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Chapter 1: Introduction

Marine renewable energy consists of converting the energy of the waves, tidal flows,

ocean thermal energy, and ocean currents into electricity. The technology currently

remains primarily in the research and development (R&D) phase, but as the ma-

rine renewable energy sector develops, it is important to ensure that if marine

renewables are ever to be commercially known and implemented that they will be

an improvement to existing fossil fuel technology. Thus, the technology needs to be

proven to be a sustainable alternative. Sustainable development has been defined

as “development that meets the needs of the present without compromising the

ability of future generations to meet their own needs.” [6] So, by continuing to

develop energy conversion technologies that rely primarily on finite resources, such

as fossil fuels, sustainable development is not being practiced. To determine the

sustainability of an alternative, it must be analyzed from three dimensions, eco-

nomic, social, and environmental to ensure it is truly superior to the original [7].

In this thesis, an in depth sustainability analysis has been performed to facilitate

Oregon based developers, M3 Wave Energy Systems LLC, in the design process of

a specific wave energy device. The purpose of this research was to select a material

for the structure of the wave energy device that resulted in the least impact due

to the life cycle of the device from the three dimensions of sustainability.

As the adverse effects of a fossil fueled electricity market are becoming more
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prevalent and damaging, the need for alternative energy techniques, such as marine

renewable energy, increases as well. Energy demand is continuing to rise steadily in

the United States and not so steadily across other regions, specifically in developing

countries [2], [1]. These staggering consumption forecasts can be seen in Figure

1.1.

Figure 1.1: Global energy consumption including historical data and future pro-
jections [1].

Global energy demand is forecasted to increase from 524 quadrillion Btu in 2010

to 630 quadrillion Btu in 2020 and 820 quadrillion Btu in 2040 with over 85 percent

of this increase is to occur in developing nations outside the Organization for
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Economic Cooperation and Development (OECD) [1]. The OECD was established

in 1961 to stimulate economic progress and world trade and consists of about 250

democratic countries[8]. The predicted rise in global energy demand among non-

OECD countries is due to strong economic growth and expanding populations,

especially in China and India (Figure 1.2), while OECD nations anticipate slower

anticipated economic growth and little population growth [1].

Figure 1.2: Energy consumption in the United States, China, and India including
historical data and future projections, 1990-2040 [1].

With all of the projected increases in energy demand, it is important to look

at what fuel sources will supply the demand. Figure 1.3 displays these forecasted

global fuel sources.
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Figure 1.3: World energy consumption by fuel type including historical data and
future projections, 1990-2040 [2].

The large projected increases in coal and liquid fuels, such as oil and gasoline,

consumption will be demanded primarily by non-OECD Asia partially due to a

lower cost of energy and a lack of government policies and incentives to support

renewable generation facilities [1]. Although, fossil fuels provide some of the most

affordable forms of electricity and fuel, their supplementary costs remain high.

These costs, which include human health problems from air pollution, damage to

land and water resources, environmental degradation caused by global warming,

acid rain, and water pollution are vast, and the damage can be everlasting. There-

fore, it is of the utmost importance that supply from renewable energy generation
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technologies, which are also projected to rise by 2.5 percent each year, do not

impose their own catastrophic effects on human health [1].

In 2012 the United States energy consumption portfolio included renewable

energy sources such as hydroelectric, biofuels, wind, waste, solar and geothermal,

which made up 12 percent of the total energy consumption [2]. Although this 12

percent did not include any marine renewable sources, it is not due to a lack of

potential. The United States, especially along the West Coast, has ample wave

potential for the development.

The wave climate along the Oregon coast provides ideal conditions for wave

energy implementation as the Pacific Ocean provides powerful waves, especially in

the winter [9]. The powerful waves along the West Coast of the US have a total

available wave energy resource of 440 TWh/yr and a technically total recoverable

wave energy resource of 250 TWh/yr [10]. To help put that into perspective, Ore-

gon consumed only 46.7 TWh in the year 2012 [11]. Developers will never actually

attempt to harness all of the available potential, as that would potentially cause

many additional problems such as sediment transfer issues, ecological disturbances,

aesthetic impacts, shipping lane disturbances and more. However, researches have

estimated that wave energy could realistically provide approximately six percent of

the global energy demand [12]. This type of wave climate could meet a substantial

portion of the Pacific Northwests electricity needs. Therefore, it is apparent that

wave climate along the Oregon coast is favorable, but it is also necessary that the

social climate, technology, and economic viability be ideal as well, which is why

accurate comprehensive sustainability analyses are pertinent for the successful im-
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plementation of alternatives to a fossil fuel driven electricity market.
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Chapter 2: Literature Review

2.1 Wave Energy Technology

The devices that make the conversion from wave energy into electricity possible

are called Wave Energy Converters (WECs). Since the wave power industry is a

young technology, there has not been a single WEC design that has been selected

as the industry standard. The majority of the WECs currently in development

can be categorized into eight different categories based on their primary working

principle: oscillating water columns, attenuators, point absorbers, overtopping de-

vices, oscillating wave surge converters, bulge wave devices, rotating mass devices,

and submerged pressure differential devices [3].

An Oscillating Water Column (OWC), shown in Figure 2.1 features a partially

submerged chamber in which air is trapped. As the oscillating waves move in, the

air is forced through an attached bidirectional turbine, and then, as the wave exits

the submerged structure, air is pulled back through the turbine [13]. The specific

turbines are designed to turn in only one direction as the air passes bidirectionally

to drive an electrical generator. These devices can be floating, built into harbor

jetties or into the shoreline [13].
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Figure 2.1: Solid model of an Oscillating Water Column type WEC courtesy of
EMEC [3].

An Attenuator device, shown in Figure 2.2, is oriented in the direction of in-

coming waves perpendicular to the wavelengths. The waves cause the articulated

components to bend and drive generators with hydraulic fluid [3]. These devices

are typically moored to the ocean floor on one end and typically long relative to

the wavelength of incoming waves.
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Figure 2.2: Solid model of an Attenuator type WEC courtesy of EMEC [3].

Overtopping devices, shown in Figure 2.3, utilize the wave potential and/or

kinetic energy. As the waves interact with the structure, they pass over the device,

are directed towards and flow down through a reservoir, which drives a low head

hydroelectric turbine to then flow back into the sea [14].
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Figure 2.3: Solid model of an Overtopping type WEC courtesy of EMEC [3].

A Point Absorber device, shown in Figure 2.4, can capture energy from the

waves in multiple directions, but most of them solely capture energy from the up

and down motion of the waves and are fully or partially submerged offshore [3].

These devices absorb the wave energy and convert it by a piston or linear generator

into electricity.
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Figure 2.4: Solid model of an Point Absorber type WEC courtesy of EMEC [3] .

An Oscillating Wave Surge converter extracts energy from the movement of the

water particles within a wave surge [3]. An arm component of the device oscillates

on a pivoted joint in response to the movement of water particles. A model of this

type of converter can be seeing in Figure 2.5. These devices are fully submerged

and are moored to the ocean floor.
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Figure 2.5: Solid model of an Oscillating Wave Surge type WEC courtesy of EMEC
[3] .

Bulge Wave devices consist of a flexible tube that fills with water and rides

along the water surface perpendicular to the waves [3]. As water enters the tube,

the passing wave causes pressure variations, which in turn causes a bulge to form.

This bulge grows as it passes through the entire length of the tube and at the end

drives a low-head turbine where the water then returns to the sea. A model of this

device can be seen in Figure 2.6.
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Figure 2.6: Solid model of a Bulge type WEC courtesy of EMEC [3] .

Rotating Mass converters, which are also known as horizontal pendulum con-

verters, shown in Figure 2.7, utilize the heaving and swaying motions, which drive

a weight or a gyroscope causing precession [13]. This movement is captured by a

turbine and converted to electricity.
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Figure 2.7: Solid model of a Pendulum type WEC courtesy of EMEC [3].

The last type of WEC covered in this paper and the focus of this sustainability

study is a Submerged Pressure Differential device. A solid model of the technology

can be seen in Figure 2.8 and a model of the device analyzed in this study can

be seen in Chapter 3 Figure 3.1. Devices of this type are typically secured to the

ocean floor nearshore and utilize a pressure differential caused by the rise and fall

of the waves above the device which pumps a fluid through a system to generate

electricity [3].
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Figure 2.8: Solid model of a Submerged Pressure Differential type WEC courtesy
of EMEC [3] .

2.2 Sustainability of Wave Energy

With so many options, pertaining to wave energy technology, it is much more im-

portant that accurate analyses and metrics are used to assist in the decision making

process of implementing this new technology. The most superior alternatives can

be selected by performing comprehensive sustainability studies that encompass all

three dimensions of sustainability (environment, economic, and social) which were

established by the World Commission on Environment and Development in 1987

[15]. Due to the early stages of wave energy technology, there have not been many

sustainability analyses written and published in regards to its development. How-

ever, the few studies that have been performed have provided fellow researchers
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and developers with valuable information pertaining to the three dimensions of

sustainability [16], [17], [18], [19], [20], [21].

2.2.1 Environmental Impact Assessments Pertaining to Wave En-

ergy

One approach to measure the potential environmental impact of a product or

process is to perform an environmental life cycle assessment (LCA), which analyzes

a product, system, or industrial process using a cradle-to-grave approach. This

approach includes assessing all stages of the products life, beginning with the

gathering of raw materials to creating the product and ending with all of the

materials returning to the earth [22]. The LCA process allows for the cumulative

environmental impacts to be assessed from the products entire life cycle. Figure

2.9 shows a pictorial representation of the key life cycle stages and their inputs

and outputs measured in an LCA.

To evaluate the environmental impacts of an attenuator type wave energy device

called the Pelamis developed by Ocean Power Delivery, an LCA was performed to

assess the carbon dioxide performance as well as the total energy demanded for

the entire life cycle of the device. The carbon dioxide performance, also referred

to as a carbon footprint, is the sum of all greenhouse released during the scope of

the study and is expressed in terms of carbon dioxide equivalent. It is calculated

by summing the emissions and then multiplying that sum by the global warming

potential (GWP) of the gas, which is a measure of the total energy that a gas
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Figure 2.9: Life Cyle Stages for LCA methodology produced by the Environmental
Protection Agency (EPA) [4]

absorbs compared to CO2 [23].

For the Pelamis device, it was found that the carbon dioxide performance and

energy demand were 22.8 gCO2/kWh and 293 kJ/kWh, respectively [16]. As

a comparison measure, in 2011, three coal power plants in the United Kingdom

resulted in CO2 performances of 786, 846, and 990 gCO2/kWh and energy demand

of 11,075 kJ/kWh [24], [2]. This is a substantial increase compared to the carbon

footprint and energy demand of the wave energy converter. Researchers also found

that the energy payback and CO2 payback would be 20 months and 13 months,

respectively, utilizing a high rate of recycling for the structural steel [16]. It was

suggested that further analysis should be completed into alternative materials,

such as reinforced concrete or glass reinforced plastic, for some of the steel tube
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sections on the Pelamis WEC.

In 2009, Dahlsten conducted an environmental Life Cycle Assessment of a wave

energy farm, which included analyzing the impacts from the wave farm induced

at all stages from the raw material extraction to the decommissioning of the plant

[17]. The wave farm consisted of an array of 1000 point absorber WECs in the pro-

totyping phase by developers, Seabased Industries. The purpose of this study was

to identify which parts of the life cycle analysis caused the largest environmental

impact as opportunities for improvement. This study found that the construction

phase of the wave energy devices resulted in the highest environmental impact

with stainless steel production and metal working specifically contributing the

most [17]. Although it is important to note that the steel used in this model was

cold rolled, which is a significantly more energy intensive process than hot rolling

[25]. It results in a harder product that can be very accurately sized, but benefits

are not necessary; therefore, it is not realistic to assume a developer would select

this product [17].

Similar to results of the Pelamis LCA, Dahlsten stated that additional mate-

rial choices should be considered instead of steel and that it would be beneficial

from an environmental perspective to investigate a design with less steel [17]. The

author also stated that using the modular LCA approach, recycling of the steel at

the products end-of-life did not display a decrease in environmental impact, how-

ever, realistically a decrease in environmental impact should have been represented

within the results due to the recycling and a different approach at modeling the

end-of-life may have represented more accurate results [17].
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Traut performed a comparative LCA of the SeaRay, a point absorber WEC

developed by Columbia Power Technologies [18]. The purpose of this study was to

compare the environmental impacts of the device with two alternative end-of-life

scenarios including disassembling and remanufacturing some components then re-

cycling at the end-of-life versus the components only being used for one use cycle

and then recycled at the end-of-life [18]. The environmental impact metric used

in this study was the ReCiPe 2008, which results in a weighted value including

the three following endpoint categories: damage on human health, damage to the

ecosystem, and damage to resource availability [18]. It was found that reman-

ufacturing the components resulted in a 40 percent reduction in environmental

impact [18]. Additionally, the author found that the anchor component, which

was originally designed to be constructed of lead, resulted in the highest overall

environmental impact with the highest values being in human toxicity, climate

change human health, and fossil depletion. However, by switching to steel and

reinforced concrete, Traut found that the impact due to the anchor decreased by

approximately 78 percent [18].

From these previously conducted LCAs, it has been demonstrated that various

materials as alternatives to steel and lead should be analyzed for the construction

of the WECs and their anchoring mechanisms respectively. Additionally, it would

be valuable to implement alternative techniques to model the recycling at the

end-of-life of a product to ensure the most accurate results.
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2.2.2 Economic Impact Assessments Pertaining to Wave Energy

There are many approaches one can take when assessing the economic viability of

a technology. The Hawaii Department of Business, Economic Development, and

Tourism performed a feasibility study on wave energy viability in Hawaii. Authors

found that due to the early stage of development of the technology, wave energy

was not yet commercially viable and it was not predicted that any devices would

be available for large scale implementation due primarily to a lack of funding,

but also to limited research [19]. Using an avoided energy cost basis model, which

includes comparing the avoided costs, such as cost of fuel and a portion of operation

and maintenance costs that would be saved by utilizing wave energy conversion

techniques as opposed to traditional techniques in place, they found that wave

energy systems were not cost competitive, for Hawaii, at the time of publication.

It should be noted that this report was published in 2002, and however valid at

that time, there has been additional studies on the feasibility written since then.

Ten years later, in 2012, the US Department of Energy funded a study into

the potential of wave energy in the United States, and found that in the optimum

deployment sites, the predicted cost of energy (COE) from wave energy could

be between 18–34 cents/KWh [12]. This number was calculated assuming no cost

reductions resulting from improvements in the technology and that the WEC arrays

would be deployed at a 50 MW farm scale and a deployment of two farms totaling

100 MW globally [12]. To offer some perspective on these numbers; the estimated

COE for offshore wind is 22 cents/KWh and the 2012 average price for electricity
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was 9.84 cents/kWh [12], [2], [26]. Further, the COE cited for wave energy does

not account for any subsidies, which although additional subsidies would not lower

the actual COE, they could supply more funding for developers and therefore lower

the fixed cost for consumers.

Wave energy’s feasibility has also been assessed globally. Hayward et al. have

completed two economic models produced by the Commonwealth Scientific and

Industrial Research Organisation (CSIRO) in Australia, to project future develop-

ment of wave energy in Australia and worldwide [20]. The authors conducted this

research using industry data for two types of devices, a point absorber and a ter-

minator, yet their results were consistent for both devices. They found that wave

energy has the potential to make a significant contribution to renewable electricity

generation in Australia as well as globally [20]. However, authors stated if wave

energy is to be implemented on a large scale, it would require an emissions trading

scheme to be put in place since a large amount of wave energy development is

expected to take place in the developing world [20].

Authors also commented that wave energy implementation is at a disadvantage

regarding development opportunities and cost competitiveness since wind and solar

are already well established technologies that are expanding rapidly and achieving

cost reductions [20]. Capital costs for the point absorber was $1069/kW and

$3063/kW for the terminator device. With construction beginning in earnest in

2014, the model predicted that some electricity provided by wave energy would be

available by 2025 and would be tailing off production by 2050, which is when the

earliest plants would be decommissioned and other technologies such as large scale
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PV power plants would be constructed instead [20]. This study was published in

2012.

To assess the economic impacts of wave energy development, the Oregon Wave

Energy Trust (OWET) is currently in the process of publishing three reports re-

garding such impacts at three stages of the industry’s development. These stages

include the Research and Development (R&D) stage, the commercial stage, which

entails one 500 MW farm off the Oregon coast, and the industrial stage, which

entails the developing and operating a manufacturing cluster that provides wave

energy equipment and expertise to other markets [21]. OWET provided funding

for ECONorthwest to conduct this study, for which they used an IMPLAN input-

output model called the Fishery Economic Assessment Model (FEAM) to model

the direct, indirect, and induced impacts of the three aforementioned phases.

They have published the first of the three reports and have estimated that if the

wave energy industry can reach the industrial stage, it could produce $56 million

and $90 million annually in new tax revenues for Oregons coastal communities

and statewide new tax revenues, respectively [21]. It was also found that the

total job impact was estimated at 3,547 new jobs for the three construction phases

and operating the wave projects was estimated to generate and sustain more than

11,000 local jobs [21].

These results of the aforementioned studies indicate that there is substantial

economic potential for the wave energy industry. However, some common themes

among all of the studies and projected future developments are that if wave energy

is to ever be installed on the commercial scale, it will require consistent and ample
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government support as well as vast improvements in the technology to make it

more cost effective. Still, if the improvements and support can be accomplished,

wave energy could be a viable source of electricity in the future [19], [20].

2.2.3 Social Impact Assessments Pertaining to Wave Energy

Oregon State University (OSU) students and faculty in the Human Dimensions of

Wave Energy (HDWE) research program have performed the majority of research

relating to the viability of wave energy development from a social perspective [27].

This research program was created to answer the social, economic, political, and

cultural questions surrounding the socially responsible implementation of wave

energy and to assess stakeholders perceptions of the wave energy industry and the

development on the Oregon Coast. Although their research has been focused on

a local level, they remain at the forefront of the research pertaining to the social

dimension of wave energy development globally.

When asked about the development of wave energy in the area, fifty-four per-

cent of Oregonians statewide were very positive or positive about it, while only

three percent were negative or very negative [28]. Thirty-two percent of Oregoni-

ans surveyed didn’t have enough information to form an opinion [28]. In fact, only

twenty-four percent of Oregonians surveyed stated that they were familiar or very

familiar with wave energy [28]. Stevenson and Covell also conducted a study on

organized interests groups who are in the position to influence the decision-making

pertaining to wave energy implementation. They found that such groups gener-
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ally have a low familiarity with the development, yet tend to be supportive of the

industry [27].

To investigate public perception of wave energy development in Oregon’s coastal

communities, Hunter performed a study on six stakeholder categories including

local government, sport and commercial fisherman, tourism enterprises, the recre-

ating community, environmentalists, and general citizenry. Data was compiled by

conducting a series of interviews with forty-seven residents across three coastal

counties [27]. When asked about the social dimensions surrounding wave energy,

participants cited health of the natural environment as a key contributing factor to

community well-being, and many saw wave energy as a direct threat to local scenic

beauty and to the appreciation of adjacent beachfront properties [27]. Participants

felt strongly enough about the potential aesthetic impact that to mitigate and di-

minish these impacts, participants would attempt to prevent project developments

near residential and recreational areas [27]. Participants felt the diminished scenic

view would cause beachfront property owners, including the tourism industry, to

suffer economically. [27] In contrast, some participants viewed wave energy in their

area as a way to gain international recognition as technology leaders [27].

The potential esthetic disturbances due to wave energy implementation is very

important to individuals residing in coastal communities and to the local tourism

industry. Luckily for individuals working towards commercialized wave energy

conversion technology, the wind industry can be used as a source of information

on the topic of offshore implementation from a visual perspective. Many lessons

can be learned from successful wind installations, failed projects, and from research
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in the aesthetics of the wind industry. It has been found that aesthetics are one of

the primary reasons for opposition in the wind industry, and this opposition has

resulted in some major barriers to project developments [29]. In a study of public

perception of wind energy, it was found that the configuration of wind turbines in

a wind farm can have a significant impact on how the public perceives the project

[30].

Due to the fact that the WEC that is a part of this assessment is a fully

submerged device that will sit on the ocean floor, aesthetic impact will not be

a concern. Thus, the developers have already avoided a potential obstacle for

their devices progress that developers of other device types will have to consider.

However, there are other aspects of their design, such as material selection, that

must be assessed, which will be done using the methodology covered in the next

section.
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Chapter 3: Methodology

The WEC that has been analyzed is this study is called the Delos-Reyes Morrow

Pressure device (DMP). The original wave energy device was conceptualized by

two mechanical engineering students, Delos-Reyes and Morrow, at Oregon State

University as their senior capstone project. It has been further developed and

in the final stages before manufacturing for an open sea scientific study by the

same individuals, yet now they are working at their own wave energy development

company, M3 Wave Energy Systems, LLC.

The DMP device is fully submerged and sits on the ocean floor. The com-

ponents of the device, which are labeled in Figure 3.1, are as follows. The base

structure (1) is a retrofitted trailer consisting of steel I-beams and rectangular

tubing. It performs two functions: it serves as the platform for all of the other

components to be held in place, and it functions as the anchoring system, due to

its high density and in water weight, which will be discussed further. The ballast

tanks (2), made of polypropylene, will be filled with air providing over 1 ton each of

positive buoyancy while the device is being towed to location. The device utilizes

two large air bags (3) that are made of XR-5, which is a geomembrane typically

used for lining ponds or other reservoirs. The bags will be installed within the bag

caisson (3) and will be connected by an air channel (4). This channel will allow air

to move freely from one bag to the other and vice versa. Within the channel is a
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Guide Vane Impulse turbine (5), which is a bi-directional turbine that will turn in

one direction as the air passing through goes in either direction. The turbine con-

nects to a generator, not shown, where the motion of the turbine will be converted

to electricity. In this study, the bag caissons (3a) and the structural components

(3b) together make up what will be referred to as the Top of the WEC.

Figure 3.1: Solid model of Delow-Reyes Morrow Pressure Device (DMP) developed
by M3 Wave Energy Systems LLC.

The full-scale device will be approximately 40 feet in width and 150 feet long.

However, this study will focus on a prototype size of 8.5 feet wide and 50 feet long.

The prototype’s size is limited due to the transportation method. According to

the Oregon Department of Transportation, the device width is limited to 14 feet

wide if it will be hauled on any state two-lane highways [31]. This will limit the

length of the device to approximately 52 feet.

M3 Wave Energy Systems LLC has requested information as to whether or

not it would be beneficial to alter the design of their device’s platform by utilizing

alternative materials for the top and base of the device. The weight of the platform,
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constructed of steel, restrains the unit on the seafloor during operation. This study

will investigate if there is a better design from a multidimensional sustainability

perspective to keep the device on the seafloor and compare the current design of

an all steel construction to a lighter platform constructed of a composite material,

Fiberglass Reinforced Plastic (FRP).

FRP has been chosen as an alternative material due to the fact that it is

corrosion resistant, unlike steel where corrosion resistant coatings must be used

for marine applications [32]. FRP is also approximately one-fourth the weight of

steel yet still has comparable strength qualities and has a lower material cost [33].

Since FRP is lighter than steel, the FRP WEC will require an anchor component

to restrain the device to the seafloor. A concrete deadweight anchor will be used

for this purpose. The scenarios that will be a part of this analysis are listed in

Table 3.1.

Scenario Platform Material Anchor Component

1 (current) Steel Platform Weight

2 Fiberglass Reinforced Plastic (FRP) Concrete Deadweight Anchor

3 Steel and FRP Concrete Deadweight Anchor

Table 3.1: Descriptions of scenarios to be analyzed in this study.

To determine which is the better scenario, a comprehensive sustainability ap-

proach has been taken by evaluating the environmental, economic, and social

performance of each of these scenarios, which was accomplished by utilizing an

environmental Life Cycle Assessment (LCA), a cost model, and relevant labor
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statistics, respectively.

3.1 Environmental Life Cycle Assessment

The LCA process consists of four iterative phases: the goal and scope definition,

inventory analysis, impact assessment, and interpretation [4]. These phases are

described in greater detail below for the Delo-Reyes Morrow pressure device.

3.1.1 Goal and Scope Definition

The primary goal for the majority of LCAs and for this current project is to gather

the most accurate information that will lead to discovering the scenario that has

the least effect on human health and the environment [4]. To define the scope of

the study, one must decide which life cycle stages will be included in the LCA. The

most in-depth analysis would include all of the stages from raw material extraction

to the end-of-life, but at times, such an analysis might not seem feasible due to

the required accuracy or available time and resources. On the other hand, it is

important to include system boundaries that will have an effect on the final results;

therefore, one can only exclude such stages that will not affect the final result and

decision. The system boundaries set for this project include manufacturing the

components from raw materials to each components end-of-life.

The goal and scope definitions phase results in a description of the system

boundaries and a functional unit [34]. The functional unit is the basis for how
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one product will be compared to another. For example, if one is comparing soft

drink containers, a good functional unit might be two liters. For this project

the functional unit selected was a device weight in the water of 11,302 pounds,

which was chosen because the weight of the device is the force required to restrict

the device to the ocean floor. To determine the functional unit, a few simple

calculations described below were used.

M3 Wave Energy Systems provided the dry weight, 13,000 lbs, for their current

WEC design constructed primarily out of steel. With this information, it was nec-

essary to calculate the in-water weight, N, of the WEC since N would be the force

required for the device to remain on the seafloor during operation. To calculate

N, Equation 3.1 was used, where W is the dry weight of the device and B is the

buoyancy.

N = W −B (3.1)

Buoyancy was calculated using Equation 3.2, where V is the total volume of

the WEC and ρseawater = 64 lb/ft3 is the density of the seawater [35].

B = V × ρseawater (3.2)

Volume, V of WEC base and top were calculated using Equation 3.3. Where

ρsteel = 490 lb/ft3 [36].

V =
W

ρsteel
(3.3)
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The volumes of the base and top remain constant for each of the scenarios and

the densities for each material were found using industry data; therefore, it was

possible to determine the weights of the FRP top and base. It was then possible

to calculate the required weight of the concrete anchor in Scenario 1 and 2 using

Equation 3.4.

Wconcrete =
11, 302lbs− (Wtop +Wbase) +BWEC

1 − ρseawater

ρconcrete

(3.4)

Table 3.2 displays the resulting dry weights and respective materials for the

base, top, and anchor components. The buoyancy and weight of the ballast tanks

were not included in the calculations since their effects would be constant in each

scenario, and therefore, did not affect the final inventory results. With the goal

and scope defined, the next step of the implementing the LCA methodology is the

Life Cycle Inventory Analysis.

Table 3.2: Resulting dry weights and respective materials for base, top, and anchor
components using functional unit.
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3.1.2 Life Cycle Inventory Analysis

The life cycle inventory (LCI) stage is a critical phase of the LCA, which includes

quantifying energy and raw material requirements, waterborne and atmospheric

emissions, and solid wastes as well as any other byproducts of the process, system,

or product in question [22]. All of the used quantitative data is collected during

this phase; therefore, the level of accuracy is especially important for the analysis

to be useful and reliable. The following four steps were useful in performing this

stage.

1. Develop a flow diagram for each process within the analysis, which in-

cludes the inputs and outputs for the process or system [4]. The resulting

flow chart for this study can be seen in Figure 3.2. It includes the material

extraction, manufacturing, transportation, assembly, use, and end-of-life for

the following components: air bags, ballast tanks, impulse turbine, the top

of the WEC, base of the WEC, and the concrete anchors. The inputs and

outputs for each step are not shown in the image, due to image overcrowding.
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Figure 3.2: Life cyle flow chart for DMP WEC.
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2. Develop a data collection plan, which consists of defining the quality,

sources, types and indicators for the data to be collected as well as an or-

ganized collection worksheet and checklist [4]. For this step of the project,

numerous databases were searched for information pertaining to each of the

process steps in Figure (flow chart). For precise industry data, specific com-

panies were found and added to the data collection plan. Additional data

was also found published online in previous LCA studies.

3. Collect the necessary data utilizing various methods including LCA soft-

ware packages, site-visits, and direct contact with experts [4]. During this

phase, the two LCA software used, GaBi and Semipro, were invaluable. The

softwares databases included some manufacturing processes and their corre-

lated impacts. The majority of the data collected was found using industry

specific data, the GaBi LCA software database, and the SimaPro LCA soft-

ware database. The following lists the data sources for each component with

further specific information in Appendix B through E.

• Seaman Corporation provided in depth cradle-to-gate, and gate-to-gate

inventory data for their XR-5 material, which will be used to construct

the air bags.

• Electricity production impacts were modeled using West US mixture in

the GaBi database [37].

• Natural gas impacts were modeled using GaBi data US mixture in the

GaBi database [37].
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• Concrete data was found in the GaBi database, which utilized Portland

cement LCI data for high performance grade cement [37].

• The environmental impact data for the PLA turbine manufactured by

3D printing was found in a comparative LCA performed by Kreiger and

Pearce [38].

• The Polyethylene tanks were modeled using GaBi data [37].

• Cradle-to-grate data was provided by the US recycling institute for

structural steel rectangular tubes and steel plate [39], [40].

• Scrap LCI data was provided by the US Recycling institute [40].

• Cradle to gate data was provided for structural FRP segments by Glass-

FibreEurope. [41].

4. Evaluate and document the LCI results including all system bound-

aries, assumptions, and the quantified indicators that the researcher has

deemed the most necessary to present [4]. As the data including all of inputs

and outputs for each process step shown in Figure 3.2 was acquired, it was

input into the GaBi software. The GaBi software allows the user to enter the

input and output parameters for each process step then connect each process

step using a flow chart interface. Two figures displaying the user-friendly

interface of the GaBi software are shown in Figure 3.3 and 3.4.
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Figure 3.3: GaBi interface for manually enerting input and output data for the
XR-5 bag material.
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Figure 3.4: GaBi interface for connecting and organizing LCA process steps for
the steel platform.
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The blue lines in Figure 3.4 represent material flows (inputs and outputs) that

are used and passed along to the next process step. For example, the EAF

Steel Billet manufacturing process will result in an output of steel billets,

and those billets will then be used in the extrusion process; therefore, the

blue line displays to the user that the output of a valuable substance from

one step is being used as the input for another step.

Each process step has data regarding energy demand, emissions to water, air,

and additional human health impacts that must be entered manually by the

user or is already available within the aforementioned databases. Although

each process step was not available in the software’s databases, the informa-

tion that was included was very beneficial in reducing the time intensity of

this phase. In the completion of the LCI phase, the following assumptions

and limitations were made.

Assumptions and Limitations

• The welding process for the trailer and top of the WEC was approxi-

mated at covering 17 meters and 10 meters respectively. This value was

estimated by referring to the solid model of the device provided by M3

Wave Energy Systems and approximating the lengths of welds.

• The polyethylene ballast tanks were modeled using GaBi process data

for 1000 pounds of polyethylene bottles [37].

• Environmental effects of seam welding the XR-5 air bags were consid-

ered negligible and therefore were not included.
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• The end-of-life for the FRP, concrete anchor, impulse turbine, air bags,

and ballast tanks were modeled as waste to a landfill that utilizes

methane gas emissions from the waste to generate electricity.

• The steel used in Scenarios 1 and 3 for the base and top of the WEC

were modeled as being recycled at the end-of-life stage. This was per-

formed using an avoided burden approach, which was accomplished by

subtracting the impacts of the scrap at the end-of-life for the net amount

of scrap produced [42].

• When assembling all components to produce the final WEC, only ma-

terials and parts were included in this process step. Therefore, this

process step resulted in no emissions or energy usage.

• The use phase of the wave energy device includes 100 MJ of electric-

ity produced by the WEC for all three scenarios over its lifetime of

approximately 3 weeks.

3.1.3 Impact Assessment

The impact assessment phase of an LCA assesses the potential human and eco-

logical effects of the inputs and outputs identified in the inventory analysis phase

[22]. During this phase, the two LCA software used, GaBi and SimaPro, were

invaluable. The databases included manufacturing processes and material flows

with the correlated impacts, and when impacts were entered manually, the GaBi

software was useful in calculating totals for each impact process step as well as for



40

entire scenarios [43], [37]. The environmental impacts and technical quantities that

were chosen as comparison tools for this project were Global Warming Potential

(GWP), energy demand, and weight for the different scenarios. All of which will

be further discussed in Chapter 4.

3.2 Economic Analysis

To compare the economic performance of the different scenarios, a financial cost

model was applied. Only the costs associated with the base, top, and anchor of the

WEC were included in this portion of the analysis because the other components

will remain consistent for each scenario; therefore, the prices of those components

will not differ between scenarios and will not be used in the decision making process.

The costs entered were found using quotes from companies in the Pacific North-

west or from online ordering websites and are cited in Chapter 4. It was pertinent

in this phase of the analysis to reference the flow chart in Figure 3.2 to assure

that all costs to the developer including transportation, machining, and, in some

instances, raw materials were considered. The costs were then summed for each

scenario and the totals were used in the decision making process.

3.3 Social Analysis

As stated previously, a comprehensive sustainability assessment must be analyzed

from an environmental, economic, and social perspective; therefore, a social metric
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was also required for this to be a complete analysis. Relevant labor statistics were

utilized for this purpose. Additionally, supplemental information regarding another

research topic that could be utilized by researchers to gain further useful knowledge

of the societal impacts of wave energy devices is included in this section and in

Appendix A.

3.3.1 Labor Statistics

For this particular analysis, since the main difference between scenarios was the

material selection, labor statistics were investigated and the results were used

for the final decision making process. Research was performed into the labor

practices within the different industries. This was accomplished by referring to

the Bureau of Labor Statistics 2012 published data for the three industries that

manufacture the different structural materials in this study. The results for annual

average employment and the incidence rates of injury and illness were recorded and

compared.

3.3.2 Supplementary Social Assessment Pertaining to Wave Energy

Implementation

Viewshed disturbances and aesthetic impacts are a primary cause of aversion to

wave and wind energy conversion technologies; therefore, this topic is of the utmost

importance for research and design considerations [27]. Although, these visual
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disturbances are not a concern for this current project, if wave energy is to ever

be implemented largely on a commercial scale utilizing non-submerged devices,

several potential social impacts must be assessed including the visual impacts.

In Appendix A a social sustainability research project is proposed that would

provide developers in the wave energy industry with pertinent information on

the preferred aesthetic details of the technology in hopes that this information

will rid the implementation process of costly mistakes and setbacks put forth by

resistive and negative community feedback. This proposed project would also

be beneficial for future developers performing their own sustainability analysis to

assist in making the decision between one type of wave energy device over another.

This proposed analyses would result in quantifiable values that could then be used

as part of a decision making tool to facilitate the design process of individual wave

energy devices, as well as siting for arrays consisting of multiple devices.
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Chapter 4: Results

4.1 Environmental LCA Results

Within the last phase of a life cycle assessment, the interpretation phase, the

resulting data is analyzed, conclusions are reached, and recommendations based

on the findings of the previous phases are presented [22]. The first metric calculated

for the project during the LCIA phase was the global warming potential for all of

the components in each scenario. Global warming potential (GWP) for a gas is

a measure of the total energy that a gas absorbs over a particular time compared

to a kg of carbon dioxide (CO2) [44]. Therefore, in this analysis, all of the gasses

that were emitted during the life cycle of the WEC were summed in GaBi and

the carbon dioxide equivalent was calculated from those totals. The results are

displayed in Figure 4.1.



44

Figure 4.1: Global Warming Potential for each scenario including individual GWP
per component.

It can be seen by referring to Figure 4.1 that Scenario 2 has the greatest GWP

and Scenario 1 resulted in the least. The component with the largest GWP is the

9-ton concrete anchor in Scenario 2. This was the result of approximately 7300

kg of CO2 emitted during the manufacturing process of the anchor. Gross energy

demand, which is the sum of energy required for the life cycle of the device, was

calculated for each scenario and the results can be seen in Figure 4.2.
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Figure 4.2: Gross energy demand for each scenario including individual energy
demand per component.

As one can see by referring to the figure, Scenario 2 resulted in the greatest

energy demand, and Scenario 1 resulted in the least followed closely by Scenario

3. The components that resulted in the highest energy demand were the WECs

polyethylene ballast tanks. The two WEC bodies constructed of FRP and steel

resulted in almost equal gross energy demand with FRP having a slightly less

demand. However, similarly to the results involving GWP, with the addition of

the concrete anchors energy intensive process, the energy demand of Scenario 2

increased.

To assess the final loads of the devices that will have to be transported and in-

stalled, the weights of each component that is greater than 50 pounds was summed
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and can be seen in Figure 4.3 The lighter components, the turbine and air bags,

weights were considered negligible in this analysis.

Figure 4.3: Total WEC weight for each scenario including individual weights of
components over 50 pounds.

Scenario 2 resulted in the heaviest device and it can be seen that this is primarily

due to the concrete anchor component at approximately 18,000 lbs.

4.2 Economic Results

To compare the economic performance of the different scenarios, a simple financial

cost model was used. The dollar amounts shown in Table 2, Table 3 and Table 4

are the resulting costs that the developer would have to pay for only the base, top,

and anchor of the WEC for each scenario. Only these components were selected
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because the other components will remain consistent for each scenario; therefore,

the prices of those components will not differ between scenarios and will not be

used in the decision making process.

The prices listed were found using quotes from companies in the Pacific North-

west or from online ordering websites all of which are cited in the following tables.

Transportation costs were estimated with fuel efficiencies for a Ford F-350 Super

Duty truck, with information gathered from Fords website. Scrap credits reflect

current steel scrap prices averaged in the United States.

Component Price/Unit Unit Factor Price

Trailer1 $20,000.00 per unit 1 $20,000.00

Transportation to Astoria2 $3.00 per gallon at 8 mpg 12.5 $37.50

Assembly of WEC (Top and Bottom)3 $20,000.00 per unit 1 $20,000.00

Powder Coating Trailer4 $3.45 per foot 127 $438.15

Powder Coating Top4 $3.45 per foot 152 $524.40

Scrap Credit5 -$426.30 per metric ton 5.9 -$2,515.17

Total $38,484.88

Scenario 1

1http://www.truckertotrucker.com/trucking/flatbed-trailers.cfm

2http://www.ford.com/trucks/superduty/specifications/

3Quotation provided by M3 Wave Energy LLC

4http://www.competitiveedgecoatings.com/pages/powder_coating.php

5http://www.scrapregister.com/scrap-prices/united-states/260

Table 4.1: Resulting costs per component and total for Scenario 1
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Component Price/Unit Unit Factor Price

FRP Trailer Materials and Assembly6 $5,000.00 per unit 1 $68,000.00

Transportation FRP Top Materials7 $500.00 per shipment 1 $500.00

FRP Top 1 (sheets)7 $649.00 per 48x 96" sheet 6 $3,894.00

FRP Top 2 (rec tube)7 $26.00 per foot 96 $2,496.00

Concrete Blocks8 $0.05 per lb 18091 $829.11

Total $75,719.11

Scenario 2

7http://www.eplastics.com/Flat_Fiberglass_Sheet

8http://dibblecreekrock.com/precast_concrete.html

6Quotation from HyTek Plastics in Corvallis, OR

Table 4.2: Resulting costs per component and total for Scenario 2

Component Price/Unit Unit Factor Price

FRP Top 1 (sheets)7 $649.00 per 48x 96" sheet 6 $3,894.00

FRP Top 2 (rec tube)7 $26.00 per foot 96 $2,496.00

Transport FRP Top Materials7 $500.00 per shipment 1 $500.00

Assembly of WEC3 $20,000.00 per unit 1 $20,000.00

Steel trailer1 $20,000.00 per unit 1 $20,000.00

Transportation to Astoria2 $3.00 per gallon at 8 mpg 12.5 $37.50

Concrete Blocks8 $0.05 per lb 18091 $829.11

Powder Coating Trailer4 $3.45 per foot 127 $438.15

Scrap Credit5 -$426.30 per metric ton 4.9 -$2,088.87

Total $46,105.89

Scenario 3

Table 4.3: Resulting costs per component and total for Scenario 3
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4.3 Social Analysis Results

For this project, due to the fact that the main difference between scenarios was

the material selection, research was performed into the labor practices within the

different industries prevalent in the production of the DMP WEC. This was ac-

complished by referring to the Bureau of Labor Statistics 2012 published data for

the four industries that manufacture and assemble the various structural materials

in this study [5]. The results for annual average employment and the incidence

rates of injury and illness can be seen in 4.4.

Industry

Artificial and 
Synthetic Fibers 
Manufacturing 

(Fiberglass)

Steel Product 
Manufacturing 
from Purchased 

Steel

Iron and Steel Mill
Ready Mix Concrete 

Product Manufacturing

Annual Average 
Employment

44,590 57,070 93,200 62,250

Incidence rate of 
Non-fatal Cases

1.1 5.6 3.2 6.2

Table 4.4: Annual average employment and incidence rates of nonfatal occupa-
tional injuries and illnesses by industry and case types, 2012 [5]
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Chapter 5: Discussion

5.1 Environmental LCA

As one can see by referring to Figure 4.1 in Chapter 4, the majority of the GWP

in Scenario 2 is a result of the concrete anchor. The main contributors to the CO2

emissions in concrete are granulated blast furnace slag (GGBFS), fly ash, cement,

limestone, and other aggregates [45]. Of these ingredients, the cement is responsible

for 74% to 81% percent of the total CO2 emissions [45]. The final emission factor

that was found for Portland cement was 0.82 t CO2 equivalent/tonne of cement

including transportation to concrete plant [46]. Decomposition of the limestone

releases 0.5 ton of CO2 for every ton CaO (limestone) produced [45]. Additionally,

the high energy consumption of this concrete manufacturing process requires more

electricity that causes further CO2 to be emitted due to the US electricity mix

composed mainly of fossil fuel resources.

Although the concrete components in Scenario 2 and 3 have high GWP, the

fiberglass structures result in low GWP relative to the steel structure. An LCA

performed by Ibbotson and Kara revealed that composite I-beams result in 20

percent less environmental footprint than stainless steel beams [47]. This is also

reflected in Figure 4.1 in Chapter 4.

In reference to energy demand, it can be seen by referring Figure 4.2 in Chapter
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4, to the component requiring the greatest amount is the polyethylene ballast tanks.

This is a component required for all scenarios, and will therefore not be useful in

the decision making process. The next component requiring the highest energy

demand is the WEC Base constructed of FRP. It should be noted that the steel

making process is actually more energy intensive, but since the steel will be recycled

at the devices end-of-life, the resulting energy demand is lower. In regards to the

FRP manufacturing process, the melting of the glass fibers requires approximately

80 percent of the electricity required to produce structural FRP pieces. [41]

Total weight of the WEC, shown in Figure 4.3 in Chapter 4 was highest for

Scenario 2; again the culprit is the concrete anchor. As stated in Chapter 3, the

anchor constructed of concrete requires a higher dry weight to achieve the same

in water weight as a material like steel. This is due to the lower density of the

concrete relative to that of steel, which causes the concrete component to be more

buoyant when placed in the seawater.

The anchor weighs a massive 18,000 pounds, which is 22 percent greater than

the entire WEC in Scenario 1. This increase in weight could potentially cause

the installation to become more time and resource intensive as well as logistically

complicated when having to install such a heavy anchor. This is why weight and

volume are important considerations in this project.
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5.2 Economic Analysis

To compare each scenario from an economic context, a financial cost model was

utilized. The difference between final costs in US dollars for each scenario can be

seen summarized in 5.1.

Figure 5.1: Difference between total costs of WEC life cyle for each scenario.

The FRP and concrete anchor in Scenario 2 resulted in the most expensive

alternative by approximately $35,000 compared to the least expensive Scenario 1.

The most expensive component was the FRP Base at $68,000 which was quoted

by HyTek Plastics in Corvallis, OR.
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5.3 Social Analysis

The scenarios were compared from the social aspect by reviewing relevant labor

statistics for the industries associated with each scenario. The labor statistics

reviewed were the incidence rates of injury and illness as well as annual average

employment. Labor statistics indicated that the ready mix concrete industry had

a greater incidence rate of injury followed closely by the steel industry. This should

be considered by the developer when selecting which company to manufacture their

product.
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Chapter 6: Conclusion

In this study three scenarios for a WEC structural design were compared from

an environmental, economic, and social perspective. The environmental method

utilized the environmental LCA methodology with a functional unit of in water

weight equaling approximately 11,300 pounds for each scenario. The environmen-

tal and technical metrics used as comparison tools were global warming potential,

energy demand, and WEC weight. The economic potential of each of the scenar-

ios was examined using a simple financial cost model evaluating the additional

costs between scenarios. The social analysis consisted of analyzing relevant labor

statistics for the industries prevalent in each scenario.

The steel WEC design in Scenario 1 performed the best from an environmen-

tal and economic perspective. It resulted in the lowest GWP, Energy Demand,

Weight, and Cost. From a social perspective, the concrete industry did result in

the highest incident rates of injury followed closely by the steel industry. These

social metric results should be used by the developer when selecting where the

steel will be sourced to select the company with the least injury rates and safest

working conditions.

The FRP structure has been shown to have potential from an environmental

perspective; however, the concrete anchor that is also a required component of each

scenario containing FRP has demonstrated the worst environmental performance.
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Therefore, it would be beneficial in the future for further analysis to be done to

consider a different anchoring material or design with the FRP structure analyzed

in this study. Additionally, another study could be completed to compare the

results of a wave farm consisting of full scale DMP devices to traditional fossil

fuel technologies. One more recommended study is for researchers to perform

an in depth comparative sustainability analysis of the various WEC designs in

development today to determine the most superior design.

This analysis has demonstrated the importance of accurate data, and has shown

that the original design of M3s DMP Wave Energy Converter has proven to be the

most viable solution of those considered in this study. It is recommended that

the developers keep their current design of an all steel structure as they continue

with the prototype implementation. In the future, upon the completion of the

scientific study for which the prototype WEC that was the subject of this study

will be used, developers can further improve the device and design it for a larger

scale installment. Similar methodologies to the ones used in this paper can again

be used to compare a larger scale multiple device array to other energy conversion

methods such as wind, solar, coal, and natural gas to further assess the viability of

wave energy conversion techniques using the submerged pressure differential style

device. This will ensure the most sustainable technology will be the technology of

the future.

During this study, opportunities for improvement for performing the sustain-

ability analyses methodology have been realized. First, data accessibility could be

improved with more US LCI data. Although GaBi and SimaPro included some
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US industry data, the majority of data was sourced from European countries [37].

Additionally, it would be advantageous if there was more LCI data accessible on

recycling different materials such as fiberglass or concrete to assess the viability of

these alternative end-of-life scenarios. From a social perspective, it would be very

valuable if there were more social metrics that were applicable as comparison tools

to assist in decision making in studies with technical data, material selection, or

product comparisons such as the one in this study.
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Appendix A: Supplementary Social Analysis Project



	   	   	  
	  
	  
	  

1	  

Proposed Project 

This proposed project would develop and implement the necessary tools to assess how 

community members perceive the visual impact of WECs. In addition, it would help answer 

the question of how the input from the communities can be used in the design and siting 

process of implementing WEC farms. To do so, researchers will provide participants in 

coastal communities with computer simulated images of potential ocean siting locations for 

WEC arrays to gauge their response on site selection. This project will utilize graphic 

software that will provide the participant with multiple views of multiple siting locations, 

array configurations, as well as aesthetic features of WECs.  

 

Research Team  

 This interdisciplinary research group will consist of a team of sociologists, who will 

prepare and conduct the survey, a team of geographers, who will prepare the realistic 

graphic modeling for the survey, and a team of engineers, who will provide 3D models of 

the WECs as well as the optimal farm layout from a technical perspective. The engineers 

will also provide technical variances for farm layout and design features. This will provide 

the participating community members with more aesthetic options.  

 

Survey Structure 

 The survey will be structured in two parts. First, with multiple of potential sites 

selected, the research group will compile a questionnaire. This form will utilize Google 

Maps to show all of the potential site selections. The participants will then be asked to 

“pin” locations on that map where they think their view will be impacted by a potential 
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wave farm. Instructions will be provided on how to complete this task. The participants will 

also be asked to note the approximate height from which they will be viewing the WECs. 

The individuals will then be prompted to email the map, with their selected locations, back 

to the researchers at a designated email address.  

 Upon receiving the locations via email, the team of geographers will then begin the 

process of developing the graphic images for those locations as well as for additional areas 

that the research team has found pertinent, such as public parks, highways, and tourist 

intensive areas. The technical requirements for this part of the project are covered more in 

detail in the next section. 

 When the graphic images are completed, the second survey will be compiled in an 

electronic format. This survey will include various images prompting the participant to 

answer multiple choice questions and short answer responses. To assess the aesthetic 

preferences of the WEC farms, computer simulations of one of the participant’s requested 

viewsheds will be included and labeled with the indicated number as follows in the survey: 

(1) the requested viewshed with many small WECs in close proximity to one another, (2) 

with many small WECs spaced at the maximum distance to each other, (3) with few large 

WECs in close proximity to one another, and (4) with few large WECs spaced at the 

maximum distance.  

 To further assess the aesthetic preferences of WEC farm configurations, computer 

simulations of one of the participant’s requested viewsheds will be included and labeled 

with the indicated number as follows in the survey: (1) the requested viewshed with many 

small WECs in close proximity to one another aligned in straight rows, (2) the requested 

viewshed with many small WECs in close proximity to one another aligned in an “artistic” 
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manner, (3) with few large WECs in close proximity to one another aligned in straight 

rows, and (4) with few large WECs in close proximity aligned in an “artistic” manner. The 

same prompts and options will be used for a randomly selected viewshed of a public area 

that the research team found to be useful. 

 To assess the aesthetic preferences of various WEC design features, computer 

simulations of one of the participant’s requested viewsheds will be included and labeled 

with the indicated number as follows in the survey: (1) the requested viewshed with an 

array of WEC devices, (2) through (4) will be the same array configuration but the WECs 

will have differing aesthetic design features that the engineering team will model. The type 

of WEC device and the design features will be randomly chosen for each survey.  

 The following variables will be asked of the each of the participants to evaluate if 

there is any correlation to their aesthetic preferences.  

• Age Category: 18-25, 26-35, 36-45, 46-55, 56-65, 66+ 

• Country of Origin 

• The level of interest of the user has in renewable energy issues: minimal (1), follow 

the issues or professional interest (2), and involved in local debate (3) \cite{BishopMiller}. 

• Occupation 

 The participant will also be asked to describe aesthetic impact in their own words 

and to give examples of such.  Torres-Sibille et al. defines aesthetic as a type of 

environmental impacts where the visual impact is derived from the alteration of the 

landscape \cite{Torres}. 

 

Technical Details 
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 Computer simulations have been shown to be an equivalent medium to photographs 

in the assessment of visual impact \cite{Bishop} For this proposed project, multiple lines of 

sights will be used for the assessment at the heights specified by the participant. The 

analysis can therefore be used answer questions such as: “What areas and items can be seen 

offshore from a coastal viewpoint that is X meters high? How frequently can a WEC be 

seen from an existing highway, and in what weather conditions?” To answer this second 

question, some of the images included in the survey will be shown at different contrast 

levels, which will represent different weather conditions such as fog, rain, and clear blue 

skies.  

 The team of geographers will create the images first by noting the locations received 

from the participants. They will then develop the computer simulations using Spatial 

Information Exploration and Visualization Environment (SIEVE), which consists of three 

parts, SIEVE Builder, SIEVE Viewer, and SIEVE Direct \cite{Bishop}. SIEVE Builder 

allows the automatic creation of 3D environments from 2D spatial GIS data; SIEVE Viewer 

is a collaborative virtual environment built on Torque Game Engine (TGE), and SIEVE 

Direct allows live manipulation of the 3D world from the GIS and vice versa. This virtual 

environment software has been tested with the simulation of wind farm siting assessment 

\cite{Bishop}. 

 

Additional Information 

 The following factors will be considered by the engineering and geography teams 

when modeling the images. Research in the field of wind farm design found that surveyed 

participants preferred neutral colors to bright colors \cite{ThayerFreeman}. With this said, 
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the buoys must be highly visible to ocean users, so this might produce a difficult aspect of 

the design process. Also, research found that survivability was one reason that many 

residents felt that wave energy was not feasible \cite{social}. Therefore, the WECs should 

be designed to not only encompass robustness, but it should be exemplified by the aesthetic 

design of the buoys. 

 

Survey Delivery and Recovery 

 This study will be delivered to the participants via email. The completed surveys 

will also be returned via email. An email signup list will be placed in targeted communities, 

and Internet research will be used to find additional contact information. This decision was 

made in hopes that doing the survey electronically will lessen the time before receiving 

responses and will facilitate the graphic images.  Studies also suggest it could be beneficial 

for the industry to provide further knowledge of these technologies by utilizing the interest 

groups’ primary information sources: the Internet and local media \cite{social}. Therefore, 

the project’s result can be emailed back to the participants along with further information 

pertaining to wave energy technology and resources for where they can retrieve more 

information. 
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Appendix B: LCI Steel Plate Data



   

The Steel Recycling Institute provides steel LCI data in cooperation with worldsteel. 

 
www.recycle-steel.org 

 
 
 

LCI DATA FOR STEEL PRODUCTS 
 
 

Steel Product:  Plate 
Region: North America 
Scope: Cradle to Gate, Excluding 

 End-of-Life (EoL) Recycling 
 

   
 

Data provided by: 
Brandie M. Sebastian 

Steel Recycling Institute LCA Manager 
bsebastian@steel.org 
T: (800) 876-7274 x205 

 
 
 

  
January 2014 
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1 Introduction 
The following data is provided in this report:  North American average, 1kg of Steel Plate, cradle-to-gate, 
excluding end-of-life (EoL) recycling.  
 
The data provided has been generated based on the World Steel Association (worldsteel) data collection and 
methodology for calculating the Life Cycle Inventory (LCI) for steel products; full details are available in the 
worldsteel Life Cycle Assessment Methodology Report, 2011. 
 

2 Data description 
A description of the steel products provided in this report: 
 
Product Technical purpose of product or process 
Plate A flat steel sheet rolled on a hot rolling mill. It can be found on the market in sheets and is 

further processed into finished products by the manufacturers. Heavy plate is used in a 
large number of sectors: structural steels, shipbuilding, pipes, pressure vessels, boilers, 
heavy metal structures, offshore structures etc. 

 
Typical thickness between 2 to 20 mm. The maximum width is 1860 mm. 

 
The data being provided is cradle-to-gate and excludes EoL recycling.  This means the data provided 
does not consider a burden for scrap input or a credit for the EoL recycling.  More details about this are 
given in the section on methodology.  Further information on the recycling methodology can be found in 
Appendix 10 of the worldsteel LCA Methodology Report.  
 
The reference year for the steel production data ranges from 2006 to 2010, depending on each company 
providing data.  Upstream data ranges from 2000 to 2010; see Appendix 6 in the worldsteel LCA Methodology 
Report. 
 
The flow list includes the main inputs and outputs of the steelmaking process.  Please note that, when using the 
data, the inputs are expressed in kg and the outputs in grams. 
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3 Methodology 
The methodology used to develop this data is detailed in worldsteel's 2011 LCA Methodology Report, which can 
be requested via the worldsteel website www.worldsteel.org. 
 

 
 

3.1 Summary of methodology 
The quality and relevance of LCA/LCI results, and the extent to which they can be applied and interpreted, 
depends critically upon the methodology used.  It is therefore important that the methodology is transparent and 
well documented.  ISO standards have been developed to provide guidance on methodological choices and to 
set down rules for transparency and reporting.  The relevant ISO standards are: 

ISO 14040: 2006 – Environmental management – Life cycle assessment – Principles and framework 
ISO 14044: 2006 – Environmental management – Life cycle assessment – Requirements and guidelines  

 
The goal of collecting and developing LCI datasets is to facilitate the range of emerging impact assessment 
methods in future studies. 
 
This worldsteel LCI study of North American steel production has been undertaken in accordance with ISO 
14040 and ISO 14044 and the methodology report underwent a critical review from an independent Critical 
Review Panel (CRP) of LCA specialists.  This approach improved the integrity of the study and can help guide 
methodology.  The full CRP Report is included in the 2011 worldsteel LCA Methodology Report.   
 
The study is a cradle-to-gate LCI study, excluding EoL recycling.  This means the data provided does not 
consider a burden for scrap input or a credit for the EoL recycling.  It covers all of the production steps from raw 
materials 'in the earth' (i.e., the cradle) to finished products ready to be shipped from the steelworks (i.e., the 
gate).  It does not include the manufacture of downstream products or their use. 
 
The steel product manufacturing system encompasses the activities of the steel sites and all major upstream 
processes, including the production and transportation of raw materials, energy sources and consumables used 
in the steelworks.  In addition, the recovery and use of steel industry by-products outside of the steelworks are 
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taken into account using, in most cases, the method of system expansion. 
 
The data includes steel production from both the integrated route (blast furnace/basic oxygen furnace) and the 
electric arc furnace route.  This mix of technologies is representative of the actual production mix for North 
America.
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4 LCI data:  cradle to gate for 1kg steel, North American Plate 
 
Inputs (mass, kg) 
  Carbon dioxide 0.01296734 
  Crude oil (resource) 0.0200857 
  Dolomite 0.06898336 
Ferrous scrap 0.8378919 
  Hard coal (resource) 0.3298607 
  Iron ore 0.3789914 
  Lignite (resource) 0.01357123 
  Limestone (calcium carbonate) 0.03584058 
  Natural gas (resource) 0.1026323 
  Tin ore 6.463961E-015 
  Uranium (resource) 3.190329E-006 
  Water Pending 
 4.221718E-005 

Tin ore approx. 14% tin content. 
 
Emissions to air (mass, g) 
  Cadmium (+II) 2.359E-005 
  Carbon dioxide 1197 
  Carbon monoxide 7.285 
  Chromium (total) 0.00023 
      Dioxins (unspec.) 1.164E-009 
  Hydrogen chloride 0.01648 
  Hydrogen sulphide 0.02984 
  Lead (+II) 0.0004217 
  Mercury (+II) 7.137E-005 
  Methane 2.466 
  Nitrogen dioxide 4.424E-005 
  Nitrogen oxides 2.15 
  Nitrous oxide (laughing gas) 0.008537 
    NMVOC (unspecified) 0.1377 
Particles to air 3.184 
  Sulphur dioxide 2.255 

 
Emissions to fresh water (mass, g) 
Ammonia (NH4+, NH3, as N) 0.02005 
Biological oxygen demand (BOD) 0.003775 
Cadmium (+II) 4.605E-005 
Chemical oxygen demand (COD) 0.2895 
Chromium (total) 4.935E-005 
Iron 0.268 
Lead (+II) 7.616E-005 
Nickel (+II) 8.471E-005 
Nitrogenous Matter (unspecified, as N) 0.03143 
Phosphate 0.0002523 
Phosphorus 8.596E-005 
Solids (dissolved) 0.00322 
Zinc (+II) 8E-005 

 
Environmental Indicators 
CML2001 - Nov. 2010, Global Warming Potential (GWP 100 years) [kg CO2-Equiv.] 1.249209 
Primary energy demand from ren. and non ren. resources (net cal. value) [MJ] 15.85479 
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5 Data usage 
An LCI study has been carried out by worldsteel to quantify resource use, energy and environmental emissions 
associated with the processing of steel industry products, from the extraction of raw materials in the ground 
through to the steel factory gate. 
 
LCI data were calculated for products derived via the blast furnace/basic oxygen furnace route (based on iron 
ore and steel scrap) and the electric arc furnace route (mainly based on steel scrap).  The products included in 
the study are of general relevance to a wide range of downstream applications including those in the 
construction, automotive and packaging sectors. 
 
A key goal of worldsteel and the Steel Recycling Institute (SRI) is to provide support on the environmental 
credentials of steel to customers and users of steel, with the intention that specifiers and users of these materials 
have access to relevant data to facilitate their own informed decision-making.  In this regard, worldsteel and SRI 
are willing to support the implementation of this database in LCA software and LCA tools. 
 
By using the data, you agree with the following points: 
 
l The worldsteel LCI database is provided free of charge and may not be sold to other parties. 
l When the worldsteel database is included in a database for different products, it shall be supplied with the 

main database of the software (or tool); i.e., at no extra cost for the buyer, nor as an extra library. 
l The data sheets shall include a reference source (i.e., contact details either for the worldsteel and SRI web 

sites or directly to the worldsteel and SRI LCA Managers; see below). 
l The 2011 worldsteel LCA Methodology Report shall be provided on request to users of the data. 
l Version updates will be available following data improvements and extra LCI information supplied by 

companies around the world.  Please accept these updates (e.g., version changes), and update the 
database system as required. 

l The database vendor will provide worldsteel with information about the users of the database (e.g., on a 6-
monthly basis, and at least once a year). 

l The datasheets are supplied only for the purpose of the study for which they were requested.  Should they 
be required for any another purpose, worldsteel or SRI must be contacted beforehand. 

l The user shall not provide the database on public websites or communicate the full inventories externally 
without worldsteel or SRI agreement. 

l The user shall not tamper with the LCI data in any way. 
 
Clare Broadbent      Brandie M. Sebastian 
Manager, Life Cycle Assessment    Manager, Life Cycle Assessment 
World Steel Association      Steel Recycling Institute 
Rue Colonel Bourg 120, B-1140     680 Andersen Drive 
Brussels, Belgium      Pittsburgh, PA 15220 
Tel: +32 (0)2 702 89 32       Tel:  (800) 876-7274 x205 
Fax: +32 (0)2 702 88 99      Fax:  (412) 922-3213 
email:  broadbent@worldsteel.org / lca@worldsteel.org  email:  bsebastian@steel.org 
worldsteel web site:  http://www.worldsteel.org   SRI website:  http://www.recycle-steel.org 
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Appendix C: LCI Structural Steel Data



   

The Steel Recycling Institute provides steel LCI data in cooperation with worldsteel. 

 
www.recycle-steel.org 

 
 
 

LCI DATA FOR STEEL PRODUCTS 
 
 

Steel Product:  Structural Sections 
Region: North America 
Scope: Cradle to Gate, Excluding 

 End-of-Life (EoL) Recycling 
 

   
 

Data provided by: 
Brandie M. Sebastian 

Steel Recycling Institute LCA Manager 
bsebastian@steel.org 
T: (800) 876-7274 x205 

 
 
 

  
January 2014 
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1 Introduction 
The following data is provided in this report:  North American average, 1kg of Structural Steel Sections, cradle-
to-gate, excluding end-of-life (EoL) recycling.  
 
The data provided has been generated based on the World Steel Association (worldsteel) data collection and 
methodology for calculating the Life Cycle Inventory (LCI) for steel products; full details are available in the 
worldsteel Life Cycle Assessment Methodology Report, 2011. 
 

2 Data description 
A description of the steel products provided in this report: 
 
Product Technical purpose of product or process 
Sections A steel section rolled on a hot rolling mill. Steel Sections include I-beams, H-beams, 

wide-flange beams, and sheet piling. It can be found on the market for direct use. This 
product is used in construction, multi-story buildings, industrial buildings, bridge trusses, 
vertical highway supports, and riverbank reinforcement. 

 
The data being provided is cradle-to-gate and excludes EoL recycling.  This means the data provided 
does not consider a burden for scrap input or a credit for the EoL recycling.  More details about this are 
given in the section on methodology.  Further information on the recycling methodology can be found in 
Appendix 10 of the worldsteel LCA Methodology Report.  
 
The reference year for the steel production data ranges from 2006 to 2010, depending on each company 
providing data.  Upstream data ranges from 2000 to 2010;, see Appendix 6 in the worldsteel LCA Methodology 
Report.  Because North American structural section LCI data is not presently available from the minimum 
number of facilities (3), data for an appropriate quantity of steel plate has been used to represent that proportion 
of structural section production for which we do not yet have data in order to arrive at the current data set. (Steel 
plate LCI data has been shown to provide a reasonable representation of steel structural section data.) 
 
The flow list includes the main inputs and outputs of the steelmaking process.  Please note that, when using the 
data, the inputs are expressed in kg and the outputs in grams. 
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3 Methodology 
The methodology used to develop this data is detailed in worldsteel's 2011 LCA Methodology Report, which can 
be requested via the worldsteel website www.worldsteel.org. 
 

 
 

3.1 Summary of methodology 
The quality and relevance of LCA/LCI results, and the extent to which they can be applied and interpreted, 
depends critically upon the methodology used.  It is therefore important that the methodology is transparent and 
well documented.  ISO standards have been developed to provide guidance on methodological choices and to 
set down rules for transparency and reporting.  The relevant ISO standards are: 

ISO 14040: 2006 – Environmental management – Life cycle assessment – Principles and framework 
ISO 14044: 2006 – Environmental management – Life cycle assessment – Requirements and guidelines  

 
The goal of collecting and developing LCI datasets is to facilitate the range of emerging impact assessment 
methods in future studies. 
 
This worldsteel LCI study of North American steel production has been undertaken in accordance with ISO 
14040 and ISO 14044 and the methodology report underwent a critical review from an independent Critical 
Review Panel (CRP) of LCA specialists.  This approach improved the integrity of the study and can help guide 
methodology.  The full CRP Report is included in the 2011 worldsteel LCA Methodology Report.   
 
The study is a cradle-to-gate LCI study, excluding EoL recycling.  This means the data provided does not 
consider a burden for scrap input or a credit for the EoL recycling.  It covers all of the production steps from raw 
materials 'in the earth' (i.e., the cradle) to finished products ready to be shipped from the steelworks (i.e., the 
gate).  It does not include the manufacture of downstream products or their use. 
 
The steel product manufacturing system encompasses the activities of the steel sites and all major upstream 
processes, including the production and transportation of raw materials, energy sources and consumables used 
in the steelworks.  In addition, the recovery and use of steel industry by-products outside of the steelworks are 
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taken into account using, in most cases, the method of system expansion. 
 
The data includes steel production only from the electric arc furnace route, which is representative of the actual 
production mix for North America.
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4 LCI data:  cradle-to-gate for 1kg steel, North American 
Structural Sections 
 
Inputs (mass, kg) 
  Carbon dioxide 0.01673069 
  Crude oil (resource) 0.01847327 
  Dolomite 0.05641848 
Ferrous scrap 1.125929 
  Hard coal (resource) 0.1773599 
  Iron ore -0.004821484 
  Lignite (resource) 0.01765046 
  Limestone (calcium carbonate) 0.03951461 
  Natural gas (resource) 0.08466574 
  Tin ore 8.819836E-015 
  Uranium (resource) 4.295245E-006 
  Water Pending 
 -0.005004302 

Tin ore approx. 14% tin content. 
 
Emissions to air (mass, g) 
  Cadmium (+II) 1.503E-005 
  Carbon dioxide 905.2 
  Carbon monoxide 1.005 
  Chromium (total) 0.0001456 
      Dioxins (unspec.) 4.354E-008 
  Hydrogen chloride 0.008739 
  Hydrogen sulphide 0.01516 
  Lead (+II) 0.0002737 
  Mercury (+II) 0.0001141 
  Methane 1.546 
  Nitrogen dioxide -5.361E-005 
  Nitrogen oxides 1.744 
  Nitrous oxide (laughing gas) 0.007993 
    NMVOC (unspecified) 0.1621 
Particles to air 4.278 
  Sulphur dioxide 2.875 

 
Emissions to fresh water (mass, g) 
Ammonia (NH4+, NH3, as N) 0.01456 
Biological oxygen demand (BOD) 0.003371 
Cadmium (+II) 3.599E-005 
Chemical oxygen demand (COD) 0.3311 
Chromium (total) 7.103E-005 
Iron 0.3652 
Lead (+II) 8.227E-005 
Nickel (+II) 6.017E-005 
Nitrogenous Matter (unspecified, as N) 0.0005541 
Phosphate 0.0003645 
Phosphorus 1.147E-005 
Solids (dissolved) 0.004422 
Zinc (+II) 1.439E-005 

 
Environmental Indicators 
CML2001 - Nov. 2010, Global Warming Potential (GWP 100 years) [kg CO2-Equiv.] 0.9304039 
Primary energy demand from ren. and non ren. resources (net cal. value) [MJ] 11.72079 
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5 Data usage 
An LCI study has been carried out by worldsteel to quantify resource use, energy and environmental emissions 
associated with the processing of steel industry products, from the extraction of raw materials in the ground 
through to the steel factory gate. 
 
LCI data were calculated for products derived via the blast furnace/basic oxygen furnace route (based on iron 
ore and steel scrap) and the electric arc furnace route (mainly based on steel scrap).  As described previously, 
structural sections are produced only by the electric arc furnace route in North America.  The products included 
in the study are of general relevance to a wide range of downstream applications including those in the 
construction, automotive and packaging sectors. 
 
A key goal of worldsteel and the Steel Recycling Institute (SRI) is to provide support on the environmental 
credentials of steel to customers and users of steel, with the intention that specifiers and users of these materials 
have access to relevant data to facilitate their own informed decision-making.  In this regard, worldsteel and SRI 
are willing to support the implementation of this database in LCA software and LCA tools. 
 
By using the data, you agree with the following points: 
 
l The worldsteel LCI database is provided free of charge and may not be sold to other parties. 
l When the worldsteel database is included in a database for different products, it shall be supplied with the 

main database of the software (or tool); i.e., at no extra cost for the buyer, nor as an extra library. 
l The data sheets shall include a reference source (i.e., contact details either for the worldsteel and SRI web 

sites or directly to the worldsteel and SRI LCA Managers; see below). 
l The 2011 worldsteel LCA Methodology Report shall be provided on request to users of the data. 
l Version updates will be available following data improvements and extra LCI information supplied by 

companies around the world.  Please accept these updates (e.g., version changes), and update the 
database system as required. 

l The database vendor will provide worldsteel with information about the users of the database (e.g., on a 6-
monthly basis, and at least once a year). 

l The datasheets are supplied only for the purpose of the study for which they were requested.  Should they 
be required for any another purpose, worldsteel or SRI must be contacted beforehand. 

l The user shall not provide the database on public websites or communicate the full inventories externally 
without worldsteel or SRI agreement. 

l The user shall not tamper with the LCI data in any way. 
 
Clare Broadbent      Brandie M. Sebastian 
Manager, Life Cycle Assessment    Manager, Life Cycle Assessment 
World Steel Association      Steel Recycling Institute 
Rue Colonel Bourg 120, B-1140     680 Andersen Drive 
Brussels, Belgium      Pittsburgh, PA 15220 
Tel: +32 (0)2 702 89 32       Tel:  (800) 876-7274 x205 
Fax: +32 (0)2 702 88 99      Fax:  (412) 922-3213 
email:  broadbent@worldsteel.org / lca@worldsteel.org  email:  bsebastian@steel.org 
worldsteel web site:  http://www.worldsteel.org   SRI website:  http://www.recycle-steel.org 
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Appendix D: LCI Steel Scrap Data
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1 Introduction 
The following data is provided in this report:  LCI for 1kg of steel scrap. 
 
The data provided has been generated based on the worldsteel data collection and methodology for calculating 
the LCI for steel products; full details are available in the World Steel Association Life Cycle Inventory for Steel 
Products report, 2011. 
 

2 Data description 
 
A description of the steel products provided in this report: 
 

Product Technical purpose of product or process 

Scrap Steel scrap is the scrap produced from a product at the end of its life and is available on the 
scrap market in many different forms. This steel scrap represents an average steel scrap. 

 
The reference year for the data is for 2005 to 2007, depending on each company providing data. Some 
upstream data is based on 2008 data. 
 
The flow list includes the main inputs and outputs of the steelmaking process. Please note that, when using the 
data, the inputs are expressed in kg and the outputs in grams. 
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3 Methodology 
 
The methodology used to develop this data is detailed in worldsteel's World Steel Life Cycle Inventory report, 
2011, which is provided with this data or can be requested via the worldsteel website www.worldsteel.org. 
 

 
 

3.1 Summary of methodology 
 
The quality and relevance of LCA/LCI results, and the extent to which they can be applied and interpreted, 
depends critically upon the methodology used. It is therefore important that methodology is transparent and well 
documented. ISO standards have been developed to provide guidance on methodological choices and to set 
down rules for transparency and reporting. The relevant ISO standards are: 

(0) ISO 14040: 2006 - Environmental management – Life cycle assessment – Principles and framework 
(0) ISO 14044: 2006 - Environmental management – Life cycle assessment – Requirements and 

guidelines  
 
The goal of collecting and developing worldsteel LCI datasets is to facilitate the range of emerging impact 
assessment methods in future studies. 
 
The worldsteel LCI study has been undertaken in accordance with ISO 14040 and ISO 14044. The previous two 
data collections and methodology reports underwent a critical review from an independent Critical Review Panel 
of LCA specialists. This approach improved the integrity of the study and can help guide methodology.  The full 
CRP Report is included in the reports. The new data collection, released February 2010, is based on the same 
methodology, except that now a weighted average approach is taken to determine product specific LCIs. The 
2011 methodology report is available from worldsteel. 
 
The study is a cradle-to-gate LCI study, including recycling. That is, it covers all of the production steps from raw 
materials 'in the earth' (i.e. the cradle) to finished products ready to be shipped from the steelworks (i.e. the 
gate). It also includes the credits associated with recycling the steel from the product at the end of their life. It 
does not include the manufacture of downstream products or their use. 
 
The steel product manufacturing system encompasses the activities of the steel sites and all major upstream 
processes, including the production and transportation of raw materials, energy sources and consumables used 
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on the steelworks. In addition the recovery and use of steel industry by-products outside of the steelworks are 
taken into account using in most cases the method of system expansion. 
 
The data includes steel production from both the integrated route (Blast Furnace / Basic Oxygen Furnace) and 
the Electric Arc Furnace route. 
 
3.2 Recycling methodology 
 
Steel is one of the most recyclable materials in the world and therefore it is important to consider recycling in life 
cycle assessment studies involving steel, namely the steel scrap that is recycled from a product at the end of its 
life. In addition, steel is a vital input to the steel making process, and this input of steel scrap should also be 
considered in LCA studies. 
 
The worldsteel methodology therefore considers both of these factors in the methodology (see appendix 10 of 
the methodology report for full details). 
 
The general life cycle equation for the “closed material loop recycling methodology” is applied as shown by the 
equation below: 

LCI for 1 kg of steel product including recycling = X – (RR – S) × Y(Xpr – Xre) 

where: 

X is the cradle to gate LCI of the product 
 
(RR – S) is the net amount of scrap: 

RR is the end of life recycling rate of the steel product 
S is the scrap input to the steelmaking process 

 
Y(Xpr - Xre) is the value of scrap: 

Y is the process yield of the EAF (i.e. >1kg scrap is required to produce 1kg steel) 
Xpr = the LCI for 100% primary metal production This is a theoretical value of steel slab  made in the 
BF/BOF route, assuming 0% scrap input. 
Xre = the LCI for 100% secondary metal production from scrap in the EAF (assuming scrap = 100%) 
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4 LCI for 1kg steel scrap 
 

Inputs (mass, kg) 
 Scrap LCI 

Carbon dioxide 0.006298718 
Crude oil (resource) -0.01763265 
Dolomite 0.03607125 
Hard coal (resource) 0.740115 
Iron ore 1.415598 
Lignite (resource) -0.0494894 
Limestone (calcium carbonate) -0.05547075 
Natural gas (resource) -0.05367357 
Tin ore -8.815403E-017 
Uranium (resource) -3.792999E-006 
Water 13.06657 

Tin ore approx 14% tin content. 

 

Emissions to air (mass, g) 
 Scrap LCI 

  Cadmium (+II) 5.044E-005 
  Carbon dioxide 1409 
  Carbon monoxide 22.62 
  Chromium (total) -0.0001464 
      Dioxins (unspec.) -1.064E-008 
  Hydrogen chloride 0.03143 
  Hydrogen sulphide 0.3725 
  Lead (+II) 0.001814 
  Mercury (+II) -9.828E-006 
  Methane 4.291 
  Nitrogen dioxide 0.01432 
  Nitrogen oxides 1.354 
  Nitrous oxide (laughing gas) 0.005271 
    NMVOC (unspecified) 0.1594 
Particles to air 1.397 
  Sulphur dioxide 1.789 

 

Emissions to fresh water (mass, g) 
 Scrap LCI 

Ammonia (NH4+, NH3, as N) 0.04856 
Biological oxygen demand (BOD) 0.01092 
Cadmium (+II) 1.916E-005 
Chemical oxygen demand (COD) -0.007725 
Chromium (total) -3.48E-005 
Iron -0.07544 
Lead (+II) -0.0001005 
Nickel (+II) 6.097E-005 
Nitrogenous Matter (unspecified, as N) 0.122 
Phosphate -0.0001758 
Phosphorus -0.0005332 
Solids (dissolved) 0.006315 
Zinc (+II) -0.0008956 
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Environmental Indicators 
 Scrap LCI 

  CML2001 - Nov. 2010, Global Warming Potential (GWP 100 years) [kg CO2-Equiv.] 1.512076 
  CML2001 - Nov. 2010, Global Warming Potential, excl biogenic carbon (GWP 100 years) 
[kg CO2-Equiv.] 

1.518375 

Primary energy demand from ren. and non ren. resources (net cal. value) [MJ] 13.40666 
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5 Data usage 
 
A life cycle inventory (LCI) study has been carried out by the World Steel Association (worldsteel) to quantify 
resource use, energy and environmental emissions associated with the processing of fifteen steel industry 
products, from the extraction of raw materials in the ground through to the steel factory gate and including end-
of-life recycling. 
 
LCI data were calculated for products derived via the blast furnace/basic oxygen furnace route (based on iron 
ore and steel scrap) and the electric arc furnace route (mainly based on steel scrap).  
 
The fifteen products included in the study are the main finished products of the steel industry. They include hot 
rolled coil (with and without pickling), cold rolled coil (with and without finishing), hot dip and electrically 
galvanised sheet, painted sheet, tinplate and tin-free sheet, welded and UO pipe, sections, plate, rebar and wire 
rod.  The products are of general relevance to a wide range of downstream applications including those in the 
construction, automotive and packaging sectors. 
 
A key goal of worldsteel is to provide support on the environmental credentials of steel to customers and users of 
steel, with the intention that those that specify and use materials in applications have access to relevant data to 
facilitate their own informed decision-making. In this regard, worldsteel is keen to support the implementation of 
this database in LCA software and LCA tools. 
 
worldsteel establishes agreement with LCA database vendors or consultants or advanced users to encourage 
broad use of the data in the interests of good LCA practice. The tool is fully based on the methodology for 
recycling that is provided with the attached methodology report. 
 
By using the data, you agree with the following points: 
 
l The worldsteel LCI database is provided free of charge and may not be sold to other parties. 
l When the worldsteel database is included in a database for different products, it shall be supplied with the 

main database of the software (or tool), i.e. at no extra cost for the buyer, nor as an extra library. 
l The data sheets shall include a reference source (i.e. contacts details either for the worldsteel web site or 

directly to the worldsteel LCA Manager: www.worldsteel.org / lca@worldsteel.org) 
l The worldsteel LCI Methodology Report 2011 shall be provided on request to users of the data. 
l Version updates will be available following data improvements and extra LCI information supplied by 

companies around the world. Please accept these updates (e.g. version changes), and update the database 
system as required. 

l The database vendor will provide worldsteel with information about the users of the database (e.g. on a 6-
monthly basis, and at least once a year). 

l The datasheets are supplied only for the purpose of the study for which it was requested. Should they be 
required for any another purpose, worldsteel must be contacted beforehand. 

l The user shall not provide the data on public websites or communicate the full inventories externally without 
worldsteel agreement. 

l The user shall not tamper with the worldsteel data in any way. 
 
Clare Broadbent 
Manager, Life Cycle Assessment 
World Steel Association, 
Rue Colonel Bourg 120, B-1140 Brussels, Belgium 
Tel: +32 (0)2 702 89 32 Fax: +32 (0)2 702 88 99 
email: broadbent@worldsteel.org / lca@worldsteel.org 
worldsteel web site: http://www.worldsteel.org 
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Appendix E: XR5 Geomembrane LCI Data



All	  data	  is	  for	  1	  m2	  of	  8130	  XR5	  (30	  oz/yd2)

Amount
Natural	  Gas	  (manufacturing	  only) 2.72 MJ gate-‐to-‐gate
Electricity	  from	  Grid	  (manufacturing	  only) 2.37 MJ gate-‐to-‐gate
Fossil none
Non-‐fossil none
Process	  (electrical	  and	  non	  electrical) see	  nat	  gas	  and	  electrical	  above
Transportation 0.8125 MJ cradle-‐to-‐gate
Feedstock 63.39 MJ cradle-‐to-‐gate
Total

PVC	  Resin 0.485 kg
Vinyl	  chloride	  copolymer	  resin 0.005 kg
Plasticizer 0.313 kg
Polyester	  yarns 0.091 kg
Pigments 0.046 kg
Antimony	  Trioxide/Alumina	  Trihydrate 0.038 kg
Stabilizers 0.021 kg
Calcium	  Carbonate 0.028 kg
Other 0.017 kg

Ground 59.62 litres gate-‐to-‐gate
Surface none

Dust	  and	  particulates none	  reported
Carbon	  dioxide not	  determined
Carbon	  Monoxide 3.125 kg	  CO2e cradle-‐to-‐gate
Sulful	  Oxides not	  determined
Nitrogen	  Oxides not	  determined
NMHC	  (includes	  halogenate	  hydrocarbons none	  reported
Methane none	  reported
Acide	  gases:	  HCl	  and	  HF none	  reported
Pb none	  reported
Volatile	  Organic	  Compounds 0.000648 kg gate-‐to-‐gate

	  	  

Dissolved	  solids insignificant
Water	  Emissions

Data	  Categories	  from	  Inventory	  Phase

Other	  Inputs	  Specific	  to	  XR-‐5

Energy

Water	  Consumption

Air	  Emissions



Suspended	  solids insignificant
Heavy	  metals insignificant
Oils	  and	  greases insignificant
Other	  organics insignificant
Phosphates	  and	  ammonia insignificant

Total	  Solid	  Waste 0.082 kg gate-‐to-‐gate
Sanitary/municipal

Solid	  Wastes




