republic 
of Tanzania. 

4.1 Minesto 

When Magnus Landberg worked at SAAB AB he came up with the idea about Deep Green or enerkite as he 
called it. The invention was first presented in 2004 and the product was analyzed by two students  from the 
University of Linköping. The result showed that the enerkite is suitable in lower energy sites and that the inven-

tion had great potential. Minesto was founded in 2007.  

The objective with the company is “direct or indirect manage research, development and sales of service and 
products for renewable energy production and with reconcilable activity”. In 2011 the first on-site test was 
made with a scaled prototype. In 2010 Minesto was awarded for one of “The 50 best inventions of 2010” by 

Time Magazine.  In 2011 Minesto won the price for “Tidal Energy technology Innovation” by Tidal Today. Today 
the main owners are SAAB New Technology, BGA Invest, Verdane Capital, Encubator and Midroc (Minesto, 
2012). 

4.2 The product Deep Green 

The product called Deep Green can generate electricity from low velocity flowing water, both tidal  and ocean 
currents. 

Deep Green, see Figure 3, resembles a kite consisting of a wing [1] which carries a nacelle [2] and a turbine [3] 
which is directly coupled to a generator inside the nacelle. The complete unit is attached to a foundation at the 
seabed by struts and a tether [4]. A bottom joint is based on the foundation to which a swivel is connected to 
assure that the tether, which accommodates power and communication cables, can move smoothly in all  direc-

tions. The kite is steered in a predestinated trajectory by means of a rudder [5] and a servo system [6]. A site 
contains a various number of units which are connected to a hub which in turn is co nnected to land (Minesto, 
2012). 

 

 

Figure 3: Specified components of Deep Green. 

Energy, harnessed in tidal or ocean currents, is transferred to the turbine allowing it to rotate. Electricity is then 
generated by the generator which is attached to the turbine. The electricity production varies and is dependent 

on the fluctuations of tidal and ocean currents. Deep Green is assumed to bear a rated power of 0.5 MW and 
have a l ife expectancy of 20 years of which the yearly production time is approximated to 3200 hours. 

When install ing Deep Green, a shore based crane will  l ift the foundation from the harbor onto the seabed. The 
foundation will  then be lifted and carried in the water underneath the barge. In this way, the weight that is 

l ifted is l imited. The barge with the foundation is then towed to the site by two tugs. Right before the installa-
tion the lifting device will  be disconnected by a Remotely Operated Vehicle, ROV, and placed on the barge. A 
ROV is not usual equipment on a barge. The swivel, bottom joint and tether are already connected to the fou n-
dation. The kite will  be installed afterwards. 
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The power cables will  be laid by a cable lay vessel, using ROVs. It is assumed to take five days per device for a 
site with 50 devices. The kite will  then be assembled with use of a smaller vessel, for example a MultiCat. The 
installation will  take one day (Shanks, 2012). 

4.3 Tidal and ocean currents 

Deep Green works in both tidal and ocean currents. Ocean currents are driven by density and temperature 
gradients and tides are created by the relative motion of, and the gravitational interaction between, the Earth, 
Moon and the Sun. The word Tide comes from the Low-German word “tiet” which means time. (Glosbe, 2012) 

4.3.1 Ocean currents 

Forces acting on the oceanic water l ike the rotation of the earth, the wind, the temperature and the differences 
in salinity as well as the gravitational pull of the moon and the Coriolis  force generally give rise to occurring 
ocean currents which can flow for several thousands of kilometers. In general, ocean currents have a continu-
ous movement and form large circular patterns that flow clockwise in the northern hemisphere and counter-

clockwise in the southern hemisphere. Ocean currents are thus not only important for marine life and local 
ecosystems but also a carrier of harnessed energy which can be advantages for several reasons.  

4.3.2 Tidal currents 

Tidal currents are created by the relative motion of, and the gravitational interaction between, the Earth, Moon 
and the Sun. The magnitude of the attraction depends on the mass of the object and its distance away  from 

each other. The moon exerts more than twice as great a force on the tides as the sun due to its much closer 
position to the earth. As a result, the tide closely follows the moon during its rotation around the earth, crea t-
ing diurnal or semidiurnal tide and ebb cycles a t any particular ocean surface. The amplitude of a tide wave is 

very small in the open sea. However, the tide can increase dramatically when it reaches continental areas, 
bringing huge masses of water into narrow bays and river creeks along a coastline. This phenomenon provides 
beneficial opportunities for harnessing renewable energy (Robert Currie, 2003). 

Streaming energy, harnessed in tidal or ocean current, has generally an efficiency of 80 % in converting the 

potential energy of the water into electricity. It can be very cost-efficient to use tidal or ocean current energy 
to generate electricity. The costs generated are very site specific and influenced by geography, distance to grid 
and speed and volume of the tidal or ocean current. Tidal and ocean current energy is nonetheless stil l  v ery 
expensive due to their early development state. 

By making use of the harnessed energy in ocean currents the energy flow will  become more continuous in 
contrast to tidal currents whereas the flowing speed decreases implying that the specific product in use should 
be able to operate at lower velocities. 

Tidal and ocean current energy is a renewable source and does not result in any greenhouse gas emissions. This 
fact is true when considering the generation of electricity since the product itself does not require any fuel for 
operation. Energy usage and CO2 footprint are however associated with the production as well as any neces-
sary service & maintenance of the product which generates the electricity. As for the ecosystem the use of tidal 

energy may reduce the sedimentation and increase the clarity of the water (Depestele, 2012).  

Advantages 

 Tidal energy is a global resource 

 Possible to increase the security of supply in coastal regions  

 The time and volume of tides can be predicted very efficiently 

 Ocean currents are constant 

 No fuel is required for generation of electricity 

 Minimal environmental impact 

Disadvantages 

 Tidal energy is only provided during a partial time of each day 

 All available sites are not suitable for an effici ent generation of electricity 

 Tidal energy technologies are yet not fully developed 
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4.4 Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA) is a methodology to evaluate a product or service from an environmental perspec-
tive from cradle-to- cradle. Lifecycle means all  phases from raw material extraction, through production, use, 

transport and end of l ife. 

An LCA consist of four phases [ISO 14040: 2006] 

 Goal and scope definition 

 Inventory analysis  

 Impact assessment 

 Interpret the result 

4.4.1 Definition of Goal and Scope definition according to ISO 14040:2006 

To whom and why the LCA is made has  to be included in the goal definition along with the specified purpose.  
In the scope definition system boundaries, functional  unit, type of environmental impacts being considered, 
level of details and allocation procedure is stated. Definition of system boundaries is important to specify in an 
early stadium even though they can be changed during the analysis  of the LCA.  

Assumptions and limitations have to be stated clearly because it affects the reliability of the result.   

4.4.2 Life Cycle Inventory Analysis (LCI) according to ISO 14040:2006 

A detailed flowchart including processes and flows is built. All  flows of material and/or energy to , within and 
from the system have to be included. Data for the different phases  is collected and has to be validated. The 
data is then converted to the functional unit. 

4.4.3 Life Cycle Impact Assessment (LCIA) according to ISO 14040:2006 

In this phase the environmental load from the LCA is converted into potential environmental impact. The phase 
consist of three obligatory steps; classification, characterization and weighting. First the type of environmental 
impact is considered. The following is suggestions from CML’s guide to the ISO standard for different impact 
categories.   

 Depletion of abiotic resource  

 Impact of land use  

 Eco toxicity  

 Human toxicity  

 Climate change  

 Stratospheric ozone depletion  

 Photo-oxidant formation  

 Acidification  

 Eutrophication  

Classification; the result from the inventory analysis is connected to an impact category. Note that flows can be 

connected to more than one impact category; for example NOx affect both eutrophication and acidification.  

Weight factors can be used to compare the impact categories . This will  not be described further since no 
weighting will  be performed in this study.  

This project will  only consider the greenhouse gas CO2. 

4.5 Energy Payback Time and CO2 Footprint 

The energy payback time can be defined as the ratio of total energy required for manufacturing, maintenance, 

operation and the energy produced during a product’s normal l ifespan. The result is preferably presented in 
terms of days. It is also possible to express a ratio of energy being used and produced during a product’s no r-
mal l ifespan. A high ratio indicates good environmental performance (Luc Gagnon, 2005). 
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A power plant can for instance have an EP of 180 days and a ratio of 1:20. This implies that it takes 180 days for 
the power plant to produce the energy which is required during its normal l ifespan. The ratio simply denotes 
that the power plant produces 20 times more energy than it demands during its normal l ifespan. 

Material choices not only affect the product l ifetime but also the energy used to produce the product. In turn 

the product requires energy for maintenance and such to maintai n a functioning standard. The EP is thus the 
ratio of output, energy generated during a product l ifetime, and input, energy consumed for production and 
maintenance. This suggests that the EP is largely dependent on material choices. Other aspects, such as the 
amount of material used to produce a component, are also affecting the EP. Since the product is under devel-

opment, the design of it might change. This implies that material  choices are made given a specific design of 
the product, i .e. the mass of each single component is not altered when a material selection is changed. The EP 
is therefore solely an approximation of true values. 

Nowadays product developers aim to use less amount of material in the production phase than before. Less 
material usage results in less energy consumption and greenhouse gas footprint resulting in a more sustainable 
development. 

A wind power plant produces 23 times more energy than it takes to produce it. Corresponding number for solar 

photovoltaic power plant is 1:4 and for coal, 1:11. An energy conversion device should not be developed if the 
energy payback time is lower than 1 (Luc Gagnon, 2005). 

Hydro power plants have ratios spanning from 1:170 to 1:280 depending on which type of power plant is in use 

see Figure 4, compared with wind power plants which have a ratio of 1:23. Given the span of ratio for hydro 
power plants it is desired to establish an EP for a tidal energy power plant which is at an initial state of devel-
opment. See subchapter 4.2 for detailed description of the product called Deep Green. 

 

 

4.5.1 Greenhouse Gases 

All greenhouse gases have a Global Warming Potential, GWP. This value signifies the heat-absorbing ability of 
each gas relative to CO2. N2O is for instance 310 times more absorptive than CO2. The atmospheric l ifetime for 
CH4 and N2O, relative to CO2, is approximately 12 and 110 years respectively. Nevertheless, considering the 

sheer quantity, CO2 is presently the most problematic greenhouse gas. Stil l , it does not take loads of emitted 
CH4 to overweigh CO2. This fact should of course be kept in mind since CO 2 is the only greenhouse gas taken 
into account for the life cycle of Deep Green (Hieb, 2007). 

Figure 4: Energy ratio for different energy sources. 
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4.6 Energy and CO2 Footprint 

Energy can be found in three different forms; inventory- fund- and flowing resources. The fossil  fuels coal, gas  
and oil  are an inventory resource and give a net addition of carbon dioxide to the atmosphere. Biomass is 

based on coal but if reforestation is handled in a good way there is no net addition of carbon dioxide to the 
atmosphere. But there is also energy resources based on flowing resources such as insolation or motion in air 
or water. But energy created from the earth’s  rotation and the gravitational pull  from the moon is also flowing 
recourses. These energy sources do not give any addition of carbon dioxide to the atmosphere. 

Each square meter on our planet receives 1000 kWh of solar energy each day. A passive house uses 5000 kWh 
of energy each year! If all  solar energy that hits our earth during one day could be captured it would cover the 
total energy demand for the population of the world for 25 years. Solar energy is an attractive energy source in 

developing countries where it is often sunny and the distribution system is easy to build. The solar energy 
technology is very expensive. Some rare and finite material is also needed. 

The amount of greenhouse gases is increasing. CO2 is emitted during combustion and contributes to the green-
house effect. In 1960 9 Gton CO2 was emitted, today the number is 30 Gton. Deforestation is a reason for the 

increasing of CO2. The greenhouse effect makes the temperature on earth higher and affects the environment 
in many ways. The consequence of decreasing fresh water levels is an increasing risk of diseases. More nature 
catastrophes will  occur and the sea-level will  rise. The release of CO2 in developed countries has almost been 
stable since 1970 but is increasing a lot in developing countries. The existence of CO2 in the atmosphere is long. 

Approximately thirty percent of CO2 is sti l l  left in the atmosphere after 200 years (Johansson, 2011). 

The average value of CO2 footprint for Sweden is 20 g/kWh and for Scandinavia 100 g/kWh (Svensk energi, 
2011). The energy production in Sweden consists mainly of hydro and nuclear  which has relatively low values 

for CO2 footprint. The corresponding values for Coal-fired power plant is 970 g/kWh, Oil- fired power station 
740 g and gas fired power station 385 g/ kWh (ESRU, 2000). These numbers are i l lustrated in Figure 5. 

 

Figure 5: CO2 footprint (g/kWh) 

4.7 Energy and CO2 Footprint Calculations 

A software, CES EduPack 2011, has been used for some calculations. The applied tool within the software is Eco 
Audit. The software uses the same calculations as  this project. 

The main phases in a product´s l ifecycle are raw material extraction, production, manufacturing, transport, use, 

service and maintenance, disposal and end-of-life. See Figure 6 for an example for a general product that does 
not produce energy. Two environmental impacts, energy usage and CO2 footprint are calculated to see which 
of the main phases that is the biggest burden.  
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Figure 6: Overview of a product´s lifecycle (left) and example output from the calculations (right)  

During the use phase of Deep Green energy is produced rather than consumed which is usually not the case for 
products. Figure 7 shows examples of design alternatives to minimize the environmental impact for different 
phases. For example can the mass of a part be mini mized to decrease the environmental impact? 

 

Calculations, based on embodied energy and CO2 footprint, are conducted for raw material extraction, primary 
and secondary manufacturing, transport, disposal, end of l ife (EOL) and the use phase. 

4.7.1 Material Calculations 

To calculate how much energy is used in primary material production, embodied energy for every material is 

specified (Datasheets from CES EduPack 2011). 

The definitions of Embodied energy is according to CES EduPack 2011 “The embodied energy is the energy oth-
er than that from bio-fuels that is committed in making a unit weight of material from its ores and feedstock. 
The feedstock is transported to the production plant, consuming energy. The production requires further energy, 

as does the heating, lighting, and general support and maintenance of the plant. The energy input to the plant 
is the sum of all of these” 

The embodied energy,  per unit weight is according to equation 4.1. 

Figure 7: Design alternatives for different phases. 
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    (4.1) 

Embodied energy is measured in MJ/kg. The embodied energy is then multiplied with the total mass of the 
component. CO2 footprint is calculated in the same way and measured in kg/kg. Waste for the primary process 
is included in the embodied energy. A datasheet for ABS is shown in Figure 8. It can for example be seen that 

the embodied energy is from 91 to 102 MJ/kg and that it is possible to recycle ABS. 

The potential environmental impacts of materials are hard to decide. There a re sophisticated ways to decide 
properties of materials such as mechanical and thermal and these are often known to 3 decimal digits. But 

there are no sophisticated machines to measure embodied energy and CO2 footprints. There are international 
standards of the procedure detailed in ISO 14040. But the standard deviations are  at best. 

4.7.1.1 Calculations with a grade of recycling 

Recycling has become integrated into the supply chain for materials such as metals and glass. For those are a 

typical number for recycled material used in the calculations for material extraction. For carbon fibers 100  % 
virgin material is used. The calculations used to determine the environmental burden of grades containing 
recycled material are according to equation 4.2 for energy consumption and equation 4.3 for CO2 footprint. 

    (4.2) 

The variable  is the recycled content,  is embodied energy from primary production (MJ/kg) and  is 

embodied energy from recycling (MJ/kg). 

    (4.3) 

Where CO2m is CO2 footprint from primary production and CO2rc is CO2 footprint from recycling. 

Figure 8: Datasheet for Acrylonitrile butadiene styrene 
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The secondary process is machining processes, for example grinding and cutting where material is removed. 
Table 1 i l lustrates the amount of removed material that is usually applied for common materials.  

 Table 1: Percentage of material removed during the secondary manufacturing process. 

Material 
Material removed by the secondary 

manufacturing process (%) – (r) 

Concrete (Pozzolona Cement) 0 

Epoxy HS Carbon Fibre 5 

Epoxy S Glass Fibre 5 

PVC 5 

Polyurethane (PUR) 5 

Other metals, polymers, elastomers and composites 20 

To account for this, extra material is added and included in the calcula tions. This is called the waste factor and 
is calculated according to equation 4.4. The mass correct factor  is calculated with equation 4.5.  

     (4.4) 

     (4.5) 

The variable r denotes the percentage of material removed during the secondary manufacturing process, see 
Table 1. 

4.7.1.2 Material phase 

Energy usage and CO2 footprint of the material phase include three contributors; embodied energy of raw ma-
teriel, used energy to collect manufacturing waste and the credit for recovering the manufacturing waste. This 
is calculated according to equation 4.6 and 4.7.   

   (4.6) 

  (4.7) 

Where  and  depend on the level of recycled material used in the product. 

The variable  is the energy usage associated with the collection of manufacturing waste is presented in Table 
7. Corresponding CO2 footprint  is customary 7 % of . 

The variable  and  depend on how the waste is recovered and is calculated 

with equation 4.8 and 4.9. 

    (4.8) 

   (4.9) 

4.7.1.3 Manufacturing Phase 

Energy usage and CO2 footprint in the manufacturing phase are calculated with equation 4.10 and 4.11. 

   (4.10) 

    (4.11) 
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The variable  is embodied energy from primary process,   is embodied energy from secondary process, 

 is CO2 footprint from primary process and  is CO2 footprint from secondary process. See Table 2 

for examples of manufacturing processes. 

 Table 2: Examples of primary process  

Material Process 

Metals Casting 

Extrusion, foil rolling 

Rough rolling, forging 

Wire drawing 

Metal powder forming 

Vaporization 

Polymers & elastomers Polymer molding 

Polymer extrusion 

Composites Casting 

Autoclave molding 

Filament winding 

Compression molding 

Resin spray-up 

Resin transfer molding (RTM) 

Each material has a unique property with respect to energy consumption, CO 2 footprint, manufacturing pro-
cesses and end of l ife treatment possibilities. An example for a material is presented in Table 3 where available 
figures and possible manufacturing processes are l isted. 
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Table 3: Properties of Normalized Steel AISI 1030. 

Normalized Steel AISI 1030 

Primary material production 
Energy 
(MJ/kg) 

CO₂ (kg) Percent (%) 

Embodied energy and CO₂ footprint, primary production - (Hm) & (CO2m) 32 2,485   

Material processing 

Primary process - (Hp1) & (CO2p1) 

Autoclave molding       

Casting 11,55 0,865   

Compression molding       

Extrusion, foil rolling 6,13 0,46   

Filament winding       

Included in material value       

Metal powder forming 40,5 3,235   

Polymer extrusion       

Polymer molding       

Pultrusion       

Rough rolling, forging 3,215 0,241   

Vaporization 11450 858   

Wire drawing 22,2 1,665   

Secondary process - (Hp2) & (CO2p2) 

Coarse machining (per unit weight removed) 0,937 0,0703   

Fine machining (per unit weight removed) 4,875 0,3655   

Grinding (per unit weight removed) 9,245 0,6935   

Non-conventional machining (per unit weight removed) 114,5 8,58   

Material recycling 

Recycle       

Embodied energy and CO₂ footprint, recycling - (Hrc) & (CO2rc) 8,92 0,695   

Recycle fraction in current supply - (Rf)     41,95 

Downcycle       

Combust for energy recovery       

Heat of combustion (net energy & CO₂ footprint) - (Hcal) & (CO2cal)       

Landfill       

Biodegradable       

Renewable resource       

The embodied energy Hm and CO2 footprint CO2m for primary production is presented at the top of Table 3. For 
each available process, both primary and secondary, the energy consumption, Hp1 and Hp2, as well as the CO2 

footprint, CO2p1 and CO2p2, is l isted accordingly. As for material recycling the green color indicates that the a c-
tion is commonly applied as oppose to the red color which denotes that the action is not applicable for the 
material. The embodied energy Hrc and CO2 footprint CO2rc as well as the recycle fraction Rf for recycling is thus 
l isted for Normalized Steel AISI 1030. 
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4.7.2 Transport Calculations 

Energy usage and CO2 footprint for transportation are calculated with equation 4.12 and equation 4.13. 

     (4.12)  

The variable  is the transportation energy per unit mass and distance,  is the distance travelled and  is the 
product mass. 

    (4.13) 

The variable  is the CO2 footprint generated by the type of transportation being used. Table 4 shows the 
transport energy and CO2 footprint for different modes of transport measured in MJ/kg/km and kg/MJ. 

Table 4: Energy usage and CO2 footprint for different mode of transport (Granta Design Limited, 2011) 

 

Transport energy 

(MJ/kg/km) 

CO2 footprint, 

source (kg/MJ) 

Sea freight 160 0.071 

River / canal freight 270 0.071 

Rail freight 310 0.071 

32 tonne truck 460 0.071 

14 tonne truck 850 0.071 

Light goods vehicle 1400 0.071 

Air freight - long haul 8300 0.067 

Air freight - short haul 15000 0.067 

Helicopter - Eurocopter AS 350 50000 0.067 

4.7.3 Service & Maintenance Calculations 

Deep Green is assumed to be maintained by use of a Multicat vessel which uses three Caterpillar 3412D TTA 
engines. Properties of the vessel and the engines are l isted in Table 5 (MCS, 2012) 

 Table 5: Properties of Damen Multi Cat 2611 "MCS Gemma" 

Multi Cat 2611 with three Caterpillar 3412D TTA engines 

Operational Properties 

Rated Speed (m/s) - (v) 5.35 

Fuel Consumption (l/h) - (f) 480.3 

Fuel Properties 

Energy (MJ/kg) - (fe) 42.78 

Mass (kg/l) - (fm) 0.8389 

CO₂ (kg/MJ) - (δ) 0.07731 

The energy usage Hservice and CO2 footprint CO2service generated during service & maintenance is approximated 
by equation 4.14 and equation 4.15. 

 (4.14) 
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The variable x denotes the number of expected maintenances during one year and l signifies the distance from 
the harbor to the site. The rated speed of the vessel is denoted v whereas the rated fuel consumption, the fuel 
mass and the fuel energy is indicated by variables f, fm and fe respectively. 

 (4.15) 

The factor δ is presented in Table 5. 

4.7.4 End of life and Disposal Calculations 

There are six main options for a product´s end of l ife management. Their environmental impact is validated and 
listed in Table 6. 

 Table 6: End of l ife options l isted after their environmental impact 

End of Life option Description Environmental burden 

Reuse Extension of product l ife Lowest 

Re-engineer Incorporation of re-engineered part into new product 

 

Recycle Reprocessing of material into primary supply chain 

Downcycle Reprocessing into a lower grade material  

Combustion Recovery of the calorific content of the material  

Landfil l  Disposal of material  Highest 

The energy and CO2 footprint associated with a product's end of l ife are split into two distinct contributions; 

Disposal and End of Life (EOL) potential. 

Disposal  includes the cost of: 

 Collection of the material/component at end of l ife and, where applicable, disposal in  landfill  

 Separation and sorting of the collected material, ready for reprocessing by the proposed end of l ife 

route 

EOL potential represents the end of l ife savings or that can be realized in future life cycles by using the reco v-
ered material or components. 

4.7.4.1 Disposal Calculations 

Once a product has reached the end of its intended life, it will  be collected and sorted ready for its intended 
end of l ife strategy. The energy (Hcollect) and CO2 footprint (CO2 collect) associated with these operations is deter-
mined by equation 4.16 and 4.17.  

   (4.16) 

     (4.17) 

α = kg CO2/MJ = 0.07 

The variable Hps is embodied energy for primary sorting; Hss is embodied energy for secondary sorting. See 

Table 7 for values. 
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Table 7: Summary of collection and sorting energies associated with each end of l ife option (Granta Design 
Limited, 2011) 

 

Collection Energy Hc 
(MJ/kg) 

Primary Sorting Energy Hps 
(MJ/kg) 

Secondary Sorting Energy Hss 
(MJ/kg) 

Landfil l  0.2 - - 

Combustion 0.2 0.3 - 

Downcycle 0.2 0.3 - 

Recycle 0.2 - 0.5 

Re-engineer 0.2 - - 

Reuse 0.2 - - 

None - - - 

4.7.4.2 EOL Potential Calculations 

Once collected and sorted, the material is processed according to the selected end of l ife strategy. The energy 

(Hcredit) and CO2 footprint (CO2 credit) is calculated with equation 4.18 and 4.19 and is associated with future envi-
ronmental savings which is dependent on both the end of l ife treatment and the materi al type. 

  (4.18) 

 (4.19) 

When calculating EOL credits it is assumed that the recovered material is used to replace material of the same 
grade (i.e. credit is only given for recovering the virgin content of the component). 

The calculations used to determine the credit for each EOL option are as follows. 

4.7.4.3 Landfil l  

Landfil l  is seen as one option of the end of a product's l ife. A landfil l  is a site where waste is disposed. As a r e-
sult, no future energy benefits or costs are associated with this option even though energy is required and CO 2 
is emitted during disposing. 

4.7.4.4 Combust for energy recovery 

The aim of this combustion technique is to recover the calorific content of a material. However, some of the 
benefit in recovering the embodied energy is offset by the carbon dioxide released. The levels of energy and 
carbon dioxide produced are calculated with equation 4.20 and 4.21. 

   (4.20) 

   (4.21) 

α = kg(CO2)/MJ = 0.07 
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The variable Hcal is the net heat of combustion, Combeff is the combustion efficiency = 0.25 and CO2cal is the 
combustion of CO2. The product (αCombeffHcal) in equation 4.21 relates to the CO2 saving achieved by not 
having to draw the recovered energy from the national electricity grid. 

4.7.4.5 Downcycle 

In downcycling a material is processed into a material of lower quality. The environmental benefits of downc y-
cling are dependent on both the downcycling technique and the relative reduction in material quality. In this 
phase three main downcycling techniques are taken into account, reprocessing, communition and metal reco v-
ery, see Table 8. 

  Table 8: Overview of downcycling techniques 

Technique Applicable Materials  

Reprocessing 
Metals  

Thermoplastic polymers & thermoplastic elastomers (TPEs)  

Communition 
Ceramics, glasses, natural materials (organic & inorganic), 
thermoset plastics & elastomers  

Metal recovery Electrical components: Batteries, PCBs…  

4.7.4.6 Reprocessing 

The energy and CO2 footprint calculations used for reprocessing are based on the equations used for recycling. 
The main difference is that downcycling leads to the replacement of material with lower performance, and 
lower embodied energy, than the material being downcycled. This is accounted for by applying a downcycling 
factor (β). The calculation uses equation 4.22 and 4.23. 

   (4.22) 

   (4.23) 

The variable Hrc is embodied energy for recycling, Hgrade is embodied energy of material grade and β is nominal 
downcycling factor which is 0.2 for thermoplastics and 0.5 for  metals. CO2rc is CO2 footprint for recycling, and 

CO2 grade is CO2 footprint of material grade. 

If no data is available for recycling energy and CO2 footprint, values are estimated from the primary production 
data through equation 4.24 and 4.25. 

     (4.24) 

    (4.25) 

The variable γ is the recycling factor, 0.2 for metals and 0.4 for thermoplastics. 

4.7.4.7 Communition 

The second downcycle route is the size reduction of materials into aggregate or fi l ler replacement. As  the ener-
gy level required for downcycling material by communition is similar to that for producing virgin aggregate or 
fi l ler, the environmental benefit is restricted to savings in transportation costs and calculated with equation 
4.26 and 4.27 (i.e. downcycled aggregate is typically used at, or close to, its source). 

 (4.26) 

   (4.27) 
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α = kg(CO2)/MJ = 0.07 

4.7.4.8 Metal Recovery 

Metal recovery is both economically and environmentally viable as it conserves resources and reduces the 
amount of toxic material entering landfil l  sites. However, recovering metal content from electrical components 

typically uses evaporation and condensation processes which, being energy intensive, lead to l ittle or no reduc-
tion in energy or CO2 footprint. This is why the downcycle savings are by default set to zero for these products. 

4.7.4.9 Recycle 

In recycling, material is reprocessed into a material of similar quality. This leads to a saving of the energy and 

CO2 footprint associated with the production of virgin material, minus the energy and CO 2 associated with the 
recycling process. The energy saving is calculated with equation 4.28 and 4.29. 

    (4.28) 

   (4.29) 

4.7.4.10 Re-manufacture 

By re-manufacture, components are recovered from an existing product and reused in a new product or as a 
replacement part. The savings are calculated with equation 4.30 and 4.31. 

  (4.30) 

  (4.31) 

The variable Hre-work is 3 MJ/kg, and CO2re-work is αHre-work which corresponds to 0.21. 

4.7.4.11 Reuse 

Reuse is essentially the extension of a product's l ife. As this end of l ife option involves no additional processing, 

maximum environmental benefits can be achieved with equation 4.32 and 4.33. 

   (4.32) 

   (4.33) 

4.7.4.12 None 

This option relates to products where there is no disposal at end of l ife resulting in no future energy benefits or 
costs are associated with this option. 

4.7.5 Calculations for Energy Payback Time and the Functional Units 

The EP is a ratio between total energy usage and produced energy and is defined by equation 4.34. The amount 
of energy for manufacturing, transportation, service and maintenance and end of l ife potential is included in 

the total energy usage. 

   (4.34)  

The variable HTc includes the total energy usage for material and manufacturing. HTe corresponds to the total 

EOL potential. HTt is the total amount of energy being used for transportation and Hy is the energy usage for the 
yearly maintenance. The produced energy Pr corresponds to the rated power for one unit and t is equivalent to 
the yearly operational time. The ratio is simply multiplied with 365 in order to present the EP expressed in 
days. 

The CO2 footprints are measured in the functional unit kg CO2/ produced kWh and can be determined by using 
equation 4.35. 
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   (4.35) 

 

The variable CTotal is composed by the total CO2 footprint associated with material production and manufactur-
ing CO2Tc, EOL potential CO2Te, transportation CO2Tt and service & maintenance CO2y. HP is the produced energy 

per device during one year. 

The energy consumption will  be presented in the functional unit kWh/kWh and is defined by equation 4.36. 

      (4.36) 

 

The variable HTotal is composed by the total energy usage associated with material production and manufactu r-
ing HTc, EOL potential HTe, transportation HTt and service & maintenance Hy. HP is the produced energy per de-
vice during one year. 

4.8 Country Electricity Mix 

The country electricity mix represents the mix of fossil  and non-fossil  fuels for the specified area. Figure 9 
shows the country electricity mix in two categories; global regions and individual countries.   

 

Figure 9: Country electricity mix: Energy equivalence & CO2 footprint per MJ of electricity used. 

The country of use is important, since the potential environmental impact for the electricity varies between 
regions depending on the electricity mix. This is due to the relatively low efficiency in converting fossil  fuels to 
electricity. 1 MJ of electricity requires about 3 MJ of fossil  fuel. 

The electricity mix mostly affects the use-phase. Deep Green does not require any electricity during use and 
the electricity mix is not accounted for in the calculations. But it is sti l l  important to take into consideration 
when planning where production is taken place.  

Electricity mix or better yet energy mix refers to the distribution of the consumption of various energy sources 
within a geographical area such as a country. A current scenario, provided by IPCC in collaborati on with IEA, is 
that the global energy mix in year 2030 will  consist of oil, natural gas, coal, nuclear energy and renewable ener-
gy. 
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Table 9 i l lustrates how the various energy sources are believed to be sectioned. 

Table 9: Division of energy sources in the future. 

Energy source Assumed consumption in 2030 (percent) Consumption in year 2007 (percent) 

Oil  30 34 

Natural gas  20.5 20.9 

Coal  16.6 26.5 

Nuclear energy 9.5 5.9 

Renewable energy 23.4 12.7 

   

Provided this scenario the IEA refers to decarbonizing the energy mix, i .e. consuming less oil  and coal in favor of 
nuclear and renewable energy sources which emits less greenhouse gases. The amount of CO 2 footprint and 
resulting rising global temperatures are also accounted for within the scenario (International Energy Agency, 

2009). 

4.9 Tanzania 

The correct name of the country is the United Republic of Tanzania. Tanzania is located in eastern Africa and 

shares borders with Kenya, Uganda, Rwanda, Burundi, Malawi, Zambia, Mozambique and the democratic re-
public of Congo. The nation consists of 26 regions (Central Intell igence Agency). Jakaya Mrisho Kikwete is Pres i-
dent since 2005. The official language is Swahili. Dar es Salaam is currently the biggest city. It serves as the 
country’s political center and hosts most of the governmental institutions. The official capital is however D o-

doma. All  parts of Tanzania were independent from United Kingdom in 26 April  1964. The estimated population 
in Tanzania is 44 mill ion. The Human Development Index, HDI, is 0.466 (UNDP, 2012)This value is considered 
low and places Tanzania at 152th place on the List of countries by HDI. The amount of cars per 1000 inhabitants 

is 2 in Tanzania compared to 465 in Sweden (Nässén, 2011). 

Sixty percent of the electricity is generated by hydro power plants. Tanzania suffers from periods of power 
shortage caused by a shortfall  of generated power and problem with the distribution. There are plans to con-
struct coal- or gas-generated power plants. When providing people with electricity a wide variety of l ife i m-

provement opportunities emerge. With lighting, people are given the opportunity to study after sunset. 75 % of 
the workforce works with agriculture and has therefore no or very l ittle opportunity to study during daytime 
(Eriksson, 2012).  

The lack of electricity in Tanzania is obvious. According to Figure 10 75-90 % of the population has no electrici-

ty. Most of the households are not connected to the available power grids. It costs around 20000 SEK to install  
electricity in one household in the town of Nzega. Blackouts are common due to lack of inadequate distribution 
system. 

 
Figure 10: Map showing share of population without electricity 
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4.9.1 Raw materials in Tanzania 

Export of metals and minerals accounts for 53 % of the total export of Tanzania and Tanzania has a lot of natu-

ral resources. The biggest funds are gold, diamonds, gemstones, copper, iron, lead, silver and tin, see Figure 11. 

 

 

There is potential crude oil  extraction ( Bureau of African Affairs, 2011) but today the oil  is  being imported. 

There are a number of companies trying to find oil  but without any positive result. Only 70 % of the demand for 
oil  is met in Tanzania today. Transportation is the main consumer (Tanzania National website, 2011). 

The lack of education in Tanzania has led to that foreign shareholders control  the mines. Australian companies 
own most of the goldmines. There are also many foreign workers in the mines. The machiner y and the vehicles 

are imported (Masanja, 2012). The companies pay 3 % of the profit to the district (Holmberg, 2012) and some 
companies have brought schoolbooks to the area  (Masanja, 2012). See Table 10 for a l ist of materials that are 
used in Deep green and mined in Tanzania. 

 Table 10: Materials present in Tanzania 

Material Present in Tanzania Present in Sweden 

Aluminum, pure No No 

Concrete Yes Yes 

Copper Yes Yes 

Epoxy+ carbon fiber No  Yes 

Epoxy + glass fiber 

 
No Yes 

Gold Yes Yes 

Polymer Yes Yes 

Oil 
Not extraction, info 
about  biodegradable 
not available 

No crude oil but bio-
degradable  

Stainless steel  Yes Yes 

Figure 11: Map of Tanzania showing commodities 
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4.9.2 Production in Tanzania  

Manufacturing in Tanzania is  a relatively small sector being in an establishment stage. But has growth with over 

4 % annual since the end of 20
th

 century. The manufacturing sector contributes to the GDP with 8 %. Most 
production is in food, beverage, tobacco, furniture, textiles and wood related products. The local companies 
experience competition manufactures from abroad. The government started a program in the early 1990s to 

restructure and privatize enterprises. They want to improve their capital structure, production technologies, 
marketing systems and management, improve the quality and lower the cost of production. Even if it is a small 
sector it is of significant importance to the Tanzanian economy. The sector employs about 48  % of the total 
monthly wage-earners which makes it the largest urban employer. The sector gives a reliable income to the 

government in form of import sales and taxes. There is production of plastic materials and metals. The produc-
tion is l imited and most of the products are small and not of high technology. Examples of products are hand 
tools, general hardware, electrical control devices, electric motor transformers and transport equipment, mai n-
ly bicycles (Tanzania National website, 2011). There is production of bearings, shafts seals, generators and 

electric engines in Tanzania (Masanja, 2012). ABB and Atlas Copco have branches in Tanzania ; they produce 
generators, electric engines, bearings and cables. 

4.9.3 Transportation in Tanzania 

The road network in Tanzania is poorly developed; it is 85000 km long compared to 214600 km in Sweden 
(Trafikverket, 2012). There are both paved and unpaved roads from which of 13 % is considered good.  Good 

roads are important for the socio- economic development of a country.  Funds for constructing and maintaining 
the roads to a good standard are very l imited. Some foreign companies ar e building new roads so they can 
transport their goods. Overloaded vehicles are a big problem. Overloaded vehicles cause serious damage to all  

road structures, pavement and bridges. The overloading has resulted into a very serious and costly mainte-
nance problem. It is estimated that, about 24 % of heavy vehicles driving on Tanzanian roads network are over-
loaded. The roads in Tanzania are reaching the end of their design period and are easily affected by the over-
loaded vehicles. The vehicles are overloaded because of the efficiency benefit and higher profit for the haulers. 

But the destruction of the road network affects everybody’s driving (DELEGATION, 2011). 

Axle load is regulated and weight bridges are placed along the roads to c ontrol all  vehicles with a loading capac-
ity of equal  to or more than 3.5 tons. A tolerance of 5 % is provided. If the overload is beyond 5 % the load 

must be offloaded on site and a fee must be paid. The limits are according to TANROADS FOR UGANDA NA-
TIONAL ROADS AUTHORITY DELEGATION ” The regulation set the maximum allowable single axle load limit of 
10 tons and a maximum gross vehicle mass of 56 tons. These limits are of 10 tons for single axle with dual tires, 
18 tons for a tandem axle group and 24 tons for triple axle group” 

After introduction of these regulations the number of overloaded vehicles has decreased from 40  % in 1999 to 
24 % in 2011. The number of vehicles overloaded beyond 5  % has decreased from 3.18 % in 200 to 1.63 % in 
2005. 

There are also regulations about dimensions: 

 Maximum height of any vehicle = 4.6 meters. 

 Maximum width of any vehicle = 2.6 meters. 

 Overall  length of rigid vehicles = 12.5 meters. 

 Overall  length of articulated vehicles = 17 meters. 

 Any combination of vehicles = 22 meters. 

It is possible to get a permit for operating vehicles exceeding these limits. 

The railway network is even more poorly developed than the roads. The time if takes between Nzega and Dar 
Es Salam is around 12 hours with bus and between 24 hours and “three nights” with train, according to Josef 
Alm, former resident of Nzega. 

4.9.4 Use Phase 

Tanzania Electric Supply Company Limited, TANESCO is owned by the Tanzanian state and are responsible for 

the generation, transmission and distribution of electricity in Tanzania. The total grid network in Tanzania was 
4817 km in September 2009 (TANESCO, 2012) compared to 545000 km in Sweden (Svensk Energi, 2012). The 
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total installed capacity is 1051 MW and about 58 % is used (TANESCO, 2012). The electricity demand in Tanza-
nia is 0.833 GW per year. The total electricity production in Sweden during one year is 150 000 GW with a pop-
ulation equal to a fourth compared to Tanzania. More electricity is needed to secure the distribution of elec-
tricity to the customers.  

Tanzania has an electricity consumption of 86 kWh per capita (World bank, 2012), which is growing at the rate 
of 11 - 13 % (Tanzania National website, 2011). The corresponding number for Sweden is 14146 kWh in 2009. 
(World bank, 2012). The Tanzanian government encourages investment to expand the capacity of generated 
energy. 

To develop the country a bigger share of the population needs to be connected to the electrical network; 
hence more electricity needs to be produced. The island of Zanzibar and the coastal area is more developed 
and more people have electricity in their households compared to the ma inland. According to Ramadhan Ba-

kari most of the electricity comes from the mainland and some are locally produced from solar cells and other 
small technical solutions. But even if Deep Green would be closer to the already developed parts, electricity can 
easily be transported. 

The tides on Zanzibar are semi -diurnal and relatively high see Figure 12.  

 

Figure 12: Tides at Zanzibar 

4.9.5 Installation, service and maintenance of Deep Green in Tanzania 

There are three major ports in Tanzania with the biggest being in Dar Es Salam and the others in Tanga and 
Mtwara. The harbor in Dar Es Salam is the best equipped (Meeuws, 2004). In the port of Dar Es Salam there are 
6 berthing tugs and 1 l ighter towing tugs. In Tanga there are no berthing tugs but three lighter towing tugs. 

There are a lot of different types of on-shore cranes in Dar Es Salam; it is more limited in Tanga. There is almost 
no equipment in Mtwara (Meeuws, 2004).  

A Multicat will  be used for recovery and replacement of the kite during service. This procedure requires a ROV 
and need extra hire since a ROV is not common equipment on a Multicat. There is no planned serv ice on the 
foundation based parts (Shanks, 2012). 

4.9.6 EOL Potential 

EOL potential is defined as the energy and CO2 savings made at the end of a products l ifetime suggesting that 

recovered material can be used to minimize energy usage and CO2 footprint for future productions. The pro-
cess of recovering material from products and/or components is however not completely developed in Tanza-
nia. When considering metals and plastics a plan has been put forth by the Recycling Processing Centr e to forge 
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numerous mutually-beneficial partners across Tanzania to consider the end of l ife management of a product. It 
is however unclear at which point the end of l ife management of materials will  become standardized in Tanz a-
nia. As of today it is somewhat difficult to consider an EOL potential of materials in Tanzania due to the lack of 
management (United nation industrial development organisation, u.d.). 

5 Implementation  

This chapter will  hold information about the implementation of the LCA study, the development of the LCA 

based tool ENCO© and the data collection of information about the situation in Tanzania. 

5.1 Implementation of LCA study 

The LCA study is conducted by means of the equations put forth in chapter 4.7. Two LCA studies are carried 
out. The first is an initial LCA study to see which parts more focus should be aimed on and if some parts can be 
omitted. The second LCA study is more detailed with information from possible manufacturers where detailed 
information is collected about manufacturing and commonly used EOL treatment. A comparison of embodied 

energy and CO2 footprint between materials is made. For some parts where material has not been decided a 
comparison has been conducted between possible choices of materia ls. 

A flowchart is created to specify the phases, see Figure 13. A more detailed version of Figure 13 with energy 
and CO2 flows is presented in Appendix 2. 

 

Figure 13: Flowchart over the lifecycle phases of Deep Green 

The flowchart in Figure 13 represents the lifecycle phases of Deep Green as it advances from left to right. Each 

component is l isted subsequent the first phase since all  components have dissimilar manufacturing approach-
es. Raw material extraction is thus the primary phase as oppose to the final phase which is denoted, End of l ife. 
Transportation occurs between all  phases and is denoted by the arrow. Service & maintenance is carried out 
during the use phase hence treated as a sub-phase in the flowchart. 
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A detailed flowchart, involving the foundation, is created to i l lustrate the energy and CO2 emission flows, see 
Figure 14. 

 

Figure 14: Flowchart over the foundation 

The blue connecting arrows display what kind of action is applied onto a specific l ifecycle phase whereas the 

green arrows indicate the direction of the lifecycle. A red box denotes energy usage or CO2 emission, notice 
that the box labeled, resources, is an energy consuming and CO2 emitting action. Each green area represents a 
l ifecycle phase of Deep Green and the yellow box signifies the recycling phase, which is equivalent with the 
phase, EOL Kite. At the end of a l ifecycle it is at times possible to recover energy usage and CO2 emissions as 

i l lustrated by the area, EOL Foundation. The end of l ife potential can in turn enable future productions of simi-
lar components to reduce energy usage and CO2 emissions. 

5.2 Initial LCA study 

Data that have been applied to obtain results of energy usage and CO 2 footprint are unfortunately classified as 
confidential and will  not be presented in the following. Total energy usage and total CO 2 footprint in addition to 
the EP will  however be offered as a result of the implemented calculations. 

An initial study is made to see which parts contribute most to the energy consumption. The initial study is 
based upon embodied energy, Hm, and CO2 footprint, CO2m, from primary production and transport, Htransport, 
from the manufacturer to the site. Primary and secondary manufacturing processes are applied from which 
values for energy consumption, Hp1 and Hp2, as well as CO2 footprint, CO2p1 and CO2p2, is included in the overall  

result. Typical  recycle fraction Rf is used where applicable and recycling Hrecycle is applied as EOL treatment to all  
34 components. Where recycling is not available, as an EOL treatment, the material, or the component, is simp-
ly not treated at the end of its l ifecycle. Refer to Table 3 for a presentation of l isted properties for Normalized 

Steel AISI 1030. 

5.2.1 Calculating Energy Usage & CO2 Footprint 

A systematic order of implementation is initiated by l isting necessary variables in an Excel workbook in order to 
calculate the generated energy consumption and CO2 footprint for all  components. A material has a unique for 
each needed variable. The build-up of Table 3 represents a standard formation in which all  materials are pre-

sented. Properties of the remaining materials are thus not presented in this thesis. 

Values that are applied onto following equations are referred to Table 3 in order to visualize the methodology. 
If a different material is applied onto a component the values are thus taken from another corresponding tabl e. 

The energy usage Hgrade (incl waste) for primary production is calculated through equation 4.6 by first obtaining the 

variable Hgrade from equation 4.2 where the variable Hm, Rf and Hrc is taken from Table 3. 
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The waste factor Wf and the mass correct factor Mcf are calculated by equation 4.4 and equation 4.5 respec-
tively. The variable r is dependent on the material being used and is taken from Table 1. 

The waste that occurs during manufacturing Hrecycled (waste) is subsequently recycled and considered through 
equation 4.8. The energy usage that is associated with collection of manufacturing waste Hc is taken from Table 

7. 

The CO2 footprint CO2grade (incl waste) for primary production is calculated equivalently through equation 4.7 by 
first obtaining the variable CO2grade from equation 4.3 where the variable CO2m, Rf and CO2rc is given by Table 3. 
The waste that occurs during manufacturing CO2recycled (waste) is also recycled with respect to CO2 footprint and 

considered through equation 4.9. The CO2 footprint that is associated with collection of manufacturing waste 
CO2c is by default 7 % of the applied Hc value. 

The energy usage Hprocess (incl waste) and CO2 footprint CO2process (incl waste) for manufacturing processes are calculated 

by means of equation 4.10 and 4.11 where the variables Hp1 & Hp2 and CO2p1 & CO2p2 are provided in Table 3. 

The energy usage Htransport and CO2 footprint CO2transport for transportation are determined by equation 4.12 and 
equation 4.13 where the distance traveled s from a possible manufacturer to the site is measured by use of 
Google Earth. The variables Ht and CO2t denote the mode of transportation being used and are presented in 

Table 4. 

The energy usage Hcredit and CO2 footprint CO2credit associated with EOL potential depend on material disposal as 
well as EOL treatment. Notice that recycling is the only EOL treatment applied during the initial LCA study.  

The energy usage for disposal Hcollect is obtained through equation 4.16 where the variables Hps and Hss are 
given by Table 7. The CO2 footprint CO2collect for corresponding disposal action is given by equation 4.17. The 
energy usage Hrecycle and CO2 footprint CO2recycle for recycling is provided by equation 4.28 and 4.29 respectively. 
The EOL potential with respect to energy us age Hcredit and CO2 footprint CO2credit is thus the sum of Hcollect & 

Hrecycle and CO2collect & CO2recycle respectively. 

The procedure described in section 5.2.1 is iterated for each of the 34 components in order to achieve the total 
energy usage and CO2 footprint for Deep Green. 

The energy usage Hservice and CO2 footprint CO2service for service & maintenance is obtained by equation 4.14 and 

equation 4.15 where the variables v, f, fm and fe are given by Table 5. The distance from the harbor to the site 
and the number of expected yearly maintenances is yet not decided but assumed to be 12,500 m and 2 times 
respectively. 

When having accumulated the results of all  components the EP for Deep Green is then given by equation 4.34 
where the variable Pr and t is approximated to 0,5 MW and 20 years respectively in accordance with subcha p-
ter 4.2. 

5.2.2 Other Possible EOL Treatments 

If it is possible and desired to treat a material with combustion the associated energy usage Hcombust and CO2 

footprint CO2combust is provided by equation 4.20 and equation 4.21 where the variables Hcal and CO2cal are pre-
sented in Table 3. Notice that Normalized Steel AISI 1030 is by default not treated with combustion hence the 
absence of the figures in the field for combustion in Table 3. 

It is usually possible to re-manufacture all  materials but it is not always the most efficient action with respect to 

energy usage and CO2 emissions. The energy usage Hre-manu and CO2 footprint CO2re-manu are obtained by equa-
tion 4.30 and equation 4.31 where the variable Hre-work is equivalent to 3 MJ/kg and CO2re-work corresponds to 
0.21 as stated in section 4.7.4.10. 

The energy usage Hreuse and CO2 footprint CO2reuse for reusing a material at the end of its l ifecycle is expressed 

by equation 4.32 and equation 4.33 respectively. 

Reprocessing and communition are two types of downcycling methods that by default are available for choice 
for all  materials. The energy usage Hreprocess and CO2 footprint CO2reprocess is obtained by equation 4.22 and equa-

tion 4.23. If no data is available for recycling energy Hrc and recycling CO2 footprint CO2rc, values are estimated 
from energy usage Hm and CO2 footprint CO2m for primary production through equation 4.24 and 4.25. The 
variable γ is the recycling factor which is  0.2 for metals and 0.4 for thermoplastics as stated in section 4.7.4.6. 
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The energy usage Hcommunition and CO2 footprint CO2communition for downcycling, by means of communition, is given 
by equation 4.26 and equation 4.27. 

5.2.3 Outcome of the Initial LCA Study 

The estimated energy consumption for al l  34 components combined is  2518 GJ which is equivalent to 700 
MWh. The payback time is consequently 160 days. 

The foundation accounts for 78 % of the energy consumption and the wing structure for 15 %. The duct in the 
turbine, the shell, tension member and terminations in the tether together with the base of the bottom joint 
together stands for 6 %. The remaining 27 parts together stands for the remaining 1 % of the energy consump-
tion. These 27 parts also together stands for less than 1 % of the total weight. 

A second study is made where primary and secondary production is taken into account as well. This time more 
components stand for more than 1 % each. Cables in tether, pumps in the buoyancy system, connection detail  
in the wing and the rotor and stator in the turbine are added to the list. 

More focus will  be on these twelve parts that contribute most to the total energy consumption. The other 

components will  however not be excluded from the calculations. 

5.3 Implementation of ENCO© 

ENCO© is a digital model, created by Elin Elmehag & Roget Torosian in an Excel workbook, with the purpose of 
providing the possibil ity of calculating energy usage and CO2 footprint which in turn can be used to determine 
the EP for Deep Green. ENCO© consists of a large number of sheets that are connected with useful Excel func-
tions. The evaluation of material choices is made easier which can help to optimize the production of Deep 

Green by taking into account potential environmental impacts which are caused by raw material acquisition 
and manufacturing processes. 

5.3.1 Introduction 

The following is simply a digitalized procedure of the one presented in section 5.2.1  & 5.2.2. Refer back to sec-
tion 5.2.1 & 5.2.2 for a complete presentation of the methodology. 

Each of the 34 different components consumes and emits various amounts of energy and CO 2 respectively and 
can be evaluated based upon specific material choices . 

A material database consisting of primary and secondary choice of materials for Deep Green is  available for 
evaluation. Necessary equations that are given in subchapter 4.7 and described in section 5.2.1 & 5.2.2 are 

embedded in ENCO© which simplifies the calculations of energy usage and CO 2 footprint for a single compo-
nent or the complete product. 

5.3.2 Transportation 

Energy consumption Htransport and CO₂ footprint CO2transport generated by the transportation phase are pre-

calculated with respect to the mode of transportation and the distance traveled in accordance with equation 
4.12 and equation 4.13. The total energy usage HTt and total CO2 footprint CO2Tt for transportation is applied 
onto subsequent calculations within ENCO©. 

5.3.3 Basic Parameters 

The distance to the nearest harbor from where the maintenance vessel will  be operating is to be defined in 

addition to the average amount of maintenances during one year. In turn the energy usage Hservice and CO2 
footprint CO2service for service & maintenance can be obtained by applying equation 4.14 and equation 4.15. The 
total energy usage and CO2 footprint for service & maintenance is thus Hy and CO2y respectively. 

To establish the EP, given by equation 4.34, it is necessary to define the expected lifetime t and the rated pow-

er Pr for one unit of Deep Green. These values are pre-defined in accordance with subchapter 4.2. 
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5.3.4 Advanced Parameters 

In ENCO© a material, a primary and secondary manufacturing process and an EOL treatment needs to be ap-

plied onto each of the 34 components in order to finalize the evaluation of Deep Green. 

Upon selecting a material a created feature enables ENCO© to automatically present a val ue from Table 1 for 
the amount of material that is removed during the secondary manufacturing process. The same procedure 

applies for the amount of recovered material. ENCO© simply presents the figure which corresponds to the 
selected material. For instance, if the selected material were to be Normalized Steel AISI 1030 the correspond-
ing figures would be 20 %, see Table 1, and 41.95 %, see Table 3, respectively. 

Each material has a corresponding primary and secondary process as well as a specific EOL treatment. A possi-

ble combination of choice is i l lustrated in Table 11 where Normalized Steel AISI 1030 is selected as a materi al. 
The properties of Normalized Steel AISI 1030 are presented in Table 3. 

 Table 11: Possible combination of choice for Normalized Steel AISI 1030. 

Material Normalized Steel AISI 1030 

Primary process Casting 

Secondary process Fine machining (per unit weight removed) 

EOL treatment Recycling 

Amount of removed material (%) 20 

Amount of recovered material (%) 41.95 

Provided a mass of 1 kg it is possible to present the outcome of the component defined in Table 11. The energy 
usage and CO2 footprint for transportation and service & maintenance Htransport, Hservice, CO2transport and CO2service 
is however not taken into account. 

 Table 12: Results based on the definitions in Table 11. 

Lifecycle Phase Energy Usage (MJ) CO₂ Footprint (kg) 

Material Extraction & Processing 24.55 1.91 

Manufacturing 15.66 1.17 

EOL Potential -5.21 -0.41 

Final Sum 35 2.67 

The results in Table 12 are obtained in accordance with the methodology described in section 5.2.1. The energy 
usage and CO2 footprint for material extraction & processing is thus Hgrade (incl waste) and CO2grade (incl waste) respec-
tively. Equivalently the energy usage and CO2 footprint for manufacturing are Hprocess and CO2process. The sum of 

the energy usage Hcollect & Hrecycle and CO2 footprint CO2collect & CO2recycle corresponds to the final EOL potential. 
As a result the total consumption of energy and CO2 emission is 35 MJ and 2.67 kg respectively. 

When all  34 components have been applied with a similar configuration as i l lustrated in Table 11 it becomes 

possible to obtain the EP for Deep Green through equation 4.34. The variable HTc is equivalent to the total en-
ergy usage for material and manufacturing whereas HTe corresponds to the total EOL potential which includes 
material disposal. HTt is the total amount of energy being used for transportation and Hy is the energy usage for 
the yearly maintenance. 

The EP is equal to the time it takes, expressed in days and with respect to energy usage, for Deep Green to 
reach a breakeven-point as expressed in equation 4.34. End of l ife potential, energy usage for maintenance and 
transportation in addition to energy usage for raw material acquisition, manufacturing processes and disposal 
is considered when the EP is calculated. 

5.3.5 Functional Unit 

Given the accumulated energy consumption and CO2 footprint it becomes possible to establish the functional 
unit for Deep Green by using equation 4.35 and equation 4.36. 

Equation 4.35 states that the total amount of emitted CO2 CTotal is the complete CO2 footprint generated by all  

34 components with respect to material production and manufacturing CO2Tc, EOL potential CO2Te, transporta-
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tion CO2Tt and service & maintenance CO2y. The variable Hp is the product of rated power for the unit and the 
expected yearly operational time which is stated in subchapter 4.2. 

The total amount of consumed energy HTotal is the complete energy usage by all  34 components in regard to 
material production and manufacturing HTc, EOL potential HTe, transportation HTt and service & maintenance Hy 

as indicated by equation 4.36. 

5.3.6 Material Comparison 

A feature in ENCO© enables the exploration and comparison of energy usage, CO₂ footprint and EOL potential  
associated with two specific materials that are included in the material database. Given ENCO© it becomes 
fairly easy to evaluate Deep Green by assigning different materials to all  components thus achieving a different 

EP. Results presented in ENCO© are however solely an approximation of true values. 

5.4 Detailed LCA study 

Information about materials, manufacturing processes, mass of components  and potential manufacturers are 

provided by Minesto. Typical energy usage and CO2 footprint values for material, manufacturing processes and 
EOL treatment, presented by Granta Design Limited, 2011, are applied onto the parts with low environmental 
impact as presented in the initial LCA study. Contact with potential manufacturer has given more precise i n-

formation about material, manufacturing process es, transportation, maintenance and commonly used EOL 
treatment for the parts that contribute with a higher environmental impact. The following is more detailed 
information about the data collected from the manufacturer of the 12 parts that contribute most to the energy 
consumption. 

Foundation: Pozzolona concrete is used in dams and foundations according to Granta Design Limited. The rei n-
forcement is medium carbon steel with a mass percent of 16 %. Foundations are usually casted close to the site 
where it will  be used. The concrete, ballast and water are transported to the site in a concrete mixer. The water 
used in the concrete must fulfi l l  the standard SS1008, only drinkable water is accepted. 

Wing structure and turbine duct: Information about the production is provided by Minesto. Transportation of 
the material from a potential supplier to the manufacturer is done by truck according to the manufacturer. The 
amount of material removed during manufacturing is, according to a potential manufacturer, 5 %. The man u-

facturer claims that maintenance is not needed during the lifetime of Deep Green.  

Tether shell: According to the manufacturer the material is taken from the manufacturer to the production in 
Sweden with trucks. The amount of material removed by manufacturing is 15 %. No recycled content is used in 
the production. The only available end of l ife treatment is combustion. 

Tension member in tether: An analysis indicates that PEI has the highest Young’s Modulus among the thermo-
plastics that are available in the material database of Granta Design Limited. The usage of PEI is just an assump-
tion and is applied due to design requirement which states that the tension member in the tether should be 

constructed with a plastic material having a high Young’s Modulus. 

Tether terminations and Connection detail in the wing: Average values are used. 

Base in the bottom joint: Medium carbon steel is applied for the study. 

Rotor and stator: Due to lack of good data, 100 % aluminum bronze is applied in the LCA. Aluminum has a high 

value for embodied energy Hm and the result is therefore slightly pessimistic.  

Pump: The pump, within the buoyancy system of the wing, consists of many parts. Information about material 
composition for an ordinary pump has been taken from a world leading producer of pumps. The pump consists 
of 80 % casted iron and steel. Calculations for material production and disposal have considered 7 of 10 parts 

which stands for 96.5 % of the total weight of the pump. An average value is used for the remaining parts.  

Calculations for manufacturing have only considered casting of casted iron and steel, because these are the 
biggest parts. 

According to the producer, 90 % of the pump is recycled and the remaining 10 % is  landfil led.  

Cables: Average values for cables  (Granta Design Limited, 2011) are used in the study. 



University of Skövde School of Technology and Science  

Elin Elmehag, Rojé Torosian 2013-02-18 

32 

There are six main options for a product´s EOL treatment. Their environmental impact is validated and listed in 

Table 6. According to an LCA study on a wind power plant by Vestas the EOL treatment is as Table 13. 

 Table 13: EOL treatment for a wind power plant. 

Material  Treatment 

Aluminum  90 % recycled + 10 % landfil led  

Copper  90 % recycled + 10 % landfil led  

Steel  90 % recycled + 10 % landfil led  

Polymers  50 % incinerated + 50 % landfil led  

Cables 95 % recycled  

Other waste (including concrete)  100 % landfil led  

A new set of calculations of energy consumption and CO2 footprint is conducted with different materials for 

some of the components to which an EP is only calculated for the primary choice of material s. A comparison of 
the different choices of materials is made in subchapter 6.1. 

By alternating the material choices, between primary and secondary material proposal, for the components 
and implementing both the digital model ENCO© and the manual procedure described in subchapter 5.2.1 & 

5.2.2 the total energy usage and CO2 footprint for various combinations is obtained. In addition to the infor-
mation gathered from possible manufacturers the results in material usage, manufacturing processes and EOL 
potential becomes more accurate in comparison to the initial LCA study. 

In the detailed LCA study each component is recycled at the end of its l ifecycle and the remaining components 
that cannot be recycled are downcycl ed. There are three different varieties of downcycling that depend on the 
material itself, refer to subchapter 4.7.5.5. For instance, Table 3 indicates that Normalized Steel AISI 1030 can 
be recycled but also downcycled in which case the material will  be r eprocessed since it demands less energy 

than communition (CES EduPack, 2011). 

When recycling is not applicable communition is by default the available choice for downcycling hence being 
the selection for the remainder of the components in the detailed LCA study. The energy usage Hcommunition and 
CO2 footprint CO2communition for downcycling, by means of communition, is given by equation 4.26 and equation 

4.27. 

By trial and error several different results are achieved to which the largest contributory part of  the total ener-
gy usage and CO2 footprint, regardless of analyzing a single component or the complete product, is located at 

the beginning of the lifecycle, i .e. the primary material production. 

5.5 Implementation of Data Collection about the Situation in Tanzania  

A study visit to Tanzania has  been performed to get a deeper understanding of the situation in Tanzania. The 

electrical situation have been evaluated at different locations throughout the country and discussed with a lot 
of different local residents.  

Tanzania is a country with a lot of differences, the costal area and Zanzibar is developed and more adapted to 
the industrial world but on the other hand is the countryside less developed and poorer. It was therefor neces-

sary to investigate a number of different parts of Tanzania. 

The first part of the study visit was therefore conducted in the rural inland at a district with a lot of mines. 
Close contact was made with the population to get an understanding of the living situation in this part of Ta n-

zania. Interviews with local authoritarians were made to get a wider knowledge of the raw materials, the ma n-
ufacturing, transportation, disposal and end of l ife treatment in the area as well as other parts of Tanzania.  
Living in this part of Tanzania gave us an insight of the electricity situation.  

Short trips to different areas were performed to get an understanding of the differences throughout the cou n-

try as well as an understanding of the infrastructure.  
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The second part of the study visit took place in Zanzibar and Dar Es Salam. This part of Tanzania is much more 
developed and also the place of most of the companies and authorities. Contact has been established with 
companies, institutions, authoritativeness, government agency, authorities and people with knowledge in the 
area through personal contact, telephone and e-mail.  The harbor in Dar Es Salam which is the biggest harbor in 

Tanzania has been studied to see if the equipment is good enough to position the foundation onto the seabed.  
The tides are high in Zanzibar and therefore a good place to use Deep Green.  The tides have been studied and 
documented. 

6  Results  

This chapter will  present the results from the comparison between materials, the results from the LCA in addi-

tion to an evaluation of potential environmental impacts caused by materials that is used in the product. The 
result of the study visit in Tanzania will  also be presented. 

6.1 Comparison between Material 

In the life cycle of a power plant, the embodied energy for primary production of materi als is very energy in-
tense. A comparison is carried out between all  the materia ls that are used in Deep Green by listing and compar-
ing the variation of each embodied energy and CO2 footprint that is provided by the material database in Gran-
ta Design Limited, 2011. When considering embodied energy per kg produced material it is stated that the 

composite with carbon fiber reinforced epoxy is the most energy intensive and has also the highest CO2 foot-
print. Pure aluminum and glass reinforced epoxy are second a nd third worst when considering both embodied 
energy and CO2 footprint. Concrete is without doubt the best when considering per kg. Medium carbon steel 

has low values for both embodied energy and CO2 footprint. The polymers have in average better values for 
embodied energy than the metals. See Table 14 for values of embodied energy and CO2 footprint. Values pre-
sented in Table 14 are based on the material database of Granta Design Limited, 2011. 

 Table 14: Embodied energy (MJ/kg) & CO2 footprint (kg/kg) 

Material Embodied energy CO2 footprint 

  MJ/kg kg/kg 

Concrete 1.15 0.095 

Medium carbon steel 32 2.485 

Aluminum bronze 63.85 2.845 

PVC 66.85 3.065 

Copper 70.9 3.89 

Stainless steel  81.25 4.02 

Polyester cast 88.4 4.46 

ABS 91.7 5.145 

Polyurethane 105 7.295 

PEI 150.5 7.43 

Teflon 152.5 8.265 

Nitrile rubber 164 10.21 

Epoxy + glass fiber 182 12.55 

Aluminum, pure 220 14.1 

Epoxy + carbon fiber 272.5 17.25 

For some of the components the material is not yet decided. The two possible choices of materials for these 

components are shown in Table 15. Note that the same weight for the components is used independent of 
material choice. This might be misleading and further investigations should be made. 
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Table 15: Alternative material  choices. 

Component Material choice 1 Material choice 2 

Wing structure Carbon fiber with epoxy Glass fiber reinforced epoxy 

Bladder PVC Polyurethane 

Rotor Aluminum Aluminum bronze 

Stator Aluminum Aluminum bronze 

Duct Carbon fiber with epoxy Glass fiber reinforced epoxy 

Generator shell Aluminum Carbon fiber with epoxy 

Generator bulkheads Aluminum Stainless steel  

Front struts Carbon fiber with epoxy Glass fiber reinforced epoxy 

Rear struts Carbon fiber with epoxy Glass fiber reinforced epoxy 

Tension member  Ultra high modulus polyethylene Stainless steel  

Swivel seals Teflon Nitrile butadiene 

 

A change from Carbon fiber with epoxy to Glass fiber reinforced epoxy would save 25 % energy and 30 % on 

CO2 footprint for the wing, duct and the struts. Increasing energy consumption depends on the difference of 
embodied energy between the two materials.  Every other option is the same for the two materials.  

To change the material to polyurethane from PVC in the bladder would increase the energy consumption with 

100 % and the CO2 footprint tree times. The increased number depends on the primary process but also em-
bodied energy.  

If the rotor and stator would be made in aluminum bronze with 10  % Aluminum and 90 % copper, only a third 
amount of energy would be used. The amount of emitted carbon dioxide would be half. 

A change to Carbon fiber with epoxy from aluminum for the generator shell would double the energy co n-
sumption and the CO2 footprint. Increasing energy consumption depends on the difference of embodied ener-
gy between the two materials. 

If the material for generator bulkheads would be changes to stainless steel from aluminum, half the energy is 

consumed. The primary process is comparable but the embodied energy and the transport have double values. 
The CO2 footprint is equivalent.  

A big saving can be made if the tension member would be done in stainless steel instead of polyethylene. Pol y-

ethylene consumes 2.5 times more energy than stainless steel. The CO2 footprint for stainless steel is half com-
pared to polyethylene.  

If the seal is made of nitrile rubber instead of Teflon, the energy consumption and CO 2 footprint would increase 
with around 25 %.  

See appendix 1 for detailed numbers and Figure 15 for a graphical view. 



University of Skövde School of Technology and Science  

Elin Elmehag, Rojé Torosian 2013-02-18 

35 

 

Figure 15: Graphical view of comparison between materials 

6.2 LCA Results 

In this chapter the result of the LCA are presented. A sensitivity analysis  is presented to understand how differ-

ent factors affect the result. An evaluation of the resource consumption and how different options of EOL 
treatments, finalize the result of the LCA.  

The results of the LCA are presented in three different ways. The result is first presented in the functional unit 
which is good when a comparison with other energy sources is made. A dominance analysis  is made for com-

parison between the different components. This comparison is made in weight percent of total energy co n-
sumption. A break- even analysis is done and measured in days to more easily relate to the result.  
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6.2.1 Result according to the functional unit 

As stated in subchapter 2.1 the result is  to be presented in the functional units ’ kg CO2/ produced kWh for the 

CO2 footprint and in kWh/kWh for the energy consumption.  

The CO2 footprint is 10.68 g CO2/ kWh and the energy consumption is 0.0389kWh/kWh.  

Deep green produces 26 times more energy during its l ifetime then is required to produce it. Accounted lifecy-

cle phases are material extraction, primary and secondary manufacturing processes, transportation and prod-
uct usage whereas service & maintenance, disposal and EOL treatment is not accounted for. If the foundation is 
left at the seabed and the other parts are disposed and remanufactured at a typical percentage, the ratio in-
creases to 1:31.  

6.2.2 Dominance analysis 

Embodied energy for primary production, i.e. raw material extractions and manufacturing processes, is without 
any doubt the phase of the lifecycle that contributes most to the energy usage, Figure 16. 

 

Figure 16: Energy consumption by phase. 

Among each of the 34 single components the foundation is the part that contributes most to the total energy 

usage. The foundation, wing, the tension member, the two shells, the duct and the rotor are also dominant 
contributors standing for 91 % of the total energy usage for Deep Green. Seven other components each a c-
count for approximately 1 % of the total energy usage. The remaining 20 components each stand for less than 2 
% of the total energy usage. It is by far obvious, through evaluation, that only a small amount, namely seven, of 

the 34 components dominates the total energy usage. 

Given present circumstances it is believed that Deep Green will  be in need of maintena nce at least two times a 
year. The energy usage and CO2 footprint associated with the operation of the maintenance vessel, MCS Gem-

ma has three Caterpillar 3412D engines each having a rated speed of 10.4 knots and a rated fuel consumption 
of 160.1 l iters per hour. The overall  energy usage and CO2 footprint throughout the lifecycle of Deep Green 
generated by service and maintenance has been established to approximately 249 MWh and 69  tonne respec-
tively. 
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6.2.3 Breakeven Analysis 

After the more detailed LCA study the EP is 284 days compared to 160 days for the initial study. The difference 
in EP is valid since a greater amount of aspects of the LCA are analyzed in the detailed LCA study as oppose to 

the initial study. The total CO2 footprint for the total product is approximately 342 tonne. The material produc-
tion phase stands for 86 % of the total energy consumption and primary production and transport stands for 7 
% each. Disposal, service and maintenance and End of l ife are outside the system boundaries. Only the parts in 
the kite, struts, tether, swivel, bottom joint and foundation is accounted for. Including disposal, end of l ife 

management and service and maintenance the EP results in 284 days. See subchapter 6.2.4 for different EP 
depending on the EOL management. 

The foundation is simply formed by constructing reinforced concrete hollow box which then is fi l led with mass 

fi l led concrete as ballast.  

6.2.4 EP Depending of EOL 

The energy payback time depends on the allocation procedure. Table 16 shows the EP, measured in days, with 
different EOL treatment compared to if no EOL treatment are selected. 

  



University of Skövde School of Technology and Science  

Elin Elmehag, Rojé Torosian 2013-02-18 

38 

Table 16: Different EP and CO2 footprint depending on EOL treatment. 

Alternative EP (days) CO2 footprint (kg) Comment 

None EoL treatment 237 284165  

RECYCLE    

All  parts are disposed and recycled a 100 % 237 279550 Not possible 

As above but foundation is left on sea bottom 205 248520 Not possible 

All  parts are disposed and recycled a typical % the 
rest goes to landfil l  

245 292965 Longer EP 

All parts except the foundation is Disposed, the 
foundation is left at sea bottom. Parts are recycled 
at typical %, rest to landfil l  

227 272654 Shorter EP 

COMBUSTION    

All  parts are disposed and those who can be com-
busted are, rest to landfil l  

255 312325 Longer EP 

As above but foundation is left on sea bottom 222 276597 Shorter EP 

RE-MANUFACTURING    

All  parts disposed and 100 % re-manufactured 299 343184 Not possible 

As above but foundation is left on sea bottom 130 173644 Not possible 

All  parts disposed and typical % re-manufactured 257 302847 Longer EP 

All parts except foundation are disposed and typi-

cal % re-manufactured 

220 264204 Shorter EP 

DOWNCYCLE    

All  parts disposed and 100 % down cycled 256 304675 Not possible 

As above but foundation is left on sea bottom 223 268947 Not possible 

All  parts disposed and typical % down cycled 250 298978 Longer EP 

All parts except foundation are disposed and typi-
cal % down cycled  

232 278667 Shorter EP 

Different EoL    

Foundation is left, the parts which can be recycled 

(typical %) are and the rest is combusted (100 %) 

227 272661 Shorter EP 

Table 16 also shows the CO2 footprint, measured in kg and a comment whether the EOL treatment are possible 
or give a longer or shorter EP. 
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The energy it takes to dispose the foundation is higher than the energy being “saved” by EOL-treatment. Alter-
natives are therefore considered where the product is evaluated with and without the foundation. 

According to Table 16, combustion is not preferable due to worse EP than if the product is left on the seabed. If 
the foundation is either re-manufactured, downcycled or recycled the EP i s higher than if no parts are EOL 

treated. The best option is to leave the foundation on the seabed and dispose the other parts. If all  other parts 
aside from the foundation are re-manufactured with a typical % the EP is decreased by 5 days. The correspond-
ing number for recycling is 10 days and five 5 for downcycling. If the foundation is left on the seabed and the 
remaining parts suitable for recycling are treated accordingly and the other parts are combusted; the EP is 227 

days compared to 237 days.  

Typical percentage grade of treatment is 80 % for Aluminum and copper, 75 % for steel, 65 % for thermoplas-
tics, 20 % for concrete and 0 % for thermosets and composites. All  parts which are treated with combustion are 

combusted 100 %. It is possible to both re-manufacture, recycle and downcycle concrete, but it takes more 
energy to dispose the foundation and therefore the best option is to leave it on the seabed. 

6.2.5 Sensitivity analysis 

The result in a sensitivity analysis displays the aspects of the complete l ifecycle that are sensitive to alterations 
which in turn affect the final outcome of the EP. 

6.2.5.1 Parts 

The content of reinforcement in the foundation affects the result remarkably. The calculation is based on the 
same total weight of the foundation. This is misleading since the mass of concrete can be decreased when the 
mass of reinforcement increases. The EP for reinforced foundation would be better if this information was 

available; the reinforcement is however the crucial part.  

Information from Minesto states  that 15 % of the weight consists of reinforced steel. According to Sten Hjelm 
at Cementa in Skövde the amount of reinforcement in concrete varies a lot depending on the construction and 

usage. A foundation can contain 0.5 % in volume which corresponds to 1.7 % of the weight. 

The weight of the reinforced steel for Deep Green has been approximated by analyzing the weight ratio of 
three wind power gravity base foundations. The weight of the reinforced steel is on average 6 % of the total 
weight of the foundation. 

6.2.5.2 Material  

Embodied energy for primary production, including raw material extractions and manufacturing processes  of 
material, is indisputably the biggest contributor to the total energy consumption. Examples of design altern a-
tives to lower this number are to optimize the mass of the part or change material. A change of material often 

changes the mass of the component due to differences in for example Young´s Modulus. New calculations of 
material strength are made and then a comparison between the two materials is done. This is not conducted in 
this LCA. For more accurate numbers, when calculating with alternative mater ials, this should be carried out.  

6.2.5.3 Manufacturing 

More energy is consumed the more processes, treatments and finishing there are. The energy usage decreases 
a long with the production processes due to less material being discarded. In this LCA only primary and secon d-
ary process is taken into account. The energy that is required to process the material according to Granta De-

sign Limited is: 

 The energy required to operate the processing equipment  

 The energy associated with running the facil ity (such as: l ighting, heati ng, cooling, ventilation, A/C, 

compressors, water pumps, etc.)  

 The 'tacit' energy (the energy associated with the generation and supply of energy to the processing 

facil ity)  

The energy used by the processing equipment is resultant from: 
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 The energy required to heat up the base material to its processing temperature (based on melting 

point, heat capacity, etc.)  

 The energy required to heat up and maintain the equipment at its operating temperature  

 The energy required to deform the material at the processing temperature (based on tensile strength, 

yield strength, density, etc.)  

In all  cases, the energy associated with these operations depends on the material type, machine type, and 
throughput. All  values quoted in the database are estimated values and represent high volume production. 

6.2.5.4 Transport 

The transporting of the foundation corresponds to approximately 90 % of the total energy consumption caused 

by the complete transportation phase. In this case the transport of the foundation is from the middle of Grea t 
Britain, the company Heidelberg cement has 200 process plants and this is an average, to a potential deplo y-
ment site with railway, which is a distance of 450 km. The foundation is then taken to the site, 50 km, with sea 
freight. If the cement instead taken from a concrete manufacturer in Sweden, by railway to Gothenburg and 

then on to a potential deployment site, the energy consumption would increase from 148 to 250 GJ. The 
transport of the foundation would then stand for 95 % of the energy consumption caused by transport. The EP 
would increase with 2.4 days if the cement was taken from a concrete manufacturer in Sweden instead of in 

the middle of Great Britain. This is just two examples that show that careful consideration should be taken 
when choosing manufacturer of the concrete. 

The sensitivity-analysis also shows that transport of l ightweight materials does not affect the total energy co n-
sumption particularly when comparing with embodied energy. Sea freight and railway is sti ll preferable and the 

shorter distance the better. 

6.2.5.5 End of Life Potential  

The EOL treatment affects the result radical ly. In ENCO© different options are available to suit the situation. 
Different EP is presented depending on the EOL treatment. These are presented in Table 16. 

6.3 Potential Environmental Impacts caused by selected Materials  

Due to increasing industrial production a lot of raw materials especiall y metal reserves are soon empty 

(Ljungberg, 2011). Appendix 3 shows how many years are left for some materials if the world consumes at 
todays rate and if the world consumes at half the US rate. Aluminum is one of the materials that will  last for a 
long time compared to others. For aluminum the numbers are 1027 and 510 years, the corresponding numbers 
for copper is 61 and 38 years.  

None of the materials used in Deep Green are renewable. All  materials meets the RoHS standards which means 
that the material normally meet the terms of European Restriction on Hazardous Substances (RoHS) legislation. 

The materials are not okay if they have greater concentrations (in weight percent) of the following prohibited 
substances (Granta Design Limited, 2011). 

 0.1 % Lead  

 0.1 % Mercury  

 0.01 % Cadmium  

 0.1 % Hexavalent chromium (chromium xxx or Cr
6+

)  

 0.1 % Polybrominated biphenyls (PBB)  

 0.1 % Polybrominated diphenyl ether (PBDE)  

Metals  

The knowledge of the magnitude of mineral reserves is not precise and changes over time. The magnitude 
decreased of course as a consequence of mining and the knowledge increased after further geological explora-
tions and with technological advances. Political and/or economical reasons affect the availability of the mineral 

reserves. When the concentration of ore is reduced the price and energy usage increases al ong with the envi-
ronmental impact (Lundqvist, 2011).  
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For Copper the overburden and waste rock at mining is 800 times more then the final  amount of used material. 
This is called the rucksack. Copper has a recycled fraction in current supply of 43 %. 80 % of copper is recycled. 

Steel has a rucksack that is 1:6. Steel is made of iron ore which is a common material and the reserves are quite 
vast. But some experts are worried that this is not the case, Lester Brown of the World wa tch Institute think 

that “iron ore could run out within 64 years based on an extremely conservative exploration of 2  % growth per 
year” (Brown, 2006). The flue gases from the steel industry have a concentration of CO 2 of 20 %. When the 
concentration is high it is advantageous to capture the carbon and store it. This is called Carbon Capture and 
storage (CCS). To get CCS to work properly, three main technical operations has to work well; capture, 

transport and storage of CO2. Stored CO2 is prevented to reach the atmosphere and doesn’t contribute to the 
climate changes    (Rydén, 2011). This technology is not fully developed yet. Carbon steel contains iron, carbon, 
and other alloys and has a recycled fraction in current supply of 42 %. Stainless steel contains a lot of different 

alloys beyond the iron base. It contains around 20 % chromium and 10 % nickel which are heavy metals. Heavy 
metals can leak to the groundwater and contaminate the drinking water. This can give rise to brittle- bones 
disease, nervous system disorders and kidney failure for those who drink the water. NO x is released during 
steel production; this affects both acidification and eutrophication. Stainless steel has a recycled fraction in 

current supply of 37 %. 

When using recycled Aluminum it requires only 5 % of the energy and releases only 5 % of CO2 footprint com-
pared with primary production (Lundqvist, 2011). Aluminum and aluminum bronze have a recycled fraction in 

current supply of 43 %. 

Plastics 
Plastics consists of polymers and are fabricated of crude oil. Polymers are non-renewable and all  parts based on 
polymer contains 100 % polymer. Most of the polymers have between 0.1 and 0.7 % recycled fraction in cur-

rent supply. Polymers are non-toxic, which means that the material is not creating potential problems during 
production, during use, and during disposal.  

PVC has 1.5 % recycled fractions in current supply. When PVC is combusted dioxins can be generated. Dioxins 
are known to be carcinogenic and mutagenic. PVC and PEI are recyclable but Polyester and epoxy are not recy-

clable. ABS have 4 % recycled fraction in current supply and is recyclable. Polyurethane might be toxic and are 
not recyclable. Teflon is recyclable but releases harmful fumes when combusted. It is preferable to re-
manufacture Teflon (Ljungberg, 2005). Nitrile rubber might be toxic and have the highest embodied energy and 

highest CO2 footprint when comparing the polymers and is not recyclable. 

Composites  
Carbon fiber and glass fiber are non-toxic and not renewable. Composites are hard to separate after use. 

Others 

Concrete has a rucksack of 1:27 (Lundqvist, 2011). The cement industry is a big source for CO2 footprint. The 
flue gases have a concentration of 30 % CO2 and are good for CCS (Rydén, 2011). Concrete is non-toxic. 14 % of 
current supply is recycled content. Concrete is 100 % recyclable, the materiel is grinded and used as ballast in 
new concrete.   

Biodegradable oil can be made from rapeseed. 
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7 Conclusion 

The objective of this thesis is to establish an EP of Deep Green. While considering the lifecycle of Deep Green 
the EP has not only been obtained by one definite result but several different outcomes where different, but 
yet reasonable, materials have been applied on each of the 34 components. 

The objective is also to create an Excel workbook where energy usage, CO2 footprint and EP calculations can be 

conducted. The digital LCA based tool simply provides a user the possibil ity to alter and compare materials 
from an energy usage and CO2 footprint perspective. Deep Green can thus be analyzed from a complete prod-
uct or a single component viewpoint. 

The purpose of the thesis is to conduct an LCA and determine the aspects that affect the EP mostly. The de-
tailed LCA was proven to be much more accurate than the initial LCA study as expected. Including a greater 
amount of aspects into the LCA study, while i mproving the values of energy usage and CO2 footprint, increased 
the reliability of the LCA outcome. A reasonable LCA study was thus completed from which developers of Deep 

Green can obtain credible figures of material usage, energy consumption and CO 2 footprint to form a basis of 
future design conclusions. 

The problem is to increase the understanding of how the different phases in the lifecycle of Deep Green affect 
the EP. The understanding should then be used to choose materials for each of the 34 components during the 

development of Deep Green. The results, from which valid conclusions can be drawn, are based on existing 
data and are presented comprehensibly. 

The project has been conducted in accordance with the initial timeframe where it was believed that the LCA 

and the Excel workbook would overtake most of the time that was set aside for the project. In retrospect a 
larger part of the project was attended to complete the LCA study and Excel workbook than initially assumed.  
Time has therefore been taken from other aspects that have been completed much faster than originally anti c-
ipated. 

Different EP results are presented depending of the defined EOL management. The numbers should be careful-
ly used and presented with the system boundaries, since they affect the EP very much.  

The comparison between materials clearly visualizes  which combination of materials is  the best, but more 
calculations have to be conducted when the design is finalized. 

The EP for Deep Green is approximately 237 days. The energy ratio is equivalently 1:26. Based on the estab-
lished CO2 footprint and the expected energy production during the use phase it is assumed that Deep Green 
will  contribute with 10.68 g CO2/ kWh. It is however necessary to complete the LCA of Deep Green by including 

values of the distribution cables and insta llation in order to improve the figures of energy consumption and CO 2 
footprint. 

The outcome of energy consumption and CO2 footprint, when considering the components, depend highly on 
the choice of end of l ife management. There is a vast difference between the results of different EOL choices, 

especially for the foundation. Based on the obtained figures it is therefore recommended that the foundation is 
left on the seabed at the end of its l ifecycle. The foundati on is the component that contributes mostly to the 
energy usage and the CO2 footprint. 

It is acknowledged that the choice of materials and manufacturers in addition to the location of the site affect 
the EP. A deployment in Tanzania is however believed to be possible and profitable given the presence of raw 
materials which are essential for Deep Green. The production of Deep Green in Tanzania should however be 
particularly carefully controlled. 

It is necessary to conduct further analysis in order to improve the EP since the results presented in this thesis 
only consider a fraction of the complete l ifecycle of Deep Green. 
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8 Reflections 

The life cycle assessment of Deep Green conducted in this thesis admits two specific environmental impacts, 

namely energy consumption and CO2 footprint. The outcome of this thesis is however believed to be reasona-
ble with respect to specified purpose, goal and limitations applied. 

Procedures and data applied to calculate the energy consumption, CO 2 footprint and energy payback time has 
not been evaluated or cross-referenced by a third party. The implemented approach is however accepted by 

CES EduPack 2011 which also has been the basis for reliable yet typical material properties. Due to l imited time 
and resources many of the materi als being used by Deep Green has been assigned with average data taken 
from Granta Design Limited’s database in CES EduPack. The final result is thus based on average figures for 

energy consumption and CO2 footprint associated with each included material. 

The mass of each component, or processed material, has remained unchanged when a primary choice of mate-
rial has been redefined to an alternative material selection. Energy consumption and CO 2 footprint resulted by 
comparison between different materials are therefore slightly misrepresentative since the strength of materi-

als has not been considered. Interchanging between ultra -high modulus polythene and stainless steel does 
affect the amount of mass required to obtain a durable component. When the material p roperties of all  com-
ponents are taken into account the final result of energy consumption, CO 2 footprint and energy payback time 
will  change. This matter should of course be considered when the results from this thesis are being analyzed 

and evaluated. 
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9 Discussion 

The plan was accomplished but with changes of the time plan. The development of an LCA based tool took 

more time than planned. The expectations of the work and the result were met. The hardest difficulties along 
the way were to fully understand the extent of the project, to follow the established time plan and reach the 
right people in Tanzania. But all  these obstacles were in the end accomplished. 

The following discussion will  give answers to the specified purposes written in subchapter 1.4. 

Those were: 

 Perform an analysis of which parts are important to include in the LCA and if there is any parts that 

could be excluded 

 Identify which activity that makes the biggest contribution of energy consumption by comparison  

 Identify which part that makes the biggest contribution of  energy consumption by comparison  

 Identify which activity that makes the biggest contribution of CO 2 footprint by comparison 

 Identify which parts that makes the biggest contribution of CO 2 footprint by comparison 

 Evaluation of potential environmental impacts, caused by materials used in the product. 

 Find out which parts of the lifecycle that can be performed in Tanzania or another development coun-

try 

 Identify the inequality in the Life cycle between use in England and Tanzania 

 Do an excel fi le with the possibility to change material and calculate the EP.  

9.1 Perform an analyze of which parts are important to include in the LCA and if there is 
any parts that could be excluded 

As said in subchapter 5.2 twelve parts are more important to focus on. All  34 parts will  be included in the LCA. 

The cables to land and the electrical system will  not be included in the LCA but can be added in the tool EN-
CO©. It is seen in ENCO© that these cables contribute a lot to the EP but the data for the cables are unsure 
and more accurate information has to be attained before an certain EP can be established. That is why the 
cables are outside the system boundaries in the LCA.  

9.2 Identify which activity that makes the biggest contribution of energy consumption and 
CO2 footprint  

Embodied energy for primary production is without doubt the phase in the life cycle of Deep Green that con-
tributes most to the total energy consumption and CO2 footprint. It stands for 70 % of the energy consumption 
and 66.5 % of the CO2 footprint. Service and Maintenance stands for 19 % of the energy consumption and 19.5 

% of the CO2 footprint. Primary production and transport has 7 % respectively 3 % of the energy consumption 
and 7 % respective 6 % of the CO2 footprint. Secondary process stands for less than 1 % in both cases. 

The embodied energy cannot be changed in an easy way. To lower the value the parts will  be needed to be 
made in another material. For example; change to medium carbon steel from stainless steel.  

9.3 Identify which part that makes the biggest contribution of energy consumption and 
CO2 footprint  

The foundation is without doubt the part of Deep Green that contributes most to the total energy consump-
tion. It is of outmost importance to define the exact weight of the reinforced steel  and the concrete to gain a 
reliable EP. The foundation also contributes most to the CO2 footprint. The energy usage and CO2 footprint 

associated with the manufacturing of the foundation is 2300 GJ and 193 tonne respectively.  

The energy usage and CO2 footprint for the wing structure is 757 GJ and 49 tonne respectively. The foundation 
accounts for 61 % of the energy consumption when considering embodied energy for primary production, 
manufacturing and transportation. Corresponding percentage for the wing structure is 20 %. As for the CO2 

footprint the foundation accounts for 68 % while the wing structure accounts for 17 %.  
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9.4 Evaluation of Potential Environmental Impacts caused by Materials that are used in the 
product 

The embodied energy for medium carbon steel is much lower than for the other studied metals, of which alu-
minum has the highest. It should be advised to evaluate if it is possible to use aluminum bronze instead of pure 
aluminum. Stainless steel is the metal that has the worst environmental impact. The CO2 footprint is high, it 
contain heavy metals and has a lower content of recycled fraction in current supply. It is preferable to use me-

dium carbon steel when possible.  

Plastics have a low content of recycled fraction in current supply. Some releases toxic substance when com-
busted. The ability to be remanufactured depends on if they are thermosets or thermoplastics.  

Carbon- and glass-fiber reinforced epoxy has a high embodied energy and high CO2 footprint. It is also hard to 
recycle even though there is an ongoing research in the area that is probable to be finished by the time Deep 
Green will  be EOL treated. Carbon- and glass fiber reinforced epoxy have qualities that makes it hard to change 
to another material.  

9.5 Find out which parts of the lifecycle that can be performed in Tanzania 

Most of the raw materials used in Deep Green are mined in Tanzania. Having Table 10 in mind it is concluded 
that material for the following parts have to be imported.  

 Wing structure, duct and struts due to lack of carbon fiber or glass fiber reinforced epoxy 

 Rotor, stator, generator shell and bulkheads due to lack of aluminum 

 All oils. 

The production is very l imited. The foundation can be manufactured i n Tanzania without problem but the more 
high technology parts such as the wing structure, struts and tether would preferabl y be imported to meet the 
demand for high quality of the product. 

The foundation cannot be transported on the roads due to l imited maximum weight hence; the foundation has 
to be casted on the quay. The length of the wi ng structure does not oppose to any transport regulations. The 
quality of the road might be a problem. 

It might be difficult to install  Deep Green due to lack of equipment.  

9.6 Identify the inequality in the Life cycle between use in England and Tanzania 

The EP for usage in Tanzania will  probably be slightly higher than for usage in, for example Sweden or England. 

This is because more parts have to be imported and thus the energy consumption and CO2 footprint for trans-
portation increases. The difference is probably not so high thanks to the fact that the foundation can be locally 
produced. The nearest possible production site for the wing is not known. The transportation of thi s part might 
add a bit to the energy consumption caused by transport. Transportation within Tanzania is mostly with trucks 

compared to Sweden where a lot of the transportation is with railway. Railway has a lower environmental i m-
pact.  

9.7 Do an excel file with the possibility to change material and calculate the EP. 

The digital model ENCO© is created in an Excel workbook and provides a possibil ity to calculate energy usage 
and CO2 footprint for each component as well as the complete product. Results which are based on user-
defined parameters can be used to determine the energy payback time for Deep Green. It is also possible to 

compare different material choices for each individual component through the implementation of ENCO©. The 
user can thus evaluate material choices in order to optimize the production of Deep Green by taking into a c-
count potential environmental impacts which are caused by raw material acquisition and manufacturing pr o-
cesses. 

ENCO© includes only a small material database with materials that primarily are believed to be intended for 
the production of Deep Green. It is however possible, if necessary, to expand the material database to include 
more materials. 
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When applying ENCO© to establish energy usage, CO2 footprint and energy payback time of Deep Green it is 
vital to consider factors that are not included in the final result. Results presented by ENCO© are solely based 
on energy usage and CO₂ footprint. This implies that other potential environmental impacts are not consi d-
ered. 

It is for instance not possible to define the transportation parameters. There is however a pre-calculated value 
of energy usage and CO2 footprint caused by the total transportation that occurs during all  phases of Deep 
Green’s l ife cycle. 

Although figures presented in ENCO© are a good approximation of true values, hence reasonable, it is sti l l  

strongly advised that the user evaluates the results as a reference value. 

9.8 General discussion about the LCA study 

A new and thorough LCA study should be conducted when the design of Deep Green is fully established in o r-
der to receive much more accurate figures of energy usage, CO2 footprint and energy payback time. The i m-
plementation of ENCO© can simplify calculations of energy usage, CO2 footprint and energy payback time. 
Figures presented in ENCO© should however, by default, act as a reference value implying that further invest i-

gations of Deep Green are recommended. 

The foundation is the component of the current constructiona l design that contributes most to the total energy 
usage. Optimizing the mass, i .e. decreasing it, can help to lower the total energy usage which in turn can d e-
crease the EP of Deep Green. It is also vital to gather more information about the cables in order to increase 

the accuracy of the EP. As for the end of l ife potential it is not recommended to remanufacture the concrete 
foundation since a much larger amount of energy and CO 2 is used in comparison to manufacturing a new foun-
dation. 

Deep Green does not generate any CO2 emissions during the use phase unless service and maintenance is tak-
en into account. This suggests that when electricity is produced by Deep Green a large amount of CO 2 is spared 
from being trapped in the atmosphere hence preventing a contribution to the global warming. It is therefore 
significant to recognize that Deep Green will  decrease the CO2 footprint in an area where other equivalent and 

existing CO2 emitting power plants are being repl aced. Many global places will  however not be able to replace 
power plants since the production of electricity are yet not fully developed. These regions will  hence not have a 
decrease of CO2 footprint nor an increase for that matter. Bottom line is that when launching Deep Green no 

additional CO2 will  be emitted during the production of electricity apart from the amount being generated by 
necessary service & maintenance. 

The carbon footprint for Deep Green is 10.68 g CO2/ kWh. This is very low when compared to other energy 
sources.  Disposal  and EOL treatment are not accounted for.  The equivalent value for wind power plants are 

23. Deep Green Produces 26 times more energy then is required to produce it.  

9.9 Discussion about the difference throughout the life cycle between England and Tanza-
nia 

Tanzania is a very rich country when it comes to natural recourses. Lack of education has unfortunately resul t-
ed in an out lease of these recourses and the main part of the profit does not stay in Tanzania. The country is 

very corrupt and the school system is not good. Tanzania gets aid from a lot of countries to improve the schools 
but the money disappears to other things. A German mechanical engineer that is currently l iving in Tanzania 
has worked with the son of the president. Aid money will  stop being sent to Tanzania, according to the son of 
the president, if aid money would be used to purchasing new medical equipment for the hospital. I nstead he 

buys other things so they continue to get money for the hospital equipment.  

 

This is one example of corruption that affect the Tanzanian society and development of the country.  

The country is in big need of a development of the power grids. Electricity gives people the opportunity to 

study after sunset. The main part of the population works with agriculture and need to be on the field during 
the time of sunlight. With electricity these people would have the opportunity to educate themselves after a 
workday.  
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Educated people are needed to improve the production in the country. This section is today very l imited which 
could be a concern for the production of Deep Green in Tanzania. The more high technology parts, l ike the 
wing structure would need to be imported.  

A big share of the population is very poor and the risk of steeling is big. There is a problem with steeling of 

precious metals. This will  probably not be a problem thanks to the placement of Deep Green. 

10 Future Work 

Finalizing the design of Deep Green will  provide a comprehensive approach to the LCA hence enabling Minesto  
to determine a much more accurate EP. The EP established in this thesis can act as a starting point for future 
evaluations of Deep Green. Aside from the aspects which are excluded from the calculations of the EP, the 

results presented in this thesis do form a basis form which decisions can be established. To obtain a more acc u-
rate EP it is necessary to complete the life cycle assessment of Deep Green by including values of the distrib u-
tion cables from hub to land and installation. The initial phase of the lifecycle, i .e. embodied energy for primary 
production, is however believed to be the largest contributory part. 

It is furthermore possible to expand the material database in ENCO© as well as introducing a new set of p a-
rameters, for instance transportation and installation. In turn the user will  be able to evaluate Deep Green even 
further. 

Minesto should decide how much time and effort is reasonable to apply onto the conductance of improving 

and completing the life cycle assessment of Deep Green. A more detailed LCA might however add a significant 
boost to the promotion process. 
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Appendix 1 

Comparison between different choices of material. 

Part Component  Material  Energy consumption CO2 footprint 

      (MJ) (kg) 

Swivel       

   Seals Polytetrafluorethylene(Teflon) 1720 87 

  Seals Nitrilebutadien/ Nitrile rubber  2238  119 

Tether         

  Tension member PEI 208100 10630 

  Tension member Stainless steel  80100 5332 

Struts         

  Front struts 
Epoxy/ carbon fiber, UD compo-
site, 90° lamina 8237 658 

  Front struts epoxy/Glass-fiber, UD, 90 6509 503 

  Rear struts 
Epoxy/ carbon fiber, UD compo-
site, 90° lamina 4118 329 

  Rear struts Epoxy/Glass-fiber, UD, 90 3255 252 

Nacelle         

  rotor Aluminum 47635 2829 

  rotor Aluminum bronze 16415 1308 

  stator Aluminum 32128 1916 

  stator Aluminum bronze 11315 902 

  duct 
Epoxy/ carbon fiber, UD compo-
site, 90° lamina 54594 4390 

  duct Epoxy/Glass-fiber, UD, 90 43394 3355 

Generator       

   shell  Aluminum 79209 4675 

  shell  Epoxy/Carbon fiber 152960 10088 

  bulkheads 
Aluminum 99.5 % rent(non fer-
rous-Alum-cast -pure 9498 562 

  bulkheads Stainless steel  4913 760 

Wing     

 

wing structure 
Epoxy/HS carbon fiber, UD com-
posite, 90° lamina 682419 54872 

  wing structure Epoxy/Glass-fiber, UD, 90 542419 80449 
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Appendix 2 Lifecycle phases for Deep Green. 
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Appendix 3  

How many years are left for a number of metals . 

 

 


