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ABSTRACT

There is a massive quantity of concrete waste in the city of Dubai and in United Arab
Emirates (UAE) landfills, due to the enormous growth of infrastructure in the last two decades
that has resulted in an increase in the number of construction and demolition sites, and currently
there is no effective management option to reduce the concrete waste in the landfills by
sustainable methods. Furthermore, concrete waste accumulated in landfills can damage human
health, resources and ecosystems. Therefore, in this study, a Life Cycle Assessment (LCA) was
conducted between the current method of landfilling and its transportation of concrete waste to
landfill, and the proposed recycling method. While the comparison helps in highlighting the
ecological impact of concrete waste, the best waste management method, and the associated
damage cost through the comparison of the relationship between ecological impacts and their
costs, it also helps in reducing the environmental impacts and achieving project sustainability.
Furthermore, the LCA was conducted through the utilisation of the ISO 14040:2006 framework
and principles, which guided the study to follow the phases of LCA in an organised and
systematic approach. In addition, the Ecolnvent 3.4 database and SimaPro 8.5.2.0 software
were used as tools to correlate and simplify LCA phases and results. Furthermore, the
Handbook Environmental Prices 2017 was used to find the damage cost for each impact. Life
Cycle Impact Assessment (LCIA) and damage cost results showed that concrete waste in the
landfill has a considerable impact on the environment compared to the recycling method and
transportation process. The study opens up opportunities for future research to identify which
impact indicator and management method of concrete waste has a significant influence on the
environment and its damage cost. Moreover, Life Cycle Cost Assessment (LCCA) can be
conducted in future to compliment this study in finding the financial benefit of different
management options of concrete waste beyond its damage cost. This study’s contribution is

predominantly the expansion of an understanding of modelling the damage cost, in addition to



providing LCA results for the management of concrete waste, which was based on different

waste management options such as landfilling, recycling and transportation process.
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CHAPTER 1: INTRODUCTION

1.1. Introduction

The study consists of eight chapters. Chapter one discusses the theoretical research
background related to concrete waste in terms of environmental aspects. In addition, the
research gap and statement of problem clarify the lack of studies in the area of LCA of concrete
waste in recent years. Moreover, the research aim and objectives, research questions, and
significance and novelty of the study are included.

Chapter two introduces the literature review of waste in the construction industry such
as the definition and concept of waste, waste management policy, construction and demolition
(C&D) waste, the current method of C&D waste disposal, the composition of C&D waste and
the impact of C&D waste on the environment.

Chapter three includes a literature review providing an overview of concrete usage,
beginning with concrete as a construction material, waste concrete in the United Arab Emirates
construction industry, the environmental impact of concrete waste, methods of assessing
environmental impacts and monetising environmental indicators.

Chapter four describe the literature review of methods for modelling the ecological
impact of concrete waste by using LCA steps, for example, life cycle goal and scope definition,
life cycle inventory, life cycle impact assessment and interpretation of the results.

Chapter five elaborates the research framework, modelling methodology of concrete
waste by LCA steps and LCIA, which is based on ReCipe2016 calculations that consist of 18
midpoint impacts and three endpoint impacts.

Chapter six introduces the LCIA by ReCipe2016. The environmental impact results for
concrete waste used data from Ecolnvent and SimaPro software. In addition, damage cost

results are calculated by referring to the Handbook Environmental Prices 2017. The results



consist of 18 midpoint impacts and three endpoint impacts of landfilling method, recycling
method and transportation process. They include the mathematical relationship of LCA results
and damage cost for 15 impacts and for three waste management methods, which are
landfilling, recycling and transportation.

Chapter seven illustrates the research findings and discussion by identifying the
objectives of the study.

Chapter eight concludes the research findings and discussion by identifying the

knowledge contribution and research implication, research limitations and recommendations.

1.2. Research Theoretical Background

Effective waste management is important, as clarified by Won and Cheng (2017), who
state that construction and demolition waste management have been researched in many
different ways to find proper waste management options. Stages of waste management start
with reduction as the first step in the 3Rs principle (reduce, reuse, recycle) to minimise the
generated waste; although waste can be recycled or reused if production cannot be avoided or
it can be disposed of in landfill if the 3Rs steps did not work properly (Won & Cheng, 2017).
The disposal stage requires time estimation and counts the number of trucks needed to deliver
the generated waste to the landfill, so the planning and management of waste are important
(Won & Cheng, 2017).

The advantages of recycling waste are the economic benefit and achievement of project
sustainability (Ghosh, 2016). On the other hand, construction waste has an impact on the
environment due to transportation and the demolition process (Ghosh, 2016). The cost of
construction is rising due to the increase in the cost of construction materials, which can be
avoided by using materials such as steel and bricks which can be recycled and generate revenue

for the contractors (Ghosh, 2016). Ghosh (2016) states that materials can generate revenue



from the recycling method, such as steel, concrete and masonry blocks, which recommended
taking actions before loaded into landfills.

In addition, Kulatunga (2006) suggests that applying best practice waste management
can result in project quality and sustainability. Poon (2003) agrees that the massive increase in
waste landfills is a burden on the environment. It was illustrated by Bossink and Brouwers
(1996) in Yuan (2013) that the 3Rs can reduce the purchasing cost of materials and save
transportation cost and disposal cost, and generate revenue from selling waste. Furthermore,
Lu and Yuan (2010) believe that, when a country is not considering sustainable practices for
construction waste management, this is reflected in the loss of budget and time, and the impact
on the environment. Similarly, Kulatunga (2006) states that clear waste management practices
in general in construction fields result in achieving sustainability, and better economy and
quality. Lingard (2000) believes that proper waste management can decrease waste disposal
and reduce the landfill areas. According to Lu (2016), construction and demolition waste
management in China had reached 1.13 billion tonnes in 2014.

Ulubeyli, Kazaz and Arslan (2017) have stated that the recycling of construction and
demolition waste is the most preferred environmentally friendly treatment method. Moreover,
the importance of the waste management method in a number of countries is clear; for example,
Europe has set a target to reuse, recycle and recover non-hazardous construction and demolition
waste at 70% of total weight by 2020 (Tojo & Fischer, 2011). So far, this method has been
successful in five countries, which have reached the target of recycling 70% of hazardous
construction and demolition waste (Bohne, Brattebg & Bergsdal, 2008). Bohne, Brattebg &
Bergsdal (2008)reported that the percentage of recycling in the Netherlands, Denmark, Estonia
and Germany had achieved 98.1%, 94.9%, 91.9%, 86.3%, and 79.5% respectively. In the USA
it has been demonstrated that the recycling method has reached 73.5% of construction and

demolition waste, 35% of recycled mixed construction and demolition waste, 85% recycled of



bulk aggregate, and 99% recycle of asphalt pavement (Kofoworola & Gheewala, 2009). In
addition, Ortiz, Pasqualino and Castells (2010) stated that 50 to 95% of generated construction
and demolition waste can be recycled depending on its nature.

Waste management methods have significant importance for many countries depending
on the nature of the waste’s utilisation (Sales & de Souza, 2009). For example, recycled
aggregate is widely used in pavement construction in Brazil (Sales & de Souza, 2009).
Similarly, recycled aggregate is used in public projects in Hong Kong (Lu & Tam, 2013).
Furthermore, some countries have set certification schemes to ensure the quality of recycled
materials in the construction sector (Weil, Jeske & Schebek, 2006). For instance, in Germany,
the permission to use recycled materials in new construction works must be checked for quality
by certified plants (Weil, Jeske & Schebek, 2006). The statistics show the average number of
recycling plants in Germany, Austria, the Netherlands, the UK, Italy, Belgium, France,
Sweden, Ireland and Spain to be 1000, 150, 120, 100, 92, 50, 30, 10, eight and six respectively
(Symonds Group, 1999). From an economic point of view, the average rate of recycling waste
in Europe is 47%, while, according to the Waste Framework Directive as reported by Torgal
(2013), the percentage of recycling non-hazardous waste in 2020 should reach 70%. Moreover,
there is a possibility of taking advantage of surplus construction and demolition waste to

recycle concrete fractions into new aggregate and cement (Ismail & Ramli, 2013).

1.3. Research Gap

There are several points to make regarding the research gap relating to the ecological
impacts and damage cost of concrete waste shows several points. For example, while Won and
Cheng (2017) state that construction and demolition waste management have undergone many
types of research to find the proper waste management option, there is no reliable evidence that

can relate to it. Moreover, a LCA study of concrete waste was conducted by Mah (2017), where



only a LCA was applied, with no consideration of the damage cost or the other essential impacts
in terms of midpoint and endpoint LCA results. Bravo, Brito and Evangelista (2017) clarify
that concrete has several advantages and disadvantages such as environmental footprint, but
there is a general lack of research in terms of the ecological impacts of concrete waste itself.
What is not yet clear is the impact of concrete waste on resources, human health and
ecosystems, which was elaborated on by Richardson (2013), who stated that the consumption
of concrete has grown from 1500 million tonnes in 1995 to an estimated 3500 million tonnes
by 2020, but no previous study has investigated the forecasting of the LCA results and damage
cost results of concrete waste for real impacts. Moreover, many studies have validated the
economic point of view regarding the recycling of concrete waste. For instance, Torgal (2013)
stated that the average rate of recycling waste in Europe is 47%; but this percentage is only
related to certain waste products and limited to the recycling method only, without taking into
account the LCA and damage cost. Kolay and Akentuna (2014) reported that some studies
suggest CO2 emissions and energy consumption are appropriate benchmarks for the ecological
influence of waste concrete, but, till recently, there has been no reliable evidence that
demonstrates the proper benchmarking for the ecological influence of waste concrete based on

all the related impacts of emissions on human health, ecosystems and resources.

1.4. Statement of Problem

It was identified by Fischer and Davidsen (2010) and Flower and Sanjayan (2007) that
the second most consumed material worldwide is concrete, after water. Pade and Guimaraes
(2007) and Huntzinger and Eatmon (2009) believe that the cement in concrete during
production is accountable for 8% of global CO2 emissions. Furthermore, i Vieira and Pereira
(2015) identified that reusing and recycling C&D materials has many benefits, in addition to

sparing landfills, and saving and preserving natural resources. It was elaborated in detail by



Elchalakani and Elgaali (2012) that most of the concrete waste in the construction industry
results either from the demolition of old concrete structures or from the surplus concrete
dumped from construction sites. In Gulf Cooperation Council (GCC) countries, as clarified by
Dubai Municipality (2010), 120 million tonnes of waste were generated in 2010, which ranked
the country in the 10 top waste producers globally. Moreover, around 75% of the waste that
goes into landfill is C&D waste (Elchalakani & Elgaali, 2012). In addition, Elchalakani and
Elgaali (2012) state that it has been estimated that the city of Dubai generates about 76,000

tonnes of waste daily, which is the highest per capita in the world.

1.5. Research Aim and Objectives
This research aims to investigate the environmental impact and damage cost of
concrete waste in the United Arab Emirates. This aim is accomplished through the following
objectives:
e Find the environmental impact (eco-impact) and footprint by LCA of landfilling
method, recycling method, and transportation process
e Find the environmental damage cost of landfilling method, recycling method, and
transportation process

e Find the mathematical relationship between LCA results and damage cost results.

1.6. Research Questions

To achieve the objectives, the following questions were created:

1. What are the causes of concrete waste in the UAE?

2. What is the current method of concrete waste management in the UAE?

3. What is the level of ecological damage that concrete waste has on the environment in the
UAE?

4. What is the level of cost damage that concrete waste has on the environment in the UAE?
6



1.7. Significance and Novelty of the Study

This study provides an exciting opportunity to advance our knowledge on analysing the
environmental impact and damage cost of concrete waste by landfilling method and recycling
method in parallel with the transportation process. Therefore, this study makes a significant
contribution to research on LCA by demonstrating the findings of ecological and damage costs
that correlate with concrete waste in terms of landfilling and recycling method.

The study offers some important insights into the beneficiaries from this research, such
as building and road construction projects, consultants, contractors and manufacturers of
concrete products. Governments and private authorities that are related to waste management
and environment control will benefit from the method of this study because it allows them to
minimise the environmental impact and damage cost of concrete waste in construction projects,
and find the best waste management option that achieves sustainability by referring to the

results of LCA and damage cost in this research.



1.8. Thesis Outline

The thesis consists of eight chapters and the outlines of the chapters are presented as follows:

e CHAPTER 1 provides a holistic overview of the research, including the background and
the justification of the study, the aim and objectives, and the research methodology.

e CHAPTER 2 describes a basic understanding of construction waste, especially concrete
waste, generated from the construction industry. The impact of concrete waste on the
environment is also addressed.

e CHAPTER 3 presents a background of the most common materials used in the construction
industry such as concrete. The discussion will include a brief introduction about their
physical properties and application in construction. Their usage in the UAE construction
industry and the effects and consequences on the environment will also be examined.

e CHAPTER 4 provides an in-depth explanation of the Life Cycle Assessment methodology
and monetisation of concrete waste.

e CHAPTER 5 provides an in-depth explanation of modelling the Life Cycle Assessment
and damage cost.

e CHAPTER 6 presents the results of the LCIA midpoint and endpoint in parallel with the
damage cost of concrete waste based on the selected waste disposal method.

e CHAPTER 7 presents the research findings and discussion.

e CHAPTER 8 presents the knowledge contribution and research implications, research

limitations and recommendations.



CHAPTER 2: LITERATURE REVIEW (WASTE IN THE

CONSTRUCTION INDUSTRY)

2.1. Introduction

When constructing buildings and roads, the construction industry produces and
consumes many aggregates to produce concrete (Edge Environment Pty Ltd, 2011). Henry and
Kato (2014) state that concrete is the most used construction material in the world. There are
different types of waste in the construction industry — steel, concrete, soil and masonry
materials (Edge Environment Pty Ltd, 2011). The quantity of construction waste is increasing
due to increased urbanisation development (Henry & Kato, 2014). This chapter discusses
concerns with regard to the concept of waste and its impact on the environment. The chapter
starts with a definition of waste followed by a review of critical issues related to construction
and demolition (C&D) waste. A discussion of some precise problems related to construction
waste is presented. This consists of the current waste management policies in some countries,
current methods of disposing of the waste, and the cost and impact of construction waste on

the environment.

2.2. Definition and Concept of Waste

Mercante (2012) describes the types of general waste as consisting of inert materials
and non-inert materials that come from public landfills and other resources. Each type consists
of different materials. Poon (2001) identified and categorised the construction and demolition
(C&D) waste in Hong Kong into inert and non-inert materials. According to Poon (2001), inert
materials, for example, soil, sand, brick and concrete, are disposed of in public landfills. Non-
inert materials are timber, bamboo, glass and paper. Moreover, eShant et al. (2014) state that

the waste is considered one of the leading issues in the construction industry that has financial



and climate impacts, although, as illustrated by Larisa (2016), the problem nowadays is the
increasing use of natural resources, which leads to depletion of these resources. Moreover, the
increased use of natural resources has a negative effect on the environment. It was elaborated
by Wu et al. (2017) in Tam (2008) that the challenge of effective and efficient waste
minimisation in the building construction field is an issue. Based on the above statements, it is
obvious that waste generation is a global problem. Many countries around the world have
targets, plans and strategies such as recycling to reduce waste generation and protect the
environment from greenhouse gases that produce the waste (et al. Wu, 2017).

On the other hand, some practices could lead to reducing the waste. For example, Saez,
(2013) pointed out that waste sorting is important to identify and segregate the types of waste
for recycling. The waste sorting method considers the effective measures to minimise waste
and increase material recovery. In his report, Magalhdes (2017) clarified that most generated
waste comes from the construction industry as it is known as the source of a negative impact
on the environment which is associated with depletion of raw material. Extracting the natural
raw materials to process with different chemical components to produce the final product has
to use energy, which pollutes the environment (Magalh&es, 2017). Peng, Scorpio and Kitbert
(1997) introduced the concept of a hierarchy for handling construction waste at the most
preferred stage to reduce the waste from the beginning, as illustrated in Figure 2.1. For
example, order the precise amount of material required (reduce). The second stage is to reuse
the waste if possible to avoid disposing of it. The third stage is to follow the recycling method,
which is an important stage to help achieve project sustainability, reduce the debris going into
landfill and protect the environment. The least preferred stage is to dispose of the waste in
landfills or dump it without consideration of the advantages of the top preferred stages in the

waste minimisation hierarchy (Peng, Scorpio & Kitbert, 1997).
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Most

\ Reduction preferred

Reuse

Recycling

Bi posal

Least preferred

Figure 2.1: Hierarchy of handling construction waste (Peng, Scorpio & Kitbert 1997, p. 2)

Furthermore, reduction and reuse of waste are the preferred stages that help to avoid
debris accumulating in landfill (Peng, Scorpio & Kitbert 1997, p. 2). Moreover, the recycling
method is the green and sustainable stage which reduces the waste in landfills, provides more
area and regains some energy from the recovery of waste, which reduces the impact of waste
on the environment from greenhouse gas compounds such as carbon dioxide (CO2), methane

(CH4), nitrous oxide (N20) and fluorinated gases (Peng, Scorpio & Kitbert, 1997).

2.2.1. Current Local Practices

In the UAE, as it is one of the fastest-growing countries in terms of constructing
building and road projects in the last two decades, there is a huge quantity of generated waste,
which accumulates in landfills (UAE Government Waste Management, 2017). According to
the UAE Government Waste Management Policy, due to rapid construction, population and
economic growth in the UAE, cites such as Abu Dhabi, Dubai and Sharjah have set their target
and strategy for waste management by converting the waste into energy and reducing the
greenhouse gases and municipal waste at the landfills or dumpsites (UAE Government Waste
Management 2017, p. 1). Dubai Municipality (2012) set the integrated master plan 2012 for
Dubai waste management, which aimed to reduce the amount of waste sent landfill to zero in

20 years by relying on the recycling method approach. On the other hand, in 2008, the city of

11



Abu Dhabi established a centre for waste management called Tadweer, which is responsible
for t waste management policies and strategies (Waste Statistics in the City of Abu Dhabi,
2011). In addition, in 2007, the city of Sharjah established a waste management company called
Beeah as a public, private partnership (UAE Government Waste Management, 2017). The
company utilises waste management methods such as recycling of different types of waste
(UAE Government Waste Management 2017, p. 1-4). On the other hand, construction waste,
which counts as the highest percentage of the waste in landfills that has a negative impact on
the environment, such as concrete waste that has not been treated efficiently to reduce the
millions of tonnes of it across landfills (UAE Government Waste Management 2017, p. 1-4).
Dubai Municipality (2015) classified the types of waste; for example, domestic waste
consists of residential, commercial and institutional waste. Each category of domestic waste

has a different type of generated debris from different resources, as illustrated in Table 2.1.

Table 2.1: Classification of wastes in the city of Dubai (Dubai Municipality 2015, p.

9)
Residential
e Households (single and multi- e Organics
family units) e Paper & cardboard
e Apartments e Metal
e Villas/Colonies e Plastic
Domestic Waste Commercial e Glass
e Retail and wholesale e Wood
e Shopping malls e Textile
e Hotels e Sand & stones
¢ All other business e Others
.

establishments Uncounted

Institutional
e Government offices
e Schools, universities
e Mosques, other churches

Furthermore, C&D waste in Dubai, as shown in Table 2.2, is a mixture from building
and road activities and consists of different types of debris, such as concrete, glass, wood,

gypsum board, asphalt paving, plastics, soil, etc. There are also different categories of waste

12



such as tyre waste, horticultural waste, hazardous waste, medical waste and sewage waste, as

also illustrated in the table (Dubai Municipality, 2015).

Table 2.2: Classification of wastes in the city of Dubai (Dubai Municipality 2015, p.

9

Construction &
Demolition Waste

Horticultural Waste

Hazardous Waste

Medical Waste

Sewage Sludge

Construction sites, road
repair/renovation sites, broken
pavement, demolition
companies

Landscaping & maintenance of
public & private cultivated areas
such as parks, plazas, gardens,
beaches & recreational areas
Healthcare facilities such as
Hospitals, laboratories, clinics,
industries, i.e., wastes related to
manufacturing and industrial
processes and from construction
and demolition activities.

Hospitals, clinics, physician’s
offices, dental offices, blood
banks, veterinary, research
facilities and laboratories,
pharmaceuticals

Sewage Treatment Plants from

Wood/timber, carpets, textiles,
rubber, glass, plastics, metals,
ceramics, soil, stones, boulders,
concrete, bricks asphalt paving
& roofing, gypsum board
Leaves, grasses,
twigs/branches, flowers, tree
trimmings

Sludge from on-site effluent
treatment; chemicals
containing acids, paints,
varnishes, adhesive and
sealants, solvents, lead
batteries, photographic films
and papers, oil wastes,
flammable liquics; toxic,
infectious and corrosive
substances; packaging
materials, animal tissue waste,
fluorescent tubes and other
mercury containing waste
Infectious fluids, bloods & body
parts, sharps, expired
medicines

Sewage solids/sludge from

To conclude this part, based on the above statements and the concept of waste,
construction waste is a serious issue worldwide. However, there are different types of waste in
landfill. Increasing the debris has a serious effect on the environment. Furthermore, C&D waste
represents the largest amount of waste in landfill. Furthermore, some countries have certain
strategies to reduce waste generation and reduce its impact on the environment. Based on the
construction waste hierarchy, it is recommended to focus on the most preferred stages — reduce,
reuse and recycle debris — rather than the disposal option. The more waste that is sent to landfill,

the greater the effect on the environment.
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2.3. Waste Management Policy

The European Union Waste Framework Directive (WFD) legislation includes
distinguish, prevention, preparing for reuse, recycling, recovery, and landfill on a superior scale
(EC, 2008). On the other hand, Ewijk and Stegemann (2016) have compared USA and
European waste policies, and state that waste hierarchy is more entrenched in Europe than in
the USA. There are some comparisons and practices of waste in some countries. For example,
Kourmpanis (2008) mentions that the size of waste differs in each country according to culture
and the country’s economic situation. Manowong (2012) sets out the process of dealing with
waste: that recycling of concrete begins in the early 1970s in the USA and Europe. The rules
and policies are critical to construction waste management. Although Jia et al. (2017) identified
some statistical results in China, for example, one construction development report has shown
that 1.5 billion tonnes of construction waste has been generated and 5% is the reuse materials.

In addition, Ewijk and Stegemann, (2016) agree that the waste policy remains as a
performance criterion. Moreover, other authors have shared their opinions on waste
management policy. For example, Ponnada and Kameswari, (2015) state that the rules
regarding waste management in India failed in implementation due to the authorities. This
indicates that some authorities cannot implement effective waste management (Ponnada &
Kameswari, 2015). Lingard (1997) stated that waste management plans could reduce the
consumption cost of materials. Since it is identified by Lingard (1997) that there is still no

effective implementation of the waste management plan.

2.3.1. Current Local Practices
The waste management policy in the city of Abu Dhabi is controlled by the
Environment Agency, which means this agency has the authority to identify the strategies, laws

and regulations for waste management (Environment Agency in Abu Dhabi, 2013). To reduce
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the waste, the Environment Agency in Abu Dhabi (2017) has identified one of their targets as
being to divert from 60% to 80% of C&D waste by 2020. Although Federal Law No. 24 of
1999 acts as the overall umbrella law for environmental protection, the Environment Agency
in Abu Dhabi (2013) initiated Law No. 16 of 2005 concerning the re-organisation of identifies,
while the Waste Management Law No. 21 of 2005 identifies the Environment Agency in Abu
Dhabi as the competent authority for waste management. Furthermore, the practice of the
treatment method of C&D waste conducted in Abu Dhabi by the establishment of two recycling
plants (Environment Agency in Abu Dhabi, 2013). On the other hand, Dubai Municipality
(2018) has initiated circulars and technical guidelines for waste management in relation to fees
and fines, waste disposal service, tracking system for municipal solid waste, safe transportation
of solid waste and C&D waste collection, which might help in reducing the waste (Dubai
Municipality, 2018). On the other hand, the government sector responsible for the management
of waste indicated that there are regulations for the control of construction waste (Dubai
Municipality, 2018). For example, there is a fine for accumulated construction waste, which
means all types of building waste should be removed and the construction area must be cleaned,
although segregation of waste should be adopted in all construction project areas (Dubai
Municipality, 2018). With regard to the quantity of waste allowed in landfill, the government
sector has no limit for it, and there is no regulation to insist that all stakeholders reuse or recycle
concrete waste (Dubai Municipality, 2018). Government sectors have provided landfills across

UAE to dispose of the waste (Dubai Municipality, 2018).

2.4. Construction and Demolition (C&D) Waste
Bovea and Powell (2016) highlighted that there is a significant quantity of generated
C&D waste worldwide. In addition, most of the C&D waste is sent to landfill without

considering better waste management options. Rodrigues et al. (2013) stated that C&D waste
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could be reused as raw materials in manufacturing secondary products. Furthermore, Vieira
and Pereira (2015) identified that reusing and recycling C&D materials are beneficial because
they avoid the waste being disposed of in landfill, and thus save natural resources. It was
clarified by Lu and Yuan (2011) and Yuan and Shen (2011) that management of C&D waste
has become an exciting and important area for both practitioners and researchers globally, as
the management of practical resources is a challenging worldwide issue. However, as assessed
by Cheng and Ma (2013), the management of C&D waste in many countries is not adequate.
Bovea and Powell (2016) stated that there are considerable opportunities to enhance C&D
waste management in some areas, for example, technical, environmental and economic. These
opportunities lead to reducing the waste and obtaining some advantages from waste
management areas (Bovea & Powell, 2016). To elaborate on the situation of C&D waste
management, Yu et al. (2013) showed that life cycle assessment is important to evaluate the
environmental performance of construction waste management to have an efficient and
effective decision-making process. Most of the time, as stated by Lu and Yuan (2012), C&D
waste consists of both inert and non-inert materials, which means it is helpful to sort the waste
before it is disposed of to the public landfills or landfills.

Kabir, AlShayeb and Khan (2016) stated that most of the construction waste is consider
as inert material, which can be recycled. For example, construction debris in the Kingdom of
Saudi Arabia contains solid waste generated from excavation and construction which consists
of concrete pieces, marble, plastic, petrochemicals, papers, asphalt, and products of paint,
aggregates and small quantities of steel that cannot be separated from concrete waste (Kabir,
AlShayeb & Khan, 2016). However, in a landfill site located to the east of Jeddah, construction
waste was found to contain significant portions of marble, gypsum, ceiling panels and ceramics
which could be reused without a recycling method (Kabir, AlShayeb & Khan, 2016).

Moreover, more than 50% of solid debris in the Gulf region comes from construction sites
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(Kabir, AlShayeb & Khan, 2016). Furthermore, Saudi Arabia is the largest country in the Gulf
area and it is one of the main countries that generate solid waste in the Gulf region (Kabir,
AlShayeb & Khan, 2016). According to Eurostat (2015) statistics, in Europe the total quantity
of waste generated from the C&D industry in 2012 exceeded 2.5 billion tonnes, while 34%
resulted from C&D waste.

The use of C&D waste in different Segregation is possible, as shown in Figure 2.2 taken
from Das and Swamy (2014), as reclaimed aggregate material can be used in the construction

of asphalt pavement. However, it should be tested and evaluated first to ensure its properties.

Wastes with possible application
potential in road construction

|
| | ! !

Construction and
Agricultural waste demolition Domestic waste Industrial waste
waste
Crop and wood waste Reclaimed aggregate Incinerated domestic waste Coal bottom ash and fly ash
Animal manure S Sewage sludge Ferrous and non-ferrous slag
Reclaimed asphalt
pavement Tyre scrap rubber Foundry sand
Shingles Waste ceramic Mine and quarry waste
Wood, metal, ceramics, Waste glass
glass, brick, plastic Waste plastic

Figure 2.2: Segregation of C&D waste (Das & Swamy 2014, p. 421)

As stated by et al. Udawattaa (2015), the generation of construction waste is one of the
main problems in the industry. Moreover, it affects the environment and the construction field.
Shen et al. (2004) explained that construction waste consists of building waste, earth, concrete,
steel, wood, composites of filed materials, rubble, and numerous amounts of construction
debris such as from land excavation, civil activities, road development, demolition, building
refurbishment. The following are waste statistics for a number of developed countries: in the
USA the total construction waste quantity reached 136 million tonnes and in the United
Kingdom it was 70 million tonnes yearly (Yuan, 2012), while in Australia it was 14 million

tonnes (Site Waste Management Plans in Construction Industry 2013, p. 1). The above results
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show that the quantity of construction waste is huge and it requires an efficient waste
management method to decrease the amount of debris and protect the environment (Site Waste
Management Plans in Construction Industry 2013, p. 1).

As states by Abdelhamid (2014), the waste from C&D sites have been an issue in Egypt.
Although, efficient waste management required support from the public. As states by Arslan,
Cosgun and Salgin (2012), natural resources are typically consumed in large quantities in the
construction field and this produces a high quantity of C&D waste. Furthermore, C&D waste
creates the largest quantity of all solid waste (Cosgun & Salgin, 2012). In fact, diverse studies
have shown that there is high quantity of C&D waste generated. Moreover, dumping the C&D
waste without control has a negative effect on the environment, and a financial cost (Cosgun
& Salgin, 2012).

On the other hand, Das and Swamy (2014) stated that there are some activities that
produce waste, such as construction, renovation or demolition of numerous structures, for
example, buildings, bridges and roads. Moreover, these types of waste consist of cracked pieces
of cement concrete, timber, ceramics from tiles, glass from window panels, asphalt shingles
from villa roofs, metals from the reinforcement of roofing and truss structures, bricks and
plastics, although the sources of these materials may differ; for example, some of the waste can
be recycled and reused, such as timber and metals (Das & Swamy, 2014). Furthermore, cracked
pieces of cement concrete mainly contain cracked aggregates with hardened cement paste on
the aggregate surface area. Ferrari, Miyamoto and Ferrari (2014) stated that aggregates can be
recovered from waste concrete (Das & Swamy, 2014). As claimed by Das and Swamy (2014)
that (Ferrari, Miyamoto & Ferrari (2014) could refer to reclaimed or recycled concrete
aggregates (RCA).

Figure 2.3 shows the grouping of C&D waste as identified by Arslan, Cosgun and

Salgin (2012). The figure consists of four types of C&D waste, which are excavation soil,
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roadwork wastes, demolition and complex wastes (Arslan, Cosgun & Salgin, 2012). On the
other hand, it clarifies each type of C&D waste with the type of waste, resources and
components (Arslan, Cosgun & Salgin, 2012). From an overall perspective, materials such as
soil, sand and concrete are represented in most of the waste types as resources and components
(Arslan, Cosgun & Salgin, 2012). For example, roadwork, demolition and complex wastes
include concrete waste, which means concrete is the main material used in most construction
activities. In addition, that means there is a high percentage of concrete waste in C&D stages

(Arslan, Cosgun & Salgin, 2012).

Construction and Demolition Waste

|

A I I | I
S " . -
2 Excavation Soil Roadwork Wastes Democlition Wastes Complex Wastes
s F
X | |
- Excavation Activity Road, Railroad, Airport, Building Demalition Construction, Excavation,
v Runway Construction, Activities; such as Renovation,
o Renowation, Demolition residental, school, Refurbishment,
3 Activity hospital, industrial Demolition Roadwork and
‘3 buildings Other Construction-
o Related Activities
X |
Vegetable Soil Concrete Concrete with lron Concrete
Soil Broken asphalt Concrete without Iron Wall materials (brick,
- Sand Paving Stone Roofing Construction and briquet, stone})
€ Gravel Sand Roofing Cover (wood, tile, Stucco
(] Rock Pebble isolation material) Sand
5 Clay Railway Traverse and Wall materials {brick, Pebble
o Ballast briguet, stone) Wood
E Stucco Plastics
3 Gypsum Ceramics
Other Materials Metals
Paper and Carton
v

Figure 2.3: Grouping of C&D waste as identified by Arslan, Cosgun and Salgin (2012, p.

9)

The term C&D waste refers to uncontrolled materials produced from building and
infrastructure activities of construction, renovation and demolition (HKEPD, 2013; USEPA,

2013). As stated by Wua, Yu and Shen (2017), the generation of C&D waste can be decreased
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through efficient management. However, there is a large probability that C&D waste will
generate useful resources after undergoing a suitable treatment method (Wua, Yu & Shen,
2017). Moreover, millions of tonnes of construction and demolition waste can undergo a
treatment method (Wua, Yu & Shen, 2017). An increase in the number of construction projects
around the world has led to an increase in construction waste, which is mainly disposed of into
landfill (Wua, Yu & Shen, 2017). Based on statistics clarified by Tam, Tam and Le (2010), all
wastes, which count 42%, are associated with C&D waste in Australia. Moreover, 81% of this
42% is concrete waste. On the other hand, Liang, Ye and Xi (2015) state some statistics from
the USA that the quantity of concrete waste is around 30 million tonnes per year, and this is
29% of the solid waste total (Tam, Tam & Le, 2010).

Table 2.3 shows the quantity of C&D waste in India, as illustrated by Ponnada and
Kameswari (2015). The highest type of wastes generated are soil, sand and gravel at 4.20 to
5.14 million tonnes, while 4.40 million tonnes of brick and masonry waste and 2.40 to 3.67

million tonnes of concrete waste are generated.

Table 2.3: Quantity of C&D waste in India (Ponnada & Kameswari 2015, p. 4)

Constituent Quantity generated in
Million Tonnes
Soil, Sand and Gravel 4.20t05.14
Bricks and Masonry 3.60 to 4.40
Concrete 2.40to 3.67
Metals 0.60t0 0.73
Wood 0.25t0 0.30
Others 0.10to 0.15

The quantity of generated waste indicates that construction waste represents a huge
quantity compared to the other types of waste (Ponnada & Kameswari, 2015). Although, it was
stated that concrete and masonry are the highest types of waste generated in the construction

industry at more than 50% (Ponnada & Kameswari, 2015).
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Moreover, Table 2.4 shows that recycling of these wastes into aggregates could reduce
the waste accumulating in landfills and reduce the use of virgin materials in construction work

(Ponnada & Kameswari, 2015).

Table 2.4: Recyclable waste materials in demolition sites in India (Ponnada & Kameswari 2015, p. 6)

Architectural salvage Non-ferrous metals Land-clearing residuals

Doors and door frames Wiring/conduit Trees, stumps, brush

Windows and frames Plumbing (pipes, fixtures) | Soil

Millwork HVAC (ductwork, motors) | Ferrous metals

Furniture and Asphalt Structural steel

Furnishings

Office furniture Aggregate Steel framing members

Partition systems Concrete (with & without | Porcelain fixtures
rebar)

Medical/lab equipment Brick Ceiling tiles

Reception/casual furniture | Concrete block Gypsum wallboard

Lockers/athletic Wood Roofing

equipment

Carpeting Dimensional lumber Shingles

Broadloom Panels (plywood, OSB, Commercial membrane
MDF)

Carpet tiles Engineered beams (glu- Wood, metal, slate
lam, etc.)

Tam, Tam and Le (2010) illustrate some important statistical results for China; for
example, in Hong Kong, 38% which counts 14 million tonnes of C&D waste is produced
annually but 11 million tonnes is reused for reconstruction, repair and earthwork activities,
while the other 3 million tons ends up in landfill (Tam, Tam & Le, 2010). On the other hand,
China is more concerned about waste minimisation, and the country produces only 750,000
thousand tonnes, which count 16% that related to C&D waste (Tam, Tam & Le, 2010). This
gives a perfect indication of waste management in China, a country that is considering reducing
the impact of C&D waste on the environment (Tam, Tam & Le, 2010). Globally, demolition

waste represents 70% of the construction and demolition waste (Martinez, Nufiez & Sobaberas,
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2013). Globally, C&D presents the highest amount of waste in the industry because of the

enormous growth of infrastructure projects (Martinez, Nufiez & Sobaberas, 2013).

2.4.1. Current Local Practices

In the UAE, most of the C&D waste is sent to landfill without any thought about
effective treatment methods. In the main, there are certain types of C&D waste in UAE landfill,
such as reinforced concrete, un-reinforced concrete, precast concrete, ready-mix plant waste
concrete and concrete blocks. The generation of C&D waste in the UAE is very high due to the
effective growth of infrastructure development (Dubai Municipality, 2018). The reasons for
the increase in C&D waste, as clarified by Wua, Yu and Shen (2017), are, for example, more
production, weak handling, improper storage and ordering, changes to design drawings, etc..
Some global statistics show that, in the USA, 1 to 1.2 million dollars per project can be lost on
debris (Woo et al. 2006). While, to compare with UAE, the most used material in the
construction field is concrete. Furthermore, most of the buildings in the UAE are constructed
from concrete (Dubai Municipality, 2018). In addition, concrete is one of the most represented
wastes in landfills across this country (Dubai Municipality, 2018). There are a number of
causes of construction and demolition waste, such as ordering too much material (Glass et al.,
2008). For instance, in the city of Dubali, it is calculated that C&D waste in 2011 reached
6,638,471 tonnes, which made it the highest type of waste compared to general waste,
horticultural waste and liquid waste, which were calculated at 2,689,808, 175,022 and 154,119
tonnes respectively (Envirocities eMagazine, Issue 4, January 2013).

Table 2.5, as described by Dubai Municipality (2013), shows the quantity of waste
generation in the city of Dubai in 2011. The highest debris type is C&D waste at 6.6m tonnes

compared to general waste, horticultural waste and liquid waste at 2.7m, 175,022 and 154,119
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respectively. The table results indicate that C&D waste took up a large proportion of the space

in landfills (Dubai Municipality 2013, p. 5).

Table 2.5: Quantity of waste generation in the city of Dubai in 2011 (Dubai Municipality 2013, p. 5)

Waste Type Quantity (tones)
General Waste 2,689,808

C & D Waste 6,638,471
Horticultural Waste 175,022

Liquid Waste 154,119

Based on data from the Statistics Centre in Abu Dhabi, Table 2.6 shows the quantity of
C&D waste in the city of Abu Dhabi generated between the years of 2011 to 2016 (Statistics
Centre 2016, p. 5). The table identifies different types of waste such as industrial and
commercial waste, agricultural waste and municipal waste. It shows that the quantity of C&D
waste is the highest compared to other types of waste (Statistics Centre 2016, p. 5). The table
illustrates that C&D waste was increasing until 2013 and then started to decrease slightly from
2014 to 2016. There are two types of C&D waste, normal and mixed C&D waste. The
generated quantity of C&D waste in 2011 was 7.6m tonnes and this increased in 2012 to 9.6m
tonnes, while in 2013 tit decreased slightly to 7692921 tonnes, and then continued decreasing
until in 2015 it stood at 2.9m tonnes. Suddenly, in 2016 the quantity of C&D waste increased,

to reach 4,532,379 tonnes (Statistics Centre 2016, p. 5).
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Table 2.6: Quantity of generated waste in the city of Abu Dhabi between the years of 2011 to 2016
(Statistics Centre 2016, p. 5)

Total 10,430,031 12,705,902 11,762,602 9,918,590 8,420,998 9,598,969
vcv‘:;::r“"ti““ and demolition >, 575 9,628,300 7,602,921 4,419,665 2,876,313 4,532,379
C & D waste 5075325 5,721,367 2,767,342 1,723,497 2,042,883 2,580,913
C & D mixed waste 2,549,250 3,906,942 4,925,579 2,696,168 833,430 1,951,465
::‘:;:t”“' and commercial 643,338 804,174 1,305,556 3,312,125 3,306,644 2,692,768
Agriculture waste 816,069 898,258 999,239 561,991 493,106 745,644
General agriculture waste 63,345 305,749 339,078 320,689 380,465 503,001
mg‘s‘ii agriculture and Animal 752,724 592,500 660,161 241,302 112,641 242,643
Municipal waste 1,105,602 1,272,668 1,528,093 1,466,590 1,678,983 1,561,680

Households, streets, and public

gardens waste 859,329 1,059,219 1,234,336 1,298,955 1,420,323 1,397,292

Bulky waste 246,273 213,449 293,757 167,635 258,660 164,387

Other* 240,447 102,493 236,793 158,219 65,952 66,499

Source: The Centre of Waste Management - Abu Dhabi, ADNOC.
*Include Oil and Gas sector

To conclude this part, in general the percentage of C&D waste is increasing yearly due
to an increase in construction activity. The type of material that is usually present in high
quantities in landfill is C&D waste. However, some countries are following good practice in
dealing with C&D waste, for instance, by establishing recycling plants to reduce the waste
accumulated in landfill and to reuse the recycled materials for different purposes. Some
statistics indicate that the large quantity of C&D waste is an issue in many countries because
of the space required to provide areas for landfill sites and the negative effect of waste on the
environment. On the other hand, in the UAE some cities contribute to waste management such
as recycling C&D waste and other types of waste. However, the effective implementation of
waste management is not sufficient. Moreover, the use of recycled C&D waste is still not

efficient in the UAE and some other countries, such as India.
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2.5. Current Method of C&D Waste Disposal

Kabir (2013) claimed that the problem in the GCC is that most of the countries have a
high percentage of waste disposal. Moreover, developing countries have two practices
regarding construction and demolition waste, which are fly tipping and landfilling (Kabir,
2013). Townsend, Wilson and Beck (2015) identified the percentage results for building and
demolition waste, which they claimed were around 25-45% in the discharge. In contrast, in
Kuwait, 90% of the construction and demolition waste is disposed of in landfill (Kartam, 2004).
This is also the case in Hong Kong, where most of the construction and demolition waste is
disposed of in landfills (Tam & Tam, 2006). It has been shown in a study that 21-30% is the
cost of construction project waste materials (Ameh & Daniel, 2013). Arulrajah (2017) confirms
that C&D waste materials are excavated materials, asphalt debris, bricks, concrete, plasterboard
timber, asbestos and mixed contaminated soil. Moreover Abrelpe et al. (2015) assert that in
Brazil almost 45 million tonnes of construction waste was generated in 2015, which was 57%
of the total amount of solid waste.

Coelho and de Brito (2013) divide C&D waste into two different types; for instance,
the first category is inert materials such as sand, bricks and concrete while the second type is
non-inert materials such as glass, paper, plastic, wood and organic materials. Moreover, this
declaration excludes excavation activity, which is not considered as C&D waste. Dajadian and
Koch (2014) noted that construction waste includes concrete, steel, rebar, electricity cable and
equipment, aluminium, copper, brick, plywood, metal, paint and paper. Furthermore, it has
been asserted that 40% of natural resources are consumed yearly by the construction industry
worldwide, although the reason for this use of virgin resources is because of the enormous
amount of development, which causes an increase in the amount of waste going to landfill. In
addition, 50% of waste excluded from primary treatment is sent to landfill directly. It was stated

by Panos and Danai (2012) that many studies have shown that the design stage is important to
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level. In addition, 33% of on-site waste occurs because the designers failed in the reduction of
waste during the design process.

The term the 3Rs stands for reduce, reuse and recycle (Peprah, Amoah & Achana,
2015). Reduce the generated waste, reuse the material and recycle the waste (Huanga et al.
2012;Viswanathan & Norbu, 2008). The concept of 3Rs could be used as a policy or assessment
tool (Peprah, Amoah & Achana, 2015). To reduce the debris, there should be some regular and
general practices in society (Tojo, 2010). According to Tojo (2010), there are unsorted waste
landfill bans and recycling materials bans in the Netherlands, Germany, Belgium and
Switzerland. According to Tam (2009), it is mandatory to use certain materials in the
demolition process in Japan. The recovery of C&D waste has been considered by many experts
in order to find different management models, which focus on improving the recycling method
(Shen, 2010). Malia (2013) cites evidence from Yuan & Shen (2011), in which they clarify that
the importance of establishing construction waste and demolition indicators has increased in
recent years.

Figure 2.4 below illustrates the process of construction and demolition waste
management in Shenzhen city in China (Yuan, 2017). The process of building materials and
building demolition in construction and demolition stages is considered as C&D waste which
is going to be collected and sorted if it is only inert and non-inert waste. These two types of
procedures are disposed of to either landfill or an appropriate dumping area, while mixed C&D
waste, considered as residential or sellable waste, is disposed of in landfill or dumping area.
Moreover, there is a process for reusing or recycling building waste materials before dumping

it or disposing of it in landfill (Yuan 2017, p. 4).
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Figure 2.4: The process of construction and demolition waste management in Shenzhen city in
China (Yuan 2017, p.4)
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2.5.1. Current Local Practices

The current disposal method for C&D waste in GCC countries is the landfilling method.
Moreover, the current treatment method for waste is recycling general waste and some
construction and demolition waste, which obviously shows that there are some waste
management procedures in the region (Dubai Municipality, 2018).

To conclude this part, C&D waste has different compositions, such as inert materials
and non-inert materials. The quantity of C&D waste in landfill is high, which requires the
establishment of proper waste management methods to decrease and avoid construction waste.
Moreover, the impact of accumulated waste in the landfill has a negative impact on the

environment.
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2.6. Impact of C&D Waste on the Environment

Polat (2017) elaborates that C&D waste generated by the construction industry has a
negative effect on the environment, exploits natural resources, and increases the pollutants in
the atmosphere. Moreover, as Babak (2017) clarifies, the impact of construction activity on the
environment occurs in all stages. The disposal of waste to dumps leads to accumulation of the
debris and the availability of fewer waste spaces for future disposal. On the other hand, de
Magalhé&es, Danilevicz and Saurin (2017) believe that the construction industry is producing
waste that affects the environment and its impacts rise when the development process increases.

Global statistics produced by Wiedmann (2014) show that buildings influence and
affect 30% of the global carbon footprint and this will increase in the future. There is a common
policy by the European Commission, as clarified in EU Directive 2002/91, released in 2002 for
sustainable buildings and to reduce the influence of materials on the environment to promote
energy efficiency and reduce greenhouse gas (GHG). Some methodological analysis tools, as
described by Ahlroth et al. (2011), such as LCA and carbon footprint have been initiated to
reduce the environmental impact and during the manufacture of building materials, recycle the
materials and minimise the emissions from total transportation. Based on evaluation of the
environmental impact of construction materials, Giama and Papadopoulos (2015) have selected
materials such as bricks, cement, steel, concrete and cement plaster. The reason for selection is
because they are the most used building materials in Europe, and they are the most embodied
energy in the buildings at 50%, as clarified by Muneer & Kelley (2007) and Chen et al. (2001).

Management of the construction and demolition waste is recommended to decrease the
amount of waste and save the environment (Babak, 2017). Moreover, the negative impact on
the environment comes from the extraction of natural raw materials, which leads to a violation
of the landscape and increases air pollution (Babak, 2017). The example of the main natural

material used in construction activities is aggregate, which requires rocks to be crushed to
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obtain the material, which causes depletion of natural resources (Babak, 2017). For more
clarification, Estanqueiro (2010) states that, due to the evolution of civil construction,
production of the C&D waste has risen and consequently, its management is tougher. However,
he added that the construction techniques and materials used are immediately related to the
nature of this waste and one of all its major sources is the demolition of buildings at the end of
their life. C&D waste contributes appreciably to worsening the environmental issues, especially
regarding its transport and deposition (Estanqueiro, 2010). Moreover, the increasing amount of
waste is one of the primary problems that developed societies are dealing with nowadays
(Estanqueiro, 2010). Furthermore, one of the solutions discovered for a maximum amount of
the waste is giving it a second lifetime (Estanqueiro, 2010). In addition, if the waste is properly
treated, it may constitute added benefit to the economy and environment (Estanqueiro, 2010).
Lastly, the recycling of C&D waste helps to decrease the quantity of debris in landfill, and
reduces the extraction of virgin aggregates and its influence on the environment (Estanqueiro,
2010).

Furthermore, Fuertes (2013) believes that core construction industries are not
considering utilising an Environmental Management System to solve environmental matters.
There are some types of materials that can still be used instead of being sent to landfill. For
example, Kralj (2008) states that C&D waste materials that can be reused and recycled to
reduce the environmental impact are wood, steel, bricks and concrete.

Generation of construction industry waste cannot be zero because some individual
stages of waste generation cannot be avoided (Galan, 2013). Delivery of building materials to
the site represents 10-20% waste of the total construction building weight (Poon, Yu, & Ng,
2001). In 2000, the overall rate of global carbon dioxide emissions of cement was 8.6% (Kleijn,

2012).
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2.6.1. Current Local Practices

In the city of Dubai, the generation of C&D waste is increasing yearly because of the
huge development of infrastructure projects, which requires the production of building
materials such as concrete to be increased, which affects the environment; for example, it
increases the percentage of carbon dioxide in the environment (Dubai Municipality, 2018).
Moreover, extracting and crushing aggregates from the mountains as the main raw materials

for concrete production results in depletion of natural resources (Dubai Municipality, 2018).

2.7. Summary

This chapter has provided the importance and overview of concrete waste in the
construction industry. Moreover, it includes different waste policies used in different countries
around the world. In addition, the chapter has discussed the composition of C&D waste and
types of waste disposal methods that might be used to reduce the concrete waste. Finally, the
impact of concrete waste on the environment has a huge effect in terms of greenhouse gases

and other harmful substances.

CHAPTER 3: LITERATURE REVIEW (OVERVIEW ON CONCRETE

USAGE)

3.1. Introduction

This chapter provides an overview of concrete usage in the construction industry.
Moreover, the chapter start with use of concrete as a construction material and the waste
involved in its use. In addition, this chapter includes a literature review about the ecological
damage that concrete waste might cause. Moreover, many Life Cycle Impact Assessment

methods are presented and explained in this chapter. On the other hand, an explanation of the
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monetisation of the environmental impact is also included, which shows that different types of

methods can be used to find the environmental damage in addition to LCA.

3.2. Concrete as a Construction Material

It was stated by Elchalakani, Basarir and Karrech (2016) that, in the current century,
one of the priority challenges is to meet the growth of infrastructure and building activities,
which is required for the rapid urbanisation and industrialisation of cities for the future.
Concrete is one of the main and most important materials used in most civil engineering
construction industries (Elchalakani, Basarir & Karrech, 2016). It is used for the structure of
buildings in the construction of foundations, walls, roofs, slabs, columns and beams, and it is
used in some countries in road construction as rigid pavements and for airport runways
(Elchalakani, Basarir & Karrech, 2016). Moreover, concrete is widely used in many areas such
as drainage projects, production of paving blocks and solid blocks as it is light and heavy
weight (Elchalakani, Basarir & Karrech, 2016). The compounds of concrete are sand, fine and
coarse aggregates, cement and waster (Elchalakani, Basarir & Karrech, 2016). These raw
materials are mixed together with a specific ratio to generate concrete from the batching plant
as the final product (Elchalakani, Basarir & Karrech, 2016). Fischer and Davidsen (2010) and
Flower and Sanjayan, (2007) have identified concrete as the second most consumed material
worldwide, although Henry and Kato (2014) state that concrete is the most used construction
material in the world. Pade and Guimaraes (2007) and Huntzinger and Eatmon (2009) believe
that the cement in concrete during production is accountable for 8% of global CO2 emissions.
Moreover, cementitious products also produce CO2 emissions. Essentially, it was stated by
Eisa (2014) that there is a strong link between concrete and global warming, which is the main
issue with recent infrastructure activities. Furthermore, the quantity of concrete is increasing

due to the huge development of the construction industry, as illustrated by Richardson (2013),
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in that the consumption of concrete has grown from 1500 million tonnes in 1995 to an estimated
3500 million tonnes by 2020.

The high quantity indicates that concrete usage has an effect on the environment. On
the other hand, it was stated by Sadati et al. (2016), Saravanakumar and Dhinakaran (2013)
and Maholtra and Mehta (2008) that manufacturing of Ordinary Portland Cement (OPC)
requires high energy levels, which releases greenhouse gas emissions. Although the production
of 1 tonnes of OPC needs 1.5 tonnes of raw material, it was clarified by Sadati et al. (2016)
and Maholtra and Mehta (2008) that the global production of OPC in one year is 3.7 billion
tonnes, which releases around 3 billion tonnes of CO2, which is almost 7% of the total
emissions in Earth’s atmosphere. Moreover, it was stated by Collins and Sanjayan (2002) that
OPC production produces 5% of global greenhouse gas emissions.

It has been estimated that 896 million tonnes of C&D waste are produced in Europe
(Fischer & Davidsen, 2010). In addition, the composition of these residues differs between
countries (Fischer & Davidsen, 2010). Furthermore, the concrete percentage could range from
20% to 80%, as clarified by Klee (2009). The range shows that there is a huge quantity of
concrete waste in landfill. In addition, Tam (2008) states that, although half the quantity of the
concrete waste is disposed of in landfill, 100% of concrete waste can be recycled based on
recent technology. However, most of the recycled concrete aggregates are used as backfilling
material or in road activities. In addition, types of concrete are used for several purposes
(Elchalakani & Elgaali, 2012). Moreover, in contrast to standard bricks, hollow blocks of
concrete have been discovered to have higher constant quality, more strength, are very fast to
construct and require low labour (Elchalakani & Elgaali, 2012). In addition, these hollow
blocks of concrete are used in many construction fields (Elchalakani & Elgaali, 2012).

According to Akpinar and Khashmanb (2017), concrete is a compound material that

consists of cement and other types of binders such as slag and fly ash, used together by adding
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an adequate ratio of water, fine aggregates (i.e. sand), coarse aggregates (i.e. gravel) and
chemical admixtures that are used to improve certain concrete properties. There is a huge
generation of the construction industry, as stated by Elchalakani and Elgaali (2012), that
aggregates and freshwater have consumed a million tonnes in the construction industry. The
results can indicate that construction development is increasing, which requires high
consumption of building materials such as aggregates, which are used to produce concrete
products (Elchalakani & Elgaali, 2012). Most of the waste comes from the construction field,
as clarified by Fisher and Werge (2010), the EPA (2009) and Dubai Municipality (2010):
significant amounts of materials are sent to landfill. In addition, it was elaborated in detail by
Elchalakani and Elgaali (2012) that most of the concrete waste in the construction industry
results either from the demolition of old concrete structures or from the extra concrete waste
that represents in the sites or concrete fleet. Furthermore, many types of research focus on how
to use the recycled aggregates and water, which helps to develop sustainable concrete with a
long-term performance and which is environmentally friendly (Elchalakani & Elgaali, 2012).
On the other hand, Fib (2009) classified concrete as low strength and high strength; the
normal strength of concrete is between the range 20 and 50 MPa and any other higher or lower
between this range classified as low or high strength. Kim (2016) provides some characteristics
of building structure properties, for example, mix design and strength of concrete types vary
according to the building classifications and region, which is because concrete is produced by
ready-mix plants located in different areas and cities. It was stated by Tam and Tam (2010) and
Han and Thakur (2012) that the annual production of aggregates in the USA had reached 2
billion tonnes and it is expected to reach 2.5 billion tonnes by 2020. It was estimated that the
quantity of raw materials consumed annually worldwide is around 3 billion tonnes (Saghafi &

Teshnizi, 2011).
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Concrete is a combination of materials; it consists of 80% of aggregates such as gravel
and sand, while the other 20% is cement, as identified by Menard et al. (2013). It was stated
by Yanik (2016) that the world demand for aggregates material for construction was expected
to reach above 51 billion metric tonnes by 2019. Davis et al. (2016) mentioned that many
aggregates require mining, processing and transportation, which consume high amounts of
energy and affects the environment. Furthermore, Kumar (2017) stated that the greater demand
for aggregates has effects on the environment as it depletes natural resources such as river rock
and extracted sand, which is a risk worldwide (Kumar, 2017). Moreover, the demand for
aggregates is getting in risk, which depends on economic growth and region (Kumar, 2017),
although the sustainability of concrete can be achieved by reducing the consumption of natural
aggregates by utilising a recycling method for C&D waste. It was stated by Medda (2016) that

concrete is the second most used material in the world after water.

3.3. Waste Concrete in the UAE Construction Industry

The number of concrete block factories in the city of Dubai is 15 manufacturers and 57
concrete ready-mix plants (DCL 2018 p. 3-5). In the UAE, concrete is the main material utilised
in the construction of buildings, bridges, road barriers and drainage. Furthermore, all buildings
in the UAE, whether residential or commercial, are constructed from concrete and mostly this
is the same for other countries worldwide (DCL, 2018).

Concrete is the most used material in the UAE as precast concrete or ready-mix
concrete in construction activities (Elchalakani & Elgaali, 2012). Furthermore, concrete is used
in road barriers and kerbstones, blocks, paving blocks and drainage construction projects
(Elchalakani & Elgaali, 2012). In Gulf Cooperation Council (GCC) countries, as clarified by
Dubai Municipality (2010), 120 million tonnes of waste were generated in 2010, which means

that the region ranked in the 10 top waste producers globally. Moreover, around 75% is C&D
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waste that goes to landfill (Elchalakani & Elgaali, 2012). In addition, Elchalakani and Elgaali
(2012) state that it was estimated that the city of Dubai generated 76,000 tonnes of waste daily,
which ranked at the top per capita in the world.

Table 3.1 shows a comparison between GCC countries, the USA and the 28 countries
of the EU in terms of C&D waste. The results indicate that GCC countries produced more
waste than the USA and EU-28 at 36 to 40%. Moreover, the quantity of waste generated per
tonnes per capita in the year for GCC countries was 2.25 compared to the USA and EU-28 at
0.42 and 1.170 respectively, although there is a massive difference in the population numbers
between the countries listed in the table. In GCC countries, the population in 2010 was 120
million, while in the USA it was 380 million and in the EU-28 it was 2.742 billion. The results
in the table illustrate that GCC countries generate more waste compared to the other, mostly

developed, countries (Fisher & Werge 2009, p. 2; EPA, 2008); (Dubai Municipality, 2010).

Table 3.1: The quantity of C&D waste in three regions (Fisher & Werge 2009, p. 2; EPA, 2008; Dubai
Municipality, 2010)

Region EU-28 | USA | GCC
Population in 2010 (million) 501 310 40

Total Waste (million ton/year) 2742 380 120
C&D Waste (million ton/year) 850 130 90

C&D Waste (ton/capita/year) 1.70 042 | 225
C&D Waste / Total Waste (%) 31% 35% | 75%

There are many types of concrete products which are disposed of as waste in landfill
(Dubai Municipality, 2018). Moreover, the worth of hollow concrete blocks could be between
8 and 10% of the total cost of construction work, assuming that 20% of the construction work
would use hollow blocks (Dubai Municipality, 2013). Furthermore, statistical results show that
there are large amounts of wasted materials yearly (Dubai Municipality, 2013). Moreover, Gulf
Cooperation Council (GCC) countries have been placed in the top 10 global waste producers

at 120 million tonnes of debris per year, and the statistics were expected to reach 350 million
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tonnes by the end 2014 (Dubai Municipality, 2010). Although, 75% of the 120 million tonnes
is C&D waste that consists of different types of debris (Dubai Municipality, 2010). Moreover,
the city of Dubai generates more than 76,000 tonnes daily with highest per capita in the world
(Dubai Municipality, 2010).

Furthermore, most of the waste is sent to landfill, which leads to an accumulation of
waste in landfill and a negative effect on the environment (Dubai Municipality, 2018). The
types of concrete waste in UAE landfills are reinforced concrete, normal concrete, hollow
blocks of concrete, and waste concrete from construction sites (Dubai Municipality, 2018).
Furthermore, these types of concrete are accumulating in the landfills daily. In addition, the
waste management options such as recycling concrete waste to reduce the quantity of waste in
the landfills are still not 100% effective. However, there is an initiative to use the recycled
concrete waste in construction activities (Dubai Municipality, 2018). The collection and
segregation of concrete waste are performed at the site of construction projects by collecting
the debris in waste skips (Dubai Municipality, 2018). With regard to the disposal method for
concrete waste, it is sent to the Al Bayada dump area (landfill) in Dubai, with a fee of 10 AED
per truck entry (Dubai Municipality, 2018). Furthermore, management of construction waste
is not sufficient at some levels because the huge percentage of waste and the absence of an

effective treatment method in UAE is an issue (Dubai Municipality, 2018).

3.4. Environmental Impact of Concrete Waste

Concrete is one of the most common construction materials that emit a bulky volume
of hazardous emissions into the environment during their production, construction,
maintenance and demolition (Kim, 2016). Furthermore, Kim (2016) states that concrete emits
large amounts of CO2 during the production of raw materials such as aggregate and cement.

Also, he added that transportation distance and energy in each stage of concrete production are
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used to calculate the CO2 emissions. On the other hand, Roh (2013) concludes that CO2
emissions from concrete account for 70% of materials such as reinforcing rod and steel section.
Moreover, he agreed that generation of concrete can be divided into stages such as raw material,
transportation and manufacturing, although. he mentioned that emission building could be
divided into construction, operation and maintenance. Essentially, it was identified by Bravo,
Brito and Evangelista (2017) that concrete has several advantages and disadvantages, such as
its environmental footprint is a disadvantage due to its impact on the environment. This
problem needs to be solved to have a sustainable construction industry (Bravo, Brito &

Evangelista, 2017).

3.5. Methods of Assessing Environmental Impacts

There are many methods of assessing the environmental impact, for example, the Eco-
indicator 95 methodology designed to LCA weighting method for product design development
(Ministry of Housing, Spatial Planning and Environment, 2000). Eco-indicators are numbers
that express the product or process of the total environmental load, which help to analyse it
over the life cycle (Ministry of Housing, Spatial Planning and Environment, 2000). For
example, Yahya and Boussabaine (2010) used Eco-indicator 95 to calculate brick waste and its
influence on the environment.

On the other hand, Goedkoop et al. (2000) have stated some obstacles to weighting the
results of LCA; for example, most Life Cycle Impact Assessment (LCIA) approaches cannot
solve the weighting issues as they are established in a bottom-up approach, which means that
inventory outcomes are considered as the starting point (Goedkoop et al. 2000). Essentially,
the indicators are distinct without reflecting on weighting issues (Goedkoop et al. 2000).
Moreover, to find out the Eco-indicator 99 scores, there are three required phases, as illustrated

in Figure 3.1 (Goedkoop et al. 2000). The first stage is to identify all emission types that involve
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all the processes of extraction and land-use by adopting an LCA procedure (Goedkoop et al.
2000). The second stage is to compute the kinds of damage these flows cause to Human Health,
Ecosystem Quality and Resources (Goedkoop et al. 2000). The third and last stage is to weight
the damage categories (Goedkoop et al. 2000). The three steps will help to find the Eco-

indicator scores required to complete the assessment (Goedkoop et al. 2000).
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Figure 3.1: Phases of Eco-indicator 99 scores (Goedkoop et al., 2000, p. 4)

The weighting step is the most significant controversial step in the Eco-indicator
methodology (Goedkoop et al. 2000). Essentially, emission and resource extraction in LCA
has more than 10 different impact categories, such as ecotoxicity, acidification, ozone layer
reduction and resource extraction (Goedkoop et al. 2000). In addition, the Eco-indicator 99
methodology process, as stated by Goedkoop et al. (2000), starts with the design of the
weighting process and type of data that the panel can switch in a weighting process. The authors
have concluded that different kinds of damage are caused by impact categories. On the other
hand, Sharaai, Mahmood and Sulaiman (2010) have stated that impact assessment is used to
identify substantial possible environmental influence by using life cycle impact assessment
(LCIA) results. Furthermore, LCIA is distinguished from environment impact assessment
(EIA) and risk assessment techniques; the reason is that the approach depends on the functional
element (Sharaai, Mahmood & Sulaiman, 2010). In addition, LCIA includes four features:

classification, characterisation, normalisation and weighting (Sharaai, Mahmood & Sulaiman,
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2010). However, the optional elements are normalisation and weighting (1SO14040:2006).
LCIA includes a midpoint approach and an endpoint approach (1SO14040:2006). In more
detail, midpoint approaches include CML 2001, EDIP 97 and TRACI (Sharaai, Mahmood &
Sulaiman, 2010), while endpoint methodology means a damage-oriented approach, as
identified by Dreyer, Niemann and Hauschild (2003). In addition, Heijungs et al. (2003)
clarified that the endpoint method is the elements in the impact pathway that made an
independent assessment of the culture. On the other hand, Rydberg (2004) stated the examples
of endpoint methodology, which are Eco-indicator 95 and 99 that are used in environmental
assessment, and there are also methods such as EPS 92, 96 and 2000 and LIME 2003.

For more clarification about LCA methodology, Sharaai, Mahmood and Sulaiman
(2010) explained that LCA assessment has four fundamental phases based on 1ISO14040. These
are goal scope definition as is mentioned in 1SO14040, life cycle inventory as stated in
1SO14041, life cycle impact assessment as mentioned in 1SO14042 and, finally, life cycle
assessment and interpretation as included in 1SO14043. By considering the four main phases,
this gives a comprehensive evaluation, and it is necessary to use some Eco-indicators to assess
the damage that might have an effect the environment. Concrete was assessed in the study of
Sharaai, Mahmood and Sulaiman (2010) by Eco-indicator 99.

Although, Pefia et al. (2003) state that the impact categories classification of LClI is by
an impact pathway approach, which starts from LCI results to the endpoint. For more
clarification and details, Figure 3.2 below, as described by Goedkoop (2000), shows the Eco-
indicator 95 weighting principle based on the European scale which consists of 11 impacts,
nine effects and three damages. For instance, products or ideas are analysed to find the main
causes of environmental pollution and discover the improvements and opportunities
(Goedkoop, 2000). The damage caused by materials and products can be in terms of

impairment to human health, fatalities and the impairment to the ecosystem (Goedkoop, 2000).
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The effects that cause the damage are the ozone layer, heavy metals, carcinogens, summer
smog, winter smog, pesticides, greenhouse effect, acidification and eutrophication (Goedkoop,
2000). The use of Eco-indicators is applicable in many areas, where they help to find the impact
on the environment and to find better weighting of a material or product to choose better options

based on LCA results and Eco-indicator (Goedkoop, 2000).
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Figure 3.2: Eco-indicator 95 impact assessment method (Goedkoop, 1995, p. 1)

On the other hand, Guardigli, Monari and Bragadin (2011) have stated that Eco-
indicator 99 has three categories of damage: Human Health, Ecosystem Quality and Resources,
although each damage category is subdivided into impact categories (Guardigli, Monari &
Bragadin, 2011). In addition, Guardigli, Monari and Bragadin (2011) used Eco-indicator 99 for
reinforced concrete and wood structures to assess the environmental impact. Furthermore, Eco-
indicator 99 is valid for the European perspective, but the adaption is based on personal
experience (Guardigli, Monari & Bragadin, 2011). Moreover, the indicators help to combine
the results of LCA in more coherent and practical parameters (Guardigli, Monari & Bragadin,
2011). Some modifications can be made to Eco-indicators, as Neri (2007) has done to ensure
the assessment is perfectly effective in the evaluation. For example, he has added waters in the
minerals impact category and has excluded superficial waters, to take into consideration that

high consumption of water that unlimited elements always involves high energy for its
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extraction (Neri, 2007). In addition, materials such as gravel and sand have been added to the
minerals category, as essential elements for the manufacture of building materials and energy
(Neri, 2007). Furthermore, the elements of nitrogen and phosphorus, COD (Chemical Oxygen
Demand) and BOD (Biochemical Oxygen Demand) were added to the Acidification and
Eutrophication impact category, because they produce eutrophication of water (Neri, 2007). In
addition, iron emissions were added to the Carcinogens category (Neri, 2007). With regard to
energy demand, cumulative energy was included in Eco-indicator 99 to take into consideration
the global energy combination process (Neri, 2007).

As described by Toxopeus, Lutters and Houten (2006), it could be abnormal that
familiar indicators, such as CML-92, Eco-indicator 95 or Eco-indictor 99, are all based on
weighting factors, which indicates the use of subjective substances. Moreover, designers
appear to agree on these particular elements with the explanation that only comparative
assessments between different conceptions are obligatory (Toxopeus, Lutters & Houten, 2006).
Accordingly, the complete assessment of the influence is no longer an issue (Toxopeus, Lutters
& Houten, 2006). The reason is the selection of a certain impact assessment method, or an
exact use of weighting features is not constrained by the design process, while any specified
indicator of the predictable environmental impact might be valuable in several circumstances
(Toxopeus, Lutters & Houten, 2006). Koroneos and Dompros (2009) carried out another use
of Eco-indicator 95 for the environmental assessment of a cement product and concrete life
cycle. They clarified that the Eco-Indicator 95 weighting method was conducted for the
objective of this study as stated in Goedkoop (2000). Moreover, the authors stated that the Eco-
indicator is one method of aggregation or, as described in 1SO 14042, that weighting over
categories leads to an individual result. In addition, the Eco-indicator method is the Weighing
factor (Wf) conducted on environmental impact indices, for example, greenhouse effect, ozone

depletion, etc., which relate to the main damage triggered by the influence of the ecological
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(Koroneos & Dompros, 2009); although the primary damages that might occur are 5% damage
to the ecosystem, additional deaths per million people in a year, and health issues because of
smog incidents (Koroneos & Dompros, 2009).

On the other hand, in their environmental inventory analysis Pushkar, Becke and Katz
(2005) used the SimaPro database tool, LCA and Eco-indicator 99 for designing optimal
buildings. The SimaPro database is recognised as a full database instrument (Becke & Katz,
2005). Moreover, it has a complete database of materials and processes in different fields
(Becke & Katz, 2005). Furthermore, all processes are editable and can be improved to fit
different circumstances or to form new areas. The SimaPro database contains a bulky amount
of evaluation measures such as CML 92, CML 2 baseline 2000, Eco-indicator 95, Eco-indicator
99, Eco points 97, EDIP/UMIP 96 and EPS 2000 (Becke & Katz, 2005). It also includes
sensitivity analysis for waste scenarios, recycling allocation methods, standardisation and
weighing features (Becke & Katz, 2005). Moreover, Nicoletti, Notarnicola and Tassielli (2002)
used Eco-indicator 95 and 99 for evaluating a LCA of ceramic and marble flooring tiles. The
outcomes of their study show that arsenic emissions have an impact on the environment
(Nicoletti, Notarnicola & Tassielli, 2002).

Figure 3.3, taken from Goedkoop et al. (1998), shows inventory table, part 1 and 2, and
types of damage. The inventory table consists of resource use, land use and emissions. Each
type of inventory table moves to part 1, which is the main part of modelling of the cause-and-
effect chain. For more clarification, part 1 has three types of damage, which are damage to
resources, damage to ecosystem health and damage to human health. These damages are related
to the types of products and materials that have been selected for modelling in part 1. Finally,
the last stage is part 2, which is used to assess the results of the product or material and its

damage results based on the indicator (Goedkoop et al. 1998).
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Figure 3.3: Inventory and types of damage (Goedkoop et al., 1998, p. 353)

Some authors, such as Simoes, Xara and Bernardo (2010), have stated that many studies
have shown that they are using Eco-indicator 99 or CML 2 (2000), a method to assess the
environmental impact of products and materials. On the other hand, Evangelista and Brito
(2006) used Eco-indicator 99 for concrete made with recycled aggregates as a final analysis of
the environmental score. The importance of the Eco-indicator 99 is that it can evaluate the
environmental damage in many areas such as public health and ecosystems (Evangelista &
Brito, 2006). Based on Evangelista and Brito’s (2006) analysis, the recycled aggregate is better
than natural aggregates in concrete products from the environmental damage scores.

SimaPro LCA software and Ecolnvent LCA database were used in the environmental
evaluation of concrete, plaster and brick component manufacturing (Giama & Papadopoulos,
2015). Moreover, for the environmental impact assessment, two indicators were used, Eco-
indicator 95 and CML 2 baseline 2000 method (Giama & Papadopoulos, 2015). In addition,
the selected functional unit of materials for evaluation of the environment was in kg for
emissions and building materials and MJ/kg for embodied building energy (Giama &
Papadopoulos, 2015). It was clarified in detail by Peuportier et al. (2009) that SimaPro is a
comprehensive tool to develop LCA studies of a varied range products, activities or services.
However, although it is not designed precisely to conduct LCA of buildings, its comprehensive
databases and the flexibility of the impact assessment approaches involved make it appropriate

for this objective (Peuportier et al., 2009). Furthermore, SimaPro provides a native user
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boundary by following 1SO14040, and it can be used to create comprehensive modelling with
scenario analysis (Peuportier et al., 2009). Moreover, the SimaPro tool helps to find direct
impact assessment results from every stage of the studied system and it can analyse a composite
of waste treatment and recycling methods (Peuportier et al. 2009). Although, SimaPro bring
collaborative outcomes analysis, which help to trace, the results back to their origins in the real
period (Peuportier et al. 2009). Furthermore, it presents a weak point analysis by using the
‘tree’ procedure to find any ‘hot spots’ (Peuportier et al. 2009). There are a number of methods
of assessing the environmental impacts, as stated by Peuportier et al. (2009), as shown in Table

3.2.
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Table 3.2: Methods of assessing the environmental impacts (ENSLIC_BUILDING-State of the Art Report, p. 6)

Method Characteristics
Impact 2002+ Damage approach; it is similar to Eco-indicator 99, but totally
recalculates toxicity influences
TRACI 2002 Established by US EPA and is based on the midpoint method

CML 2 baseline 2000

Updated revision of the 1992 method; more developed models and
presence of fate analysis

EPS 2000

Damage approach, by conducting monetarisation (willingness to
pay) in place of weighting by a panel

Eco-indicator 99

Damage approach, uses classification indicators at endpoint stage.
Three types are involved by using different moulds

Ecopoints 97 (UBP)

Distance to objective, which is based on Swiss policy targets, which
is referred to as the Ecoscarcity method or UBP

EDIP/UMIP 97

Characterisation and normalisation method established for Danish
EPA; it also has a 2003 version

Eco-indicator 95

Includes damage approach, and distance to objective method based
on scientific targets

CML 92

Very commonly conducted for midpoint method, moderately simple
characterisation; it does not include fate or exposure, and has several
normalisation sets

For more details of environmental assessment methods, IMPACT 2002+ is a

combination of IMPACT 2002 (Pennington et al., 2004), Eco-indicator 99 (Goedkoop &

Spriensma, 2000), CML (Guinée et al., 2002) and IPCC. In addition, IMPACT 2002 features

mostly replace Human Health cancer and non-cancer factors and Aquatic and Terrestrial

ecotoxicity factors (Peuportier et al. 2009), while Eco-indicator 99 factors primarily replace

Respiratory effects, lonising radiations, Terrestrial acid/nutri, Land use and Mineral extraction.

Furthermore, CML factors replace Aquatic acidification and Aquatic eutrophication

(Peuportier et al. 2009), although Aquatic eutrophication CF applied in this method is the one

for a P-limited watershed (Peuportier et al. 2009). On the other hand, the impact categories

such as Aquatic acidification and Aquatic eutrophication are midpoint indicators, which are

not included in the endpoint by Peuportier et al. (2009).
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The second is the TRACI 2002 method, which is a temporary application of the TRACI
2.0 method, which depends on preliminary data (Peuportier et al. 2009).

Thirdly, CML 2 baseline 2000 is an update of the CML 92 method and contains many
radical models (Peuportier et al. 2009). The impact categories are abiotic resources, global
warming, ozone layer depletion, toxicity as for humans will be aquatic and terrestrial
ecosystems, photochemical oxidation, acidification and eutrophication (Peuportier et al.,
2009). There are several sets of normalisation for the Netherlands 1997, Western Europe 1995
and Worldwide 1990 or 1995 (Peuportier et al. 2009).

Fourthly, the EPS 2000 method, which focuses on the most important environmental
strategies in product design and assessment from an economic aspect and refurbishment of
environmental damage caused by products (Peuportier et al. 2009). It is a tool that is mainly
appropriate for the development process of a product in a corporation (Peuportier et al. 2009),
although several impact types are considered in the group of four damage categories: human
health, renaissance capacity of ecosystems, resource assets and biodiversity by Peuportier et
al. (2009).

Fifthly, Eco-points 97 is an update of a 1990 method illustrated by the Swiss Ministry
of the Environment, in cooperation with established environmental rules of that country
(Peuportier et al. 2009). Mainly, it includes a practical number of impact categories which
potential emphasise the levels of NOx, SOx, CO2, Pb, CD, Zn and Hg in the air, and levels of
Cr, Zn, Cu, CD, Hg, Pb and Ni in water, pesticides, wastes, etc. Three types of existing method
vary in normalisation factors by (Peuportier et al. 2009).

Sixthly, the EDIP/UMIP 97 method was introduced by the Environmental Design
Centre of Industrial Products (EDIP) of Holland. It is similar to CML 92 but several features
have been updated and developed (Peuportier et al. 2009). The ¢ impact categories are global

warming, aquatic and terrestrial ecosystems, ozone layer depletion, human toxicity,
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acidification, eutrophication, photochemical smog, dangerous pollution, wastes, radioactive
waste and resources (Peuportier et al. 2009). On the other hand, there are two impact evaluation
methods based on Eco-indicators 95 and 99, which are the most commonly used. Eco-
indicators are numbers that represent the total environmental impact of a product or service,
whose construal is relatively as high indicator had more impact and associated with the
environmental (Peuportier et al. 2009).

Seventhly, Eco-indicator 95 consists of 10 impact categories, which are greenhouse
effect, ozone layer depletion, soil acidification, eutrophication, heavy metals, carcinogenic
substances, pollution, pesticides, energy resources and solid wastes (Peuportier et al. 2009).
The normalisation influences are based on European data from 1990 (Peuportier et al. 2009).
In addition, two sets of normalisation exist, which are Europe g and Europe e which use
different hypotheses when inferring information by (Peuportier et al. 2009).

Eighthly, the Eco-indicator 99 method is an update of the Eco-indicator 95 method,
which has three versions of Eco-indicator 99. The assumptions in the environmental models
measure a Qualitative Perspective (E), in which the selected time span is the extreme long term;
ingredients are included if there is the least indication as to their influence (Peuportier et al.
2009), while damages cannot be excluded and could cause catastrophic effects. In addition, for
fossil fuels, it is calculated that they cannot simply be replaced (Peuportier et al. 2009). The
Individualistic Perspective (I) is the time span for the short term, for example, 100 years or
less. Constituents are included if the evidence is clear as to their effect (Peuportier et al. 2009).

Moreover, damages can be improved by technological and economic enhancement
(Peuportier et al. 2009), although it is assumed that fossil fuels cannot be shattered, and they
are missing from the evaluation (Peuportier et al. 2009). Furthermore, the Hierarchist
Perspective (H) has a long-term time perspective (Peuportier et al. 2009). Constituents are

counted if there is an agreement as to their effect (Peuportier et al. 2009). Usually, the
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Hierarchic Perspective (H) is selected randomly, because it is the weighting typical of the group
of experts who designed the process (Peuportier et al. 2009). Figure 3.4 shows the assessment

method of Eco-Indicator 99 (Goedkoop et al. 2000, p. 5).
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Figure 3.4: Graphical presentation of the Eco-indicator 99 methodology (Goedkoop et al. 2000, p. 5)

Finally, the CML 92 method was established by the Environmental Training Centre
(CML) of the University of Leiden in Holland (Goedkoop et al. 2000). The impact categories
that are measured are moderately easy to recognise: greenhouse effect conservatory, the ozone
layer, ecotoxicity and human toxicity, power eutrophication, acidification, pollution, resources
and solid wastes (Goedkoop et al. 2000). In addition, the most common methodology used is
Eco-indicator 99 (Goedkoop et al. 2000). Itsubo and Inaba (2012) make a comparison between
different methods of assessing the environment in Table 3.3, which illustrates the key

differences of 11 methods of assessing the environment.
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Table 3.3: Comparison between different methods of assessing the environment (Itsubo & Inaba 2012, p. 13)

Country of Year of Object of assessment
Method development/ | Characteri Damage . Remarks
development ) ) . - Integration
renewal -zation assessment c
CML Holland 2002 renewal )
EDIP Denmark 2003 renewal )
TRACI Us 2003 )
Eco-scarcity Switzerland | 2007 renewal o Midpoint modeling
JEPIX Japan 2003 ) Midpoint modeling
Ecoindicator’95 | Holland 1995 0 Midpoint modeling
Ecoindicator’99 | Holland 2000 0 Endpoint modeling
EPS Sweden 2000 renewal 0 Endpoint modeling
Tmpact2002 Switzerland | 2002 o
ExternE Europe 2005 renewal 0 Endpoint modeling
LIME2 Japan 2008 renewal 0 0 Endpoint modeling

Figure 3.5 shows the details of the LIME2 method of assessing the environment (ltsubo
& Inaba 2012), which consists of 19 inventory and 15 impact categories. There are some
differences between Eco-Indicator 95 and 99 compared to LIMEZ2, the Japanese method (Itsubo
& Inaba 2012). The differences are in inventory, impact category and damage impacts (Itsubo

& Inaba 2012).
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Figure 3.5: Assessment method of the LIME2 method (Itsubo & Inaba 2012, p. 2)

3.6. The Importance of LCA in Waste Concrete

Estanqueiro (2011) has elaborated in detail the importance of LCA, explaining that the
construction industry is of essential financial and social importance for the development of all
countries; however, it has severe environmental impacts due to its consumption of large
amounts of natural assets and production of a massive volume of construction and demolition
waste. A vast percentage of the C&D waste is deposited illegally, which causes problems for
human health and the environment; consequently, correct management is essential
(Estanqueiro, 2011).

As described by Wang and Gangaram (2014), LCA is a systematic method for assessing

potential environmental problems and impacts throughout a product’s life from raw material
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acquisition to production, use and disposal. Moreover, it helps to provide metrics that can be
used to measure progress towards environmental sustainability (Wang & Gangaram, 2014).

Bovea and Powell (2016) clarified that, nowadays, analysis of construction materials
based on LCA and an environmental point of views is very important in European recycling
research. Oh et al. (2014) state that efforts have been made in Japan to use recycled materials
in cement manufacture to reduce the CO2 emissions. Kolay and Akentuna (2014) observe that
some studies suggest CO2 emission and energy consumption are appropriate benchmarks for
the ecological influence of waste concrete.

Figure 3.6 shows the framework for the formal structure of LCA by the International
Standards Organisation (ISO) 14040:2006. It shows three primary phases: goal and scope
definition, inventory analysis and impact assessment. Interpretation of each phase is required
to evaluate the completion of the analysis, which gives a conclusion, recommendation and
limitation, as interpretation is beneficial for the product included in the LCA to find better

options, strategies and applications.

4 )
Goal, Definition Interpretation
& Scope

Inventory
Analysis
Impact
Assessment

Figure 3.6: Framework of LCA by the International Standards Organisation (I1SO) 14040:2006

The first and fundamental process in LCA is defining the meaning of the goal and scope

of the procedure. In any LCA process, the objective is to evaluate and describe the stream of
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the considerable number of materials associated with the method, which helps in distinguishing
the ecological effect of each material, and locating an effective way to deal with it to decrease
the effect. LCA has risen as a broadly rehearsed procedure to diminish the destructive natural
impacts, and it has given numerous helpful outcomes. Characterising the goal of any procedure
is thought to be the most basic approach in starting an LCA assessment (Wang & Gangaram,
2014). Although, the goal is to characterise the inquiries that are to be addressed trailed by
selecting the assessments of scope (Wang & Gangaram, 2014). The scope includes what and
how the entire procedure will be depicted, and what choices should be characterised. The
appraisal of the assets ought to likewise be done, which can also be connected to analysis. The
phases include characterising the framework limits, suspicions and constraints of the system
(Wang & Gangaram, 2014).

UNEP (2009) states that depletion, use and disposal of construction materials are
affecting the environment. Kleijer et al. (2016) declared that concrete is the most used product
worldwide, adding that the use of concrete on the planet leads to high CO2 emissions. LCA
has been included in the international standard, for example, ISO 14040, as a principle and
framework of environmental management (UNEP, 2009). LCA helps to analyse many
materials regarding energy and environmental impact, which helps to find better solutions to
protect the environment (UNEP, 2009). For more details, the Institute for Advanced Study of
Sustainability (2016) states that cities account for 67% of global energy consumption,
accounting for 70% of greenhouse gas emissions and 75% of natural resources depletion
(Federal Ministry for Economic Cooperation and Development, 2014). On the other hand, the
building sector represents 40% of natural worldwide energy consumption and 30% of
greenhouse gas emissions (Federal Ministry for Economic Cooperation and Development,

2014). LCA identifies the environmental aspects and impacts of product life cycle that include
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use and end of life levels (Weiler et al. 2017). Furthermore, ISO 14040 and 14044 have defined
the LCA requirements (Institut fir Normung, 2006 & 2009).

Figure 3.7, reproduced from Weiler et al. (2017), shows the LCA divided into stages
and sub-stages. It starts with production, which is extraction and manufacturing, transportation
and assembly. Secondly, the use of the material itself follows, and then the last stage, which is
the end of life, which consists of sub-stages, for instance, demolition, transportation and
treatment method. All stages require energy use and emit greenhouse gases into the
atmosphere, whether during processing, using or disposal. The main three phases of LCA have
release different levels of emissions and have different effects on the environment due to

energy consumption (Weiler et al. 2017).

Production

Extraction & A
Transpomtm

\ | {
A J . \/
| |
embodied energy and embodied greenhouse gases energy needed and greenhouse gases emitted
during disposal

Figure 3.7: Division of LCA (Weiler et al. 2017, p. 321)

As stated by Khasreen (2011) , LCA can evaluate the environmental impact of building
materials. Building emissions such as CO2 and SO2 have a possible effect on the environment
(Khasreen, 2011). Operation construction process, demolishing and depletion of natural
resources have a severe impact on climate (Khasreen, 2011). Furthermore, Porhin¢ak and
Estokova (2013) declare that building materials have an adverse impact on occupational health
and the environment. It has been shown, as illustrated by Bribian, Capilla and Uson (2011),

that 24% is the percentage of construction that used as depletion of raw materials.

53



On the other hand, Figure 3.8, from Weiler et al. (2017), shows the cradle to grave of
the LCA process. From an overall perspective, this is part of a circular process, where the final
product is created and in use until the end of life, which means disposal of the material or
product. Moreover, during the end life of the product, emissions are released. The whole
process, based on Figure 3.7, is obvious the life cycle process of material or product starting
from manufacturing stage to the disposal after being used (Weiler et al. 2017). It is obvious
that emissions are emitted from the preparation stage and disposal stage (Weiler et al. 2017).
The use of the LCA process helps to trace and monitor the life cycle of a material or product
and identify how much energy is consumed and the impact on the environment, which helps to
find better management process, material and energy consumption, to reduce the influence on

the environment (Weiler et al. 2017).

End of Life
(Disposal)

Manufac-
turing

Exploitation Preparation

Figure 3.8: Cradle to grave of LCA process (Weiler et al. 2017, p. 321)

Wang and Gangaram (2014) defined the inventory analysis, otherwise called a life cycle
inventory (LCI). An inventory analysis evaluates the inventory flow for an item or process

from cradle stage to end stage. It incorporates contributions of water, energy and raw materials
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to air, water and soil. The inventory model is developed as a flow diagram, and it incorporates
the input and output data into a framework that is viewed as a flow model which utilises the
information of the specialised framework. This data is gathered by the technical system
boundaries. The information is comprised of products starting from raw material to the end of
life/recycle stage. Data are identified with the goal characterised for the LCA (Wang &
Gangaram, 2014).

Life cycle assessment of aggregate, which is called cradle-to-grave and cradle-to-gate,
and is illustrated in Figure 3.9 from Ghanbari, Abbasi and Ravanshadnia (2017), shows the
first step, which is extracting the aggregate from the mountain. The second step is to transfer
the raw materials extracted from the mountain to the crusher plant, which is the place for
crushing, processing and material storage. The third step is to use the aggregate, whether in
concrete or asphalt plant for production. The fourth step is the use of the final product for the
construction site or road activities. The fifth stage is the disposal of C&D waste to landfill. The
last stage is the use of waste material for the recycling method, which recycles the waste and
reuses it again in concrete or asphalt plant as recycled aggregate (Ghanbari, Abbasi &

Ravanshadnia, 2017).
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Figure 3.9: LCA of aggregate form cradle-to-grave and cradle-to-gate, (Ghanbari, Abbasi & Ravanshadnia
2017, p. 3)

Figure 3.10 from Ghanbari, Abbasi and Ravanshadnia (2017) shows the input of
energy, CO2 and cost of the aggregates process in two scenarios. Scenario one starts from the
extraction phase, which is as excavation and transportation of raw material to crushing. Second
is the crushing phase, which includes storing the aggregates after they have been crushed.
Scenario two is pre-crushing of C&D waste, which supplies the crushing process phase, then

storage (Ghanbari, Abbasi & Ravanshadnia, 2017).
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Figure 3.10: Input of energy, CO2 and cost of aggregates process in two scenarios (Ghanbari, Abbasi &
Ravanshadnia 2017, p. 3)

On the other hand, Figure 3.11 from Estévez, Aguadoa and Josaa (2006) illustrates the
complete life cycle of concrete products. It starts from the extraction of raw material, which is
primary aggregates, then moves on to the manufacturing of cement, to concrete as the final
product used in the construction of the building, which requires rehabilitation and maintenance
during its life. In addition, each step is linked by the transportation system to transport the raw
material and final product, and take the concrete waste after the demolition stage to a landfill
site or recycling plant; in the latter, it will be recycled for reuse as secondary aggregates

(Estévez, Aguadoa & Josaa, 2006).
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Figure 3.11: Complete LCA of concrete products (Estévez, Aguadoa & Josaa, 2006, p. 3)

Based on the advantages of the recycling method, Zaho, Leeftink and Rotter (2010)
have argued that recycling of aggregates can reduce the energy consumption and greenhouse
gases such as CO2 that are related to industrial activities, and this will result in economic and
environmental benefits. Moreover, the recycled aggregates can be used in concrete production
(Sabai et al. 2013) and road construction (Petkovic, 2004).

On the other hand, a number of authors (Vold & Ronning, 1995; Young et al., 2002;
Bjorklund & Tillman, 1996-1997; Hakkinen & Makeld, 1996; Lundstrom et al., 1996;
Lundstrom, 1997; Geem, 1998; Nisbet & Geem, 1997) have shown that numerous LCA studies
have been conducted on cement, concrete and concrete products related in phases of their life
cycle that have a main influence on the environment. Moreover, Greece is producing 14 million

tonnes of cement per year, 50% of which is exported (Koroneos & Dompros, 2009). In addition,
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7 million tonnes of that used for internal consumption is used for manufacturing 30 million m3
of concrete (Koroneos & Dompros, 2009). The cement industry’s consumption emits a high
percentage of CO2 and energy, which results in important quantities of both energy-related and
process (Price et al., 1999; Hendriks et al., 1998; Martin et al., 1999); Worrell et al., 2001). The
efficient use of energy results in reduced costs and decreased emissions. Moreover, as
illustrated by Bahr et al. (2003), Gabel et al. (2004) and the IPPC (2000), the increasing
awareness of sustainable development leads to an increase in the importance of assessing the
corresponding environmental performance of the huge manufacturing segment. Furthermore,
Koroneos and Dompros (2009) state that raw materials and rational energy management will
limit the emission of harmful contamination into the environment and save energy. To ensure
its effectiveness, it requires systematic decision-making tools that will provide the compulsory
data for identification of potential enhancements in the concrete life cycle (Koroneos &
Dompros, 2009). The composition of cement and its role in LCA is important because it
contributes to CO2 emissions (Koroneos & Dompros, 2009). Cement is a fine, granular powder
that has hydraulic features. It consists of calcium oxides, silicon, aluminium and iron, which
join together to represent 90% of its mass. When cement is mixed with water, it becomes hard
and durable in the air or below water Figure 3.12 illustrates the system boundaries of the cement

and concrete life cycle (Koroneos & Dompros, 2009).
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Figure 3.12: System boundaries of cement and concrete life cycle (Koroneos & Dompros 2009, p. 74)

The first stage in Figure 3.12 starts with raw material extraction and transportation,
which causes emissions into the air during crushing, grinding and clinker production for
cement, which causes liquid waste. The second stage is the process of Portland cement
production packaging and distribution and concrete production. This stage includes water
vapour and solid waste generation. The last stage is energy use, which requires transportation
and placement of concrete or demolition and disposal, which cause pollution (Koroneos &

Dompros, 2009).
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3.7. Methods for Monetising Environmental Indicators

Monetisation is an approach used to signify the impact category based on monetary
value (Pre-sustainability 2018, p. 1). In addition, the value is based on costs related to
preventing or refurbishing the damage; for instance, one kind of impact could be more
expensive to prevent or fix than another. The monetisation impact category help to estimate
how willing people and society need to be to spend money to prevent certain damage. For
example, people might be willing to pay to protect human health more than to minimise
resource depletion to prevent impacts and damages. On the other hand, the issue with the
monetisation model is that it fundamentally involves an answer to the question of how much
the damage is satisfactory and how much human life is valued, while the answer is at best
subjective. Furthermore, the monetisation process signifies the impacts that are linked with
social and natural capital in monetary value, which locates them as more tangible. In addition,
monetising environmental influences are known as natural capital valuation, which is
considered a kind of sustainability return on investment analysis and delivers a different
financial perception of sustainability (Pre-sustainability 2018, p. 1).

Another method is to find the costs correlated with a particular activity, for example,
the cost of damage or the costs to replace the service (Pre-sustainability 2018, p. 1). For
instance, the social cost of carbon (SCC) signifies the economic damages related to an increase
of CO2 impacts. However, monetary methodologies might be variable and include original
value decisions. Moreover, critics argue that monetisation could oversimplify complex
concerns and it is difficult to quantify or monetise every ecosystem value (Pre-sustainability
2018, p. 1).

There are costs associated with ecological damages imposed on society (Nguyen et al.
2016). For instance, there are several existing methods to evaluate the monetisation of

environmental damages as classification endpoints or safeguarded subjects such as ecosystems,
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humans and resources. In addition, the methods of evaluating monetisation of environmental
damages are European models such as EPS 2000 by Steen (1999), the ExternE project by
Bickel and Friedrich (2005), Ecotax 2002 by Finnveden et al. (2006) and Stepwise2006 by
Weidema (2009). Moreover, LIME is a Japanese model by Itsubo et al. (2004), which is a non-
European model. On the other hand, most of the monetary assessment models are not fully
completed, since not all ecological impacts are subjected to monetisation (Bos & Vleugel,
2005).

The Handbook Environmental Prices (2017) was used as a method for cost valuation
of ecological impacts by CE Delft (2018). Moreover, the handbook contains the environmental
prices of many impacts. In addition, environmental prices are applicable for social cost or
pollution, which are expressed in euros per kilogram pollutant. Moreover, the environmental
prices specify the damage to economic welfare that occurs when one added kilogram of the
pollutant makes its way into the atmosphere. Environmental prices can also be determined for
immaterial forms of pollution such as noise nuisance and ionising radiation. Furthermore, they
provide average values for the Netherlands, for instance, emissions from a common source of
emission with an average emission site in the year 2015. The handbook presents the prices at
three levels Firstly, at the pollutant level, which gives the environmental emissions values of
damaging substances. Secondly, at the midpoint level, which gives values for environmental
themes, for example, climate change or acidification. Thirdly, at the endpoint level, which a
value for the environmental impacts of pollution, for instance, damage to human health or
ecosystem services (Environmental Prices Handbook, 2017).

The methodology used in this Environmental Prices Handbook is designed to
harmonise the values at pollutant, midpoint and endpoint level, to achieve reliable estimation

of the influences or pollution in the Netherlands. Figure 3.13 shows an overview of the
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relationships covered in this handbook, with each arrow representing a relationship that has

been mapped.
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Figure 3.13: The relationship mapping and methodology of Environmental Prices Handbook (2017, p. 4)

To use weighting factors in LCAs, two values have to be established (Handbook
Environmental Prices, 2017). Firstly, a value based on external costs, which is applicable for
an individualist perspective in ReCiPe (Handbook Environmental Prices, 2017). Secondly, a
value for use as a weighting factor that is entirely applicable for the hierarchist perspective in
ReCiPe (Environmental Prices Handbook, 2017).

The relationship between the many stages involved in environmental prices, as per the
Handbook Environmental Prices (2017), is shown in Figure 3.13, which consists of emissions,
midpoints, endpoints, valuation and related fields of study such as ReCiPe, which is used in

this study (Environmental Prices Handbook, 2017).
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Table 3.4: Environmental price in euros for each impact category as per each unit (Handbook Environmental

Prices, 2017)

. Price in
No. Impact category Unit EUros
1 Climate change €/kg CO2-eq. 0.057
5 Ozone layer depletion €/kg CFC-eq. 30.4
3 Human toxicity €/kg 1 4DB-eq. | 0214
4 Acidification €/kg SO2-eq 54
5 Freshwater eutrophication €/kg P-eq. 1.9
6 Marine eutrophication €/kg N 3.11
7 Land use €/m2a 0.0261
8 Terrestrial ecotoxicity €/kg 1,4 DB-eq. 8.89
9 Freshwater ecotoxicity €/kg 1,4 DB-eq. 0.0369
10 Marine ecotoxicity €/kg 1,4 DB-eq. 0.00756
11 Human toxicity €/kg 1,4 DB-eq. 0.214
13 Nitrogen oxides (Nox) (Human health) €/kg NOX eq. 18.7
14 Mineral resource scarcity (Atmospheric) $/kg Cu eq 4.2
15 Mineral resource scarcity (Soil) $/kg Cu eq 0.239
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Figure 3.14: Relationships between emissions, midpoints, endpoints, valuation and related fields of study
(Handbook Environmental Prices 2017, p. 26).

The objective of ecological prices is to find the damage costs that impact on the
environment, which helps to consider better solutions in order reduce the ecological impacts

and costs, which results in achieving sustainability (Environmental Prices Handbook, 2017).
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Figure 3.15: Challenges and solutions to achieve sustainability (Handbook Environmental Prices 2017, p. 35)
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LCA studies are growing, and the integration of translating the planning and process in
real measures is a challenge (Environmental Prices Handbook, 2017). On the one hand,
monetisation of the ecological impact helps to express the emissions in cost units, which is
based on incentives such as taxes, fees and bounces reduction (Beckenbach et al. 1998). On the
other hand, there are two main approaches to monetisation (Beckenbach et al. 1998). One
approach is willingness to pay the environmental damage cost, which determines the amount
of money that an individual or organisation should pay to cover the expenses of environmental
impacts (Beckenbach et al. 1998). However, willingness is individualist and depends on certain
criteria, for example, education, region or existing finances (Krieg, Albrecht, Lindner & Jager,
2013).

Moreover, the subjectivity of monetary can fluctuate from the value of actual monetary
(Reap et al. 2008). The second approach measures environmental damage cost by the concrete
damage triggered by emissions (Krieg, Albrecht, Lindner & Jager, 2013). However, as they
note, there are many uncertainties related to this approach, which leads to complexity regarding
predictions of cost and variety in impact values. inhuman activities are causing ecological
impacts to fluctuate at an extraordinary level (Krieg, Albrecht, Lindner & Jager, 2013). In
addition, the amount of greenhouse gases and ozone depletion in the climate causes a reduction
in the lifetime of species, interruption of biogeochemical phases, deforestation and depletion
of natural resources associated with human activity (Spangenberg, 2007). The demand of how
economic activities distress on the environment has become general between scholars in 1960s
(Spangenberg, 2007). Moreover, historical records show the link between human activity and
environmental damage (Asici, 2012). The sustainability of the environment along with social
and economic sustainability creates three pillars of sustainability (Moldan et al., 2011).
Although, it was defined by Goodland (1995) that enhancing human health and wealth can be

achieved by saving the raw material sources which are used for human requirements. In
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addition, Goodland (1995) states that the human waste should not exceed the limit in order to
avoid any harm and damage to humans themselves. In addition, the growth of the economy has
concerns for the environment both domestically and globally (Asici, 2012). The Environmental
Kuznets Curve (EKC) is an approach to analyse the impacts of economic growth on different
environmental quality measurements (Asici, 2012). However, environmental quality has
numerous measurements and grouping those dimensions into a single indicator is unreliable
(Asici, 2012). Furthermore, there are a variety of studies about EKC that have initiated different
indicators, for example, carbon dioxide, sulphur dioxide emissions (Boulatoff & Jenkins, 2010;
Grossman & Krueger, 1991), urban air quality (Esty & Porter, 2005), deforestation (Martinez
et al., 2002), heavy metal contamination (Grossman & Krueger, 1995) and waste (Mazzanti et
al., 2009). In addition, it is not applicable for a single curve to explain all kinds of
environmental degradation, because it raises uncertainties about the generalisability of the EKC
hypothesis (Ozler & Obach, 2009).

Decision support tools such as Cost-Benefit Analysis (CBA) have been established to
support the process by decision-making. Moreover, the importance of CBA in site remediation
was initiated by Bonnieux et al. (1998) and presently it is considered to be a valuable tool based
on the decision-making process (European Commission, 2014; Guerriero & Cairns, 2011a,
2011b). There are some monetisation approaches; for example, Stepwise 2006 is a
monetisation technique that can be comprehensively applied in the previous SimaPro software
version (European Commission, 2014; Guerriero & Cairns, 2011a, 2011b). Furthermore, it
provides the users with three valuable values: Human well-being, Biodiversity and Resource
productivity, which are associated with the three pillars of sustainability, people, planet and
profit (European Commission, 2014; Guerriero & Cairns, 2011a, 2011b). In addition, the
calculation process can be linked with the LCIA stage and the results signified in Quality

Adjusted Life Years (QALY) for human well-being, Biodiversity Adjusted Hectare Years
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(BAHY) for biodiversity and euros for Resource Productivity (European Commission, 2014;
Guerriero & Cairns, 2011a, 2011b). Another monetisation approach is Ecotax 2002, which is
based on the Swedish eco-taxes and fees that are correlated with emissions and resource use
by assuming decision making on the part of politicians reflects on the societal values of
environmental impacts (Huysegoms, Rousseau & Cappuyns, 2018).

Environmental Priorities Strategies (EPS) in product design is one of the oldest
monetisation models (European Commission, 2014; Guerriero & Cairns, 2011a, 2011b).
Furthermore, the EPS model is one of the most primitive monetary valuation models that has
been established to simplify the assessment of environmental impacts between the concept of
the product in product improvement (European Commission, 2014; Guerriero & Cairns, 2011a,
2011b). While the primary version of the EPS model was initiated in 1991 to 1992, the most
topical version was introduced in 2000 (Steen, 1999). In addition, the model estimates the
external costs of products using inventory data such as data based on emissions, energy
consumption, etc., while characterisation factors, for instance, influence per unit of
environmental interference and weighting factors, for instance, weights of impact, are
expressed in monetary units (Nguyen et al., 2016). The EPS model is a top-down one, which
allocates the highest importance to the effectiveness of the scheme (Nguyen et al., 2016).
Moreover, the principle is used in certain deals with a complex model, in which parts are not
recognised or unbearable to include because of limited resources (Nguyen et al., 2016).
Furthermore, Environmental Priority Strategies (EPS) in product design express the results
based on damage cost of emissions and use of natural resources by using Environmental Load
Units (ELUs) (ivl 2019, p. 1). In addition, one ELU signifies an externality equivalent to one

euro environmental damage cost (ivl 2019, p. 1).
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ISO 14040-43

PS defaul
method

Figure 3.16: The link between LCA concept, ISO standard, EPS system and EPS default method (CPM report
1999:5)

Figure 3.17: The structure of the EPS system (Steen, 2015)

EPS 2015 consists of three features such as 24 kinds of characterisation, and six damage
assessments and weightings, which are Ecosystem Services, Access to Water, Biodiversity,
Building Technology, Human Health and Abiotic Resources (Inaba, 2013). In addition,
uncertainty is connected with the factors that are appropriate for monetising weight in different
categories of impact or damage, because of subjective preference regarding the value (Inaba,
2013). In ReCiPe 2016 LCIA, two midpoint impact categories are associated with
monetisation, which are Mineral Resources and Fossil Resources. Furthermore, the impact of

Mineral Resources causes increases in extraction cost, which leads to damage to resource
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availability (RIVM Report 2016-0104), while Fossil Resources is correlated to the cost of oil,

gas, coal and energy, which lead to damage to resource availability (RIVM Report 2016-0104).

3.8. Summary

This chapter identified some important aspects of concrete as a construction material.
First of all, it has discussed the high percentage of the actual usage of concrete worldwide and
the issues behind it. Secondly, it has examined the environmental impact of concrete, from
manufacture with raw materials to demolition stage. Thirdly, it was found that concrete
products can be recycled to save the environment and reduce the waste going into landfill.
Finally, the effective methods of assessing concrete waste were introduced, such as Eco-
indicator 95 and 99, which can predict some of the causes and effects of different types of
waste. Furthermore, some assessment methods were used on concrete products and analysed
by software called SimaPro. There are over 11 methods for assessing the environmental impact.
In addition, the Handbook Environmental Prices (2017) was found to be the most suitable and
applicable source to find the damage cost from LCA results by using ReCiPe2016 LCIA, since

the units are similar for both, which will be discussed in Chapter 4 of this research.

CHAPTER 4: METHODS FOR MODELLING THE ECOLOGICAL

IMPACT OF CONCRETE WASTE BY USING LCA

4.1. Introduction

This chapter discusses the available methods for modelling LCA used in various
studies. In addition, the chapter introduces the importance of LCA and its recommended
phases, which are based on the commonly used international standard 1SO14040:2006. Around
1970, life cycle assessment (LCA) was invented in the USA at the Midwest Research Institute.
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It became the main topic for analysis of environmental protection and energy saving. The
meaning of LCA, as described by Kolpffer (1997), is that it connects all ecological products or
services, from raw material to waste disposal. In addition, LCA, as it is known from the cradle
to the grave, has been used in many countries and for different types of building material
products to assess the effects of these materials on the environment. As described by Barbieri
and Cajazeira (2009), LCA is an environmental management tool that can be applied to selected
services of a particular company. LCA is used to identify the environmental elements at the
product level to determine key areas of environmental improvements, which view the new
product. Nowadays, the LCA method is widely used and is practical for the C&D waste
management segment, although it can also be applied to recover and reuse materials (Hossain
etal., 2016; Butera et al., 2015; Dahlbo et al., 2015; Kucukvar et al., 2016). Dahlbo et al. (2015)
used LCA to assess the C&D waste performance in Finland with regard to the environment and
economic aspects, in order to identify the potential of recycling materials which allow the

country to achieve the EU target of 70% by 2020.
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Figure 4.1: Research modelling framework presenting the thesis roadmaps
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4.2. LCA Phases

Based on 1SO14040:2006 Environmental Management of Life Cycle Assessment:
Principles and Framework, the LCA consists of four phases, which are goal and scope
definition, inventory analysis, impact assessment and, finally, interpretation of results.

Furthermore, the phases should be conducted sequently (1ISO14040:2006).

4.2.1. Life Cycle Goal and Scope Definition

The main reason for using LCA in this research is to determine the environmental,
economic and social impacts of the three disposal options for C&D waste, which are natural
aggregates and recycling concrete aggregates from the production plant, sorting plant and
landfill. The research considers concrete as the selected construction material waste. Moreover,
the study will include an emphasis on emissions from three waste disposal options for concrete
activities such as transportation, cost, energy consumption and CO2 emission. Furthermore,
concrete waste will be calculated based on government statistics report on the quantity of
concrete waste quantity in the landfills in the UAE.

It was stated by Baumann et al. (1994) that system boundaries should be detailed in
many scopes, for example, boundaries among nature and technological system, geographical
zone, period horizon, production of investment goods, limitations between the life cycle of the
studied product and correlated life cycles of other products.

The modelling framework of construction waste (Yahya, Boussabaine & Alzaed,
2016), as illustrated in Figure 4.8 starts with a definition of the goal and scope, which includes
functional unit and inventory requirements, by Ecolnvent database. The second stage is to
classify and characterise the metal waste. The modelling framework of this research is provided

in Chapter 5.
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Figure 4.2: Modelling framework for construction waste (Yahya, Boussabaine, & Alzaed 2016, p. 6)

4.2.2. Life Cycle Inventory

The Life Cycle Inventory (LCI) is one of the important stages in the LCA
(1SO14040:2006). The Swiss database Ecolnvent inventory has been selected for this research
because the methodology used in developing the database includes the input and output
parameters that are eligible for current conditions in the GCC countries, including the United
Arab Emirates, such as geographical area, technology, markets, products and services

consumption. The full inventory for this research is provided in Chapter 5.

4.2.3. Life Cycle Impact Assessment

The third step in LCA stages is the Life Cycle Impact Assessment (LCIA), the objective
of which is to measure the potential environmental impacts and their consequences, based on
LCI results (Verones, Hellweg &, Huijbregts, 2015). Moreover, LCIA is used to ensure that
the performed assessment is valuable environmentally (1ISO14040:2006). This phase will be
conducted in this research in Chapter 5 as midpoint and endpoint assessments by referring to

the ReCipe2016 method.
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4.2.4. Interpretation

The last phase after the LCIA generates results is an interpretation of the results, which
gives a comprehensive evaluation of the assessment parallel with the benefits to develop or
find a product with better options, strategies and applications. Moreover, it shall reflect based
on LCIA results (ISO 14040, 2006). This phase of LCA will be discussed in Chapter 6 in this

research.

4.3. Monetisation of Concrete Waste

Damage price will be used by referring to the Handbook Environmental Prices (2017),
which was used as a method and cost for valuation of ecological impacts by CE Delft (2018).
Moreover, the handbook contains the environmental prices of many impacts. In addition,
environmental prices are applicable for social cost or pollution, which is expressed in euros per
kilogram pollutant. Further, the environmental prices specify the damage to economic welfare
that occurs when one added kilogram of the pollutant makes its way into the atmosphere
(Handbook Environmental Prices, 2017). Environmental prices can also be determined for
immaterial forms of pollution such as noise nuisance and ionising radiation (Handbook
Environmental Prices, 2017).

The only prices that are applicable for the global method of LCIA by ReCipe2016 as
selected for this research are in the Handbook Environmental Prices (2017), since it was
initiated by the CE Delft organisation in the Netherlands to reflect global prices, which is the
same country that developed the ReCipe 2016 method. In the UAE, there is no local LCIA
method or environmental prices developed specifically for the region. Moreover, it has been
found that 15 prices in the Handbook Environmental Prices are applicable for 15 impacts out

of 18 in LCIA by ReCipe2016 in terms of impact type and impact unit.
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Furthermore, environmental prices provide average values for the Netherlands, for
instance, emissions from a common source of emission with an average emission site in the
year 2015 (Handbook Environmental Prices, 2017). The handbook present the prices at three
levels. Firstly, at the pollutant level, which provides environmental emissions values for
damaging substances (Handbook Environmental Prices, 2017). Secondly, at the midpoint level,
which provides values for environmental themes, for example, climate change or acidification
(Handbook Environmental Prices, 2017). Thirdly, at the endpoint level, which provides values
for the environmental impacts of pollution, for instance, damage to human health or ecosystem
services (Environmental Prices Handbook, 2017).

To use weighting factors in LCAsS, two values need to be established. Firstly, a value
based on external costs, which is applicable for the individualist perspective in ReCiPe2016.
Secondly, a value for use as a weighting factor that is entirely applicable for the hierarchist
perspective in ReCiPe2016 in the Environmental Prices Handbook (2017), which will be used

in Chapter 6 and explained in Chapter 5.

4.4. Summary

This chapter has illustrated the concept and process of LCA phases, starting from goal
and scope definition, inventory analysis and impact assessment based on ISO 14040. Moreover,
it has provides an overview of LCA of concrete products, which gives the complete cycle in
the production of concrete, although the methodology itself for this research will be explained
in detail in Chapter 6. Additionally, it was decided to base monetisation of concrete waste and
the mathematical relationship on the Environmental Prices Handbook (2017), which is

applicable for ReCipe2016 LCIA.
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CHAPTER 5: MODELLING METHODOLOGY FOR CONCRETE

WASTE USING LCA

5.1. Introduction

This chapter demonstrates the modelling methodology that will be used in detail to find
out the impact of concrete waste. The discussion begins with an explanation of the LCA
methodology that will be used in this study including the ReCipe2016 impact assessment
method selected to determine the emissions for three methods of concrete waste. Furthermore,
the research adapted the methodology of ISO 14040. The discussion elaborates in detail the
data collection for LCA and the process for life cycle impact assessment (LCIA) based on the
research objectives. Moreover, the discussion continues with a clarification of selected

environmental indicators and data collection and processing in each LCA phase.

5.2. Data Processing for LCA

A simulation method will be selected for this study, because it was found to be the most
reliable and applicable for finding the LCA results for waste concrete and its damage cost to
achieve the aim and objectives of this research. This is LCA requires the use of software that
can simplify and organise the results, although hard data is required to analyse the impact of
concrete waste on the environment. For example, the quantity of concrete waste in the city of
Dubai is included. Moreover, the type of concrete chosen for this study is unreinforced concrete
waste. The waste management option practised in the UAE and especially in the city of Dubai
is to dispose of the concrete waste into landfill. There is a recycling method for concrete waste
management in the UAE, but the method is not efficiently used.

The study has identified the quantity of unreinforced concrete waste in landfill in the

city of Dubai to assess the environmental impact by using specific analysis tools as identified
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earlier in the study. In addition, LCA methodology and ReCipe2016 will be used to assess and
calculate the ecological impact of the concrete waste. The impact of ReCipe2016 will help to
assess the environmental impact of concrete waste management based on selected options,
which are recycling method and final disposal method. Furthermore, the analysis results will
contribute to the implementation of sustainable strategies that will help to reduce the quantity
of concrete waste in the construction field and landfills, which will result in protecting the
environment by reducing pollutants such as greenhouse gases and other impacts on ecosystem,
resources and human health. It was clarified by Assamoi and Lawryshyn (2012) that LCA is a
valuable tool to assess the management of solid waste performance. The LCA of this study will
be conducted by using SimaPro software and Ecolnvent database with ReCipe2016
environmental assessment, which are important tools to correlate the inventory and assess the
ecological impact of concrete waste.

The research modelling framework as illustrated in Figure 5.1 has been created based
on the research aim and objectives that help to find the LCA and damage cost results of waste
concrete by landfilling and recycling methods. The methodology starts with phase one of the
LCA, which is the definition of the goal and scope, including the data functional unit, which is
1 tonne for concrete waste, 1 tonne for recycling concrete waste, and 1 km per tonne for
transportation method. The inventory requirements have been taken from the Ecolnvent
database.

Based on the research modelling framework shown in Figure 5.1 the second phase is to
integrate stage one by using SimaPro software 8.5.2 to help to analyse the impact of concrete
waste based on the quantity of concrete waste in landfill. Moreover, another scenario of
concrete waste management will be applied, which is the direct recycling option. For example,

the amount of concrete waste in landfill will used as a recycling method for concrete waste,
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which will be calculated to compare the impact on the environment of both options in parallel
with the method of transporting the concrete waste to landfill.

The research modelling framework in Figure 5.1 also shows the third phase of LCA,
which is to assess the LCIA and find midpoint and endpoint results by using ReCipe2016

LCIA, which classifies and characterises the concrete waste impacts.

5.3. Research Modelling Framework

The research modelling framework shown in Figure 5.1 consists of four stages, as per
ISO 14040 LCA framework and principles, which are parallel with the research aim and
objectives, which are to find the ecological impact of landfilling and recycling methods of

concrete waste and the damage cost that can impact on human health, ecosystem and resources.

Figure 5.1: Research modelling framework

80



SimaPro 8.5 LCA software

—_ )
Goal and scope definition
l — Stage 1
1 Ecolnvent database
nventory
—
Concrete waste
management options
Stage 2 = —=——=Z
Analysis by SimaPro 8.5 . . . .
LCA soft A: Disposal of concrete waste without recycling B: Recycling of concrete waste
soitware | e . e
/’ \\ ’1' R
:' C&D Wastes ‘: ! C&D Wastes ‘:
I
: : | :
' 2 . ! A H
H Dump Trucks i ! Dump Trucks E
] I 1
I 1 | !
i Transportation i : Transportation E
H A4 H : v I
i Final Disposal E | Recycling E
| to Landfill y \ Process !
N ’ \‘ ll
System Boundary System Boundary
—_
ReCipe 2016 Midpoint and Endpoint
=
S Handbook Environmental
= amage Endpoint area
5 prices 2017
.: Particulate matter Increase in
% Trop. ozone formation (hum) i 2
g = in Damage to INTERVENTION P s I ENOPOINT VALUE
8 = Stratos. ozone depletion various types of :.u:amn Erirs | i
% 5 Human toxicity (cancer) cancer
3 E Human toxicity (non-cancer) in et .
e I~ Global warming . y
& ® < Freshwater ecotoxicity Dainageth i
n g2 =
s 3 v
2 3 Trop. ozone formation (eco) = == -
= E Terrestrial ecotoxicity terrestrial ecosystems
ti = Terrestrial acidification Species i
= Land use/transformation Damage to
.E marine species
g Marine ecotoxicity e
— Marine eutrophication costs | resource Stage 4
3 Mineral resources ol /' avallabuity
— > /
< Fossil resources -7 energy cost
o Interpretation
( (Output &
Improvement)

81



5.4. Data Collection for LCA

The second and third phases of LCA, which are the goal and scope definition and
inventory analysis, are adapted from the Swiss Ecolnvent 3.2 database Life Cycle Inventory
(LCI). Furthermore, in the third phase of LCA, which is the assessment stage, ReCipe2016 Life
Cycle Impact Assessment (LCIA) with the methodology of midpoint and endpoint assessment
is selected. Table 5.1 provides a comprehensive breakdown of the LCA methodology process

as suggested by I1SO 14040, which will be used in this study.

Table 5.1: Comprehensive LCA methodology by ISO 14040:2006

LCA stage Process

Initial Phase Creating system boundaries that define the problem

and establish an inventory for main parameters.

Inventory Phase A comprehensive explanation of raw materials and
inputs of used energy at all points and emissions,
output of overflow and solid waste. For instance,
outputs are resource depletion such as material and
energy pollutant emissions and discharges of
chemical or physical load, for example, substances,

heat, and noise.

Impact Assessment Phase Linking the known inputs and outputs to the
environmental impacts (Life Cycle Impact
Assessment). It consist of the following components
(first three components are mandatory, the others are
optional):

1. Choice of impact categories, for example, category
indicators and characterisation models. Impact
categories are designated and selected with respect to
LCA goal and scope.

2. LCI assignment results (Classification). The
environmental loads are classified based on impact
categories. Furthermore, some environmental loads
have more than one impact category.

3. Calculation of category indicator results
(Characterisation). The category indicators are

demonstrated for different environmental loads that
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led to environmental impacts such as Global
Warming Potential.

4. Data Quality Analysis, which recognises the
reliability of indicator results.

5. Normalisation. Stating category indicators
comparative to a standard, for example, tonne of
CO2 or similar.

6. Grouping, which sorts and ranks possible
influence categories.

7. Weighting, which states the (subjective)
importance of the impact category which rarely the

categories are sorted by damage or theme category.

Note: points no. 5, 6 and 7 are optional as per
1S014040:2006

Interpretation (Improvement Phase)

Using data attained in analysis to enhance the overall

environmental performance.

The research will adapt the first three main steps from the LCIA phase based on Figure

5.2. Moreover, 1ISO 14040 states that the rest of the LCIA steps, which are normalisation,

grouping and weighting, are optional. In this study, normalisation, grouping and weighting will

be ignored.
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Figure 5.2: Life cycle assessment framework (International Organization for Standardization
ISO 14040:2006, p. 14)

5.4.1. First LCA Phase: Life Cycle Goal and Scope Definition

Figure 5.3 shows the system boundaries of the LCA of concrete waste as a disposal
option, which is transportation of concrete waste from C&D sites, concrete ready-mix plant
and concrete block factories. The system boundary of the recycling option for concrete waste
is recycling of unreinforced concrete waste at the landfill itself by using stationary recycling
equipment.

The objective of the LCA in this research is to investigate the environmental impact of
two waste management options for concrete waste. In addition, data functional unit is 1 tonne
for concrete waste, 1 tonne for recycling concrete waste, and 1 km per tonne for transportation

method and inventory requirements, by Ecolnvent database.
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Moreover, the whole research inventory will consider using the Swiss Ecolnvent
inventory database, although Figure 5.3 illustrates the waste management options made within

the system boundaries for this study as recommended by ISO 14040 as at the first phase.
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Figure 5.3: System boundaries of the research

Based on the above system boundaries and research aim and objectives, the focus of
this research is only on emissions from two waste management options with the transportation
process impact, which are the impact of disposal of unreinforced concrete waste to landfill and
the impact of recycling unreinforced concrete waste as the scenarios proposed in this study.
The inventory data for both management options is taken from the Ecolnvent database, which
includes equipment used, fuel, generation of electricity and transportation process. In addition,
concrete waste sources are from C&D sites, ready-mix plants, those producing fresh concrete,
and concrete block factories. On the other hand, there are some outputs and inputs are ignored
in this research, which is cost. The reason for not including cost is because it is beyond the

research scope.
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5.4.2. Second LCA Phase: Life Cycle Inventory (LCI)

Life cycle inventory plays an important role in the LCA second phase. Furthermore, to
complete the LCA assessment, the Swiss Ecolnvent inventory database is selected for this
research because the methodology used for developing the database includes input and output
features suitable for the condition of global countries such as the UAE, although Ecolnvent is
a Swiss centre for Life Cycle Inventories (LCI). Essentially, to develop the database for the
inventory process, the inventory will contain details of inputs and outputs related to system
boundaries, as illustrated in Figure 5.3, while the inventory model of concrete waste

management options are shown in Table 5.2.

Table 5.2: Waste management options in the city of Dubai and its waste quantity (Public Source, 2019)

Type of waste Description Waste Quantity in 2018
management

Direct disposal | Concrete waste is collected from the sites | Normal Concrete = 5,400,000 t

to landfill in waste skips and transported to landfill

Direct recycling | Concrete waste is collected from the sites
in waste skips and transported to 0

recycling plant

The inventory phase is one of the important stages in LCA. To begin with the inventory
process, the Ecolnvent 3.2 database was selected as the inventory for all processes. Moreover,
as per 1SO14040:2006, the inventory is the second phase in LCA. Firstly, the inventory stage
processes in this research are transportation of concrete waste to the landfill by lorry, quantity
of concrete waste in the landfill, and quantity of concrete waste if it is recycled.

The first inventory input is transportation method, which is given as (Transport, freight,
lorry 16-32 metric ton, EURO3 {GLO}| market for | APQOS, S). In addition, the selected

inventory is applicable for the city of Dubai since it is a global inventory and it is used in the
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market. Although, the emissions from this inventory are provided, such as input from nature
and outputs such as emissions to air, emissions to water and emissions to soil. In addition, all
types of emissions will be identified in the results analysis in Chapter 6. Furthermore, the
transportation inventory is selected to be 40 km as a distance, which is based on concrete waste
sources from C&D sites, ready-mix plants, concrete block factories and concrete testing
laboratories in the city of Dubai to Al Bayada C&D Landfill. Moreover, different areas are
identified in Figure 5.4, which shows the sources of generating concrete waste and distance to

transport the waste to Al Bayada C&D Landfill.

Al Awir, Dubai

Jebel Ali Freezone, Dubai

Expo 2020 Site, Mohammad Bin Zayed
Business Bay, Dubai

Al Warqa 2, Dubai

Deira, Dubai

Jumeirah, Dubai

DIFC, Dubai

Dubai Investments Park, Dubai

Bayada C&D Landfill, Dubai - Al Ain Rd

Figure 5.4: Sources of generating concrete waste and its transporting distance to Al Bayada C&D Landfill
(Google Maps, 2019)

The second inventory output is (Waste concrete, not reinforced {RoW}| treatment of
waste concrete, not reinforced, collection for final disposal | APOS, S). In addition, this method
includes the environmental impact of unreinforced concrete waste sent to landfill. Although, it
is applicable for the Rest of World (ROW). In addition, the emissions from this inventory are
provided, such as input from nature and outputs such as emissions to air, emissions to water
and emissions to soil. In addition, all types of emissions will be identified in the results analysis
in Chapter 6.

The third inventory output is (Waste concrete, not reinforced {RoW}| treatment of waste

concrete, not reinforced, recycling | APOS, S). In addition, this method includes the
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environmental impact of recycling unreinforced concrete waste, which is applicable for the
Rest of World (ROW). Although, the emissions for this inventory are provided, such as input
from nature and outputs such as emissions to air, emissions to water and emissions to soil. In
addition, all types of emissions will be identified in the results analysis in Chapter 6. Moreover,
it is assumed that mobile or stationary recycling equipment is used at the landfill itself.

All the above three inventories are global and used in the rest of the world and
applicable for use in most countries such as the United Arab Emirates. By identifying the
mandatory inventories to be calculated in the LCA, the third phase is to calculate the Life Cycle
Impact Assessment (LCIA). For this research, the ReCiPe2016 impact assessment method was
selected, because it is a method used worldwide, which has midpoint and endpoint assessment
based on 18 midpoint impact categories, nine damage pathways and three endpoint areas of
protection. Furthermore, all the above-mentioned inventories are selected to be Allocation at
Point Of Substitution (APOS) and signified as unit processes. For instance, the type of unit
process consists only of emissions and source inputs from one process, and references to input
from other unit processes, while system process signifies the outcome inventory of the whole
LCA with no perception of inputs and outputs of the particular supply chain treated in a system
of production, as clarified by Goedkoop et al., 2016). Moreover, Table 5.3 shows the
differences between unit process and system process in SimaPro software, which shows the
reason behind selecting the unit process of Allocation at Point Of Substitution (APOS) for this

study, which is defined in Table 5.4 (Ecolnvent website 2018, p. 1).
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Table 5.3: Differences between unit process and system process in SimaPro software (SimaPro introduction, p.
20)

Unit process System process

Transparent and vast, in which the process tree | Simple process tree
permits the involvement of all single unit

processes to be traced

Includes information of uncertainty, which | No uncertainty calculation
permits statistical analysis such as Monte Carlo

to be conducted

Relatively slow calculation Fast calculation

Converted Ecolnvent 3.4 data as system and unit processes (results) with covers other
processes, which data collected in April 2018. Moreover, uncertainty data is not included

(Ecolnvent website 2018, p. 1). Monte Carlo analysis is not applicable with the Ecolnvent
consequential database. Moreover, the Ecolnvent v3 database has Life Cycle Inventory (LCI)
data for numerous segments, for example, energy production, transport, building materials and
production of chemicals, metal production (Ecolnvent website 2018, p. 1). The total database
contains more than 10,000 added datasets, each one of which defines a life cycle inventory
based on process level. On the other hand, SimaPro delivers six libraries, which contain all the
processes included in the Ecolnvent database, which depend on different system models such
as unit or system processes (Ecolnvent website 2018, p. 1). However, three systems of
Ecolnvent models are included, as shown in Table 5.5, which are Allocation at Point of

Substitution, Cut-off by Classification and Consequential (Ecolnvent website 2018, p. 1).
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Table 5.4: System Model Ecolnvent models (Ecolnvent website 2018, p. 1)

System Model

Undefined Allocation, cut-off by | Allocation at the point of | Substitution,
classification substitution consequential,
long term
Unlinked multi- | System model splits into | System model splits into | System model

product activity
datasets related
to the basis of
all other system
models.
Datasets
attained and
calculated by
data providers.
These datasets’
activities are
important for
exploring
environmental
impacts of a
detailed activity
(gate-to-gate),
without concern
for related
impacts
upstream or

downstream.

multi-product activities
by allocation, which are
related to physical
properties, economic,
mass or other properties.
By-products of waste
treatment processes are
called cut-off, in which
all by-products are
categorised as recyclable.
Markets in this model
contain all activities in
share with current

production volume.

multi-output activities by
physical properties,
economic, mass or other
properties’ allocation.
By-products of treatment
processes are measured as
a part of the waste-
producing system and
allocated together.
Markets in this model
contain all activities in
share with current
production volume. This
system model is called
“Allocation, default” in
Ecolnvent versions 3.01
and 3.1.

uses
substitution,
which is called
“system
expansion”, t0
substitute by-
product
outputs. It
contains only
activities to the
extent that they
are predictable
to change in
the long term
as concern of
changes in
demand at a
small scale,
following a
consequential
approach,
which
calculates both
constrained
markets and
technology

constraints.
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The system model called allocation, recycled content or cut-off is based on the method
that main manufacture of materials is continuously allocated to the main user of a material. In
addition, if a material is recycled, then the main producer will not benefit from providing any
recyclable materials. Moreover, consequence denotes that recyclable materials are available
burden-free to recycling processes and secondary recycled materials approve only the impacts
of the recycling processes. However, waste producers will not benefit from the recycling or
reuse of products, which causing out of any waste treatment. This approach was included in
Eolnvent vl and v2, while SimaPro provides Allocation at Point of Substitution (APOS), which
is included in Eolnvent version 3.4 (Ecolnvent website 2018, p. 1).

The system model of Allocation at Point of Substitution (APOS) covers two
methodological choices. Firstly, it uses average product supply, as designated in market activity
datasets. Secondly, it uses partitioning (allocation) to transform multi-product datasets to
single-product datasets. In addition, flows are allocated with correlation of their exact value,
which signifies corrected economic revenue for some marketplace limitations and variations
(Ecolnvent website 2018, p. 1).

The system model of Consequential has two different methodological choices. Firstly,
it uses unconstrained supply of products, which correlates with market activity datasets and
provides information on technology level. Secondly, it uses substitution (system expansion) to
transform multi-product datasets to single-product datasets. Furthermore, the consequential
model is a system model projected to present values of small-scale and long-term decisions by
calculating limits that are included at scale and time horizon. Finally, the consequential model
calculates long-term changes and rules for the technology level of unaffected suppliers based
on market tendency (Ecolnvent website 2018, p. 1).

The option of choosing consequential allocation gives specialists a substitute for the

attributional approach. Both attributional (default) and consequential databases are included in
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SimaPro by using unit and system processes. In addition, unit processes contain links to other
unit processes, in which inventory flows can be calculated by SimaPro. In contrast, system
processes contain provided calculated inventory flows and do not contain links to other
processes. However, it is recommended to choose system processes to increase calculation
speed when using processes from the Eolnvent database as background processes. Moreover,
unit processes are used for complete interpretation and uncertainty analysis by using Monte
Carlo except for the consequential unit library. Furthermore, looped structure analysis of unit
processes may take some time during analysis on a PC. However, both unit and system
processes show the same results, although minor differences may infrequently occur due to
rounding errors. Finally, it is applicable to switch between unit and system libraries when

defining calculation setup (Ecolnvent website 2018, p. 1).

5.4.3. Third LCA Phase: Life Cycle Impact Assessment (LCIA)

Determination of environmental impact indicators is critical. On the other hand, LCIA
is used to assess a material based on LCI, which helps to recognise its environmental
importance and provide data for the analysis phase (UNEP, 2003). The importance of the LCIA
step is very significant because the recent and present global influence of the concrete waste
will be used based on impact results. Based on the impact indicator selection, 1SO14040
standards permit impact category indicators to be used between the inventory results, such as
midpoint and endpoint emissions. Moreover, midpoint analysis reduces the estimation in the
predicting and modelling effect assimilated with LCIA, which minimises the modelling
complexity and simplifies the communication. Life Cycle Assessment (LCA) calculates the
ecological impacts of whole product life cycle. Moreover, the life cycle of a product is
associated with an enormous amount of emissions and extraction of related resources, which

significantly differ in their ecological application. In addition, LCIA correlates the studies of
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LCA interpretation by decoding these resource extractions and emissions numbers into limited
scores related to environmental impact (Hauschild & Huijbregts, 2015). Furthermore, those
scores concluded by characterisation factors, which specify the ecological impact per unit, for
example, kilogram of related emission or resource. Moreover, there are two techniques for
originating the characterisation factors, which are midpoint and endpoint methods. The
midpoint method is positioned at the level of somewhere along the impact pathway approach,
which is at the point where the environmental mechanism is equally allocated to that specific
impact category (Goedkoop et al. 2009). On the other hand, characterisation factors of the
endpoint level relate to three areas, which are human health, quality of ecosystem and lack of
resources. In addition, the two methods are complementary; the midpoint method has a robust
relation to ecological flows and comparatively less uncertainty, while the endpoint method
provides superior information on ecological flows but is more uncertain than the midpoint
method (Hauschild & Huijbregts, 2015). Furthermore, ReCiPe2016 was developed in 2008 by
cooperation between RIVM, Radboud University Nijmegen, Leiden University and Pré
Consultants. Goedkoop et al. (2009) developed the ReCipe2008 LCIA method, which delivers
coherent factors of characterisation such as the midpoint and endpoint levels.

The LCIA of this research selected ReCipe2016 to estimate the ecological impacts of
concrete waste in the city of Dubai for three methods, landfilling, recycling and transportation.
The ReCiPe2016 impact assessment method was chosen because it is global and updated
compared to other impact assessment methods. In addition, all the data and methodologies used
in ReCiPe2016 are up to date and based on current scientific knowledge approaches. However,
as there is some complexity in this assessment, SimaPro 8.5.2 LCA software is used as a tool
to correlate between the methodology of LCIA and Ecolnvent LCI database. Clauses 5.5 and

5.5 show the processes of calculations for the midpoint and endpoint of ReCipe2016 LCIA
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inside the SimaPro software by using the Ecolnvent database, which is selected in this study

based on the research aim and objectives.

5.5. LCIA by ReCipe2016

Table 5.5: Method of characterisation process for ReCiPe2016 (RIVM Report 2016-0104, p. 16-18)

Effect

Description

Climate change

- Egalitarian time horizon was taken as 1,000 years, which is the
longest time horizon reported in the literature for CO2 functions.

- A considerably greater set of greenhouse gas emissions (207 GHGs
in total) is involved on the basis of the newest IPCC report.

- Damage factors for human health and terrestrial ecosystems are
included.

- The damage to freshwater (river) ecosystems is included.

Stratospheric
ozone depletion

- New semi-empirical ODPs were included with complete
specification among numerous chlorofluorocarbons (CFCs).

- A preliminary ODP for N20 is included.

- Three time horizons were steadily instigated: 20 years
(Individualist), 100 years (Hierarchist) and infinite (Egalitarian).

lonising
radiation

- Three time horizons were steadily implemented: 20 years
(Individualist), 100 years (Hierarchist) and 100,000 years
(Egalitarian).

- Dose and dose rate effectiveness factors (DDREFs) were identified
per cultural perspective.

- Updated DALY’ per fatal cancer occurrence are applied.

Fine particulate
matter
formation

- The European factor was replaced by a world average factor.

- Lung cancer and cardiovascular mortality were included as serious
influence.

- Value choices is included.

- World-region specific characterisation factors are

provided.

Photochemical

- The European factor was replaced by a world average factor.

ozone - Respiratory mortality is provided.
formation - Characterisation factors for individual VOCs, the most recent
photochemical ozone formation potentials (POCPSs) reported in the
literature, were included.
- Damage to terrestrial ecosystems is included
- World-region specific characterisation factors are
provided.
Terrestrial - The European factor was replaced by a world average factor, based
acidification on grid-specific factors.

- Soil sensitivity is based on H+ concentration instead of base
saturation.

- Effects of all vascular plant species are provided.

- Country-specific characterisation factors are included.
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Freshwater
eutrophication

- Fate factors are derived with a state-of-the-art global fate model for
phosphorus, instead of a European fate model.

- Effect factors are provided based on a global analysis, instead of
using information from the Netherlands only.

- Country-specific characterisation factors are included.

Marine
eutrophication

- Fate factors were derived with a state-of-the-art global fate model for
nitrogen, instead of a European fate model.

- Endpoint characterisation factors are included by defining influence
and damage factors based on a global analysis.

- Continent-specific characterisation factors are included.

Toxicity

- Characterisation factors for human cancer and non-cancer influence
are separately included.

- Fate and exposure for dissociating organics is modelled.

- The USEtox organic and inorganic database is implemented (3094
substances).

- A time horizon of 20 years is provided for the Individualist
perspective.

- Only linear effect factors are provided for reasons of simplicity.

- Effects on agricultural and urban soil are excluded to avoid double
calculating with the land use impact category.

Water use

- Consumption/extraction ratios are included.

- Characterisation factors at an endpoint level for human health,
terrestrial and aquatic ecosystems are provided.

- Country-specific characterisation factors are included.

Land use

- Characterisation factors are based on worldwide scale data.
- The local impact of land use is included.

Mineral
resource
scarcity

- Cumulative grade-tonnage relationships and cumulative cost-tonnage
relationships are used based on mine-specific cost and production
data.

- Estimation of future production is included in the modelling without
future discounting.

Fossil resource
scarcity

- Cumulative grade-tonnage relationships and cumulative cost-tonnage
relationships are used based on mine-specific cost and production
data.

- Estimation of future production is included in the modelling without
future discounting.

5.5.1. Impact Pathways and Areas of Protection

There are three areas of protection, called the endpoint, are human health, ecosystem

quality and resource scarcity, as elaborated on in Table 5.6. Moreover, human health is relevant

to DALYSs (disability adjusted life years), which identifies the lost years or when a person is

incapacitated due to accident or disease. Ecosystem quality is relevant to local species loss

integrated over time (species year), and resource scarcity represents the extra costs in dollars
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(%), which relates to future mineral and fossil resource extraction (RIVM Report 2016-0104,

p.18).

Table 5.6: Endpoint categories, indicators and characterisation factors (RIVM Report 2016-0104, p. 19)

Area of Endpoint Abbr Name Unit
protection
Human Damage to HH Disability adjusted Year
health human loss of life years
health
Natural Damage to ED Time integrated Species
environment ecosystem species loss *yr
quality
Resource Damage to RA Surplus cost Dollar
scarcity resource
availability
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Figure 5.5 shows the impact categories included in the ReCiPe2016 methodology. It
consists of 18 midpoints impacts category, nine damages pathways and three endpoint areas of

protection (RIVM Report, 2016-0104).

: o Damage Endpoint area
Midpointimpact category pathways of protection

‘ Particulate matter Increase in
respiratory
‘ Trop. ozone formation (hum) oo
[ lonizing radiation Increase in Damage to
‘ Stratos. ozone depletion various types of human
cancer health

Human toxicity (cancer)

Human toxicity (non-cancer)

| Global warming

Increase in other
diseases/causes

Increase in
‘ Water use malnutrition
‘ Freshwater ecotoxicity Damage to
‘ Freshwater eutrophication freshwater
species
Trop. ozone formation (eco)
Damage to Damage to
| Terrestrial ecotoxicity MO ecosystems
‘ Terrestrial acidification species
‘ Land use/transformation Damage to

l Marine ecotoxicity

marine species

: — Increased Damage to
Marine eutrophication extraction costs resource
Mineral resources - /| availability

Oiligasicoal %
‘ Fossil resources I' """ energy cost

Figure 5.5: ReCiPe2016 impact assessment methodology (RIVM Report 2016-0104, p. 19)

5.5.2. Value Choices

Different choices and different sources of uncertainty are grouped into a certain number
of perspectives or scenarios, which are based on “Cultural Theory” (Thompson et al. 1990).
Moreover, the perspectives do not represent archetypes of human behaviour; they are simply

used to group the same types of assumptions and choices (RIVM Report, 2016-0104).
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There are three perspectives included in ReCiPe2016, which are individualistic
perspective, hierarchist perspective and egalitarian perspective. Firstly, the individualistic
perspective, which has a short time frame in which influence types are undisputed and
technological optimism with concern to human adaptation. Secondly, the hierarchist
perspective, which has a medium time frame and is based on scientific consensus with concern
for the time frame and plausibility of influence mechanisms. Thirdly, the egalitarian
perspective, which has a long time frame and it is the most preventative perspective in which
all influential data pathways are available (RIVM Report 2016-0104, p. 20). Table 5.7 shows

the value choices in the derivation of characterisation factors as provided in ReCiPe2016.

Table 5.7: Value choices in the derivation of characterisation factors as per ReCiPe2016 (RIVM Report 2016-
0104, p. 20-22)

Individualist Hierarchist Egalitarian
Climate change
Time horizon? 20 years 100 years 1,000 years
Climate-carbon No Yes No
feedbacks non-
CO2
Future socio- Optimistic Baseline Pessimistic
economic
developments?
Adaptation Adaptive Controlling Comprehensive
potential?
Ozone depletion
Time horizon? 20 years 100 years Infinite
Included effects? Skin cancer Skin cancer Skin cancer and

cataract

lonising radiation
Time horizon? 20 years 100 years 100,000 years
Dose and dose rate 10 6 2
effectiveness
factor (DDREF)?
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Included effects?

-Thyroid, bone
marrow, lung and
breast cancer
-Hereditary
disease

-Thyroid, bone
marrow, lung, breast,
bladder, colon, ovary,

skin, liver,

oesophagus
and stomach cancer
-Hereditary disease

-Thyroid, bone
marrow, lung,
breast, bladder,
colon, ovary, skin,
liver, oesophagus,
stomach, bone
surface and
remaining cancer
-Hereditary disease

Fine particulate

matter formation

Included effects?

Primary aerosols

Primary aerosols,
secondary aerosols
from SO2, NH3 and

Primary aerosols,
secondary aerosols
from SO2, NH3 and

NOXx NOx
Toxicity
Time horizon? 20 years 100 years Infinite
Exposure routes for Organics: all All exposure routes All exposure routes

human toxicity*

exposure routes.
Metals: drinking
water and air only

for all chemicals

for all chemicals

Environmental Sea + ocean for Sea + ocean Sea + ocean for
compartments for organics and for all all chemicals
marine ecotoxicity! non-essential chemicals
metals. For
essential metals,
the sea
compartment is
included only,
excluding the
oceanic
compartments.
Carcinogenity* Only chemicals All chemicals with All chemicals with
with reported carcinogenic reported
carcinogenicity effects carcinogenic
classified as 1, effects
2A, 2B by IARC
Minimum 4 1 1
number of
tested species
for ecotoxicity*
Water use
Regulation of stream High Standard Standard
flow?
Water requirement for 1000 1350 m3/yr/capita 1350 m3/yr/capita
food production? m3/yr/capita
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Impacts on terrestrial No Yes Yes
ecosystems
considered?
Mineral resource

scarcity
Future Reserves Ultimate recoverable | Ultimate recoverable
production

resource resource

Mark Huijbregts?, Rosalie van Zelm?, Zoran Steinmann?, Anne Hollander?, Francesca Verones®

! Department of Environmental Science, Institute for Water and Wetland Research, Faculty of Science, Radboud
University, Nijmegen, the Netherlands

2 National Institute for Public Health and the Environment, Centre of Sustainability, Environment and Health
(DMG), Bilthoven, the Netherlands

3 Industrial Ecology Programme, Department for Energy and Process Engineering, Norwegian University and
Science (NTNU), Trondheim, Norway

5.5.3. Characterisation Factors of the Midpoint Level

Each category has some differences in the unit and the unit of midpoint characterisation
factor (CFm), as elaborated in Table 5.8. This is due to the introduction of a reference substance
for the characterisation factor, which is a dimensionless number that states the strength of the
substance amount related to the reference substance. The unit kg is the reference substance for
one specific environmental compartment emission, which is based on impact categories and
resource scarcity. Concerning land use, it is the area and time integrated for one kind of land

use (RIVM Report, 2016-0104)

Table 5.8: Indicators and categories of midpoint level (RIVM Report 2016-0104, p. 23-24)

Impact Indicator Unit CFm Abbr. Unit
category
Climate Infra-red W*yr/m2 Global GWP kg CO2
Change radiative Warming to air
forcing Potential
increase
Ozone stratospheric ppt*yr Ozone ODP kg
Depletion ozone Depletion CFC-11
decrease Potential to air
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lonising absorbed man*Sv lonising IRP kBq
Radiation dose Radiation Co-60
increase Potential to air
Fine PM2.5 kg Particulate PMFP kg
Particulate population Matter PM2.5
Matter intake Formation to air
Formation increase Potential
Photochemical | tropospheric ppb.yr Photochemical EOFP kg NOx
Oxidant ozone Oxidant to air
Formation: increase Formation
Ecosystem (AOT40) Potential:
Quality Ecosystems
Photochemical | tropospheric kg Photochemical HOFP kg NOx
Oxidant ozone Oxidant to air
Formation: population Formation
Human intake Potential:
Health increase Humans
(M6M)
Terrestrial proton yr*m#*mo Terrestrial TAP kg SO2
Acidification increase in I/l Acidification to air
natural soils Potential
Freshwater phosphorus yr*m3 Freshwater FEP kg P to
Eutrophication | increase in Eutrophication fresh
freshwater Potential water
Marine dissolved yr.kgO2/k Marine MEP KgN
Eutrophicati inorganic N Eutrophicati to
On nitrogen g On Potential marine
increase in water
marine water
Human risk increase - Human HTPc kg 1,4-
Toxicity: of cancer Toxicity DCB to
Cancer disease Potential urban
incidence air
Human risk increase - Human HTPnc kg 1,4-
Toxicity: of non-cancer Toxicity DCB to
Non-Cancer disease Potential urban
incidence air
Terrestrial Hazard yr<m? Terrestrial TETP kg 1,4-
Ecotoxicity weighted Ecotoxicity DCB to
increase in Potential industrial
. soil
natural soils
Freshwater Hazard yr*m?3 Freshwater FETP kg 1,4-
Ecotoxicity weighted Ecotoxicity DCB to
increase in Potential fresh
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freshwater water
Marine Hazard yr*m?3 Marine METP kg 1,4-
Ecotoxicity weighted Ecotoxicity DCB to
increase in Potential marine
marine water water
Land Use occupation yr<m? Agricultural LOP m*yr
and Land annual
timeintegrated Occupation crop
transformation Potential land
Water Use increase of m? Water WCP m3
water Consumption water
consumed Potential consumed
Mineral ore grade kg Surplus Ore SOP kg Cu
Resource decrease Potential
Scarcity
Fossil upper MJ Fossil Fuel FFP kg ail
Resource heating Potential
Scarcity value

5.5.4. From Midpoint to Endpoint

To calculate the results from midpoint to endpoint, the characterisation factors (CFe)

of the endpoint are derived from CFm, which means that the constant midpoint to endpoint

factor per impact category equation is (RIVM Report, 2016-0104):

CFex,c,a = Cme,c X FM—>,E,c,a Equation 5-1

Where, c signifies the cultural perspective, a signifies the area of protection (human
health, terrestrial ecosystems, freshwater ecosystems, marine ecosystems or resource scarcity),

and x signifies the stressor of concern (RIVM Report, 2016-0104).

FM—,‘E,g,a Equation 5-2
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The conversion of the midpoint to endpoint factor for cultural perspective ¢ and area of
protection a.

The midpoint to endpoint factors are constant per category, since the environmental
mechanisms are measured to be indistinguishable for all cause and effect pathways after the
stressors of midpoint and endpoint impact location (RIVM Report, 2016-0104).

Table 5.9 elaborates the midpoint-to-endpoint factors for human health damage,
terrestrial ecosystem damage, freshwater ecosystem damage, marine ecosystem damage, and
resource scarcity, which consist of three cultural perspectives: Individualist (I), Hierarchist (H)
and Egalitarian (E). In addition, all impact categories have constant global midpoint to endpoint
factors, excluding fossil resource scarcity, because there is less data about the full cause and

effect pathway (RIVM Report, 2016-0104). Details about the derivation of these factors are

included later in this chapter.

Table 5.9: Midpoint-to-endpoint factors (RIVM Report 2016-0104, p. 25)

Impacts Unit™? I H E

Category

Human Health

Climate Change | yr/kg CO2to air | 8.1E-08 9.3E-07 1.3E-05

Ozone yr/kg CFC11 to 2.4E-04 5.3E-04 1.3E-03

Depletion air

lonising yr//kBq Co-60 to | 6.8E-09 8.5E-09 1.4E-08

Radiation air

Fine Particulate | yr/kg PM2.5 to 6.3E-04 6.3E-04 6.3E-04

Matter air

Formation

Photochemical | yr/lkg NOx to air | 9.1E-07 9.1E-07 9.1E-07

Ozone

Formation

Cancer Toxicity | yr/kg 1,4-DCB to | 3.3E-06 3.3E-06 3.3E-06
air
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Non-Cancer yr/kg 1,4-DCB 6.7E-09 6.7E-09 6.7E-09
Toxicity to air
Water Use yr/ms water 3.1E-06 2.2E-06 2.2E-06
Ecosystem Quality: Terrestrial
Climate Change | species.yr/kg 5.3E-10 2.8E-09 2.5E-08
CO, to air
Photochemical | species.yr/kg 1.3E-07 1.3E-07 1.3E-07
Ozone NO, to air
Formation
Acidification species.yr/kg SO, | 2.1E-07 2.1E-07 2.1E-07
to air
Toxicity species.yr/kg 1,4- | 5.4E-08 5.4E-08 5.4E-08
DCB to industrial
soil
Water Use species.yr/m3
water consumed | o 1.4E-08 1.4E-08
Land Use species/m2
annual crop land | g 9E-09 8.9E-09 8.9E-09
Ecosystem Quality: Freshwater
Climate Change | species.yr/kg 1.5E-14 7.7E-14 6.8E-13
CO,
Eutrophication | species.yr/kg P to | 6.1E-07 6.1E-07 6.1E-07
freshwater
Toxicity species.yr/kg 1,4- | 7.0E-10 7.0E-10 7.0E-10
Water Use DCB to 6.0E-13 6.0E-13 6.0E-13
freshwater
3
species.yr/m
water
consumed
Ecosystem Quality: Marine
Toxicity species.yr/kg 1,4- | 1.1E-10 1.1E-10 1.1E-10
DCB
Eutrophication | species.yr/kg N 1.7E-09 1.7E-09 1.7E-09

to
marine water

Resource Scarcity
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Minerals US2013 $/kg 0.16 0.23 0.23
Cu

Fossils® US2013 $/kg 0.46 0.46 0.46
crude oil
US2013 $/kg 0.03 0.03 0.03
hard coal
US2013 $/Nm3 | 0.30 0.30 0.30
natural gas

1 Denotes the unit for damage to human health, which signifies disability adjusted life years (DALY) lost in the
human population.

2 Denotes the units for damage to ecosystems, which represents the number of species lost integrated over time.

3 Denotes fossil resource scarcity, which is the only midpoint category and excludes the constant of midpoint to
endpoint factor.

5.6. ReCipe2016 Midpoint and Endpoint Impacts

LCIA by ReCipe 2016 has 18 midpoint impacts and three endpoint impacts
assessments, which are going to be explained in detail with related equations and calculations.
Moreover, the ReCipe2016 method was selected for this research because it is a global method

and has a more updated and recent LCIA compared with the other methods.

5.6.1. Climate Change

The damage modelling of the impact category of climate change is segmented into
several steps. Figure 5.6 elaborates that the emission of greenhouse gases in kg results in
increased atmospheric concentration of these greenhouse gases (ppb), which also leads to
increased radiative forcing capacity (w/m?), and results in increasing the global mean
temperature (°C). The effect of increasing the temperature ultimately leads to damage to human
health and ecosystems. Furthermore, the damage estimations for human health, terrestrial
ecosystems and freshwater ecosystems are included (RIVM Report, 2016-0104). Figure 5.6

elaborates the process of the cause-and-effect chain starting from emissions of greenhouse
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gases (GHG) to the damage to human health and the loss of species in terrestrial and freshwater

ecosystems (RIVM Report, 2016-0104).

Change in
disease Damage to
distribution human health
and flooding
Increase in Increased Increase in
GHG emission = GHG =» radiative > global mean
concentration forcin, temperature
b bl Change in Disappeared
biome =»  terrestrial
distribution species
Change in Disappeared
river =» freshwater
discharge fish

Figure 5.6: Process of cause-and-effect chain of climate change impact (RIVM Report 2016-0104, p. 27)

5.6.1.1. Value Choices

Joos et al. (2013) indicate that the influence of value choice on time horizon can impact
on both midpoint and endpoint modelling of climate change. In addition, nemours GHGs result
in diverse atmospheric lifetimes with relation to time horizon-dependent characterisation
factors. On the other hand, the feedbacks of climate carbon for non-CO2 GHGs influence the
important relation of CO2 decision whether to included or not. Furthermore, climate-carbon
feedbacks are always included. Moreover, the feedback mechanism increases uncertainty, but
it delivers a more reliable midpoint CF, although some other value choice measures are
applicable only for damage assessment by including adaptation potential and future socio-
economic improvement of human society. Finally, the categorisation of value choices is based
on three cultural perspectives. Table 5.10 shows the value choices in the modelling of the

influence of GHGs (De Schryver et al. 2009).
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Table 5.10: Value choices in the modelling of the influence of GHGs (RIVM Report 2016-0104, p. 28)

Choice category Individualist | Hierarchist Egalitarian
Time horizon 20 years 100 years 1,000 years
Climate-carbon No Yes No?

feedbacks included for
non-CO2 GHGs

Future socio-economic Optimistic Optimistic Pessimistic
developments
Adaptation potential Adaptive Controlling | Comprehensive

U1t is preferred to include Climate Carbon feedbacks in the perspective, since the feedbacks of GWPs Climate

Carbon are not included for the 1000 years’ time horizon.

5.6.1.2. Characterisation Factors at Midpoint Level

Global Warming Potential (GWP) is the midpoint characterisation factor for climate
change. In addition, GWP states the total of additional radiative forcing integrated over time,
for example, 20, 100 and 1,000 years, calculated by emission of 1 kg of GHG,; it is called
Absolute Global Warming Potential (AGWP) and the unit is expressed as W m yr kg*. The
calculation of midpoint characterisation factors such as GHG (x) and time horizon (TH) is

expressed as follows:

AGWPyxTH, i -
GWP, 1y = x Equation 5-3
! AGWPCOz,TH

Obviously, shows that yield a time-horizon-specific GWP with unit kg CO2 eq/kg
GHG. In addition, GWPs for 20 and 100 years are included in the latest IPCC report (IPCC,
2013). With regard to the values, it is reported that those < 1 are rounded up to 0 or 1, which is

linked to the stated AGWP of the substance and CO2.
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Moreover, the AGWP for CO2 is a 1,000-year time horizon (=5.48-10—13
yr-W-m—2-kg-1), as stated by Joos et al. (2013). Moreover, the equation calculation of AGWP

for a 1,000-year time horizon is linked to other GHGs (RIVM Report, 2016-0104), which is:

TH

AGW Py 1y = RE, cvy LT, (1 — e ITx) Equation 5-4

For more clarification, RF is the stand of radiative efficiency (W m-2/ppb), and cv is
the substance-specific mass to concentration conversion factor (ppb/kg); LT is the lifetime in
years of substance x; TH is the stand of time horizon in years of assessment, as 1,000 years. In
addition, RF and LT are included in the fifth IPCC assessment report (IPCC 2013), although
the values of cv are not provided independently in this report, so they are calculated based on

AGWPs reported by IPCC (2013), as shown in detail in Appendix 8.

5.6.1.3. From Midpoint to Endpoint
The calculation of endpoint characterisation factors (CFe) for Climate Change (CC) for

GHG (x) is (RIVM Report, 2016-0104):

CFex,c,a = GWPx,C X FM—»,E,CC,c,a Equation 5-5

Where, c refers to cultural perspective, a refers to area of protection (human health,
terrestrial ecosystems or freshwater ecosystems), and GWPX,c is the midpoint characterisation

factor (RIVM Report, 2016-0104).

CFey.q =GWP.. XFysEgccea Equation 5-6

Midpoint to endpoint conversion factor for cultural perspective ¢ and area of protection

a (RIVM Report, 2016-0104).
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FMH,E,CC,c,a

Equation 5-7

The calculation factor of midpoint to endpoint for human health is (RIVM Report,

2016-0104):

Fuocconn = AGW P, . X g, ZZ ARRy. e X DALY,

_
= IAGT Py, ZZ ARR, . % DALY, ,

Equation 5-8

The calculation of midpoint to endpoint factor for terrestrial ecosystems is (RIVM

Report, 2016-0104):

Fuogccererr = [AGTPeo, o X Aterr X EFiery X SDierr Equation 5-9

The calculation of midpoint to endpoint factor for freshwater ecosystems is (RIVM

Report, 2016-0104):

Equation 5-10
Fy_gecefw = IAGT Peg_ o X SwaZ EFpy; X V;

Table 5.11: Different areas of protection and cultural perspectives for midpoint to endpoint characterisation
factors (RIVM Report 2016-0104, p. 37)

Area of Unit Individualist Hierarchist Egalitarian
protection

Human DALY/kg 8.12-10-8 9.28:10-7 1.25-10-5

Health CO2eq
Terrestrial Species.year/kg 5.32-10-10 2.80-10-9 2.50-10-8
Ecosystems CO2eq

Aquatic Species.year/kg 1.45-10-14 7.65-10-14 6.82-10-13
Ecosystems COZ2eq
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5.6.2. Stratospheric Ozone Depletion

The emissions of ozone depleting substances (ODSs) which cause damage to human
health are presented in steps in the cause-and-effect chain in Figure 5.7. Furthermore, ODSs
lead to increases in UVB-radiation, which results in damage to human health, as obviously
shown in Figure 5.7. In addition, the depleted chemicals from ozone are presented and do not
have bromine groups in their molecules, which react with ozone particularly in the stratosphere.
Furthermore, the concentrations of tropospheric in all ODSs increase after a certain period in
parallel with the concentration of ODS. When ozone increases it leads to a decrease in
atmospheric ozone concentration, which influence in larger radiation portion of UVB that hit
the earth. More radiation has a negative impact on human health, which leads to an increase in

the occurrence of skin cancer and cataracts (RIVM Report, 2016-0104).

Increase in 3
Increase in

Eniissioniof tropospheric Decrease in Increase in Increase in h etk
il > and =>» atmoshperic erythema- =>» skincancer > Linan s
an ODS : damage
stratospheric total ozone uvB and cataract
ahe (DALY)

Figure 5.7: Process of cause-and-effect chain of stratospheric ozone depletion impact (RIVM Report 2016-0104,
p. 39)

5.6.2.1. Value Choices

The results of uncertainty for environmental pressure and the choice of the time horizon
are elaborated clearly, as stated by Schryver et al. (2011), who suggested using different
cultural perspectives in the updating of the characterisation factors. Furthermore, in Table 5.12,
as described by Struijs et al. (2009), the correlation is slightly uncertain between UVB and the
development of cataracts, in which cataracts are included only in the Egalitarian perspective

(RIVM Report, 2016-0104).
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Table 5.12: Effect of ozone depleting substances by value choices in the modelling (RIVM Report 2016-0104,
p. 40)

Choice category Individualist Hierarchist Egalitarian
Time horizon 20 yr 100 yr Infinite

Included effects Skin cancer Skin cancer Skin cancer
Cataract

5.6.2.2. Characterisation Factors at Midpoint Level

The expression of Ozone Depleting Potential (ODP) is unit of kg CFC-11 equivalents,
which is used at the midpoint level as a characterisation factor. Although, ODP measures the
quantity of ozone as a substance that can reduce in relationship with CFC-11 as a specific time
horizon. In addition, mostly linked with ODS molecular structure and specifically in number
of chlorine and in the molecule of bromine groups and with atmospheric lifetime of the
chemical. The World Meteorological Organisation calculates the ODPs and the latest update
was published in 2010 (WMO, 2011). The change in EESC and the ODP calculation is (RIVM

Report, 2016-0104):

AEESC
ODPys . = —_— Equation 5-11
' AEESCcpc-11

ODPintx is the ODP for an infinite time horizon for ODS x, AEESCx while AEESCcfc-11
are the changes in EESC caused by the emission of 1 kg of ODS x and 1 kg of CFC-11,
respectively. Moreover, the reader in WMO report refers the procedure and exact modelling of
EESC, which includes atmospheric models. In addition, the WMO only provides ODPs for the
infinite time horizon, while calculations of all ODSs compared to CFC-11 are included here in
order to provide ODPs for different time horizons. On the other hand, calculation of fraction

of damage at any time horizon is stated by De Schryver et al.’s (2011) equation:

F,=1- e(—t=3)k Equation 5-12
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Ft is the fraction of the total damage caused by an ODS during the first t years, while
k is the removal rate of ODS (yr-1), which corresponds to its opposite atmospheric lifetime
(WMO). The below formula specifies in years the time lag between emissions to the
troposphere and transportation to the stratosphere. The calculation of ODP for another time

horizon is (RIVM Report, 2016-0104):

F
ODPt,x = ODPinf,x : FL Equation 5-13
t,CFC—11

ODP: is the ODP at time horizon (t) for substance x, ODPintx is the infinite ODP of
substance x as provided by the WMO, Fx is the fraction of damage caused by substance x in
time t and Ftcrc-11 is the fraction of damage caused by CFC-11 at that same time t. Moreover,
the formula for calculation of ODPs is for the 20 years’ time horizon (Individualist) and 100
years’ time horizon (Hierarchist). The adoption of ODPs for an infinite time horizon is from
the WMO (RIVM Report, 2016-0104). More details about the midpoint characterisation factors
in unit (kg CFC-11 equivalents/kg) for 21 ODSs related to three perspectives are available in

Appendix 9.

5.6.2.3. From Midpoint to Endpoint
The calculation of endpoint characterisation factors (CFe) for human health damage is

(RIVM Report, 2016-0104):

CFe,. = ODP,. X Fy_gop. Equation 5-14

ODPx,c is the ozone depletion potential of substance x (in CFC11-eq/kg).

112



The below equation is the midpoint to endpoint factor for ozone depletion at unit of

(DALY/kg CFC11-eq) for cultural perspective ¢ (RIVM Report, 2016-0104).

Fy—Eop,c Equation 5-15

Moreover, the concept of DALY unit applicable for different effects with the sum them

into common unit and the procedure can be summarised as:

Fy—gone = AEESCope—1y X z Z Z AUVB,, X EFyq ¢ X DF; Equation 5-16
i q

AUVBiq is the increase in UVB radiation (kJ/m2) of bandwidth q in region i, EFig,c
defines the extra incidence of disease j in region i caused by UVB radiation of bandwidth q for
cultural perspective ¢ and DF defines the damage to human health affected by incidence of
disease j, as elaborated in detail by Hayashi et al. (2006). The midpoint to endpoint (DALY/kg
CFC-11 eq) factors are different in each perspective due to the presence of different impacts

and the difference in time horizon per every perspective, as obvious in Table 5.13.

Table 5.13: Difference in time horizon per every perspective (RIVM Report 2016-0104, p. 43)

Midpoint to Individualist Hierarchist Egalitarian
endpoint factor
Human health 2.37E-04 5.31E-04 1.34E-03

5.6.3. lonising Radiation
This begins at anthropogenic emission of a radionuclide into the environment; the

environmental cause-and-effect chain pathway is divided into four sequential steps, as
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elaborated in Figure 5.8, from airborne or waterborne emission of a radionuclide to human

health damage (RIVM Report, 2016-0104).

Increase in
fatal and non-
fatal cancers

; g Dispersion of Exposure of ‘
Radpmfcllde e thealbal Human health
emission : . : damage
radionuclide population |

} Increase in ‘
severe
hereditary
effects

Figure 5.8: Process of cause-and-effect chain of stratospheric ionising radiation impact (RIVM Report 2016-
0104, p. 41)

The main generation of anthropogenic emissions of radionuclides is via the fuel cycle
(mining, processing and waste disposal), although they are generated during other human
activities, for instance, burning of coal and the extraction of phosphate rock. First, the model
of dispersion of the radionuclide throughout the environment is included. In addition, an
exposure model follows the step which radiation amount such as effective collective dose is
received by determination of entire population. On the other hand, exposure to the ionising
radiation can be affected by radionuclides, which lead to damaged DNA molecules. Incidence
of non-fatal cancers and the incidence of fatal cancers are affected during the analysis step and
distinguished from impacts of severe hereditary factors and it is weighted in order to calculate
the damage to human health in disability adjusted life years (DALY) as a final step. Currently,
quantifying the damage to ecosystems by ionising radiation is not applicable due to the

unavailability of impact assessment methodologies (RIVM Report, 2016-0104).
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5.6.3.1. Value Choices

There is uncertainty due to different cultural perspectives about ionising radiation, and
the choices and different opinions influence the damage modelling. This approach was updated
by Schryver et al. (2011) from the original approach used by Frischknecht et al. 2000.
Moreover, the consistent of other impact categories are implemented in ReCiPe such as time
horizon of assessment, extrapolation from high dose exposure to low dose exposure and cancer
types that might affected by ionising radiation, as detailed in Table 5.14. It is obvious that the
value choice of time horizon is important for long-lived radionuclides (De Schryver et al.
2011). In addition, some radionuclides have longevity and they use a longer time horizon such
as 100,000 years. Moreover, the time horizon can also be short with half-lives of the longest-

lived radionuclides, for instance, uranium-235 (half-life 7.1-108 years).

Table 5.14: The effects of substances that emit ionising radiation value choices in the modelling (RIVM Report

2016-0104, p. 46)

rate effectiveness

Choice category Individualist Hierarchist Egalitarian
Time horizon 20 years 100 years 100,000 years
Dose and dose 10 6 2

and stomach

cancer

-Hereditary

factor (DDREF)

Included effects -Thyroid, bone -Thyroid, bone -Thyroid, bone
marrow, lung marrow, lung, marrow, lung,
and breast breast, breast, bladder,

cancer bladder, colon, ovary,

colon, ovary, skin, liver,

-Hereditary skin, liver, oesophagus,

disease oesophagus stomach, bone

surface and
remaining

cancer
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disease -Hereditary

disease

5.6.3.2. Characterisation Factors at Midpoint Level

The collective dose that is affected by the emission of a radionuclide is the point of the
derived characterisation factor at midpoint level. On the other hand, the midpoint
characterisation factor, called lonising Radiation Potential (IRP), is related to the emission of
reference substance Cobalt-60 to air, and yields a midpoint factor in Co-60 to air equivalents

as per the following equation (RIVM Report, 2016-0104):

IRP,; = — CPxi Equation 5-17

C€Dco—so,air

5.6.3.3. From Midpoint to Endpoint
The calculation of endpoint characterisation factors (CFe) for damage to human

health is (RIVM Report, 2016-0104):

CFeyic =IRPyic X Fy_girc Equation 5-18

IRPy is the ionising radiation potential of substance x to emission compartment i (in Co-
60 to air eq/kg), while the midpoint to endpoint factor for ionising radiation (DALY/kg Co-60

to air eq.) and for cultural perspective c is (RIVM Report, 2016-0104):

FM—>,E,1R,C Equation 5-19

The influence of receiving a collective dose of radiation has resulted from studies
conducted on occupational exposure and from long-term impact studies conducted on the

citizens of Hiroshima and Nagasaki, as well as on other people exposed to medium and high
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doses of radiation. In addition, the influence of different cancer types was assessed by

Frischknecht et al. (2000), taking fatal and non-fatal cancer incidence per cancer type.
Furthermore, corresponding midpoint to endpoint factors in (DALY/kBq Co-60 to air

equivalents) are calculated for three different cultural perspectives, as elaborated in detail in

Table 5.15, and the equation for it is (RIVM Report, 2016-0104):

Fu-gire = CDco—go,air X Z EF;. X DF; Equation 5-20

EF;cis the modelled extra incidence per disease type j, while for perspective c and DF
is the corresponding damage factor (DALY/incidence) and for disease type j. Furthermore,
Table 5.15 elaborates the midpoint to endpoint factors for the Individualist, Hierarchist and

Egalitarian perspectives in (DALY/kBqg Co-60 emitted to air equivalents).

Table 5.15: Midpoint to endpoint factors for three perspectives (RIVM Report 2016-0104, p. 49)

Midpoint to Individualist Hierarchist Egalitarian
endpoint
Human health 6.8E-09 8.5E-09 1.4E-08

5.6.4. Fine Particulate Matter Formation

Primary and secondary aerosols can cause air pollution in the atmosphere that has a
considerable negative influence on human health extending from respiratory symptoms to
hospital admissions and death (WHO, 2006; Friedrich etal. 2011; Burnett et al. 2014; Lelieveld
et al. 2015). On the other hand, less than 2.5 um of Fine Particulate Matter included in
represents a complex mixture of organic and inorganic substances, although human intake of
PM2.5 influences human health and causes problems as it is inhaled when it reaches the upper
part of the airways and lungs. Secondary PM2.5 aerosols, as clarifies by the WHO (2003) form

in air from emissions of sulphur dioxide (SO2), ammonia (NH3) and nitrogen oxides (NOXx)
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between other elements. Furthermore, it is possible to attribute mortality effects of chronic PM
exposure to PM2.5 rather than to coarser particles of PM, as clarified by WHO studies. In
addition, particles with a size of 2.5-10 um (PM2.5-10) are correlated to respiratory morbidity
(WHO, 2006). Figure 5.9 shows the cause and effect of fine dust forming emissions to human

health damage (RIVM Report, 2016-0104).

Emission of AtrrosaRanc \ H | Damage to human
NO,, NHs, i g i Mortality | .| health (Disability
ate and intake of \ : :
S0,, or B | pm cases | Adjusted Life
PM, ¢ e ‘ Years)
\

Figure 5.9: Cause and effect of fine dust forming emissions to human health damage (RIVM Report 2016-0104,
p. 51)

The damage to human health occurs due to fine dust and, since only short-lived
substances are included, the time horizon is not important. In addition, a number of secondary
substances are provided as per De Schryver et al. (2011). Moreover, the level of knowledge
has a correlation with inclusion and exclusion, because the impacts or exposure are assumed
for every perspective, although all secondary data about particulates is contradictory and
uncertain in recent studies that describe the impacts of these substances (Lelieveld et al. 2015;
Lippmann et al. 2013; Tuomisto et al. 2008). On the other hand, the magnitude of impacts
compared to the influences of primary PM is questioned. Moreover, there is no distinction
between particles and the effects, so all the influences of secondary particles are included in
the hierarchist perspective, although the impacts of secondary particulates from SO2, NH3 and
NOXx are not included in the individualist perspective (RIVM Report, 2016-0104). Table 5.16
illustrates the value choices in modelling the impacts of fine particulate matter formation

(RIVM Report, 2016-0104).
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Table 5.16: Value choices in modelling the impacts of fine particulate matter formation (RIVM Report 2016-

0104, p. 52)
Choice Individualist Hierarchist Egalitarian
category
Included Primary Primary aerosols, Primary aerosols,
effects aerosols secondary secondary
aerosols from aerosols from
SO2, NH3 and NOx | SO2, NH3 and NOx

5.6.4.2. Characterisation Factors at Midpoint Level

Damage to human health that correlated with midpoint characterisation due to PM2.5.
Although, the pollutant intake is important and the effect and damage have independent
precursor substance. In addition, intake fraction (iF) of fine particulate is critical due to
emission in region i which is determined by precursor x (iFxi). Moreover, the equation
calculations of particulate matter formation potential (PMFP) are articulated in primary PM2.5-
equivalents by dividing iFx, with the emission weighted as world average iF of PM2.5 (RIVM

Report, 2016-0104):

F
PMFP,; = # Equation 5-21
[FPMZ.S,wm'ld
iF,; = 2,46 "N, BR Equation 5-22
" dM,;

On the other hand, Table 5.17 illustrates the average midpoint factors of PM2.5
worldwide and as described as average particulate matter formation potentials of emitted

substance X.
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Table 5.17: Average midpoint factors PM2.5 worldwide (RIVM Report 2016-0104, p. 53)

Source Continent Emitted substance
region

PM2.5 | NH3 | NOx | SO2
World World 1 0.24 |[0.11 |0.29
Weighted
Average
Gulf states | Asia 1.22 0.32 [ 0.09 [0.36

Table 5.18 shows midpoint characterisation factors for human health damage due to
fine dust formation in (kg primary PM2.5-equivalents/kg) as per supporting document for

region-specific factors (RIVM Report, 2016-0104).

Table 5.18: Midpoint characterisation factors for human health damage due to fine dust formation (RIVM
Report 2016-0104, p. 129)

Pollutant Emitted Individualist Hierarchist Egalitarian
substance
Particulate Matter Formation Potential (PM2s-eq/kg)
NH3 - 0.24 0.24
PM2.5 NOx - 0.11 0.11
SO2 - 0.29 0.29
PM2.5 1 1 1

Conversion mole mass can be applied, which helps to derive PMFPs-related substances;
for instance, for SO and SO3 the CFs will be 0.39 and 0.23 accordingly while NO, NO2, and

NO3 are the factors at 0.17, 0.11 and 0.08 accordingly.

5.6.4.3. Characterisation Factors at Endpoint Level
The characterisation of world average endpoint factors is (CFe,x,i), which is for the
damage to human health related to particulate matter formation of precursor x and its

calculation defined as (RIVM Report, 2016-0104):
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CFP xworld — PMFPX,WOH.G‘ X FM—>E,PM2.5 Equation 5-23

2

Fy-gpm2s Equation 5-24

The characterisation factors for the midpoint to endpoint factor for the formation of
world average particulate matter is unit of (yr’/kg PM2.5-eq). In addition, to ensure the
consistency of the midpoint to endpoint factor, it is equivalent to the impacts of the world
average endpoint characterisation factor for particulate matter with formulation of the equation

PM2.5 emissions can be calculated as per the equation (RIVM Report, 2016-0104):

FM—>E.PM2_5 = CFe,PMZ.S,World

=> (Z ((inMzs,H ))- ) (EFy;-DF, ,-)) - Emm,l) Equation 5-25
h

J

i
/Z EMmpyzsi
i

The equation iFpm25i—j is the dimensionless population intake fraction of particulate
matter in receptor region j (in kg/year) ensuing emission change of primary PM2.5 in source
region i (in kg/year). On the other hand, factors from midpoint to endpoint for PM2.5 emissions
are associated with damage to human health in conversion factor of (yr/kg PM2.5-eq), as
elaborated in Table 5.20 that region-specific endpoint characterisation factors merging region-
specific fate and effect factors, as indicated by VVan Zelm et al. (2016) in supporting information

in Table 5.19.
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Table 5.19: Association of PM2.5 emissions with damage to human health (RIVM Report 2016-0104, p. 54)

Pollutant Individualist Hierarchist Egalitarian
PM2.5 6.29 x10™ 6.29 x10™ 10

Table 5.20 shows region-specific endpoint characterisation factors for the damage to human

health due to fine dust formation in (yr-kton-1) as provided by Van Zelm et al. (2016).

Table 5.20: Region-specific endpoint characterisation factors for the damage to human health (RIVM Report
2016-0104, p. 131)

Source Continent Emitted substance
region

PM2.5 | NH3 NOx SO2
World World 629.2 149.2 70.1 183.2
Weighted
Average
Gulf states | Asia 5.6E+02 | 1.4E+02 | 4.7E+01 | 2.1E+02

5.6.5. Photochemical Ozone Formation

There are some causes of primary and secondary aerosols in the atmosphere which are
related to air pollution and can result in substantial negative effects on human health, ranging
from respiratory symptoms to hospital admissions and death, as clarified by a number of
authors (Bell et al., 2005; WHO, 2006; Friedrich et al., 2011; Jerrett et al., 2009; Lelieveld et
al., 2015). Furthermore, ozone is emitted directly into the atmosphere directly; however, it is
formed as an outcome of photochemical reactions of NOx and Non-Methane Volatile Organic
Compounds (NMVOCs), which are very intense in the summer season. In addition, ozone is a
health hazard to humans since it causes damage to lungs and inflames airways. Moreover, the
concentration of ozone results in increased frequency and severity of respiratory distress in
humans, for example, asthma and chronic obstructive pulmonary disease (COPD). Ozone also
has negative effects on vegetation; for instance, as stated by Ashmore (2005) and Gerosa et al.
(2015), it causes reduction of growth and seed production, acceleration of leaf senescence and
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reduced ability to withstand stressors. Finally, ozone formation, as stated by the European
Environment Agency (2005), is non-linear process which is based on meteorological
conditions and background concentrations of NOx and NMVOCs (RIVM Report, 2016-0104).
Figure 5.10 illustrates the cause-and-effect chain from ozone formatting emissions to damage

to human health and ecosystems.
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Figure 5.10: Cause and-effect chain from ozone formatting emissions (RIVM Report 2016-0104, p. 56)

There are five consecutive modelling steps from emission to damage, as illustrated in
Figure 5.10. The process starts from the emission of NOx or NMVOC, which is followed by
atmospheric fate and chemistry in the air. Moreover, NOx and NMVOCs are transformed in
air to ozone, which can be inhaled by the human population or taken up by plants, which leads
to an increase in mortality among humans and detrimental impacts on plant species. In addition,
the end process is the final damage to human health and ecosystems. The effects calculation of
ozone impacts is assumed, while the equation of life years affected by respiratory health
damage due to exposure to ozone, Disability Adjusted Life Years (DALY), is included as a
measurement. Moreover, damage to terrestrial species affected because of the exposure to

0zone, species-yr, is included as a measurement (RIVM Report, 2016-0104).
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5.6.5.1. Value Choices
The time horizon is not mandatory since short living of damage to ozone substances are
included. In addition, there are no other values recognised for this impact category (RIVM

Report, 2016-0104).

5.6.5.2. Human Health Damage (midpoint level)

Impacts to ozone of midpoint characterisation factors for human health damage, related
to the intake of pollutants, which is critical due to the impacts on damage of precursor substance
as it is independent. Although, intake fraction (iF) ozone occurs due to emissions in region i
which included per precursor x (iFx,i). On the other hand, the equation of human health ozone
formation potential (HOFP) is calculated by NOx equivalents and dividing iFy, by the emission-
weighted world average iF of NOx, as elaborated in the following equation (RIVM Report,

2016-0104):

HOFP,; = P Equation 5-26

iF, NOx,world

The definition of region-specific intake fraction is calculated as the sum in the change
in the ozone intake rate in every receiving region j, which is related to a change in emission of
a precursor substance in region i (dMy,i). Moreover, the calculation of intake rate is started by
multiplying the change in concentration of ozone in every receptor region (dCg;j) by the
population (Nj) in the receptor region i and the average breathing rate per person (BR), as is

obvious in the below equation (RIVM Report, 2016-0104):

iF.. = Z,;d¢; N - BR Equation 5-27
x,0 er i
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On the other hand, Table 5.21 illustrates the world average human health ozone

formation potentials (HOFPs) with unit of NOx-eq/kg of emitted substance x.

Table 5.21: World average human health ozone formation potentials (HOFPs) (RIVM Report 2016-0104, p. 57)

Pollutant Emitted Individualist Hierarchist Egalitarian
substance
Ozone NOx 1 1 1
NMVOC 0.18 0.18 0.18

Table 5.22 shows the region-specific damage from Human Health Ozone Formation
Potentials (HOFPs) in (kg NOx-eq-kg?') and damage from Ecosystem Ozone Formation

Potentials (EOFP) in (kg NOx equivalents/ kg).

Table 5.22: Region-specific damage from Human Health Ozone Formation Potentials (HOFP) (RIVM Report
2016-0104, p. 133)

Source Continent HOFP EOFP
region (kg NOx-eq'kg™) (kg NOx-eq-kg™?)
Emitted substance
NOx NMVOC NOXx NMVOC
World World 1 0.18 1 0.29
Weighted
Average
Gulf states | Asia 1.17 0.16 3.04 0.30

The calculation equation for HOFP for a specific hydrocarbon is (RIVM Report, 2016-
0104):

HOFP, = POCK Equation 5-28

=————X HOFP,
POCPyuvoc Hres
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Moreover, supporting information illustrates midpoint factors for individual NMVOC:s,
which are equal for every perspective, in Appendix 11, which shows the midpoint
characterisation factors for individual NMVOCs and signifies Human Health Ozone Formation
Potentials (HOFPs) in (NOx-equivalents/kg) for tropospheric ozone formation (RIVM Report,

2016-0104).

5.6.5.3. Terrestrial Ecosystem Damage (midpoint)
Ecosystem Ozone Formation Potential (EOFP) is calculated in kg NOy, by dividing
FFxi by the emission-weighted world average FF of NOx for the following equation (RIVM

Report, 2016-0104):

FF,;
EOFP,; = ok

Equation 5-29
FFNOx,world average

Fate factor signifies the sum in change of AOT40 in every receiving grid g, which
relates to change in the emission of precursor x in region |, as clarified by Van Goethem et al.

(2013Db) in the below equation:

AAOT40,

Equation 5-30
AM,;

FFX,i—bg =
g

Table 5.23: World average ecosystem damage ozone formation potentials (EOFPs) (RIVM Report 2016-0104,
p. 58)

Pollutant Emitted Individualist Hierarchist Egalitarian
substance
Ozone NOXx 1 1 1
NMVOC 0.29 0.29 0.29
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To calculate the results of EOFPs for the same substance, mole mass conversion can be
included; for example, NO, NO2, and NO3 factors will be 1.53, 1 and 0.74 respectively (RIVM
Report, 2016-0104), while the equation calculation of EOFP for a specific hydrocarbon is
expressed as:

POCP,

EOFP, = —————
¥ POCPymvoc

X EOFPyyvoc Equation 5-31

5.6.5.4. Damage to Human Health (endpoint level)
The calculation of world average endpoint characterisation factors (CFex,i) for the
damage to human health which is related ozone formation of precursor X is expressed as the

following equations (RIVM Report, 2016-0104):

CFE,X‘,WOTld = HOFPX‘,WOTld X FM—)E,HO?) Equathﬂ 5'32
Fy-E o3 Equation 5-33

To possess a consistent midpoint to endpoint factor, the factor shall be equal to the
emission-weighted world average endpoint characterisation factor for ozone effects related to

NOX, as classified in the following equation (RIVM Report, 2016-0104):

FM—)E,NOX = CFe,NOX-,world

= (iFNOx,i—)j) . (EFh,j - DFh,]) - EmNOx,i / EmNox,i Equatlon 5'34
25y ;

L

The conversation factors of midpoint to endpoint for ozone emissions are associated
with damage to human health (yr/kg NOx-eq), as illustrated in Table 5.24, which shows the
characterisation factors of region-specific endpoint merging with region-specific fate and effect

factors (Van Zelm et al. 2016). Supporting information is available in Table 5.25.
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Table 5.24: Characterisation factors of region-specific endpoint merging with region-specific fate and effect
factor, (RIVM Report 2016-0104, p. 59)

Pollutant Individualist Hierarchist Egalitarian
Ozone 9.1x10”’ 9.1x10”7 9.1x10”7

Table 5.25 shows region-specific characterisation factors of endpoint for human
health damage (Van Zelm et al., 2016) and ecosystem damage due to ozone formation.

Table 5.25: Region-specific characterisation factors of endpoint (RIVM Report 2016-0104, p. 139)

Source Continent | Human health Ecosystem damage
region damage (yr-kton-1) (species-yr/kg)

Emitted substance

NOx NMVOC NOx NMVOC
World World 9.1-10-1 1.6-10-1 1.29-10-7 3.68-10-8
Weighted
Average
Gulf states | Asia 9.7E-01 1.6E-01 2.64E-07 3.02E-08

Endpoint characterisation factors (CFe) for terrestrial ecosystem damage are calculated

by (RIVM Report, 2016-0104):

CFeyi = EOFPy; X Fy_g 03 Equation 5-35

Fr-E 03 Equation 5-36

The equation of midpoint to endpoint factor for terrestrial ecosystem damage is
(species-year/kg NOx-eq). Moreover, the midpoint to endpoint factor equals the emission-
weighted world average endpoint characterisation factor for NOx and it is (RIVM Report,

2016-0104):

FM—>E,EO3 = CFE,NOX,world

= SDterr ’ Z (Z Z(FFNOx,iﬁg : EFn,g) : EmNOx,i) / Z EmNOx,i Equation 5-37
g n i

i
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Although it is clarified by Van Zelm et al. (2016) that region-specific endpoint
characterisation factors, merge with region-specific fate and effect factors. Supporting data is

available in Table 5.31.

Table 5.26: Conversion factor of midpoint to endpoint for damage to the ecosystem (RIVM Report 2016-0104,
p. 60)

Individualist Hierarchist Egalitarian
1.29-10°7 1.29-10°7 1.29-10°7

Midpoint to
endpoint factor

5.6.6. Terrestrial Acidification

There are some substances associated with atmospheric deposition of inorganic matter
that can result in a change in soil acidity, for example, sulphates, nitrates and phosphates. In
addition, the definitions of the optimum level of acidity for most plant species are provided.
Moreover, the optimum level of acidity is harmful for certain species and is denoted as
acidification, and it has been clarified by Goedkoop et al. (1999) and Hayashi et al. (2004) that
variations in levels of acidity can result in changes in species’ occurrence. The main acidifying
emissions are NOx, NHz and SO (Van Zelm et al. 2015). There is a calculation for the
characterisation factors for acidification related to vascular plant species in biomes worldwide.
In addition, as described by Roy et al. (2012a,b) and Van Zelm et al. (2007b) fate factors,
accounting for the environmental persistence of an acidifying substance, can be calculated with
an atmospheric deposition model correlated with a geochemical soil acidification model.
Moreover, effect factors can be calculated for the ecosystem damage that occurs because of
acidification and expressed with dose-response curves of the potential occurrence of plant

species as it is resulting from logistic regression functions (Azevedo et al. 2013c). Furthermore,
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acidification is calculated by dividing endpoint modelling from the emission to the damage
with six sequential steps, as elaborated in Figure 5.11. Moreover, the emission of NOx, NHz or
SO, should be correlated with atmospheric fate before it lands on the soil and leaches into it,
which changes the soil solution H+ concentration. The change in acidity can influence plant
species living in the soil and lead them to disappear. Figure 5.11 elaborates the cause-and-
effect chain starting from acidifying emissions to relative species loss in terrestrial ecosystems

(RIVM Report, 2016-0104).

\ Change in |
Emission of A Atmos- Change in soil disappeared | | Damage to
tmos- 5 % ; | -
NO,, NH, i oheric fata =>»  pheric solution H+ | fraction of > terrestrial
or SO, deposition concentration plant | | ecosystems
\ 1 species ‘

Figure 5.11: Cause-and-effect chain of terrestrial acidification (RIVM Report 2016-0104, p. 61)

5.6.6.1. VValue Choices

No value choices have been provided for acidification (RIVM Report, 2016-0104).

5.6.6.2. Characterisation Factors at Midpoint Level

The factors of midpoint characterisation for the damage to terrestrial ecosystems occur
due to acidifying emissions, while it is important to know the fate of a pollutant in the
atmosphere and soil as the influence of the precursor substance is critical. In addition, the
expression for the equation of fate factor (FF) for acidification is correlated to emissions, while
in the grid i is determined per precursor x (FFx;i). Although, Acidification Potential (AP),
expressed equivalents in kg SO, and it is calculated by dividing FFy, by the emission-weighted

world average FF of SO, (RIVM Report, 2016-0104).

130



FF,;

AP = TF
502,world average

Equation 5-38

FFx,i = Z FFair,x,i—>j X FFsou,x,j Equation 5-39
J

Table 5.27 shows the results of world average APs as terrestrial acidification potential
emissions of NOy, NHsz and SO to air in unit of (kg SO2-equivalents/kg). The supporting
information on country-specific factors is provided in Table 5.28, which shows country-
specific terrestrial acidification potentials for the damage to terrestrial ecosystems due to

acidifying emissions in (kg SO2-equivalents/kg).

Table 5.27: World average APs for terrestrial acidification potential emissions (RIVM Report 2016-0104, p.
151)

NOXx NH3 SO2
World Weighted 0.36 1.96 1
Average
United Arab 0.51 2.10 1.12
Emirates

Country-specific and world average factors are emission-weighted as shown in Table

5.28 using grid-level data based on year 2005 as per Roy et al. (2012b).

Table 5.28: Country-specific terrestrial acidification potentials for the damage to terrestrial ecosystems (RIVM

Report 2016-0104, p. 63)

Substance Individualist Hierarchist Egalitarian
NOx 0.36 0.36 0.36
NH3 1.96 1.96 1.96
SO 1.00 1.00 1.00

To express the results of CF substances, a conversion based on mole mass can be

conducted; for example SO, SOz and H2SO4 of CFs will be 1.33, 0.8, and 0.65 accordingly
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Furthermore, NO, NO>, and NOz will be 0.55, 0.36 and 0.27 accordingly (RIVM Report, 2016-

0104).

5.6.6.3. From Midpoint to Endpoint

Endpoint characterisation factors (CFe) for the damage to terrestrial ecosystems are

expressed as (RIVM Report, 2016-0104):

CFexi = APy X Fy_gaci Equation 5-40

FM—»E’,AC! Equation 5-41

The terrestrial acidification equals the emission-weighted world average endpoint

characterisation factor for SO2 as expressed in the below equation (RIVM Report, 2016-0104):

FM—)E,ACI = CFe,SOZ,world
= SDter'r'

' Z Z(FFair,SOZ,iaj "FFooi502,) " EFJ) ' EmSOZ,i) /Z Emgpa, Equation 5-42
i i i

Table 5.29 illustrates the conversion factors for acidification from midpoint to endpoint
(species-yr/’kg SO2-eq), while characterisation factors of the country-specific endpoint are

available in supporting data in Table 5.36 (RIVM Report, 2016-0104).

Table 5.29: Conversion factors for acidification from midpoint to endpoint (RIVM Report 2016-0104, p. 64)

Individualist Hierarchist Egalitarian
1077 107 7

Midpoint to 2.12-10 2.12:10 21210

endpoint factor
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The expression of CF substances’ results is conducted by applying conversion based on
mole mass; for example, SO and SOs, so CFs will represent 1.33 and 0.8 respectively (RIVM
Report, 2016-0104).

Table 5.30 shows country-specific characterisation factors of the endpoint for the
damage to terrestrial ecosystems due to acidifying emissions (species-yr/kg) as stated by Roy

et al. (2014).

Table 5.30: Country-specific characterisation factors of the endpoint for the damage to terrestrial ecosystems
(RIVM Report 2016-0104, p. 155)

NOXx NH3 SO2
World Weighted 7.70-10-8 4.14-10-7 2.12-10-7
Average
United Arab 1.04E-07 3.98E-07 3.54E-07
Emirates

5.6.7. Freshwater Eutrophication

The occurrence of freshwater eutrophication is due to the discharge of nutrients into the
soil or freshwater bodies and the subsequent rise in nutrient levels, such as phosphorus and
nitrogen. Furthermore, ecological influence is correlated with freshwater eutrophication and
they are various. Moreover, it is by following structure environmental impacts offset by
increasing nutrient emissions into freshwater, which results in increasing nutrient uptake by
autotrophic organisms such as cyanobacteria and algae, and heterotrophic species such as fish
and invertebrates. In addition, those effects lead to relative loss of species. Moreover, emission
impacts freshwater are based on the transfer of phosphorus from the soil to freshwater bodies,
which residence time in freshwater systems and on Potentially Disappeared Fraction (PDF) by
increase in phosphorus concentrations in freshwater (RIVM Report, 2016-0104). Figure 5.12
shows the chain of cause and effect for phosphorus emissions that causes loss in freshwater

species’ richness
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Figure 5.12: Cause and effect of freshwater eutrophication (RIVM Report 2016-0104, p. 66)

5.6.7.1 Value Choices
No value choices were provided for modelling of fate and effects of P emissions

(RIVM Report, 2016-0104).

5.6.7.2. Characterisation Factors at Midpoint Level
The expression equation of world average of freshwater eutrophication midpoint factors

is (RIVM Report, 2016-0104):

FFy ¢
%ol Equation 5-43

FEBver = FFp tw,world average

In addition, Table 5.31 shows the world average of FEPs. Moreover, using the same
methodology for phosphoric acid and phosphorus pentoxide leads to FEP results for emissions
to freshwater of 0.32 and 0.22 kg P-eq to freshwater/kg, accordingly. Country-specific factors
are provided as supporting data in Table 5.31 Furthermore, Table 5.32 shows the potentials of
freshwater eutrophication for phosphorus and phosphate to freshwater, agricultural soil and
seawater (in kg P to freshwater equivalents/ kg), which are equivalent for all perspectives

(RIVM Report, 2016-0104).
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Table 5.31: Potentials of freshwater eutrophication for phosphorus and phosphate (RIVM Report 2016-0104, p.

67)
Substance Emission compartment FEP (kg P-eq to
freshwater/kg)
Phosphorus (P) freshwater 1.00
agricultural soil 0.10
seawater 0
Phosphate (PO4%) freshwater 0.33
agricultural soil 0.033
seawater 0

Table 5.32 shows country-specific freshwater eutrophication potentials for the damage

to freshwater ecosystems (kg P-equivalents/kg). However, data for the United Arab Emirates

is not provided (RIVM Report, 2016-0104).

Table 5.32: Country-specific freshwater eutrophication potentials for the damage to freshwater ecosystems

(RIVM Report 2016-0104, p. 157)

Emitted to freshwater

Emitted to soil

Country P

PO4* P

PO4%

na na

na na

na

5.6.7.3. From Midpoint to Endpoint

Endpoint characterisation factors (CFe) for the damage of freshwater eutrophication

ecosystems are expressed by using the equation (RIVM Report, 2016-0104):

CFe,; = FEP,; X Fy g rg

FM—*E,FE

Equation 5-44

Equation 5-45

Equation 5-45 is the conversion factor of midpoint to endpoint for freshwater

eutrophication (species-year/kg P to freshwater-eq). To ensure the consistency of the midpoint
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to endpoint conversion factor, freshwater eutrophication equivalent to emission-weighted
world average endpoint characterisation factor for P emitted to freshwater by following the

equation (RIVM Report, 2016-0104):

Fu-grw = SDgy X Z <Z(FF¢,L/ “EF) - Emp,i) /Z Emp,; Equation 5-46
7 7

i

In addition, the impact factor of species group k and water type w in grid cell j is

expressed by using the equation (RIVM Report, 2016-0104):

0.5 _
EFw,k,j = W Equation 5-47

In addition, supporting information is available for effect factors and alphas for each
climate-water, type-species group combination in tables 5.33 and 5.34 (RIVM Report, 2016-

0104).
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Table 5.33: Linear effect factors for streams and lakes based on different climate zones (RIVM Report 2016-
0104, p. 157)

Heterotrophic species | Autotrophic species Combined
Lake Stream Lake Stream Lake
[PDF-m3/kg] [PDF-m3/kg] Stream
[PDF-m3/kg]
tropical 13,458 778 813 2,323 7,135
amical 13458 778 813 2,323 ;igg
emperate | 1,053 674 5,754 766 1550
colc 18,280 674 8,530 766 !
Xeric 13,458 778 2,594 2,323 3,504

Table 5.34: Alfa for streams and lakes of different climate zones (RIVM Report 2016-0104, p. 157)

Heterotrophs Autotrophs
Lake Stream . Stream
[PDF-L/mg] Lake [PDF- L /mg]

sub-tropical -1.430 -0.192 -0.211 -0.667
temperate -0.399 -0.130 -1.061 -0.185
colc -1.563 -1.232 na
Xeric na -0.715 na

na

The conversion factor of the midpoint to endpoint for freshwater eutrophication for all
perspectives (species.yr/kg P-eq) is elaborated in Table 5.35, while the supporting data for
emission-weighted country-specific endpoint characterisation factors is provided in Table 5.36

(RIVM Report, 2016-0104).

Table 5.35: Conversion factor of midpoint to endpoint for freshwater eutrophication for all perspectives (RIVM
Report 2016-0104, p. 68)

Midpoint to endpoint factor species.yr/kg P-eq

Freshwater ecosystems 6.7E-7

Table 5.36 shows country-specific endpoint characterisation factors for freshwater
eutrophication (in species-yr/kg). However, data for United Arab Emirates is not provided

(RIVM Report, 2016-0104).
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Table 5.36: Country-specific endpoint characterisation factors for freshwater eutrophication (RIVM Report
2016-0104, p. 162)

Emitted to freshwater Emitted to soil
Country P PO4* p PO4*
na na na na na

5.6.8. Marine Eutrophication

Marine eutrophication happens because of the runoff and leaching of plant nutrients
from the soil to discharge into riverine or marine systems, with a subsequent rise in nutrient
levels, for example, phosphorus and nitrogen (N). Furthermore, N is assumed to be a limiting
nutrient in marine waters (Cosme et al., 2015). On the other hand, ecological influence is
correlated with marine eutrophication, because nutrient enrichment points to a variety of
ecosystem impacts, one of which is the existence of benthic oxygen depletion. In addition, it
leads to the start of hypoxic waters if in excess to anoxia as called ‘dead zones’, which is one
of the most severe and widespread root causes of disturbance to marine ecosystems. Moreover,
impacts on marine water are related to certain circumstances, such as transfer of dissolved
inorganic nitrogen (DIN) from soil and freshwater bodies or straight to marine water, which
residence time in marine systems on dissolved oxygen (DO) depletion and on potentially
disappeared fraction (PDF), as clarified in the model function of DIN emission in Figure 5.13.
Figure 5.13 illustrates the cause-and-effect chain process for the emission of dissolved
inorganic nitrogen (DIN), which comes from diffuse sources, such as runoff and leachate from
soils. Direct emission to rivers and coastal waters leads to loss of marine species’ richness

(RIVM Report, 2016-0104).
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Figure 5.13: Cause-and-effect of marine eutrophication (RIVM Report 2016-0104, p. 69)

5.6.8.1. Value Choices
No value choices were provided for modelling of the fate and effects of N emissions

(RIVM Report, 2016-0104).

5.6.8.2. Characterisation Factors at Midpoint Level

The marine eutrophication potential of substance x for emission to compartment c
(MEPXx,c) is signified as emission (E)-weighted combined fate factor and exposure factor,
which is scaled to the world average of N emitted to marine water and the equation is (RIVM

Report, 2016-0104):

Z(FFX,C,LME i XFX,C,LME ’ EX,C,LME)
2 EX,C,LME

MEP, . = .
e ¥ (FFN.mw.iME - XFNmwiME - ENmwive) — EQuation 5-48

Z EN,mw,LME

Table 5.37 shows the expression results of world average Marine Eutrophication
Potentials (MEPSs) for Dissolved Inorganic Nitrogen (DIN) emissions to freshwater (rivers),
soil and coastal waters. The unit is given as (kg N to marine water-equivalents/kg), which is
applicable for all perspectives. In addition, supporting data is available for continent-specific

factors in Table 5.38 (RIVM Report, 2016-0104).
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Table 5.37: Expression results of world average Marine Eutrophication Potentials (MEPs) (RIVM Report 2016-
0104, p. 70)

Substance Emission MEP (kg N-eq to
compartment marine water/kQg)
Nitrogen (N) Freshwater (rivers) | 0.30
Soil 0.13
Coastal waters 1.00
Ammonia (NH4%) | Freshwater (rivers) | 0.23
Soil 0.10
Coastal waters 0.78
Nitrogen dioxide Freshwater (rivers) | 0.09
(NO2) Soil 0.04
Coastal waters 0.30

Table 5.38: Continent-specific characterisation factors of marine eutrophication potentials for marine ecosystem
damage (kg N-equivalents/kg) (RIVM Report 2016-0104, p. 168)

Emitted to rivers Emitted to soil Emitted to coastal
waters
Country N NHst [NO; |N NHst+ |[NO2 |N NHs*  |NO,
North Asia 0.48 (0.37 [0.15 [0.08 |0.07 |[0.03 [1.38 [1.07 [0.42
South Asia 0.33 |0.25 (0.10 |[0.18 |0.14 (0.06 |1.26 |0.98 [0.38

5.6.8.3. From Midpoint to Endpoint
The characterisation factors for the endpoint (CFe) of marine eutrophication ecosystem

damage are expressed by using (RIVM Report, 2016-0104):

CFex,i = MEPx,i X FM—»E,ME Equation 5-49

Equation 5-50
FM—>E.ME a

In addition, to ensure the consistency of the conversion factor from midpoint to

endpoint, the midpoint to endpoint factor for marine eutrophication equals the emission-
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weighted world average endpoint characterisation factor for N emitted to marine water by using

(RIVM Report, 2016-0104):

Z(FFN,mW,LME : XFN,mw,LME : EFN,mw,LME ) Sme,LME) * ENmw,LME Equation 5-51

F =
MoEME D ENmw LME

Moreover, the effect factor signifies a change in the potentially affected fraction of
species (PAF) which, because the change is in Dissolved Oxygen (DO), the expression

equation is:

APAF, s 0.5

EF, = = Equation 5-52
NmwIME = ADO, e~ HC50, g q

The conversion from midpoint to endpoint factor that relates to marine eutrophication
is illustrated in Table 5.39. Supporting data for climate zone-specific EFs is available in Table

5.40, which ranges from 218 to 306 (PAF)-m3-kgO2™?).

Table 5.39: Conversion factor from midpoint to endpoint of marine eutrophication, (RIVM Report 2016-0104,
p. 72)

Table 5.40 shows the climate zone-specific HC50 and effect factors (Cosme &

Hauschild, 2016) as supporting data for marine eutrophication.

Midpoint to endpoint factor species.yr/kg N-eq

Marine ecosystems 1.7E-9
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Table 5.40: Climate zone-specific HC50 and effect factors (RIVM Report 2016-0104, p. 167)

Climate zone  |HC50Loec [mgO2 L] EF [(PAF) m® kgO21]
2.29 218

Subpolar 2.07 242

Temperate 1.80 278

Subtropical 1.82 275

Tropical 1.64 306

Global average |1.89 264

Table 5.41 shows continent-specific characterisation factors of the endpoint for the damage to

marine eutrophication ecosystems (species.yr/ kg) as provided by Cosme and Hauschild

(2017).

Table 5.41: Continent-specific characterisation factors of the endpoint for the damage to marine eutrophication
ecosystems (RIVM Report 2016-0104, p. 168)

Emitted to rivers Emitted to soil Emitted to coastal
waters

Countr |N NH4* NO, N NHa* NO2 N NHa* NO,

y

Xgigh 1.5E-10|1.2E-10|4.6E-11 | 3.2E-11| 2.5E-11 | 9.7E-12 | 4.1E-10| 3.2E-10| 1.2E-
10

ISA\%liJ;h 5.2E-10|4.0E-10|1.6E-10| 2.4E-10| 1.9E-10 | 7.3E-11| 2.1E-09 | 1.6E-09 | 6.4E-
10

5.6.9. Toxicity

The characterisation factor of human toxicity and ecotoxicity is associated with

environmental persistence (fate), accumulation in human food chain (exposure) and toxicity

effect of chemicals. Figure 5.14 elaborates the cause-effect chain pathway, which starts from
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emission to environment through fate and exposure, in which impacts are related to species and

disease incidences, which leads to damage to ecosystems and human health (RIVM Report,

2016-0104).
Increase in » Increase in Increase in
Emission of a chemical species > potentially > Damage to the
chemical concentration in exposure to disappeared ecosystem
environment chemical fraction of species

Increase in Lol Increase in disease N Damage to
human intake incidences human health

Figure 5.14: Cause-effect chain of toxicity effect (RIVM Report 2016-0104, p. 73)

The calculation of fate and exposure factors is as denoted by (evaluative) multimedia
fate and exposure models. Moreover, the effect factors are calculated from toxicity data on
humans and laboratory animals. Multimedia fate is applied frequently, while the exposure and
effects model is related to the Uniform System for the Evaluation of Substances adapted for
LCA (USES-LCA) (Van Zelm et al. 2009), which is a global multimedia fate, exposure and
effects model, and has been updated to version 3.0. Moreover, the calculation is provided for
environmental fate and exposure factors in multiple compartments and human intake fractions
for inhalation and oral intake in which there are 10 emission compartments. On the other hand,
the fate part has dependent time, which is calculated by USES-LCA 3.0 by applying the model
for numerous time horizons, for example, 20-100 years, and a steady-state option. The most
recent updates of USES-LCA 3.0 are available in the supporting data in Appendix 12 (RIVM

Report, 2016-0104).
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5.6.9.1. Value Choices

Uncertainty calculation for value choices is provided through different cultural
perspectives. In addition, most of the choices depend on different modelling opinions of effect
and damage, while the choices are correlated with three perspectives, as shown in Table 5.42

(RIVM Report, 2016-0104).

5.6.9.2. Time Horizon

Huijbregts et al. (2001) state that the impact of metals mainly depends on the interest
of time horizon. In addition, the egalitarian scenario is counted as infinite for the time horizon,
the hierarchic scenario counts for 100 years for the time horizon and the individualist scenario

counts for 20 years for the time horizon (RIVM Report, 2016-0104).

5.6.9.3. Exposure Routes

The concept of bioconcentration can be applied for organic pollutants but does not hold
for inorganics. In addition, Hendriks et al. (2001) state that concentrations of internal body for
metals increase less than proportionally with increases in concentration in the environment.
Moreover, the calculation of sensitivity of human population intake fractions for metals is
predicted in the egalitarian and hierarchic scenarios that human exposure occurs through all
intake routes, for example, air, drinking water and food. In contrast, the individualistic scenario
predicted that human exposure occurs through only air and drinking water (RIVM Report,

2016-0104).

5.6.9.4. Marine Ecotoxicity
The potential impact on the marine environment is closely related to accounts of

additional inputs for essential metals to oceans, which lead to toxic effects. The egalitarian and
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hierarchic scenarios provided the calculation of sea and oceanic compartments of marine
ecotoxicological impacts, while the individualistic scenario included the calculation of just the
sea compartment for essential metals. Essential metals are cobalt, copper, manganese,

molybdenum and zinc (RIVM Report, 2016-0104).

5.6.9.5. Carcinogenicity

Not all substances with a carcinogenic substance ED50 are important for carcinogenics
to humans. The International Agency for Research on Cancer (IARC) is part of the World
Health Organisation (WHO), and assessed the carcinogenic risk of 844 substances (mixtures)
to humans by assigning a carcinogenicity class to every substance (IARC, 2004). In addition,
classes indicate the strength of evidence for carcinogenicity, which is expressed from studies
in humans and in experiments on animals and other significant data. Furthermore, the
egalitarian and hierarchic scenarios include all 844 substances (IARC-category 1, 2A, 2B, 3 or
no classification), while the individualistic scenario includes only the substances with robust

evidence of carcinogenicity (IARC-category 1, 2A and 2B).

5.6.9.6. Minimum Number of Species Tested for Ecotoxicity

The uncertainty aspect is highly related to the effect of ecotoxicity factors if only a low
number of tested species are included, mainly lower than four species (Van Zelm et al. 2007a;
Van Zelm et al. 2009). Moreover, there is a minimum number of four tested species for the
individualistic scenario, whilst the hierarchic egalitarian scenarios have no minimum
requirements. On the other hand, Schryver et al. (2011) state three perspectives, as shown in

Table 5.42.
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Table 5.42: Perspectives regarding the minimum number of species tested for ecotoxicity (RIVM Report 2016-

0104, p. 75)

Choice category Individualist Hierarchist Egalitarian
Time Horizon 20 years 100 years Infinite
Exposure Routes for | Organics: all All exposure All exposure
Human Toxicity exposure routes for all routes for all
routes. Metals: chemicals chemicals
drinking water
and air only
Environmental Sea + ocean Sea + ocean Sea + ocean
Compartments for for organics for all for all
Marine Ecotoxicity | and nonessential chemicals chemicals
metals. For
essential
metals, sea
compartment
included only,
excluding
oceanic
compartments
Carcinogenicity Only chemicals All chemicals All chemicals
with TD50 with reported with reported
classified as 1, TD50 TD50
2A, 2B by IARC
Minimum Number 4 1 1
of Species Tested for
Ecotoxicity

5.6.9.7. Characterisation Factors at Midpoint Level

Table 5.43 recaps the emission compartments, environment receptors and human

exposure routes that are available in the human TP calculations (RIVM Report, 2016-0104).
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Table 5.43: Review of the emission compartments, environment receptors and human exposure routes (RIVM
Report 2016-0104, p. 76)

Emission Environmental Human exposure

compartments receptors routes

Urban air Terrestrial environment Inhalation

(excl. agri and urban land)

Rural air Freshwater environment Ingestion via root crops

Freshwater Marine environment Ingestion via leaf crops

Seawater Ingestion via meat products

Agricultural soil Ingestion via dairy
products

Industrial soll Ingestion via eggs
Ingestion via freshwater
fish
Ingestion via marine fish
Ingestion via drinking
water

The expression equation for the compartment-specific ecotoxicological midpoint

characterisation factor consists of the fate factor (FF), which is an effect factor (EF):

FFxJi,j,g.L‘ X EFij.C

= FFpcBretjgc X EFpeajjc

ETPjc = Equation 5-53

In addition, all the mentioned toxicity potentials are grouped into an overall human
population characterisation factor of substance x that is emitted to compartment i with use of

equation (RIVM Report, 2016-0104):

EF
HTP,x c/ncc = ZZ Fxirge X EFxre/nec Equation 5-54
ll:DCB ,ua,r,g,c X EFDCBrC/nCC

On the other hand, Appendix 13 shows three cultural perspectives and four emission
compartments of ETPs and HTPs as midpoint characterisation factors (1,4-DCB eq/kg) for 1,4-

DCB and nickel (RIVM Report, 2016-0104).
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5.6.9.8. From Midpoint to Endpoint
The ecotoxicological endpoints consist of freshwater, marine and terrestrial ecotoxicity.
Moreover, the characterisation factors of endpoint (CFeco) for ecotoxicity are expressed by

using the equation (RIVM Report, 2016-0104):

CFeCOX‘L]"C = ETPX,i,j,C X FM—',E,ETOX,]',C Equation 5-55

ETPxijc denote the ecotoxicity potential for environmental endpoint j (freshwater,
marine, terrestrial) of substance x to emission compartment i, which is associated with the

cultural perspective ¢ by using unit (in 1,4DCB-eq/kQ).

FM- EETOX i c Equation 5-56

In addition, midpoint to endpoint factors for ecotoxicity equal endpoint characterisation
factors for 1,4DCB that are emitted correspondingly to freshwater, such as freshwater
ecotoxicity, seawater, for instance, marine ecotoxicity, and industrial soil, for example,
terrestrial ecotoxicity, which includes species concentrations by using the equation (RIVM
Report, 2016-0104):

FM- EETOXjc = Z SDj X FFpcp refjgc X EFpeajc Equation 5-57
g

Furthermore, for human health damage, endpoint characterisation factors for
carcinogenic and non-carcinogenic (CFhum) factors are expressed by using the equation

(RIVM Report, 2016-0104):

CFhumy; ¢/nce = HTPyjc/nce X FMo EHTOX ¢/nec Equation 5-58
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HTPx,incic.c Signifies the human toxicity potential for carcinogenic or non-carcinogenic
effects of substance x to emission compartment i, which is associated with the cultural

perspective c in units of (1,4DCB-eq/kg).

l:“M—>,E,HTOX,C/r1n:,C Equation 5-59

The midpoint to endpoint factor for human carcinogenic or non-carcinogenic toxicity
is applicable for cultural perspective ¢, while the midpoint to endpoint factor for human
carcinogenic or non-carcinogenic toxicity equals the endpoint characterisation factor for

1,4DCB emitted to urban air as an equation expressed as (RIVM Report, 2016-0104):

FM—'E,HTOX,L‘/HC,C = Z Z iI:1,4-—DCB,r,g,ua S EF1,4—DCB,r,c/nc X DFc/nc Equation 5-60
r g

DFcinc signifies the damage factor for carcinogenic or non-carcinogenic effects, which
equals 11.5 and 2.7 disability adjusted life years (DALYSs) per incidence case respectively. On
the other hand, Table 5.44 shows the midpoint to endpoint conversion factors for all

perspectives (RIVM Report, 2016-0104).

149



Table 5.44: Midpoint to endpoint conversion factors for all perspectives (RIVM Report 2016-0104, p. 80)

Midpoint to Unit Value
endpoint

Freshwater ecotoxicity species-yr/kg 1,4-DCB eq 6.95E-10
Marine ecotoxicity species-yr/kg 1,4-DCB eq 1.05E-10
Terrestrial ecotoxicity species*yr/kg 1,4-DCB eq 1.14E-11
Human toxicity (cancer) DALY/kg 1,4-DCB eq 3.32E-06
Human toxicity (non- DALY/kg 1,4-DCB eq 2.28E-07
cancer)

5.6.10. Water Use

Figure 5.15 shows relevant impact pathways, in which all used water-related impacts
are correlated with water consumption. In addition, water consumption is defined as the use of
water in a way that it evaporates, is integrated into products, transferred to other watersheds or
disposed of into the sea (Falkenmark et al. 2004). Furthermore, consumed water is no longer
available in watersheds for humans and ecosystems (RIVM Report, 2016-0104).

Modelling of water use starts with availability quantification of freshwater reduction.
With regard to humans, availability reduction in freshwater leads to challenges between
different water uses. Moreover, a small percentage of irrigation leads to a decrease in the
production and an increase in malnutrition between local populations. However, the relation of
people’s vulnerability to malnutrition is increasing compared to lower human development
indexes (HDI) in a range of industrial countries (HDI1>0.88) that has enough evidence in order
to buy food and avoid malnutrition and which results in no damage arising to human health.
On the other hand, the modelling of terrestrial ecosystems’ impacts is through potential decline
in vegetation and plant variety. Moreover, a decrease in blue water, for example, water in lakes,

rivers, aquifers and precipitation, leads to a decrease in the available green water in soil
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moisture and causes a reduction in plant species. Furthermore, a fraction of freshwater fish
evaporate based on estimation of water consumption that is related to species discharge as
associated with river entrances (RIVM Report, 2016-0104). Figure 5.15 shows the cause-and-
effect chain of water consumption, which leads to impacts on human health and ecosystem
quality, both terrestrial and freshwater. The evaporation of freshwater fish species was

highlighted by Hanafiah et al. (2011), while the other two relate to work by Pfister et al. (2009).

Malnutrition and

Water shortage Damage to
: - wvulnerability of —>
for irrigation " human health
i

Water Reduction la Reduction in Disappeared
T R o e > terrestrial species

consumption lability p iversity spec
Disappeared

Ch:;:::'""' » freshwater fish

ge species

Figure 5.15: Cause-and-effect chain of water consumption use (RIVM Report 2016-0104, p. 82)

5.6.10.1. Value Choices

Correlated value choices of water consumption impacts on human health are based on
moderately intensely on management of watersheds that results in change variation factors and
management of agricultural practices in reducing the quantity of water. In addition, both require
the production of a certain quantity of food. Table 5.45 shows the three cultural perspectives
and respective value choices for modelling the impacts of water consumption, which are from

De Schryver et al. (2011), ignoring age weighting.
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Table 5.45: Cultural perspectives and respective value choices for modelling the impacts of water consumption
(RIVM Report 2016-0104, p. 82)

Choice category Individualist Hierarchist Egalitarian

Human health High Standard Standard

Regulation of stream

flow

Water requirement for | 1,000 1,350 1,350

food production mé/yr-capita m3/yr-capita mé/yr-capita
(efficient (standard (standard
management) management) management)

Terrestrial ecosystems | Zero (too Default value Default value
uncertain)

5.6.10.2. Characterisation Factors at Midpoint Level
The calculation uses total amount of water withdrawn, irrespective of return flows to
water bodies or efficiencies of water use, while water consumption is defined as the quantity

of water that the original watershed is losing, and the equation expression is (RIVM Report,

2016-0104):
s = { 1 if inventory in mi3 consumed Equation 5-61
e water requirement ratio if inventory in m® withdrawn

Figure 5.16 illustrates the global average value, which is 0.44, and standard deviation
of 0.14, and it shows the water requirement ratio for converting agricultural water extraction

to agricultural water consumption (RIVM Report, 2016-0104).
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Water requirement (atio

0

Figure 5.16: Global average value of water-use efficiency (RIVM Report 2016-0104,
p. 83)

Table 5.46 shows the water requirement ratio for agriculture for the United Arab
Emirates (Doll & Siebert, 2002; AQUASTAT FAO, 2012); Verones et al., 2013) as

supporting data for water stress.

Table 5.46: Water requirement ratio for agriculture in the UAE (RIVM Report 2016-0104, p. 175)

Country Water requirement
ratio
United Arab Emirates 0.6

Table 5.47 provides a summary of the recommended ratios for water requirements,

which are converted to water consumption.

Table 5.47: Ratios for water requirements (RIVM Report 2016-0104, p. 84)

Surface water Groundwater
Agriculture 0.44 0.44
Industry 0.1 1
Domestic 0.1 1
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5.6.10.3. From Midpoint to Endpoint (Human Health)

Characterisation factors for the endpoint related to impacts of water consumption on
human health are signified as water stress index (WSI) as part of the modelling pattern.
Moreover, damage calculation is denoted as in disability adjusted life years (DALYS) for every
watershed or country by using the water stress index (WSI) established by Pfister et al. (2009).
Furthermore, the WSI signifies the ratio between the sum of freshwater withdrawals, which is
not considered as consumption for different sectors j (WU), and hydrological availability in the

watershed i (WA) expressed by using the equation (RIVM Report, 2016-0104):

_ X WUy; Equation 5-62

The WSI is calculated for every watershed and every country independently. It is a
logistic function scales range of water stress between 0.01 to 1. Moreover, it starts at 0.01 and
not at 0, because every water extraction has at least a marginal local impact, as clarified by
Pfister et al. (2009). On the other hand, results are expressed by using the equation:

1
WSI = Equation 5-63

1+ e—6.4-WTAo . (ﬁ_ 1)

Furthermore, the expression equation of wTA* (RIVM Report, 2016-0104) is:

VVF-WTA for SRF Equation 5-64

WTA +=
VF-WTA for non — SRF
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Variation factor (VF) is the compulsory correction factor that enables WTA to be
distinguished between watersheds, which is strongly regulated flows (SRF) and those with no

strongly regulated flows.

Equation 5-65

VF = e Jln(sr*nonth)z +ln(s;ear)2

On the other hand, grid-cell is related to VF (subscript k) combined with watershed

level i, in order to express the equation of WTA* per watershed | (RIVM Report, 2016-0104):

n

1

VF-_—Z VF, - P Equation 5-66
=3P L ki q

De Schryver et al. (2011) provide a list with country-based WSI for the three different

perspectives, which is available as supporting data in Table 5.48.

Table 5.48: Water Stress Index (WSI) for the three different perspectives (RIVM Report 2016-0104, p. 85)

Individualist Hierarchist Egalitarian
WSI 0.698 0.657 0.657
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Value

Low:001

Figure 5.17: Watershed level of Water Stress Index (WSI) (RIVM Report 2016-0104, p. 85)

The calculation of human health damage correlated with malnutrition potentially
triggered by water consumption and the equation is (RIVM Report, 2016-0104):

A . . . 3
CF _{ 1 - CFainutrition if inventory in m°consumed Equation 5-67
end —

water req.ratio * CFpaqmutrition if inventory in m3 withdrawn

The calculation of human health damage in disability adjusted life years (DALYS) due
to water-scarcity-related malnutrition for every watershed (or country) i and expression

equation (RIVM Report, 2016-0104) i:

HDF [ t iti ,‘
CFmainutritioni = WSI; WU%agriculture,i = .W_R’."ﬂ‘_rﬂf.'l_‘ * DF pmainutrition
malnutrition Equation 5-68
\ )\ A J
| | f
Fate factor Effect factor Damage factor

(Water deprivation factor)
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Moreover, to express the results of HDF, it is based on (RIVM Report, 2016-0104):

1 for HDI < 0.30 _
HDEF, pgimuerition = 4 2.03 - HDI? — 4.09 - HDI + 2.04  for 0.30 < HDI < 0.88 Equation 5-69
0 for HDI > 0.88

Country values are available as supporting data in Table 5.49 (RIVM Report, 2016-

0104).

Table 5.49: Global average consumption-weighted human health CFs for three different perspectives (RIVM
Report 2016-0104, p. 86)

Individualist Hierarchist Egalitarian
CF (DALY/m3) | 3.10E-06 2.22E-06 2.22E-06

Table 5.50 shows country averages for the Water Stress Index (WSI) and
characterisation factors (CFs) for Human Health (HH) in three cultural perspectives (De

Schryver et al., 2011; Pfister et al., 2009).

Table 5.50: Country averages for the Water Stress Index (WSI) and characterisation factors (CFs) for Human
health (HH) in three cultural perspectives (RIVM Report 2016-0104, p. 179)

Country | WSI WSI WSI CF CF CF
Egalitarian | Hierarchist | Individualist Egalitarian Hierarchist | Individualis
©) ) ©) t
[DALY/m3]
[DALY/m? | [DALY/m?]
United 4.47E+01 4.47E+01 5.49E+01 1.90E-07 1.90E-07 4.38E-07
Arab
Emirates

5.6.10.4. Terrestrial Ecosystems
Direct influences of water consumption on terrestrial ecosystems are correlated with

damage for vascular plant species. In addition, net primary productivity (NPP) is included as a
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proxy for the ecosystem well-being. Moreover, Pfister et al. (2009) state that the
characterisation factor is calculated as the sum of water-limited NPP in every pixel k of
watershed or country i, which is divided by the sum of grid-specific precipitation, P, as the
weighting factor. Furthermore, the fraction of water-availability-limited NPP signifies the
vulnerability of an ecosystem to water shortages and it is denoted as a proxy for potentially
disappeared fraction (PDF). On the other hand, the unit of the water-limited NPP is
dimensionless as a fraction, since precipitation, P, is in m/year by using the unit equal to
(m3/m2.yr). Moreover, the CF unit is signified as (m®/m?-yr), which can be used as (PDF-
m3/m2-yr.). In addition, Pfister et al. (2009) state that PDF omits non-SI units and merely
specifies the presence of a fraction, in which the equation expression is (RIVM Report, 2016-

0104):

n
CF. — k=1NPPwater—limited,k Equation 5-70
P =

n
k=1 Pk

The equation of water-limited NPP is expressed as:

ICCtemperature + ICCradiation) Equation 5-71

NPPoter—timitea = ICCyater (1 - >

Supporting information is available for country values in Table 5.52. Moreover, global
values used for the area-weighted approach are illustrated in Table 5.51, which shows three
cultural perspectives for globally averaged endpoint characterisation factors as impacts of

water consumption on terrestrial ecosystems (RIVM Report, 2016-0104).
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Table 5.51: Three cultural perspectives for globally averaged endpoint characterisation factors for water
consumption on terrestrial ecosystems (RIVM Report 2016-0104, p. 87)

Individualist Hierarchist Egalitarian

CF [species-yr/m3] 0 1.35E-08 1.35E-08

Table 5.52: Country averages for terrestrial and aquatic ecosystem quality (EQ) in three cultural perspectives
(RIVM Report 2016-0104, p. 183)

Country | CF terrestrial EQ [species-eq-yr/m3] CF aquatic EQ
[species
eq-yr/m?]

Individualist Hierarchist Egalitarian | all perspectives

United 0 5.06E-08 5.06E-08 0

Arab

Emirates

5.6.10.5. Aquatic Ecosystems

Calculation of water consumption impacts on freshwater fish species is provided for
river basins. However, river basins are excluded from higher latitudes as reported species
discharge relationships are not available for river basins above 42° latitude (Hanafiah et al.
2011). In addition, characterisation factors are calculated based on marginal variations in river
discharge at mouth (dQmouth) of river, because of marginal modification in consumption
(dWC) and marginal change of species lost (APDF) correlated with decline in discharge, since

V is the volume of the river basin (RIVM Report, 2016-0104).

Equation 5-72

CF = dQ,,outn . ( dPDF -V) [m3 . PDF - yr]
dwc deouth
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Moreover, change in freshwater fish species’ richness is calculated based on Hanafiah

et al. (2011) by using the equation:

dPDF 0.4 [PDF . yr] Equation 5-73

AQmouen Qmowen L m°

In addition, watersheds values are provided in Figure 5.18 and subject to countries,
which are available as supporting data in tables 5.53 and 5.54. Finally, CFs in PDF-units are
larger for terrestrial ecosystems and the density of average species has two orders of magnitude,
which are smaller for aquatic ecosystems. In addition, Table 5.54 illustrates the globally
averaged values for water consumption impacts on freshwater ecosystems in watersheds and

area-weighted average based on country level (RIVM Report, 2016-0104).

Table 5.53: Globally averaged values for water consumption based on three cultural perspectives (RIVM Report
2016-0104, p. 88)

Individualist Hierarchist Egalitarian
(species-yr/m®)
CF area-weighted 1.74E-12 1.74E-12 1.74E-12
country
Average (species-yr/md)
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Figure 5.18 shows the map with coverage of watersheds used (Hanafiah et al., 2011).

Watersheds above 42° are not included.

CF [species-yr/m’]
6.64E-12

K-

Figure 5.18: Global watershed values (RIVM Report 2016-0104, p. 88)

Moreover, watersheds above 42° latitude from those listed in Table 5.54 are not
included. Although, the values are effective for three cultural perspectives. Table 5.54 shows
endpoint CFs for impacts of water consumption on aquatic ecosystems, corrected by Hanafiah

etal. (2011).

Table 5.54: Endpoint CFs for impacts of water consumption on aquatic ecosystems (RIVM Report 2016-0104,
p. 188)

Watershed | CF Watershed CF
[species-yr/m3] [species-yr/m®]
NA NA NA NA

5.6.11. Land Use
The impact pathway of land use, as provided in Figure 5.19, contains the direct, local
impact of land use on terrestrial species through change of land cover and actual use of new

land. Moreover, variation of land impacts consequently on original habitat and original species
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composition. In addition, land use signifies, agricultural and urban activities, which

additionally excludes land as suitable habitat for many species (RIVM Report, 2016-0104).

Change of land
cover

Loss of habitat

Potentially
Land use disappeared
fraction of species

Damage to the
ecosystem

Land use

3 P Soil disturbance
intensification

Figure 5.19: Cause-and-effect chain of kand use impact (RIVM Report 2016-0104, p. 89)

Figure 5.19 shows the chain of cause-and-effect of land use, leading to correlated
species loss in terrestrial ecosystems. However, indirect pathways of relative species loss to
land-use-induced climate change are not included. There are three steps that are different in the
land use process, as clarified by Mila i Canals et al. (2007). Firstly, through the conversion
phase, the land is made suitable for a new function, such as by removing the original vegetation.
Secondly, through the occupation phase, the land is operated for some period. Moreover, both
steps are included in CFs for land occupation, which are expressed in Potentially Disappeared
Fraction of Species (PDF) per annual crop equivalent. Finally, land is not used, which is a
phase of relaxation, when the land may reappear in a semi-natural state. Furthermore, it is
predicted that, through the relaxation period, the land has a negative impact on species richness,
which does not immediately return to its main habitat or not return to the original habitat in a
different state. In addition, CFs for land relaxation are included individually and use a unit of
PDF-year per annual crop equivalent. Moreover, Life Cycle Inventory (LCI) data on areas
related to land use and duration of land relaxation are multiplied by appropriate CFs and used

to express the results of total ecosystem damage (RIVM Report, 2016-0104). Figure 5.20
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shows three phases of land use and their impact on land quality, which is provided as species

richness.

land 4
quality

Qn at

transformation

roc ______

1
occupation )
!
1

»
>

tO tocc treI time

Figure 5.20: Phases of land use and their impact on land quality (RIVM Report 2016-0104, p.
90)

Figure 5.20 shows a schematic approach to the three phases connected with land use
and their impact on land quality as stated by Mila i Canals et al. (2007). In addition, land
transformation and occupation arises with a range of to and tocc, and relaxation arises with a
range of tocc and trer. Qnat is 0bviously the original, natural land quality, while Qocc signifies land
quality after transformation.

The impact of greenhouse gas emissions on biodiversity is calculated by adopting a

methodology available in Climate Change Impact in section 5.6.1 (RIVM Report, 2016-0104).

5.6.11.1. Value Choices
No value choices were provided for calculation of fate CFs for land use (RIVM Report,

2016-0104).
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5.6.11.2. Characterisation Factors at Midpoint Level

Characterisation factor of the midpoint (in annual crop equivalents) for land
transformation or occupation by using unit of CFmocc signifies the associated species 10sS, Srel,
that is affected by land use type x and is proportionate to relative species loss that results from

annual crop production by using the following equation (RIVM Report, 2016-0104):

S
CFMyeex = —reby Equation 5-74

Srel,annualcrop

The calculation of Sy is conducted by comparing field data on local species richness
in precise types of natural and human-made land covers, applying a linear relationship

described by Kollner et al. (2007) as:

Syerx=1— SLuxi Equation 5-75
ref,i

Sru and Srer are detected species richness (number of species) under land use type x and
detected species richness of the reference land cover in region i, respectively. Moreover,
outcomes of the above equation are yields ranging from -co and +1, since a negative value is
defined as a positive influence of land occupation, for example, larger species richness, and a
maximum of one signifies 100% loss of species richness. In addition, midpoint characterisation
factor is used for land relaxation to semi-natural state CFmreiax (in annual crop equivalent-yr),

which is correlated to CFmocc, by applying the equation adapted from Kollner et al. (2007).
CEMygigx = CFyeex X 0.5 Xt Equation 5-76

Although recovery times are described as independent for land use that changed the

natural system, the data collected from Curran et al. (2014), as provided in Table 5.55, shows
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a global average recovery time calculated as weighted over the total areas of forest and open
habitats in the world. In addition, it is assumed as 40% of the global terrestrial area, which is
based on forest biomes, and 60% of grassland/shrubland biomes, as elaborated by Olson et al.
(2001), in which typical tre is calculated at 33.9 years.

Table 555 clearly shows the midpoint CFs for impact of land
transformation/occupation, CFmqcc, and land relaxation, CFmreiax, On total species richness.
Moreover, each CFmocc is correlated with data adapted from De Baan et al. (2013), which is
associated with species loss related to different types of land use. Furthermore, recovery time,
trer, 1S provided in calculation of CFmyreiax as global average recovery time, which is adapted

from Curran et al. (2014).

Table 5.55: Various types of land use based on total species richness (RIVM Report 2016-0104, p. 92)

CFmocc (annual crop eq) CFmrelax

Land use type (annual
crop eq-yr)

Used forest 0.30 5.1
Pasture and meadow 0.55 9.3
Annual crops 1.00 17.0
Permanent crops 0.70 11.9
Mosaic agriculture 0.33 5.6
Artificial areas 0.73 124

turban areas, industrial areas, road and rail networks and dumpsites.

Appendix 14 includes supporting data for land use, showing the midpoint CFs for
impact of land transformation/occupation (CFocc) by De Baan et al. (2013) and land relaxation
(CFmrelax) based on specific species groups. Moreover, recovery times (tr) are used in the

calculation of CFmrelax by Curran et al. (2014).
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5.6.11.6. From Midpoint to Endpoint
The calculation of endpoint characterisation factors for transformation/occupation
(CFeocc) and relaxation (CFerelax) related to land use type x is provided by using the following

equation (RIVM Report, 2016-0104):

CFeUL'C,,\’ = CF'nucc,.\‘ X FM—'E,LU

CFereiaxx = CFMygigx x X Fyopiu Equation 5-77
Since
Fy-g1v = SDterr X Sretannual crops Equation 5-78

Moreover, FM->E,LU represents the midpoint to endpoint conversion factor (in
species/m?) as shown in Table 5.56. However, SDer signifies the average species density for
terrestrial ecosystems, which is around 1.48-10® species/m?, as per explained by Goedkoop et
al. (2009), and shows that Srel.annual Crop denotes relative species loss for annual crops, which is
0.60 (annual crop eqt), which is adapted from De Baan et al. (2013) in Table 5.57. In addition,

Table 5.58 includes all endpoint characterisation factors (RIVM Report, 2016-0104).
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Table 5.56: Midpoint to endpoint conversion factor (in species/m2) (RIVM Report 2016-0104, p. 94)

Midpoint to
endpoint factor

Individualist

Hierarchist

Egalitarian

8.88E-09

8.88E-09

8.88E-09

Table 5.57 shows relative species losses (Srel) because of land transformation or

occupation, as clarified by De Baan et al. (2013). Moreover, numbers are included for total

world averages, although biome or species group-specific Syl are available in the original

publication.

Table 5.57: Relative species losses (Srel) of land transformation (RIVM Report 2016-0104, p. 191)

Land Use Type Srel
Pasture and

meadow 033
Annual crops 0.60
Permanent crops 0.42
Mosaic agriculture 0.2
Acrtificial areas 0.44
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Table 5.58: Endpoint CFs for the impact of land occupation (CFeocc) and land relaxation (CFerelax) on total
species richness (RIVM Report 2016-0104, p. 191)

Land Use Type CFegee species-/m2 CFerelax SPecies-yr/ m’
Used forest 2.66E-09 4 52E-08
Pasture and meadow 4.88E-09 151E-07
Annual crops 8.88E-09 8.28E-08
Permanent crops 6.22E-09 1.05E-07
Mosaic agriculture

o 2.93E-09 4.97E-08
Artificial areas

6.48E-09 1.10E-07

5.6.11.7. Implementation of Land Use in Ecolnvent v3.

Net transformation of natural land to anthropogenically correlated to land constitutes,
which is one of the main results express of species extinctions. In addition, recently
transformed natural land establishes added impact that should be calculated in addition to land
occupation effects, which cover the effect when cannot land return to its natural state for an
extended period. Moreover, only transformation of natural land is included; land that was
converted from one type of anthropogenic use to another is not calculated. Five kinds of natural
land are provided in the Ecolnvent database, as shown in Table 5.59. Furthermore, converted
from kind of natural land constitutes results in impacts on the ecosystem, while conversion to
one of land benefits the ecosystem, such as negative CFs. In addition, conversion to primary
forest is not applicable (RIVM Report 2016-0104, p. 191). Characterisation factors are

calculated by using the equation:

CFtrans,i =0.5* CFocc,max * Trec,i Equation 5-79
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The CF of kind of land conversion (in annual crop equivalents) i is expresses the
calculation as a function of maximum occupation CF (in 1 annual crop equivalent) and Trec,i
denotes recovery time of land type i (in 73.5 years for forest and 7.5 years for open land).
Furthermore, the equation establishes the area under curve, which ensues from a linear
conversion of anthropogenic land that is occupied back to a normal state. Moreover, conversion
to any kind of land is calculated as a negative equivalent of CF conversion to confirm the

provided effects of net natural land transformation (RIVM Report, 2016-0104).

Table 5.59: Midpoint CFs for natural land transformation (RIVM Report 2016-0104, p. 192)

Name Midpoint CF (annual crop
equivalents-yr)

Transformation, from grassland, natural (non-use) 3.75
Transformation, from forest, primary (non-use) 36.75
Transformation, from forest, secondary (non-use) 36.75
Transformation, from shrub land, sclerophyllous 3.75
Transformation, from wetland, inland (non-use) 3.75
Transformation, to shrub land, sclerophyllous -3.75
Transformation, to forest, secondary (non-use) -36.75
Transformation, to wetland, inland (non-use) -3.75
Transformation, to grassland, natural (non-use) -3.75

Midpoint indicators are calculated in the same units as midpoints for land occupation,
while endpoint impact calculation includes multiplying the same factor of midpoint to
endpoint. Furthermore, Ecolnvent separates 30 categories of land occupation in a related
inventory. Moreover, it is suggested that different categories are applicable to CFs from
ReCiPe, as provided in Appendix 15, which shows applicable land occupation categories in

Ecolnvent with ReCiPe (RIVM Report, 2016-0104).
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5.6.12. Mineral Resource Scarcity

The damage modelling for the impact category of mineral resource scarcity is
subdivided into a number of steps, as shown in Figure 5.21. In addition, primary extraction of
a Mineral Resource (ME) leads to decrease in Ore Grade (OG), which influences concentration,
which is related to the resource in global ores, since it increases ore produced per kilogram of
Mineral Resource Extracted (OP). Furthermore, joined predicted future extraction of mineral
resource leads to average Surplus Ore Potential (SOP), which represents the midpoint indicator
for the impact category. Moreover, an increase in Surplus Ore Potential (SOP) leads to surplus
cost potential, while both two indicators follow the standard of mining sites with more grades
or less costs for SOP and SCP respectively. Moreover, calculation of damage to natural
resource scarcity is included (RIVM Report, 2016-0104). Figure 5.21 shows the cause-and-

effect chain, from mineral resource extraction to natural resource scarcity.

Mineral resource
extraction

:

Ore grade decrease

!

Increase of ore Future mineral
produced resource extraction
- w

Surplus ore potential

|

Surplus cost potential

Figure 5.21: Cause-and-effect chain of mineral resource scarcity (RIVM Report 2016-0104, p. 95)
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5.6.12.1. Value Choices

Value choice for future extraction of mineral resources influences modelling of the
midpoint and endpoint mineral resource that correlates to scarcity (Vieira et al. 2016a,b). In
addition, calculation of characterisation factors of two different reserve estimates is applied.
The first type is Reserves (R), which signifies the part of a resource which at the time of
determination might be economically extracted or produced at that illustrated the definition of
current prices and technology state (U.S. Geological Survey, 2014). However, the three
different cultural perspectives categorise value choices as modelling of the effect of extracting

mineral resources, as illustrated in Table 5.60 (RIVM Report, 2016-0104).

Table 5.60: Cultural perspectives categorisation of value choices for extracting mineral resources (RIVM Report
2016-0104, p. 96)

Choice Individualist | Hierarchist Egalitarian
category
Future Reserves Ultimate recoverable Ultimate recoverable
production resource resource

5.6.12.2. Characterisation Factors at Midpoint Level
The characterisation factor of the midpoint of any mineral resource, x, and any reserve,

denoted as RX, is calculated by using the equation (RIVM Report, 2016-0104):

ASOP, g

= xR Equation 5-80
ASOPcyur

SOP, =

Yield signifies the Future Production Specific (SOP) by using the unit of (kg Cu-eqg/kg x).

ASOP consists of two calculation steps, as stated by Vieira et al. (2016b). The first step

counts the cumulative grade-tonnage relationship that is derived as elaborated in the copper
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example in Figure 5.22, while the expression equation of the ORE grade of mineral resource x

(as per Vieira et al. 2012) is:

A, — CME, .
0G, = exp(a,) " exp (/5’,{ -In (—)) Equation 5-81
CME,

Moreover, the table in Appendix 16 shows more data about parameters alpha and beta
for every covered mineral resource, while the data is used to derive ASOPs adopted from the
calculation of SOPs (Vieira et al. 2016b) as supporting data for mineral resource scarcity.
Figure 5.22 shows the cumulative grade-tonnage relationship for existing copper mines plotted

by using log-logistic regression in logarithmic scale.
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Figure 5.22: Cumulative grade-tonnage relationship for existing copper mines (RIVM Report 2016-0104, p. 97)
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Absolute Surplus Ore Potential of mineral x ASOPy by using unit (kg ore/kg x), which
signifies the extra quantity of ORE that can be formed in the future per unit of extracted mineral
resource X, which is calculated by using the equation provided by Vieira et al. (2016b):

MME,,
fCMEx (AOP,)dME, Equation 5-82

Ry

ASOP, =

Figure 5.23 elaborates the relationship between average price in 2013 (USD1998/kg x)

and absolute surplus ore potential (kg ore/kg x).
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Figure 5.23: Price of a mineral that is measured as good predictor for ASOP with adjusted regression range
between 90-91% (RIVM Report 2016-0104, p. 98)

Appendix 17 shows the midpoint characterisation factors’ SOPs (kg Cu-eq/kg), which
represent three perspectives for 70 mineral resources and for groups of garnets, gemstones,

platinum-group metals, rare-earth metals and zirconium minerals (RIVM Report, 2016-0104).
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5.6.12.3. From Midpoint to Endpoint

The calculation equation of endpoint characterisation factors (CFe) for extraction of

mineral resource x and the cultural perspective ¢ (RIVM Report, 2016-0104):

CFex,c = SOPx,c X FM—>E,¢: Equation 5-83

c denotes the cultural perspective, SOPX, and c is the midpoint characterisation factor

in kg Cu-eg/kg x.

Fyvoge Equation 5-84

The equation of the midpoint to endpoint factor for mineral resource scarcity is
equivalent to the copper endpoint characterisation factor by using the following equation, as

calculated by RIVM Report (2016-0104):

ASCP, ,
ASOP,

Equation 5-85

FM—>E,L‘ = ASOPCu,c X

However, the last part of the midpoint to endpoint calculation factor for mineral

resource scarcity at every cultural perspective c is expressed by using this equation (RIVM

Report, 2016-0104):

ASCP,.  10%ascrc x pricePascrc  1(Q%scpc

= ~ Equation 5-86
ASOP, . 10%asopc x prl'cebASOP,c 10%asop.c
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Data is used to derive the midpoint to endpoint factors by using the equation of Absolute

Surplus Cost Potential (ASCP) of mineral resource x calculated by Vieira et al. (2016a):

MME,
Jeme, (ACy) dME,

Ry

ASCP, = Equation 5-87

Finally, log-logistic distribution is applicable for inverse operating costs per extracted
mineral resource and extracted cumulative mineral resource, as calculated by Vieira et al.

(2016a):

1 MME, — CME, Equation 5-88
o= ew(@) e (.8x In ST ))

aASCP and bASCP are objects and slopes for the log-linear function between ASCP
and price of every mineral resource, which is available in supporting information, figures 5.25
and 5.26. Moreover, aASOP and bASOP are objects and slopes for the log-linear function
between ASOP and price of every mineral resource, as elaborated in Figure 5.24. In addition,
all b slopes range from 0.97-1.08, which results in a factor that does not exceed 4 if the price
is not included in the equation (RIVM Report, 2016-0104).

Furthermore, the average price of every mineral resource in 2013 is included. Table
5.61 shows three cultural perspectives of midpoint to endpoint factors for mineral resource
scarcity. In addition, midpoint to endpoint factors equal the potential of absolute surplus cost

in unit of USD2013/kg Cu, which is expressed for copper based on Vieira et al. (2016a).
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Table 5.61: Cultural perspectives of midpoint to endpoint factors for mineral resource scarcity (RIVM Report
2016-0104, p. 101)
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—— Log-linear ASOP(URR)
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Figure 5.24: Log-linear function between ASOP and price of every mineral resource (RIVM Report 2016-0104,

p. 98)
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Figure 5.25: Relationship between average price in 2013 (USD1998/kg x) and absolute surplus cost potential
(USD2013/kg x) (RIVM Report 2016-0104, p. 195)
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Figure 5.26: Cumulative cost-tonnage relationship for copper plotted using a log-logistic regression in
logarithmic scale (RIVM Report 2016-0104, p. 195)

5.6.13. Fossil Resource Scarcity

The impact category of fossil resource scarcity has damage modelling, which is
subdivided into a number of steps, as illustrated in Figure 5.27. Moreover, it is predicted in
modelling of the endpoint that low-cost fossil fuels are extracted first. In addition, an increase
in fossil fuel extraction has an influence on costs due to change in production technique or
sourcing from a higher location. For instance, when there is a depletion of all conventional oil,
other techniques, for example, enhanced oil recovery, are used or oil is produced in different
geographical locations with higher costs, for example, Arctic regions (Ponsioen et al., 2014).
On the other hand, combining the expected future extraction of fossil resources results in
surplus cost potential (SCP), which represents the endpoint indicator for the impact category,
although estimation of damage to natural resource scarcity is included. Moreover, fossil fuel
potential with higher heating value is used as a midpoint indicator (RIVM Report, 2016-0104).
Figure 5.27 shows the cause-and-effect chain from fossil resource extraction to natural resource

scarcity.

177



Fossil resource
extraction

!

Cost increase

Future fossil
resource extraction

l l

Surplus cost potential

Figure 5.27: Cause-and-effect chain of fossil resource scarcity impact (RIVM Report 2016-0104, p.
103)

5.6.13.1. Value Choices
No value choices are provided for fossil resources at midpoint and endpoint modelling

(RIVM Report, 2016-0104).

5.6.13.2. Characterisation Factors at Midpoint Level

The midpoint indicator for fossil resource use, determined as the Fossil Fuel Potential
of fossil resource x (kg oil-eg/unit of resource), is defined as the ratio between the energy
content of fossil resource x and the energy content of crude oil, which is calculated by (RIVM

Report, 2016-0104):

Equation 5-89

Fossil fuel potential (FFP) that uses units in kg oil-eg/unit of resource is correlated with
higher heating value (HHV) of five fossil resources: crude oil, natural gas, hard coal, brown

coal and peat, as elaborated in Table 5.76. In addition, HHV is used similar to one provided in
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the Ecolnvent database (Jungbluth & Frischknecht, 2010) as elaborated in the table in
Appendix 18.

The table in Appendix 19 shows the data of cumulative cost-tonnage parameters a and
b for every fossil resource, which is the calculated SCPs and supporting data for the derived

FFPs (Vieira & Huijbregts, in prep.).

5.6.13.3. Characterisation Factors at Endpoint Level

Endpoint characterisation factors (CFe) for extraction of fossil resource X, signified as
Surplus Cost Potential (SCP), by using the equation to express the results, as stated by Vieira
& Huijbregts, in prep.):

MFE
Jepe  (ACy) dFE, Equation 5-90

CF, = SCP, = =
X

In addition, cost equation of fossil resource x is calculated based on Vieira et al.

(2016b):

1
C. =
*a,+ b, - In(CFE,)

Equation 5-91

Cx represents production cost of fossil resource x in USD/kg or Nm?® x; CFEx in kg or
Nm?3 x signifies the cumulative quantity of extracted fossil resource x; while ax and by are the
intercept and slope of the log-linear distribution of cumulative cost-tonnage with correlation of
fossil resource x, as elaborated in Figure 5.28, in which the cumulative cost-tonnage
relationship for crude oil is plotted by using log-linear regression (x-axis in logarithmic scale).
Appendix 20 shows the five fossil resources for endpoint characterisation factors in

USD2013/unit of resource.
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Figure 5.28: Cumulative cost-tonnage relationship for crude oil (RIVM Report 2016-0104, p. 105)

Moreover, the table in Appendix 21 shows the provided substances and weights per
every substance group. Additionally, no characterisation factors are included for the group and
compartment if no emissions are available for the specific compartment. Although
characterisation factors for sub-compartments associated with weights respective
compartments as provided in the tables in Appendix 22, which include weighted average
factors per substance group and sub-compartment for three perspectives, Individualist,
Hierarchist and Egalitarian. In addition, nine midpoint categories of some substance groups
have CFs. On the other hand, characterisation factors for emissions to air are not calculated
precisely for urban or rural air for midpoint categories of Global Warming, Ozone Depletion,
lonising Radiation and Photochemical Ozone Formation. Moreover, the equivalent factor for
unspecified air is included twice in the tables, as detailed in Appendix 22 (RIVM Report, 2016-

0104).
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5.7. Summary

To conclude this chapter, LCA phases of this study were discussed separately with the
data collection process, although the modelling framework shows the flow chart of the research
processes in the stages which will be followed. Furthermore, the data calculations and analysis
of ReCiPe2016 LCIA was elaborated in detail with calculation of every impact, which consists
of 18 midpoint impact categories, nine damages pathways and three endpoint areas of
protection. Moreover, the calculations of ReCipe2016 show how it works in SimaPro software
to generate the final LCA results. In addition, this chapter provides the phases used as per
1ISO14040 methodology to conduct LCA on concrete waste management. Furthermore, all
equations and data provided in this chapter will be used in SimaPro 8.5.2 software, which helps
to correlate all inventories and calculate the inventory data of concrete waste in the software
itself to obtain the all LCA results. In Chapter 6, the generated results and analysis of LCIA

will be discussed.
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CHAPTER 6: ENVIRONMENTAL IMPACT AND DAMAGE COST

RESULTS OF CONCRETE WASTE

6.1. Introduction

This chapter presents the third phase of LCA as per 1SO14040:2006, which is Life
Cycle Impact Assessment (LCIA), as data findings and analysis of the midpoint and endpoint
assessment method, which is based on 18 midpoint impact categories, nine damage pathways
and three endpoint area of protection. In addition, the results of the environmental impact
assessment using ReCipe2016 are for unreinforced concrete waste, which is related to the
research aim and objectives on selected waste management options, which are final disposal
method and recycling method in parallel with the transportation method for concrete waste.
Furthermore, the assessment results cover all ReCipe2016 of LCIA in terms of midpoint and
endpoint. Moreover, extraction of inventory data for all relevant impacts such as landfilling,
recycling and transportation is from the Ecolnvent database. Additionally, LCIA assessment
calculations and results are obtained from SimaPro 8.5.2 software, which is used as a tool to
correlate and simplify the results. On the other hand, the chapter presents the results of damage
cost and its relationship with the LCA results. Moreover, the monetisation of environmental
indicators used damage costs and all the environmental prices are based on Handbook
Environmental Prices (2017), which includes 15 impact prices that are applicable for the
selected LCIA of this study, which is ReCiPe2016. In addition, LCA and damage cost
assessment were conducted for 2018, while the results for the years from 2013 to 2017 are

available in appendices 4 and 5.
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6.2. Environmental Prices

The damage costs were used by referring to Handbook Environmental Prices 2017,
which includes 15 prices that are applicable for LCIA by ReCiPe2016. In addition, Table 6.1
illustrates the impact category price in euros per related unit and the reference page number

linked to the Handbook Environmental Prices 2017.

Table 6.1: Environmental prices (Handbook Environmental Prices, 2017)

Handbook Environmental Prices 2017
No. Impact category Unit Price in Page
Euros (€)
1 Climate change €/kg CO2-eq. 0.057 42
2 Ozone layer depletion €/kg CFC-eq. 30.4 42
3 Acidification €/kg SO2-eq. 5.4 42
4 Freshwater eutrophication €/kg P-eq. 1.9 42
5 Marine eutrophication €kgN 3.11 42
6 Land use €/m2a 0.0261 42
7 Terrestrial ecotoxicity €/kg 1,4 DB-eq. 8.89 42
8 Freshwater ecotoxicity €/kg 1,4 DB-eq. 0.0369 42
9 Marine ecotoxicity €/kg 1,4 DB-eq. 0.00756 42
10 Human toxicity €/kg 1,4 DB-eq. 0.214 42
11 PM2.5 €/kg PM2.5 eq. 79.5 100
12 Nitrogen oxides (Nox) €/kg NOx eq. 18.7 107
(Human health)
13 Nitrogen oxides (Nox) €/kg NOx eq. 18.7 107
(Terrestrial ecosystems)
14 Mineral resource scarcity $/kg Cu eq 4.2 165
(Atmospheric)
15 Mineral resource scarcity $/kg Cu eq 0.239 173
(Soil)

6.3. LCA and Damage Cost
The calculation to link the LCA results with damage cost results is made by referring
to the Handbook Environmental Prices 2017, as shown in Table 6.1. Furthermore, the

assessment of LCA results begins with the LCIA phase by using the ReCipe2016 method. In
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addition, the Ecolnvent database was used for the second phase of LCA, which is life cycle
inventory. However, the third stage of LCA is LCIA, which is to find out the results, and this
stage was conducted by using SimaPro software, which helps to simplify and categorise the
final result of the complete LCA. In addition, based on Table 6.1, the damage prices were used
for each year to find out the damage cost besides the LCIA results and its cost influence on the
environment.

Table 6.2 illustrates the quantity of concrete waste in Dubai landfill from 2013 to 2018,
which shows that it is increasing yearly. Furthermore, midpoint LCIA and damage cost were
conducted for the year 2018. Data for the years 2017 to 2013 is available in appendices 4 and
5, and is based on Table 6.2 data and by referring to the same inventory as calculated for the

year 2018.

Table 6.2: Quantity of concrete waste in Dubai landfill in each year separately (Public Source, 2019)

Year Normal Concrete Tonnes
Waste from C&DW
going into Landfill
2013 " 3,900,000
2014 " 4,150,000
2015 " 4,400,000
2016 " 4,700,000
2017 " 5,000,000
2018 " 5,400,000

6.4. Midpoint LCIA by ReCipe2016
The midpoint method is positioned at the level of somewhere along with impact

pathway approach, which is at the point where the environmental mechanism is equal to that
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allocated to that specific impact category (Goedkoop et al., 2009). In addition, the midpoint
method has a robust relation to ecological flows and comparatively less uncertainty.

Figure 6.1 shows the results of the third phase of LCA by using the ReCipe2016 method
that includes midpoint assessment. In addition, Figure 6.1 elaborates each midpoint impact
result in percentage for three inventories, which are concrete waste in the landfill as final
disposal, recycling of concrete waste and transportation process. It indicates that waste concrete
in landfill does more damage to the environment compared to the recycling method and
transportation process in most of the midpoint impacts, for example, Global Warming,
Stratospheric Ozone Depletion, lonising Radiation, Ozone Formation (Human Health), Fine
Particulate Matter Formation, Ozone Formation (Terrestrial Ecosystems), Terrestrial
Acidification, Freshwater Eutrophication, Marine Eutrophication, Freshwater Ecotoxicity,
Marine Ecotoxicity, Land Use, Mineral Resource Scarcity, Fossil Resource Scarcity and Water
Consumption. In contrast, the transportation process of concrete waste had the highest
influence on the environment in only some midpoint impacts, which are Human Carcinogenic
Toxicity, Human Non-Carcinogenic Toxicity and Terrestrial Ecotoxicity. On the other hand,
some midpoint impacts of the recycling method, such as Ozone Formation (Human Health),
Fine Particulate Matter Formation and Ozone Formation (Terrestrial Ecosystems), were found
to be higher than the transportation process only. In the overall perspective, the landfilling
method for concrete waste had the highest impacts in midpoint assessment compared to the

recycling method and transportation process.
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Figure 6.1: Results of each midpoint impact in percentage (SimaPro software, ReCiPe2016 Midpoint Method)

Figure 6.1 shows the results of 15 impacts of midpoint LCIA and related damage cost.
From an overall perspective, the landfilling method and transportation process had a high
midpoint damage cost compared to the recycling method, especially in Terrestrial Ecotoxicity,
Ozone Formation (Human Health), Fine Particulate Matter Formation and Global Warming.
Marine Eutrophication and Marine Ecotoxicity had lower damage cost midpoint impacts,
which shows that they have less impact compared to the others. Midpoint LCIA and related

damage cost results are available for the years 2013 to 2017 in appendices 4 and 5.
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6.4.1. Fine Particulate Matter Formation

Airborne Particulate Matter (PM) is a combination of particles such as liquids or solids,
which vary in size and composition. The effects of airborne particulates contribute to damage
to human health and buildings, and cause visual inconvenience, in the form of haze. In addition,
Fine Particulate Matter transport has a large variety of toxic substances, which are directly
released into the air passages and lungs. Moreover, the smaller particles are more dangerous,
as they can penetrate the deepest into the lungs and can cause both direct and future damage
(Handbook Environmental Prices, 2017).

The LCA results in Figure 6.1 show that waste concrete in landfill as final disposal has
a52.9% impact on Fine Particulate Matter Formation compared to transportation and recycling
method, which are 6.22% and 40.8% respectively. From a unit perspective, waste concrete in
the landfill as final disposal was 148,450.38 (kg PM2.5 eq) compared to transportation and
recycling method, which were 17,440.96 and 114,384.59 respectively. The reason that
landfilling and recycling methods have more impact on Fine Particulate Matter Formation is
due to the dust created during both methods’ process and operation. Furthermore, the damage
pathway of Tropical Ozone Formation (Human Health) is increased in respiratory disease,

which leads to damage to human health as the endpoint area of protection.
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Damage Cost of Fine Particulate Matter Formation (kg PM2.5 eq)
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Figure 6.2: Damage Cost of Fine Particulate Matter Formation

Figure 6.2 presents the results of the damage cost for three methods from the year 2013
to 2018, in which R? = 0.9924. In addition, the damage cost forecast for the three methods
shows that it will keep increasing in the future, almost reaching €13,500,000 in 2020,
particularly in regard to the landfilling method. In addition, the damage cost of the three
methods in Fine Particulate Matter Formation from the years 2013 to 2018 is increasing by
around €60,000 to €100,000 as the yearly average in the transportation of concrete waste by
lorry. The damage cost of both methods, landfilling and recycling of concrete waste, has

increased by an average €50,000 to €100,000 every year.
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6.4.2. Tropical Ozone Formation (Human Health)

Ozone Depleting Substances (ODSs) lead to an increase in UVB-radiation, which
results in damage to human health. Although, when ozone increases it leads to a decrease in
atmospheric ozone concentration, which results in a larger radiation portion of UVB hitting the
Earth, more radiation has a negative impact on human health, which leads to an increase in the
occurrence of skin cancer and cataracts (RIVM Report, 2016-0104).

LCA results in Figure 6.1 demonstrate that the landfill method has an influence of
54.1% on Ozone Formation (Human Health), which is more than transportation and recycling
method at 22.3% and 23.6% respectively. Moreover, waste concrete in landfill was 601,163.86
(kg NOx eq), while transportation and recycling were 248,111.96 and 262,075.62 respectively.
Although, the damage pathway of ReCipe2016 shows that Tropical Ozone Formation (Human
Health) increases respiratory disease, which results in final endpoint in damage to human

health.
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Damage Cost of Ozone Formation, Human Health (kg NOXx eq)
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Figure 6.3: Damage Cost of Ozone Formation, Human health

Figure 6.3 illustrates the results from the

years 2013 to 2018 for the damage cost for

the three methods related to the impact of Ozone Formation (Human Health). The results show

an increase on average of €200,000 to €900,000 yearly in all three methods, in which R? =

0.992. Moreover, the projection for the three methods of damage cost shows accumulation in

future, and mostly in the landfilling method.
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6.4.3. lonising Radiation

The generation of anthropogenic emissions of radionuclides occurs in the fuel cycle
(mining, processing and waste disposal), although it is also generated during other human
activities, for instance, burning of coal and the extraction of phosphate rock. First, the model
of dispersion of the radionuclide throughout the environment is included. In addition, an
exposure model follows the step which radiation amount such as effective collective dose is
received by determination of entire population. On the other hand, exposure to ionising
radiation can be affected by radionuclides, which lead to damaged DNA molecules. Incidence
of non-fatal cancers and the incidence of fatal cancers are affected during the analysis step and
distinguished from impacts of severe hereditary and it is weighted in order to calculate the
damage to human health in disability adjusted life years (DALY as a final step. Currently, it
is not possible to quantify the damage to ecosystems by ionising radiation due to the
unavailability of impact assessment methodologies (RIVM Report, 2016-0104).

Figure 6.1 for LCA results proves that accumulated waste concrete in landfill as a final
disposal has a 62.5% influence on lonising Radiation compared to transportation process and
recycling method, which are 27.5% and 9.97% respectively. From a unit viewpoint, the
landfilling method was 1,3677,16.3 (kBg Co-60 eq), and transportation and recycling method
were 602,350.37 and 218,163.46 respectively. Moreover, the lonising Radiation damage
pathway is increased in different types of cancer and growth in other diseases or causes which
influence damage to human health.

The damage price of lonising Radiation is not available in the Handbook Environmental

Prices 2017 or other resources, so calculation of damage cost was not conducted.
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6.4.4. Stratospheric Ozone Depletion

Ozone Depleting Substances (ODSs) lead to an increase in UVB-radiation, which
results in damage to human health. Although, when ozone increases it leads to a decrease in
atmospheric ozone concentration, which results in a larger radiation portion of UVB hitting the
Earth, more radiation has a negative impact on human health, which leads to an increase in the
occurrence of skin cancer and cataracts (RIVM Report, 2016-0104).

Midpoint LCA results in Figure 6.1 show that the waste concrete in landfill was 61.7%
for Stratospheric Ozone Depletion, while transportation and recycling method results were at
19.5% and 18.8% respectively. From a unit perspective, the result for waste concrete in landfill
is 29.765 (kg CFC11 eq), while transportation and recycling methods are 9.407 and 9.0504113
respectively. The impact of Stratospheric Ozone Depletion increases numerous kinds of cancer
and an increase in other diseases or causes which lead to damage to human health as the

endpoint area of protection.
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Damage Cost of Stratospheric Ozone Depletion (kg CFC11 eq)
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Figure 6.4: Damage Cost of Stratospheric Ozone Depletion

Figure 6.4 shows the damage cost results for the three methods from 2013 to 2018, in
which R? = 0.992. Moreover, the prediction of damage cost for the three methods appears to
increase in the future, and mostly in the landfilling method. The damage cost results of
Stratospheric Ozone Depletion illustrate that there is a slight increase every year with an

average of €20 to €80, and mostly in the landfilling method.

6.4.5. Human Carcinogenic Toxicity (Cancer)

Not all substances with a carcinogenic substance ED50 are important for carcinogenics
to humans. The International Agency for Research on Cancer (IARC) is part of the World
Health Organisation (WHO), which assessed the carcinogenic risk of 844 substances

(mixtures) to humans by assigning a carcinogenicity class to every substance (IARC, 2004). In
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addition, classes indicate the strength of evidence for carcinogenicity, which is expressed from
studies in humans and experiments on animals and other significant data. Furthermore, the
definition of the two scenarios used from the data, egalitarian and hierarchic scenarios, includes
all 844 substances (IARC-category 1, 2A, 2B, 3 or no classification), while the individualistic
scenario includes only the substances with robust evidence of carcinogenicity (IARC-category
1, 2A and 2B).

LCA results for the midpoint in Figure 6.1 present that the landfilling method has a
31.5% impact on Human Carcinogenic Toxicity compared to transportation and recycling
method, which were 66 % and 2.47% respectively. From a unit perspective, waste concrete in
landfill as final disposal was 21,587.083 (kg 1,4-DCB) compared to transportation and
recycling methods, which were 45149 and 1692.438 respectively. Furthermore, the impact of
Human Carcinogenic Toxicity (Cancer) is growing in several categories of cancer, which result

in damage to human health.
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Damage Cost of Human Carcinogenic Toxicity (kg 1,4-DCB)
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Figure 6.5: Damage Cost of Human Carcinogenic Toxicity

Figure 6.5 demonstrates the damage cost of Human Carcinogenic Toxicity for the three
methods from 2013 to 2018, in which R? = 0.992. Likewise, the damage cost forecast for
Human Carcinogenic Toxicity of the three methods seems to show an increase in the future.
The results of the damage cost for Human Carcinogenic Toxicity show more cost impact in the

transportation process, and little cost impact in both landfilling and recycling methods.
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6.4.6. Human Non-Carcinogenic Toxicity (Non-Cancer)

The results of LCA in Figure 6.1 show that the landfilling method has a 28.6% impact
on Human Non-Carcinogenic Toxicity, while the transportation process is 68.7% and recycling
2.76%. In terms of the unit, the landfilling method has an impact at 746,082.49 (kg 1,4-DCB),
transportation at 1,792,538.1 and recycling method 72,150.367. Although, Human Non-
Carcinogenic Toxicity (Non-Cancer) lead to damage to human health as the endpoint area of
protection.

The damage price of Human Non-Carcinogenic Toxicity (Non-Cancer) was not
calculated to find the damage cost, because it is not available in the Handbook Environmental

Prices 2017 or other resources.

6.4.7. Global Warming

The damage modelling of the impact category of climate change is segmented into
several steps, such as emission of greenhouse gases in kg results in an increased atmospheric
concentration of greenhouse gases (ppb), which also leads to an increase in radiative forcing
capacity (w/m2), and results in an increase in the global mean temperature (°C). The influence
of increasing the temperature ultimately leads to damage to human health and ecosystems
(RIVM Report, 2016-0104).

The LCA outcome in Figure 6.1 shows the results of waste concrete in landfill has an
impact of 54.4% for Global Warming compared to transportation and recycling method, which
are 28.6% and 17% respectively. From a unit viewpoint, waste concrete in landfill contributes
7,228,4957 (kg CO2 eq) compared to transportation and recycling method, which are
3,793,4796 and 2,2640,946 individually. Moreover, Global Warming increases malnutrition
and damage to freshwater and damage to terrestrial species, which lead to damage to human

health and ecosystems.

196



Damage Cost of Global Warming (CO2)
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Figure 6.6: Damage Cost of Global Warming

Figure 6.6 determines the damage cost of Global Warming from 2013 to 2018, in which
R? = 0.9924. In addition, the projection for the damage cost of Global Warming for the three
methods is increasing yearly. Furthermore, the damage cost of Global Warming shows a huge
impact cost in all methods and especially in putting concrete waste into landfill, which cost

€4,120,242.50 in 2018.

6.4.8. Water Use/Consumption
With regard to humans, reduction in the availability of freshwater leads to challenges
between different water uses. Moreover, a small percentage of irrigation leads to decrease the

production and increase in malnutrition between local populations. Although, the relation of
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people’s vulnerability to malnutrition is increasing compared to lower human development
indexes (HDI) with a range of industrial countries (HD1>0.88) that have enough evidence in
order to buy food, which avoids malnutrition and results in no damage arising to human health.
The modelling of terrestrial ecosystems’ impacts are through the potential decline in vegetation
and plant variety. Moreover, a decrease in blue water, for example, water in lakes, rivers,
aquifers and precipitation, leads to a reduction in the available green water in soil moisture and
causes a reduction in plant species. Furthermore, a fraction of freshwater fish evaporate based
on estimation of water consumption related to species discharge as associated with river
entrances (RIVM Report, 2016-0104).

Based on Figure 6.1, which presents the LCA results, it shows that the landfilling
method was 87.5% for Water Use/Consumption, while the transportation process was 8.76%
and the recycling method 3.75%. In the unit of a cubic metre, landfilling consumed 1,012,710.4
(m3), transportation 101,376.27 and recycling 43,459.147. Water Use has an effect on
malnutrition and damage to freshwater terrestrial species, which lead to damage to human
health and ecosystems as the endpoint area of protection.

The damage price of Water Use/Consumption is not listed in the Handbook

Environmental Prices 2017 or other resources, so damage cost is not considered.

6.4.9. Freshwater Ecotoxicity

The potential impact on the marine environment is strongly related to account of
additional inputs for essential metals to oceans, which lead to toxic effects. The egalitarian and
hierarchic scenarios provided the calculation for the sea and oceanic compartments of marine
ecotoxicological impacts, while the individualistic scenario includes the calculation of the sea
compartment for essential metals. Essential metals are cobalt, copper, manganese,

molybdenum and zinc. Moreover, a decrease in blue water, for example, water in lakes, rivers,
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aquifers and precipitation, leads to a reduction in the available green water in soil moisture and
causes a reduction in plant species. Furthermore, a fraction of freshwater fish evaporate based
on estimation of water consumption related to species discharge as associated with river
entrances (RIVM Report, 2016-0104).

The LCA in Figure 6.1 illustrates that the landfilling method has a 51.1% influence on
Freshwater Ecotoxicity, transportation is 42.1% and recycling is 6.81%. Waste concrete in
landfill results in 630,299.48 (kg 1,4-DCB) compared to transportation and recycling method,
which are 519406.790 and 83955.099 respectively. In addition, the damage pathway of

Freshwater Eco-toxicity is linked to freshwater species, which results in damage to ecosystems.

Damage Cost of Freshwater Ecotoxicity (kg 1,4-DCB)
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Figure 6.7: Damage Cost of Freshwater Ecotoxicity
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Figure 6.7 defines the damage cost of Freshwater Ecotoxicity for the three methods, in
which R? = 0.992. Moreover, the damage cost forecast for Freshwater Ecotoxicity is
accumulative yearly. The damage cost for Freshwater Ecotoxicity is high for the landfilling

method and lower for the recycling method.

6.4.10. Freshwater Eutrophication

The occurrence of freshwater eutrophication is due to the discharge of nutrients into the
soil or the bodies of freshwater and subsequent rise in nutrient levels, such as phosphorus and
nitrogen. Furthermore, ecological influence is correlated with freshwater eutrophication and
they are various. Moreover, it is by following structure environmental impacts offset by
increasing nutrient emissions into freshwater, which results in increasing nutrient uptake by
autotrophic organisms such as cyanobacteria and algae, and heterotrophic species such as fish
and invertebrates. In addition, those effects lead to relative loss of species. Moreover, emission
impacts on freshwater are based on transfer of phosphorus from the soil to freshwater bodies,
which residence time in freshwater systems and on Potentially Disappeared Fraction (PDF) by
increase in phosphorus concentrations in freshwater (RIVM Report, 2016-0104).

LCA results in Figure 6.1 show that the landfilling method has a 63.1% impact on
Freshwater Eutrophication, transportation is 27.5% and recycling is 9.39%. In addition, from a
unit perspective, waste concrete in landfill was 6365.8561 (kg P eq), which is more than
transportation and recycling method, which were 2775.797 and 947.888 respectively.
Moreover, Freshwater Eutrophication impacts on freshwater species, which leads to damage to

gcosystems.
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Damage Cost of Freshwater Eutrophication (kg P eq)
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Figure 6.8: Damage Cost of Freshwater Eutrophication

Figure 6.8 elaborates the damage cost of Freshwater Eutrophication from 2013 to 2018,
in which R? = 0.992. Moreover, the projection for Freshwater Eutrophication is increasing
yearly and highly in the landfilling method. The damage cost for Freshwater Eutrophication is

found to be higher in the landfilling method, at €12,095.13 in 2018, compared to other methods.
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6.4.11. Tropical Ozone Formation (Ecosystems)

Ozone Depleting Substances (ODSs) lead to an increase in UVB-radiation, which
results in damage to human health. Although, when ozone increases it leads to a decrease in
atmospheric ozone concentration, which results in a larger radiation portion of UVB hitting the
Earth, more radiation has a negative impact on human health, which leads to an increase in the
occurrence of skin cancer and cataracts (RIVM Report, 2016-0104).

Figure 6.1 shows the LCA results of waste concrete in landfill as final disposal has a
54.2% impact on Tropical Ozone Formation (Ecosystems) compared to transportation and
recycling method, which are 22.3% and 23.6% respectively. From a unit perspective, waste
concrete in landfill as final disposal was 612,126.24 (kg NOx eq) compared to transportation
and recycling method, which were 251,954.24 and 266,298.17 respectively. Furthermore, the
damaging impact of Tropical Ozone Formation (Ecosystems) is linked to terrestrial species and

also leads to damage to ecosystems.
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Damage Cost of Ozone Formation, Terrestrial Ecosystems (kg NOx eq)
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Figure 6.9: Damage Cost of Ozone Formation, Terrestrial Ecosystems

Figure 6.9 illustrates the damage cost of Ozone formation (Terrestrial Ecosystems) for
the three methods from 2013 to 2018, in which R?= 0.992. Moreover, the forecast for Ozone
formation (Terrestrial Ecosystems) is growing yearly and more so in the landfilling method.
Moreover, the damage cost in the landfilling method was €11,446,760.69 compared to the
transportation process and recycling method, which were €4,711,544.29 and €4,979,775.78

respectively.

6.4.12. Terrestrial Ecotoxicity
LCA results in Figure 6.1 show that waste concrete in landfill as final disposal has a

37.5% impact on Terrestrial Ecotoxicity compared to transportation and recycling method,
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which are 60% and 2.53% respectively. On the other hand, waste concrete in landfill as a final
disposal has an impact at 129037190 (kg 1,4-DCB) compared to transportation and recycling
method, which are 20,620,2510 and 8,705,868.7 respectively. In addition, the damage pathway
of Terrestrial Ecotoxicity is related to damage caused to terrestrial species, which leads to

damage to ecosystems.

204



Damage Cost of Terrestrial Ecotoxicity (kg 1,4-DCB)
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Figure 6.10: Damage Cost of Terrestrial Ecotoxicity

Figure 6.10 clarifies the Terrestrial Ecotoxicity damage cost from 2013 to 2018 for the
three methods, and R?= 0.992. The estimated future damage cost for Terrestrial Ecotoxicity is
rising yearly, especially in the transportation process. The influence of the landfilling method
has reached €1,833,140,313.90, which shows significant damage compared to landfilling and
recycling methods, which are €1,147,140,619.10 in transportation and €77,395,172.74 in

recycling.

6.4.13. Terrestrial Acidification
There are some substances associated with atmospheric deposition of inorganic

compounds that can result in a change in soil acidity, for example, sulphates, nitrates and
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phosphates. In addition, the definitions of the optimum levels of acidity for most plant species
are provided. Moreover, the optimum level of acidity is harmful for certain types of species
and denoted as acidification. Goedkoop et al. (1999) and Hayashi et al. (2004) state that
variations in levels of acidity can result in changes in species occurrence. The main acidifying
emissions are NOy, NHz or SO> (Van Zelm et al. 2015). There is a calculation of
characterisation factors for acidification related to vascular plant species in biomes worldwide.
In addition, as described by Roy et al. (2012a,b) and Van Zelm et al. (2007b) Fate factors
accounting for the environmental persistence of an acidifying substance can be calculated with
an atmospheric deposition model correlated with a geochemical soil acidification model.
Moreover, effect factors are calculated for the damage to an ecosystem that occurs because of
acidification and expressed with dose-response curves of the potential occurrence of plant
species as it is resulting from logistic regression functions (Azevedo et al. 2013c).

The results of LCA in Figure 6.1 illustrate the influence of waste concrete in landfill as
final disposal, which have a 57% impact on Terrestrial Acidification compared to
transportation at 22.8% and recycling at 20.1%. Furthermore, the landfilling method was
348,418.92 (kg SO2 eq) compared to transportation (139,557.24) and recycling (122,878.69).
Moreover, Terrestrial Acidification is related to damage to terrestrial species and damage to

ecosystems.
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Damage Cost of Terrestrial Acidification (kg SO2 eq)
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Figure 6.11: Damage Cost of Terrestrial Acidification

Figure 6.11 shows the damage cost of Terrestrial Acidification for the three methods
over several years, in which R? = 0.992. Moreover, the projected damage cost for Terrestrial
Acidification is increasing yearly, particularly with regard to the landfilling method, where the

cost is €1,881,462.17 compared to transportation at €753,609.10 and recycling at €663,544.93.

6.4.14. Land Use/Transformation

The impact pathway of land use contains the direct, local impact of land use on
terrestrial species through change of land cover and actual use of new land. Moreover, variation
of land impacts consequently on original habitat and original species composition. In addition,
land use signifies agricultural and urban activities, which additionally exclude land as suitable
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habitat for many species. Moreover, the cause-and-effect of land use leads to correlated species
loss in terrestrial ecosystems. (RIVM Report, 2016-0104).

LCA midpoint results in Figure 6.1 show that the landfilling method had a 79.3%
impact on Land Use compared to transportation and recycling method, which were 20% and
0.693% respectively. From a unit perspective, waste concrete in landfill as final disposal was
6,073,915 (m2a crop eq), transportation 1,534,466.5 and recycling 53,116.578. Furthermore,
the damage pathway of Land Use/Transformation increases the loss of terrestrial species and

leads to damage to ecosystems as the endpoint area of protection.

Damage Cost of Land Use (m2a crop eq)
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Figure 6.12: Damage Cost of Land Use
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Figure 6.12 demonstrates the damage cost of Land Use in different years, in which R?
=0.992. The forecast damage cost for Land Use accumulates yearly, mainly in the landfilling

method compared to recycling and transportation, at €158,529.18.

6.4.15. Marine Ecotoxicity

The potential impact on the marine environment is strongly related to account of
additional inputs for essential metals to oceans, which lead to toxic effects. The egalitarian and
hierarchic scenarios provided the calculation of the sea and oceanic compartments of marine
ecotoxicological impacts, while the individualistic scenario includes the calculation of the sea
compartment for essential metals. Essential metals are cobalt, copper, manganese,
molybdenum and zinc (RIVM Report, 2016-0104).

LCA results in Figure 6.1 elaborate that waste concrete in landfill has a 49.4% impact
on Marine Ecotoxicity compared to the transportation process and recycling method, which are
44.1 % and 6.5% respectively. Moreover, waste concrete in landfill reached 243,805.57 (kg
1,4-DCB) compared to the transportation and recycling method, which are 217533.09 and
32096.588 respectively. Furthermore, the damage pathway of Marine Eco-toxicity is damage

to marine species, which leads to damage to ecosystems as the endpoint area of protection.
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Damage Cost of Marine Ecotoxicity (kg 1,4-DCB)
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Figure 6.13: Damage Cost of Marine Ecotoxicity

Figure 6.13 determines Marine Ecotoxicity damage cost from 2013 to 2018, in which
R? = 0.992. Moreover, the predicted damage cost for Marine Ecotoxicity has a slight
accumulation yearly in all methods, but is higher for landfilling, which is forecast to increase

slightly at an average of €200.

6.4.16. Marine Eutrophication

Marine eutrophication happens because of the runoff and leaching of plant nutrients
from the soil to discharge into riverine or marine systems, leading to a subsequent rise in
nutrient levels, for example, phosphorus and nitrogen (N). Furthermore, N is assumed to be a
limiting nutrient in marine waters (Cosme et al. 2015). On the other hand, ecological influence

is correlated with marine eutrophication, because nutrient enrichment points to a variety of
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ecosystem impacts, one of which is the existence of benthic oxygen depletion. In addition, it
leads to the start of hypoxic waters if in excess to anoxia, so-called ‘dead zones’, which is one
of the most severe and widespread root causes of disturbance to marine ecosystems. Moreover,
impacts on marine water are related to certain circumstances, such as transfer of dissolved
inorganic nitrogen (DIN) from soil and freshwater bodies or straight into marine water, which
residence time in marine systems on dissolved oxygen (DO) depletion and on potentially
disappeared fraction (PDF) (RIVM Report, 2016-0104).

Figure 6.1 shows that the landfilling method was 62.6% for Marine Eutrophication
compared to transportation and recycling method, which were 28.2% and 9.21% respectively.
From the unit perspective, the landfilling method was 498.070 (kg N eq), transportation
224.635 and recycling 73.324. Marine Eutrophication impacts on marine species and causes

damage to ecosystems.

Damage Cost of Marine Eutrophication (kg N eq)
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Figure 6.14; Damage Cost of Marine Eutrophication
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Figure 6.17 shows the damage cost of Marine Eutrophication over several years, in
which R?=0.992. Moreover, the forecast damage cost for Marine Eutrophication has a slight
accumulation yearly in all methods and significantly in the landfilling method, which has more

of a direct impact than transportation and recycling methods.

6.4.17. Mineral Resources Scarcity

The damage modelling for the impact category of mineral resource scarcity is
subdivided into some steps. In addition, primary extraction of a Mineral Resource (ME) leads
to a decrease in Ore Grade (OG), which has an influence on the concentration related to
resource in global ores, since it increases ore produced per kilogram of Mineral Resource
Extracted (OP). Furthermore, joined predicted future extraction of mineral resource leads to
average Surplus Ore Potential (SOP), which represents the midpoint indicator for the impact
category. Moreover, an increase in Surplus Ore Potential (SOP) leads to surplus cost potential,
while the two indicators follow the standard of mining sites with more grades or less costs for
SOP and SCP respectively (RIVM Report, 2016-0104).

Figure 6.1 illustrates that waste concrete in landfill has a 56.3% impact on Mineral
Resources Scarcity compared to transportation at 29.6% and recycling 14.1%. Furthermore,
waste concrete in landfill was 88,503.364 (kg Cu eq) compared to the transportation and
recycling method, which were 46,520.161 and 22,079.584 individually. Mineral Resources

Scarcity influences extraction costs, which leads to damage to resource availability.
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Damage Cost of Mineral Resource Scarcity - Atmospheric Emissions
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Figure 6.15: Damage Cost for Mineral Resource Scarcity

Figure 6.15 demonstrates the damage cost for Mineral Resource Scarcity (Atmospheric
Emissions) over several years, in which R = 0.992. In addition, the estimated future damage
cost for Mineral Resource Scarcity increases annually in all methods, but landfilling has more

of an influence than the other methods.
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Damage Cost Of Mineral Resource Scarcity - Emissions to Water to Soil
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Figure 6.16: Mineral Resource Scarcity - Emissions to Water to Soil

Figure 6.16 shows the damage cost of Mineral Resource Scarcity (Atmospheric
Emissions) from 2013 to 2018, in which R?=0.992. In addition, the projection of damage cost
for Mineral Resource Scarcity (Emissions to Water to Soil) increases gradually in all methods,
although there is a huge damage cost from landfilling compared to recycling and transportation

methods.

6.4.18. Fossil Resources Scarcity
The impact category of fossil resource scarcity has damage modelling which is

subdivided into a number of steps. Moreover, it is predicted in endpoint modelling that fossil
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fuels with the low costs are extracted firstly. In addition, an increase in fossil fuel extraction
has an influence on increase in costs due to change in production technique or sourcing from a
higher location. For instance, when there is a depletion of all conventional oil, other techniques,
for example, enhanced oil recovery, are used or oil is produced in different geographical
locations with higher costs, for example, Arctic regions (Ponsioen et al. 2014). On the other
hand, combining expected future extraction of fossil resource results in surplus cost potential
(SCP), which represents the endpoint indicator for the impact category, although estimation of
damage to natural resource scarcity is included. Moreover, fossil fuel potential with higher
heating value is used as the midpoint indicator (RIVM Report, 2016-0104).

Figure 6.1 elaborates that waste concrete in landfill as final disposal has aa 61.5%
impact on Fossil Resources Scarcity compared to transportation and recycling method, which
are 24.4% and 14.1% respectively. From a unit perspective, waste concrete in landfill as final
disposal has an impact at 31,723,569 (kg oil eq) compared to transportation and recycling
method, which are 12,570,694 and 7,266,799.6 respectively. In addition, Fossil Resources
Scarcity increases extraction costs and leads to damage to resource availability.

The damage price for Fossil Resources Scarcity is not available in the Handbook
Environmental Prices 2017 or other resources, so it was calculated only as an endpoint

assessment based on ReCipe2016.

6.5. Descriptive Statistics for the Damage Cost of Concrete Waste
Table 6.3 shows the descriptive analysis of damage cost for the year 2018, which
includes 15 impacts and three methods of concrete waste management. Descriptive analyses

for the years 2013 to 2017 are available in Appendix 6.
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Table 6.3: Descriptive Analysis of 2018 Damage Cost

Descriptive Analysis of 2018 Damage Cost

Name Damage Cost of Damage Cost of Damage Cost of

Transportation Landfilling Recycling
Mean 123138485.6 79215221.29 6561921.394
Standard 122143710.1 76289648.54 5107303.007
Error
Median 40049.576 158529.181 5277.021
Mode #N/A #N/A #N/A
Standard 473060555.1 295468538.3 19780499.49
Deviation
Sample 2.23786E+17 8.73017E+16 3.91268E+14
Variance
Kurtosis 15.0 14.991 14.314
Skewness 3.873 3.871 3.754
Range 1833140028 1147139714 77394944.71
Minimum 285.962 904.842 228.037
Maximum 1833140314 1147140619 77395172.74
Sum 1847077284 1188228319 98428820.92
Count 15 15 15

The best-known measure for the fundamental tendency of scores distribution is the
mean. On the other hand, factors by median define the midpoint of distribution or standard
deviation, which is known as the measure of the variability of a distribution. Additional
characterisations of the statistics are skewness and kurtosis, which define the lack of steadiness
in which the data is high or normal.

Table 6.3 shows the Descriptive Statistics for 2018 damage cost. The Mean of damage
cost for transportation is equal to 123,138,485.6 compared to landfilling and recycling at
79,215,221.29 and 6,561,921.394 respectively. The result of Standard Deviation for
transportation is 473,060,555.1 compared to landfilling and recycling, which are 295,468,538.3
and 19,780,499.49 respectively. In addition, the Kurtosis and Skewness results for
transportation are higher than landfilling and recycling: 15.0 for transportation, 14.991 for
landfilling and 14.314 for recycling. The same goes for Skewness, which is 3.873 for

transportation process, 3.871 for landfilling method and 3.754 for recycling method. Overall,
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transportation had high results in all aspects compared to the methods of landfilling and

recycling.

6.6. Endpoint LCIA by ReCipe2016

Characterisation factors of the endpoint level relate to three areas, which are human
health, quality of ecosystem and lack of resources. In addition, the endpoint method provides
superior information on ecological flows and more uncertain than the midpoint method
(Hauschild & Huijbregts, 2015).

Figure 6.17 illustrates the endpoint impact results in percentage for the three methods,
which are landfilling, recycling and transportation. Moreover, Figure 6.2 shows the results of
ReCipe2016 endpoint LCIA that consists of 22 endpoint impacts, which are Global Warming
(Human Health), Global Warming (Terrestrial Ecosystems), Global Warming (Freshwater
Ecosystems), Stratospheric Ozone Depletion, lonising Radiation Ozone Formation (Human
Health), Fine Particulate Matter Formation Ozone Formation (Terrestrial Ecosystems),
Terrestrial Acidification, Freshwater Eutrophication, Marine Eutrophication, Terrestrial
Ecotoxicity, Freshwater Ecotoxicity, Marine Ecotoxicity, Human Carcinogenic Toxicity,
Human Non-Carcinogenic Toxicity, Land Use, Mineral Resource Scarcity, Fossil Resource
Scarcity, Water Consumption (Human Health), Water Consumption (Terrestrial Ecosystem)
and Water Consumption (Aquatic Ecosystems). In addition, endpoint assessment concludes the
LCA by three endpoint damages as required by ReCipe2016 LCIA, which are Human Health,

Ecosystems and Resources.
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Figure 6.17: Results of each endpoint impact in percentage (SimaPro software, ReCiPe2016 Endpoint Method)

The results in Figure 6.17 show that putting concrete waste into landfill has a greater

ecological impact compared to recycling and transportation. From an overall standpoint,

landfilling method and transportation process have more ecological impacts compared to the

recycling method in all endpoint impacts, but transportation process had high results in both

Human Carcinogenic Toxicity and Human Non-Carcinogenic Toxicity. Appendix 2 includes

the endpoint results in units.

6.6.1. Fine Particulate Matter Formation

Figure 6.17 shows the endpoint assessment results of waste concrete in landfill as final

disposal, which has a 53% impact on Fine Particulate Matter Formation compared to

transportation and recycling method, which are 6.22% and 40.8% respectively. From a unit

perspective, waste concrete in landfill as final disposal was 93.4 (DALY) compared to
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transportation and recycling method, which were 11.0 and 71.9 respectively. Although, this

impact increases in respiratory disease and leads to damage to human health.

6.6.2. Tropical Ozone Formation (Human Health)

Figure 6.17 shows that landfilling was 54.1% for Ozone Formation (Human Health),
transportation was 22.3% and recycling was 23.6 %. In quantity of (DALY) unit, landfill
impacts were 0.547 (DALY), transportation 0.226 and recycling 0.234. Moreover, the damage
pathway of Tropical Ozone Formation (Human Health) raises the influence in respiratory

disease and damage to human health as the endpoint area of protection.

6.6.3. lonising Radiation

Figure 6.17 shows that waste concrete in landfill as final disposal has a 62.5% impact
on lonising Radiation compared to transportation and recycling method, which are 27.5% and
9.97% respectively. The landfill method was 0.0093 (DALY compared to transportation and
recycling, which were 0.004 and 0.002 individually. Furthermore, lonising Radiation leads to
various types of cancer and an increase in other diseases or causes, which impacts on the

damage to human health.

6.6.4. Stratospheric Ozone Depletion

Figure 6.17 shows that waste concrete in landfill as final disposal, has a 61.7% impact
on Stratospheric Ozone Depletion compared to transportation and recycling method, which
were 19.5% and 18.8% respectively. In addition, the landfill method has an impact of 0.007
(DALY), while transportation is 0.002 and recycling is 0.002. In addition, Stratospheric Ozone
Depletion increases the risk of several kinds of cancer, which cause diseases and lead to damage

to human health as the endpoint area of protection.
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6.6.5. Human Carcinogenic Toxicity (Cancer)

Figure 6.17 elaborates that waste concrete in landfill has a 31.6% impact on Human
Carcinogenic Toxicity (Cancer), while transportation is 66.0% and recycling is 2.48%. The
same goes for waste concrete in landfill, which was 0.072 (DALY’) compared to high ecological
impacts from the transportation process at 0.149 and recycling at 0.006. Furthermore, Human
Carcinogenic Toxicity (Cancer) increases the numerous types of cancer, which leads to damage

to human health as the endpoint area of protection.

6.6.6. Human Non-Carcinogenic Toxicity (Non-Cancer)

It is clarified in Figure 6.17 that the landfilling method was 28.6% for Human Non-
Carcinogenic Toxicity (Non-Cancer) compared to transportation and recycling method, which
were 68.6% and 2.77% respectively. From a unit perspective, waste concrete in landfill as final
disposal was 0.170 (DALY) compared to transportation and recycling method, which were
0.408 and 0.016 respectively. Moreover, the damage pathway of Human Non-Carcinogenic

Toxicity (Non-Cancer) causes damage to human health.

6.6.7. Global Warming (Human Health)

Table 6.19 shows that waste concrete in landfill as final disposal has a 54.4% impact
on Global Warming (Human Health), while transportation is 28.6% and recycling is 17%. From
a unit perspective, waste concrete in landfill as final disposal was 5.87 (DALY) compared to
transportation and recycling method, which were 3.10 and 1.83 respectively. Moreover, the
damage pathway of Global Warming (Human Health) increases malnutrition and damage to
freshwater and damage to terrestrial species, which lead to damage to human health and

ecosystems.
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6.6.8. Global Warming (Terrestrial Ecosystems)

Table 6.19 shows the endpoint results of the three methods; for example, landfilling
was 54.4% for Global Warming (Terrestrial Ecosystems) compared to transportation and
recycling method, which were 28.6% and 17% respectively. From a unit perspective, waste
concrete in landfill as final disposal was 0.0385 (species.yr) compared to transportation and
recycling methods, which were 0.0202 and 0.0120 respectively. In addition, the damage
pathway of Global Warming (Terrestrial Ecosystems) causes a rise in malnutrition and damage

to freshwater and terrestrial species, which lead to harm to human health and ecosystems.

6.6.9. Global Warming (Freshwater Ecosystems)

Table 6.19 shows that waste concrete in landfill as final disposal has a 54.4% impact
on Global Warming (Freshwater Ecosystems), while transportation is 28.6% and recycling is
17%. Moreover, landfilling was 1.048E-06 (species.yr), transportation 5.50E-07 and recycling
3.283E-07. In addition, damage from Global Warming (Freshwater Ecosystems) leads to an
increase in malnutrition and damage to freshwater and terrestrial species, which influence

human health and ecosystems.

6.6.10. Water Use/Consumption (Human Health)

Table 6.19 shows that the landfill method has a major effect on Water
Use/Consumption (Human Health) at 87.5% compared to transportation and recycling method,
which are 8.76% and 3.75% respectively. Moreover, waste concrete in landfill was 3.1394023
(DALY) compared to the transportation and recycling method, which were 0.314 and 0.135.
Although, the damage of Water Use/Consumption (Human Health) increases malnutrition and
impacts on freshwater and terrestrial species, which influence human health and ecosystems as

the endpoint area of protection.
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6.6.11. Water Use/Consumption (Terrestrial Ecosystems)
Table 6.19 illustrates the endpoint impacts of the three methods; all results were zero,

because it is not applicable for concrete waste by landfilling, recycling and transportation.

6.6.12. Water Use/Consumption (Aquatic Ecosystems)

Table 6.19 shows that the landfilling method has an 87.5% impact on Water
Use/Consumption (Aquatic Ecosystems), transportation is 8.76% and recycling 3.75%. In
addition, the damage from landfilling was 6.117E-07 (species.yr) compared to transportation
and recycling method, which were 6.123E-08 and 2.625E-08 respectively. Moreover, the
damage pathway of Water Use/Consumption (Aquatic Ecosystems) causes an increase in
malnutrition and damage to freshwater and terrestrial species, which lead to damage to human

health and ecosystems.

6.6.13. Freshwater Ecotoxicity

Table 6.19 shows that landfilling as final disposal has a 51.1% impact on Freshwater
Ecotoxicity compared to transportation and recycling method, which are 42.1% and 6.81%
respectively. From a unit perspective, waste concrete in landfill has a 0.0004 (species.yr)
impact, transportation is 0.0004 and recycling is 5.818E-05. Moreover, the damage pathway of

Freshwater Ecotoxicity affects the freshwater species and leads to damage to ecosystems.

6.6.14. Freshwater Eutrophication

Table 6.19 elaborates the three methods of concrete waste, in which the landfilling
method has a 63.1% impact on Freshwater Eutrophication, transportation is 27.5% and
recycling is 9.39%. Waste concrete in landfill as a final disposal was 0.004 (species.yr)

compared to transportation and recycling methods, which were 0.002 and 0.0006 respectively.
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In addition, Freshwater Eutrophication damages the freshwater species, which leads to damage

to ecosystems as the endpoint area of protection.

6.6.15. Tropical Ozone Formation (Ecosystems)

The LCA results in Table 6.19 illustrate the three methods of concrete waste. Landfill
was 54.2%, which is equal to 0.079 (species.yr), transportation was 22.3%, which is
0.032501875, and recycling was 23.6%, which denotes 0.344. Furthermore, the damage
pathway of Tropical Ozone Formation (Ecosystems) impacts terrestrial species, which results

in damage to ecosystems.

6.6.16. Terrestrial Ecotoxicity

Table 6.19 shows that waste concrete in landfill has a 37.5% impact on Terrestrial
Ecotoxicity, transportation is 60% and recycling 2.53%. From a unit perspective, waste
concrete in landfill as final disposal was 0.001 (species.yr) compared to transportation and
recycling methods, which were 0.002 and 9.922E-05 respectively. Although, the damage
pathway of Terrestrial Ecotoxicity has an influence on terrestrial species and causes damage to

ecosystems.

6.6.17. Terrestrial Acidification

Table 6.19 clarifies the results of the landfilling method for concrete waste, which has
a 57.0% impact on Terrestrial Acidification compared to transportation and recycling method,
which are 22.8% and 20.1% respectively. Moreover, the landfilling method was 0.074
(species.yr), transportation was 0.030 and recycling was 0.030. Furthermore, Terrestrial
Acidification is damaging terrestrial species, which leads to damage to ecosystems as the

endpoint area of protection.
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6.6.18. Land Use/Transformation

Table 6.19 illustrates the LCA results for endpoint assessment of the three waste
concrete methods. Putting concrete waste into landfill has a 79.3% impact on Land
Use/Transformation, transportation is 20.0% and recycling is 0.693%. Moreover, waste
concrete in landfill as final disposal was 0.054 (species.yr) compared to transportation and
recycling methods, which were 0.014 and 0.0004 respectively. Additionally, the damage
pathway of Land Use/Transformation increases the damage to terrestrial species, which leads

to damage to ecosystems.

6.6.19. Marine Ecotoxicity

Table 6.19 demonstrates that waste concrete in landfill had an impact of 49.4% on
Marine Ecotoxicity compared to transportation and recycling methods, which were 44.1% and
6.51% respectively. In a unit perspective, waste concrete in landfill as final disposal was
2.559E-05 (species.yr), transportation was 2.283E-05 and recycling 3.368E-06. Although, the
damage pathway of Marine Ecotoxicity impacts on marine species, which results in damage to

ecosystems as the endpoint area of protection.

6.6.20. Marine Eutrophication

Table 6.19 shows that waste concrete in landfill as final disposal has a 62.6% impact
on Marine Eutrophication, transportation process is 28.2% and recycling method is 9.21%.
Moreover, the landfilling method was 8.46E-07 (species.yr) compared to transportation and
recycling methods, which were 3.82E-07 and 1.25E-07. Although, the damage pathway of

Marine Eutrophication damages marine species, and leads to damage to ecosystems.
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6.6.21. Mineral Resources Scarcity

Table 6.19 shows that the landfilling method has an impact cost on Mineral Resources
Scarcity of 56.3%, which is equal to $14,104.968 (USD2013), transportation is 29.6%, which
costs $7413.812, and recycling is 14.1%, which is $3519.240. On the other hand, the damage
pathway of Mineral Resources Scarcity increases the extraction costs, which leads to damage

to resource availability.

6.6.22. Fossil Resources Scarcity

Table 6.19 indicates that waste concrete in landfill as final disposal has a cost impact
of 61.3% for Fossil Resources Scarcity compared to transportation and recycling method,
which are 24.3% and 14.4% respectively. From a unit perspective, waste concrete in terms of
landfilling method cost was $13,632,163 (USD2013) compared to transportation and recycling
methods, at $5402,381.3 and $3,194,154.8 respectively. Furthermore, the damage pathway of
Fossil Resources Scarcity is impacts on oil, gas, coal and energy cost, which lead to damage to

resource availability as the endpoint area of protection.

6.7. Final endpoint LCIA by ReCipe2016

Characterisation factors of the endpoint level relate to three areas, which are human
health, quality of ecosystem and lack of resources. In addition, the endpoint method provides
superior information on ecological flows and more uncertain than the midpoint method
(Hauschild & Huijbregts, 2015).

After conducting the midpoint and endpoint assessment, Figure 6.18 illustrates the final
endpoint damage results in percentage by referring to ReCipe2016 LCIA which influence
Human Health, Ecosystems and Resources. The results indicate that the landfilling method had

the highest ecological impact on Human Health, Ecosystems and Resources. Moreover, the
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landfilling method for concrete waste caused 53.6% damage to Human Health compared to the
transportation process of concrete waste and recycling of concrete waste, which are 7.87% and
38.5% respectively. Moreover, the landfilling method has more impact on Ecosystems at
59.1%, whilst transportation process is 23.6% and recycling method is 17.3%. In addition,
putting concrete waste into landfill had a 61.3% influence on resources compared to

transportation process and recycling method, which are 24.3% and 14.4% individually.
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Figure 6.18: Endpoint damages results in percentage (SimaPro software, ReCiPe2016 Endpoint Method)

The final endpoint impact results in units are available in Appendix 3. From the results,
it is obvious that concrete waste as a final disposal method has more impact on Human Health
at 103.18889 Disability-Adjusted Life Years (DALY) compared to transportation of concrete
waste and recycling of concrete waste, which are 15.155 and 74.185 respectively. Moreover,

the landfilling method had the highest impact on ecosystems at 0.251 Species-Years
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(species.yr), whilst transportation process was 0.100 and recycling method was 0.074.
Moreover, landfilling cost more in terms of Resources (USD2013), at $13,646,268, compared
to transportation of concrete waste and recycling of concrete waste, at $5,409,795.1 and

$3,197,674.1 respectively.

6.8. Modelling LCA Impacts and Damage Cost
6.8.1. Mathematical Relationships between LCA and Damage Cost

This section defines the most significant findings of the research, which are linked to
the research aim and objectives. Furthermore, based this chapter’s results of LCIA and damage
cost, mathematical relationships are found to show the influence of the damage cost on the
concrete waste for the three methods. The assessment focuses on finding the mathematical
relationship between the results of LCA and damage cost for concrete waste based on 15
impacts by using natural logarithm and chooses an exponential curve, which shows the more
applicable curve. In addition, natural logarithm was used to find the relationship of 15 impacts
and 15 damage costs for the three methods for the year 2018; data for the years 2013 to 2017
is available in Appendix 7.

Furthermore, monetisation is the process signifying the impacts that are linked with
social and natural capital in monetary value, which makes them more tangible. In addition,
monetising environmental influences is known as natural capital valuation, which is considered
a kind of sustainability return on investment analysis and delivers a different financial
perception of sustainability. Another method is to find the costs that are correlated with a
particular activity, for example, the cost of damage or the cost to replace the service. For
instance, the social cost of carbon (SCC) is an estimate of the economic damages associated
with an increase of CO2 emissions. Furthermore, monetary methodologies might be variable

and include original value decisions. Moreover, one criticism of monetisation is that it could
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oversimplify complex concerns and it is difficult to quantify or monetise every ecosystem value
(Pre-sustainability 2018, p. 1). The association of costs with ecological damages imposed on
society (Nguyen et al., 2016). For instance, there are several existing methods to evaluate the
monetisation of environmental damages as classification endpoints or safeguard subjects such
as ecosystems, humans and resources. In addition, the methods of evaluating monetisation of
environmental damages are European models such as EPS 2000 by Steen (1999), ExternE
project by Bickel and Friedrich (2005), Ecotax 2002 by Finnveden et al. (2006), and
Stepwise2006 by Weidema (2009). Moreover, LIME is a Japanese model by Itsubo et al.
(2004), which is a non-European model. Most of the monetary assessment models are not fully
completed, since not all environmental impacts are subjected to monetisation (Bos & Vleugel,
2005).

The Handbook Environmental Prices (2017) is used as a method and cost for valuation
of ecological impacts by CE Delft (2018). It contains the environmental prices of many
impacts. The environmental prices are applicable for social cost or pollution, and are expressed
in euros per kilogram pollutant. In addition, environmental prices specify the damage to
economic welfare that occurs when one added kilogram of the pollutant makes its way into the
atmosphere (Handbook Environmental Prices, 2017). Environmental prices are also
determined for immaterial forms of pollution such as noise nuisance and ionising radiation
(Handbook Environmental Prices, 2017). Furthermore, they provide average values for the
Netherlands, for instance, emissions from a common source of emissions with an average
emission site in the year 2015 (Handbook Environmental Prices, 2017). The handbook present
the prices at three levels (Handbook Environmental Prices, 2017). Firstly, at the pollutant level,
which gives the environmental emissions values of damaging substances (Handbook
Environmental Prices, 2017). Secondly, at the midpoint level, which gives values for

environmental themes, for example, climate change or acidification (Handbook Environmental
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Prices, 2017). Thirdly, at the endpoint level, which gives a value for the environmental impacts
of pollution, for instance, damage to human health or ecosystem services (Environmental
Prices Handbook, 2017).

Natural logarithm equation was used in Microsoft Excel 2013 for each method,
landfilling, recycling and transportation, and for 15 LCA and damage cost impacts, which are
Climate change, Ozone layer depletion, Acidification, Freshwater eutrophication, Marine
eutrophication, Land use, Terrestrial ecotoxicity, Freshwater ecotoxicity, Marine ecotoxicity,
Human toxicity, PM2.5, Nitrogen oxides (Nox) (Human health), Nitrogen oxides (Nox)
(Terrestrial ecosystems), Mineral resource scarcity (Atmospheric) and Mineral resource
scarcity (Soil). To find the relationships between LCA results and damage costs results, the
impact is denoted by the x-axis and the cost is denoted by the y-axis. In addition, the
exponential curve was found to be the appropriate curve with R? compared to the linear curve.
Furthermore, mathematical relationships between LCA and damage cost show that there is
always a positive relationship between impact and cost. Moreover, the natural logarithm
equation can be used for forecasting the LCA and damage cost for all 15 impacts and to conduct
the statistical modelling. The same calculation was conducted for the previous years, from 2013
to 2017, as available in Appendix 7.
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Figure 6.19: The relationship between impact and cost for transportation method in 2018
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Figure 6.19 shows the results of LCA and damage cost for the transportation method in
2018 by using the natural logarithm equation. The results consist of 15 impacts on LCA that
are linked with damage cost. There is a positive relationship between the LCA impact and
damage cost for transportation method in 2018 based on the exponential curve; it shows that

R?=0.614 and the equation for the impact cost of transportation: y = 5.024¢%068x

Impact-Cost of Landfilling in 2018
25

20 y= 5.186e0:0667x

* e’ R?=0,59.-"""
| : o LT
8 A, :
S .. . .
@.eerertet” ¢ i
5
0
0 5 . 15 20
Impact

Figure 6.20: The relationship between impact and cost for the landfilling method in
2018

Figure 6.20 illustrates the outcomes of the landfilling method for concrete waste in LCA
and damage cost by calculation of the natural logarithm equation, in which the results cover 15
impacts for LCA and damage cost. The mathematical relationship between the LCA impact
and damage cost for the landfilling method for concrete waste have a positive relationship, in
which as the impact increases the damage cost increases, while the exponential curve of R? =

0.59 with the equation y = 5.186e%0667
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Impact-Cost of Recycling in 2018
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Figure 6.21: The relationship between impact and cost for recycling method in 2018

Figure 6.21 demonstrates the recycling method for concrete waste in terms of LCA
impact and damage cost, which is based on the natural logarithm equation. Moreover, the
outcomes indicate 15 impacts, which have a positive relationship at curve R?= 0.615 and the

equation y = 3.832e%9892%: when the impact increases, the cost increases also.

6.9. Summary

The chapter concludes the LCIA by using ReCiPe2016 of 18 impacts for midpoint
damage, 22 impacts for endpoint damage and three endpoint areas of protections. The results
were based on three methods, which are final disposal of concrete waste without any treatment
compared to recycling method in parallel with the transportation process of concrete waste to
the landfill. Furthermore, impact results for all nine damage pathways and three endpoint areas
of protections are negatively affected more in the final disposal method, then the transportation
process and, finally, the recycling method has less impact. On the other hand, as can be seen
from the damage cost results for the three methods of concrete waste disposal, the damage cost

for putting concrete waste into landfill was found to be the highest in all midpoint impacts
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compared to the method of recycling and the transportation process. Furthermore, the recycling
and landfilling methods had high damage cost in some impacts compared to the transportation
method, for instance, Ozone Formation in Human Health, Fine Particulate Matter Formation
and Ozone Formation in Terrestrial Ecosystems, while the transportation method had a higher
damage cost than the landfilling and recycling methods in Terrestrial Ecotoxicity and Human
Carcinogenic Toxicity. Furthermore, based on Descriptive Analysis for damage cost for 2018,
transportation method has a high value compared to landfilling and recycling methods in Mean,
Standard Deviation, Kurtosis and Skewness. The mathematical relationships by natural
logarithm equation for LCA and damage cost of the three concrete waste management methods
were found to be near to each other in terms of R? results. Moreover, the recycling method has
more correlation between impact and damage cost compared to landfilling and transportation.
On the other hand, the recycling method seems to be the best in terms of LCA results and
damage cost compared to the other concrete waste management options. Although,
mathematical relationships between LCA and damage cost show that there is always a positive

relationship between impact and cost.
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CHAPTER 7: DISCUSSION

7.1. Introduction

This chapter includes a discussion of the key research aim and objectives through this
thesis. The first section introduces a discussion of the research’s three objectives, which is
followed by a discussion of the strengths of the research methodology, implications and
validation. Furthermore, the last section discusses the thesis conclusion, which covers research

limitation, summary of the research contribution, future research and recommendations.

7.2. Main Findings and Summary of Contribution
7.2.1. Objective 1: Investigate the environmental impact of concrete waste by LCA

The first objective was to conduct the LCA of three waste management options,
landfilling, recycling and transportation. LCA was conducted in this study based on
1ISO14040:2006 Environmental Management of Life Cycle Assessment: Principles and
Framework. The LCA consists of four phases, which are goal and scope definition, inventory
analysis, impact assessment and, finally, interpretation of results. Furthermore, the phases
should be conducted sequently (1S014040:2006). Methods for management of concrete waste
were classified into two main phases, for instance, LCA by using SimaPro software and
Ecolnvent database. The LCA approach was used to find the ecological impact for the
management of concrete waste as per ReCiPe2016 LCIA, which consists of 18 midpoint 18
impacts, 22 endpoint impacts and three endpoint areas of protections.

To achieve the objectives of the investigation, the environmental impact of concrete
waste was examined by LCA, using ReCipe2016 LCIA, which includes midpoint and endpoint.
Midpoint results show that the damage cost for putting concrete waste into landfill was found

to be the highest in all midpoint impacts compared to the method of recycling and

233



transportation process. Furthermore, recycling and landfilling methods had a higher damage
cost in some impacts compared to the transportation method, for instance, Ozone Formation
(Human health), Fine Particulate Matter Formation and Ozone formation in Terrestrial
Ecosystems. In contrast, the transportation method had a higher damage cost than landfilling
and recycling methods in Terrestrial Ecotoxicity and Human Carcinogenic Toxicity.

On the other hand, the endpoint results show that concrete waste as final disposal has
more impact on Human Health at 103.189 Disability-Adjusted Life Years (DALY) compared
to transportation of concrete waste and recycling of concrete waste, which were 15.155 and
74.185 respectively. Moreover, the landfilling method had the highest impact on ecosystems
at 0.251 Species-Years (species.yr), while transportation process was 0.100 and recycling
method was 0.074. Moreover, landfilling cost more in terms of Resources (USD2013), which
was $13,646,268, compared to transportation of concrete waste and recycling of concrete

waste, which were $5,409,795.1 and $3,197,674.1 respectively.

7.2.2. Objective 2: Investigate the Environmental Damage Cost of Concrete Waste

The second objective was to find the damage cost of the three waste management by
referring to LCA, specifically LCIA results. Monetisation is a process that signifies the impacts
linked with social and natural capital in monetary value, which makes them more tangible. In
addition, monetising environmental influences is known as natural capital valuation, which is
considered to be a kind of sustainability return on investment analysis and delivers a different
financial perception of sustainability (Pre-sustainability 2018, p. 1). The Handbook
Environmental Prices (2017) was used as a method and cost for valuation of ecological impacts
by CE Delft (2018). Moreover, the handbook contains the environmental prices of many
impacts. In addition, they are applicable for social cost or pollution, and are expressed in euros

per kilogram pollutant (Handbook Environmental Prices, 2017). The assessment of damage
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cost used the midpoint damage prices applicable for the LCIA midpoint as per the ReCipe2016
method.

Chapter 6 presented the damage cost results and LCA results, which indicate that many
impacts have a serious damage cost on the environment, such as Ozone Formation (Human
Health), which shows an increase in yearly average at €200,000 to €900,000 in all three
methods. In addition, Global Warming shows a huge damage cost in all methods and especially
in putting concrete waste into landfill, which cost €4,120,242.50. Moreover, Ozone formation
(Terrestrial Ecosystems) in the landfilling method was €11,446,760.69 compared with the
transportation process and recycling method, which were €4,711,544.29 and €4,979,775.78
respectively. The highest damage cost was Terrestrial Ecotoxicity in the landfilling method,
which reached €1,833,140,313.90, which shows significant damage compared to landfilling
and recycling methods, which are €1,147,140,619.10 and €77,395,172.74 respectively. On the
other hand, Terrestrial Ecotoxicity had more impact on the landfilling method, which cost
€1,881,462.17 compared to transportation at €753,609.10 and recycling at €663,544.93. On the
other hand, some impacts had a low damage cost, such as Stratospheric Ozone Depletion,
Human Carcinogenic Toxicity (Cancer), Freshwater Ecotoxicity, Freshwater Eutrophication,

Land Use, Marine Ecotoxicity and Marine Eutrophication.

7.2.3. Objective 3: Find the Mathematical Relationship between LCA Results and
Damage Cost Results
The relationships between many stages are involved in environmental prices as per the
Handbook Environmental Prices (2017), which consists of emissions, midpoints, endpoints,
valuation and related fields of study such as ReCiPe LCIA, which was used in this research.
The natural logarithm equation was used in Microsoft Excel 2013 for each method and

for 15 LCA and damage cost impacts, which are Climate change, Ozone layer depletion,
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Acidification, Freshwater eutrophication, Marine eutrophication, Land use, Terrestrial
ecotoxicity, Freshwater ecotoxicity, Marine ecotoxicity, Human toxicity, PM2.5, Nitrogen
oxides (Nox) (Human health), Nitrogen oxides (Nox) (Terrestrial ecosystems), Mineral
resource scarcity (Atmospheric) and Mineral resource scarcity (Soil). In addition, the
exponential curve was found to be the appropriate curve with R? compared to the linear curve.
Furthermore, mathematical relationships between LCA and damage cost show that there is
always a positive relationship between impact and cost. Moreover, the natural logarithm
equation can be used for forecasting the LCA and damage cost for 15 impacts of the three

concrete waste methods.
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CHAPTER 8: CONCLUSION

8.1. Strengths of the Research Methodology

There are strengths in the research methodology that led to the research aim and
objectives being accomplished, for example, modelling of concrete waste by LCA and damage
cost. Moreover, database for the quantity of concrete waste in Dubai city landfill from
government sources was achieved. In addition, the SimaPro software and Ecolnvent database
were used in this research.

On the other hand, the efficient literature review of various studies showed that
significant ecological impacts occur from construction using and demolition of concrete waste.
In addition, the serious risks of concrete waste were highlighted in relation to human health,
ecosystems and resources availability, which were analysed in this study by conducting LCA
based on ReCipe2016 LCIA to achieve the research objectives. The LCA shows the results of
the ecological impacts of concrete waste in the landfilling method, transportation of concrete
waste and recycling of concrete waste by 18 midpoint impacts, 22 endpoint impacts and three
final endpoint impacts of protection.

The importance of the environmental impact results from LCA is to measure the
damage that concrete waste causes to the environment, find the best waste management
practices and options, and find the damage cost, which all lead to protect and save the
environment, resources, human health and ecosystems. Furthermore, calculating the ecological
impact and damage cost can be identified at the early stage of construction and demolition
processes to reduce and minimise the generated waste concrete by selecting the Best Disposal
Option Practice (BDOP). For example, the recycling method is an eco-friendly method that is
recommended worldwide, which helps to protect the environment and reduce the damage cost

compared to the landfilling method.
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Methods for management of concrete waste were classified into two main phases: the
first phase used LCA by using SimaPro software and Ecolnvent database, while the second
phase examined monetisation of environmental indicators by referring to the Handbook
Environmental Prices 2017. The LCA approach was used to find the ecological impact for the
management of concrete waste as per ReCiPe2016 LCIA, which consists of 18 impacts as
illustrated in detail in Chapter 5. Furthermore, the monetisation of environmental indicators
was based on 15 environmental prices, which were applicable for ReCiPe2016 LCIA, and
which were used to find the damage cost of 15 impacts that have an effect on the environment.

LCA of waste concrete in this study shows that it has huge environmental impacts and
damage costs in relation to human health, ecosystems and resources throughout its waste life
cycle, which includes emissions from dump truck transportation, dismantling, handling and
disposal. Additionally, the process of depositing concrete waste into landfill without any
treatment method has a significant influence. For example, emissions released from concrete
waste in the landfill can contaminate soil and water, as mentioned in detail in the LCA results
in Chapter 6. On the other hand, recycling concrete waste also contributes to environmental
impacts and damage costs, but it has fewer impacts compared to the landfilling method. In
addition, LCA results and damage costs show that recycling of concrete waste does less damage
compared to landfilling and transportation.

Based on the literature review, recycling of concrete waste has always been preferential
in terms of reducing waste and achieving sustainability. However, in terms of LCA and damage
cost, it was not clearly evident how the millions of tonnes of concrete can influence the
environment based on 18 impacts as midpoint and endpoint methods and damage costs for 15
impacts. In addition, there are many findings in different pieces of research which show that
waste concrete has ecological impacts, but when it comes to the damage cost to human health,

resources and ecosystems and the certain huge quantity of concrete waste and different waste
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management methods, this research explores the results in more detail. Although, the damage
cost results for the three methods of concrete waste disposal show that the damage cost for
putting concrete waste into landfill is the highest in all midpoint impacts compared to the
method of recycling and transportation process. Furthermore, the recycling and landfilling
methods have a high damage cost in some impacts compared to the transportation method, for
instance, Ozone Formation in Human Health, Fine Particulate Matter Formation and Ozone
Formation in Terrestrial Ecosystems, while the transportation method had a higher damage cost
than the landfilling and recycling methods in terms of Terrestrial Ecotoxicity and Human
Carcinogenic Toxicity. The Descriptive Analysis for damage cost for 2018 shows that the
transportation method has a high value compared to the landfilling and recycling methods in

Mean, Standard Deviation, Kurtosis and Skewness.

8.2. Validation and Implications

LCA was conducted in this study based on 1S014040:2006 Environmental
Management of Life Cycle Assessment: Principles and Framework. The LCA consists of four
phases, which are goal and scope definition, inventory analysis, impact assessment and, finally,
interpretation of results. Furthermore, the phases should be conducted sequently
(1S014040:2006). Moreover, methods for management of concrete waste were classified into
two main phases, for instance, LCA by using SimaPro software and Ecolnvent database. The
Handbook Environmental Prices (2017) was used as a method and cost for valuation of
ecological impacts by CE Delft (2018). Moreover, the handbook contains the environmental
prices of many impacts. In addition, environmental prices are applicable for social cost or
pollution, which are expressed in euros per kilogram pollutant (Handbook Environmental
Prices, 2017). The sustainability of the environment, along with social and economic

sustainability, creates three pillars of sustainability (Moldan et al., 2011).
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Concrete waste management options such as final disposal in landfill is the primary
method used in the UAE in general, and the city of Dubai, while concrete waste management
options such as recycling are not practised here. Moreover, it was discovered that the current
concrete waste disposal method practised in the UAE including the city of Dubai was not an
efficient waste disposal method. This is because both LCA and damage cost outcomes show
that generation of concrete waste from C&D sites in the city of Dubai, which is sent to landfill
without any treatment method, is considered not substantial process and has a massive impact
on the environment.

Referring to the Ecolnvent database and SimaPro software in this study: SimaPro
provides a collaborative outcomes analysis, which helps to trace the results back to their origins
in the real period (Peuportier et al. 2009). SimaPro LCA software and Ecolnvent LCA database
were used in a study of the environmental evaluation of concrete, plaster and brick components’
manufacture (Giama & Papadopoulos, 2015). Furthermore, SimaPro provides a native user
boundary by following 1SO14040, and it can be used to create comprehensive modelling with
scenario analysis (Peuportier et al. 2009). Moreover, the SimaPro tool helps to find direct
impact assessment results from every stage of the studied system and it can analyse composite
waste treatment and recycling methods (Peuportier et al. 2009).

To validate the results, for both LCA and damage cost of the three methods of concrete
waste, they were studied in relation to other researchers’ findings. In this study, the relationship
between LCA and damage cost by the exponential curve was found to be the appropriate curve
with R? compared to the linear curve, which shows that the recycling method has more
correlation between impact and damage cost compared to landfilling and transportation.
Although, mathematical relationships between LCA and damage cost show that there is always

a positive relationship between impact and cost. Moreover, there was no error in LCA in terms
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of inventory and analysis of all three methods in this study by referring to the Ecolnvent

database and SimaPro software, since the modelling was run based on collected data.

8.3. Summary of Contribution

This research has contributed to increase the understanding of modelling the damage
cost besides LCA results for the management of concrete waste, which were based on different
waste management options: landfilling, recycling and transportation process. On the other
hand, it has made a contribution to the existing body of knowledge in terms of both research
and practice in the following areas:

1) In terms of academia and research, the study will open up opportunities for
researches in the future, for example, regarding which impact indicator and method of concrete
waste impacts on the environment and which indicator is more or less critical in terms of
ecological impact and damage cost of management of concrete waste, which has not previously
been available in the region.

2)  Life Cycle Cost Assessment (LCCA) can be conducted in future to find the
financial benefit of different management options for concrete waste. Since the study is based
on LCA and environment damage cost, a fully comprehensive LCCA can be conducted in
future research, which has implications for academia. Furthermore, LCCA will be an
opportunity for the whole construction project in terms of cost saving and other financial
purposes. In addition, this study is only the first phase, and it is opening opportunities for other
researchers to follow this research modelling, and then to be able to conduct phase two. It is
impossible to conduct LCCA without establishing the LCA outcome. Moreover, no study has
undertaken LCA and monetisation of environmental indicators in the region in the management

of concrete waste by considering the massive quantity in landfill with comparison to the
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recycling method and transportation process. Finally, the study will open opportunities to
achieve sustainability in LCA of the management of concrete waste and LCCA.

3) In terms of practice, the study will help the construction projects, whether run by
the government or private organisations, to achieve sustainability and efficiency in the
management of concrete waste by having a mobile or stationary recycling machine at the
construction sites, which will reduce the ecological impacts on the environment as concrete
debris will not be transported to or end up in landfill.

4)  The study will help the implication in areas of concrete waste disposal and
management of concrete waste in line with the requirements of government and federal
legislation such as Dubai Plan 2021 and UAE Vision 2021. Moreover, the study is going to
enhance the decision-making since it is built and based on tangible benefits, for example, UAE
2021 Vision, which mandating and utilising the concrete waste to achieve sustainability.
Furthermore, the primary practice implication of this study is to reduce the ecological impact
and damage cost of concrete waste, while the secondary implication is providing future
capacity in the landfill, reducing the trips per truck in the dumping of concrete waste into the
landfill, achieving income from the recycling method, and reducing the ecological impacts and

damage costs to human health, ecosystems and resources.

8.4. Limitations of the Research

Comprehensive research has some limitations in fulfilling the research aim and
objectives. Some limitations were found in this research, and supplementary development can
be made as follows:

1) The raw data and segregation of the quantity of concrete waste in the landfill were

limited to certain years, which had an influence on the study in terms of finding the

yearly amount of unreinforced concrete waste in the landfill.

242



2) The investigation into the current methods of concrete waste management options
in the UAE differed in some cities, which found that recycling plants for concrete waste
are available in some cities in the United Arab Emirates, but this method is not in used
for recycling concrete waste.

3) Conducting LCA by using SimaPro software required an inventory database for a
specific region, which might have some variations in LCIA results, but some global
inventories were found in the Ecolnvent database.

4) Many damage prices were found from different resources, but the appropriate and
validated damage prices that meet the ReCip2016 LCIA of this research were in a Dutch
database included in the Handbook Environmental Prices 2017, which was used as
method and cost for valuation of ecological impacts by the CE Delft organisation.

5)  The Handbook Environmental Prices 2017 was found to have limited damage
prices, which were available for only 15 impacts out of 18 impacts. The damage prices
for Fossil Resources Scarcity, lonising Radiation and Human Non-Carcinogenic
Toxicity were not available in the handbook, so damage cost was not conducted for

these three impacts.

8.5. Recommendations for Future Research
This investigation identified some areas that would benefit from future research, for
example:
1) Conduct a Life Cycle Cost Assessment (LCCA) on concrete waste management
to find the financial benefit of different management options for concrete waste.
2)  Conduct a full LCA on different management methods for concrete waste,
starting from the extraction of raw materials, to the processing, the final product and

waste treatment methods.
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3) Develop an LCA cost model for different treatment methods of concrete waste.
4)  Redevelop the model of concrete waste management in the UAE by including
different scenarios of recycling certain quantities of concrete waste and find the LCA
and damage cost results.

5) Incorporate more factors in finding the damage cost of concrete waste.
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APPENDICES

Appendix 1

2.16E8 tkm
Transport, freight, lorry 16-32
metric ton, EURO3 {GLO}|
market for | APOS, S

28.6 %

5.4E9 kg
Concrete Waste in Dubai
Landfill
100 %
5.4E9 kg

Waste concrete, not
reinforced {RoW}| treatment
of waste concrete, not
reinforced, collection for final
disposal | APOS, S

54.4 %

5.4E9 kg
Waste concrete, not
reinforced {RoW}| treatment
of waste concrete, not
reinforced, recycling | APOS, S

17 %

Overall distribution of 18 midpoint impacts (SimaPro software, ReCiPe2016 Midpoint

Method)
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Results of each midpoint impact category in percentage (SimaPro software, ReCiPe2016 Midpoint Method)

No. Impact category Unit | Tota | Transport | Waste Waste
I , freight, concrete, | concrete, not
lorry 16- not reinforced
32 metric | reinforced | {RoOW}|
ton, {RoW}| treatment of
EURO3 treatment | waste
{GLO}| of waste concrete, not
market concrete, reinforced,
for | not recycling |
APOS, S reinforced | APOS, S
, collection
for final
disposal |
APQOS, S
1 Global warming % 100 | 28.552308 |54.406576 | 17.041116
2 Stratospheric ozone | % 100 |19.507118 | 61.724496 | 18.768385
depletion
3 lonising radiation % 100 | 27.52683 | 62.503311 | 9.9698591
4 Ozone formation, % 100 | 22.325248 | 54.093047 | 23.581705
Human health
5 Fine particulate % 100 | 6.2227821 | 52.965797 | 40.811421
matter formation
6 Ozone formation, % 100 | 22.289366 |54.152318 | 23.558316
Terrestrial
ecosystems
7 Terrestrial % 100 | 22.846219 | 57.037924 | 20.115857
acidification
8 Freshwater % 100 | 27.511629 | 63.093617 | 9.3947543
eutrophication
9 Marine % 100 | 28.219441 | 62.569358 | 9.2112014
eutrophication
10 Terrestrial % 100 | 6.00E+01 | 3.75E+01 | 2.5311763
ecotoxicity
11 Freshwater % 100 | 42.102866 |51.091774 | 6.8053601
ecotoxicity
12 Marine ecotoxicity | % 100 | 44.085439 | 49.40984 6.5047214
13 Human carcinogenic | % 100 | 65.979798 | 31.546908 | 2.4732936
toxicity
14 Human non- % 100 | 68.659339 |28.577095 | 2.7635656
carcinogenic toxicity
15 Land use % 100 | 20.028283 | 79.278425 | 0.69329232
16 Mineral resource % 100 29.611229 | 56.334572 | 14.054199
scarcity
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17 Fossil resource % 100 | 24.380207 | 61.526213 | 14.09358
scarcity
18 Water consumption | % 100 | 8.7578626 | 87.487716 | 3.7544213
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Results of each midpoint impact category in units (SimaPro software, ReCiPe2016 Midpoint Method)

No. Impact category Unit | Total Transpor | Waste Waste
t, freight, | concrete, | concrete,
lorry 16- | not not
32 metric | reinforced | reinforced
ton, {RoW}| {RoW}|
EURO3 | treatment | treatment
{GLO}| of waste of waste
market concrete, | concrete,
for | not not
APOS, S | reinforced | reinforced,

, recycling |
collection | APOS, S
for final
disposal |
APQOS, S
1 Global warming kg 1.33E+0 | 37934796 | 72284957 | 22640946
cCO2 |8
€9
2 Stratospheric ozone | kg 48.22157 | 9.406640 | 29.764525 | 9.0504113
depletion CFC1 |7 1
1eq
3 lonising radiation kBq 2188230. | 602350.3 | 1367716.3 | 218163.46
Co-60 |1 7
€9
4 Ozone formation, kg 1111351. | 248111.9 | 601163.86 | 262075.62
Human health NOx |4 6
€q
5 Fine particulate kg 280275.9 | 17440.96 | 148450.38 | 114384.59
matter formation PM25 | 4 1
€q
6 Ozone formation, kg 1130378. | 251954.2 | 612126.24 | 266298.17
Terrestrial NOx |6 4
ecosystems eq
7 Terrestrial kg 610854.8 | 139557.2 | 348418.92 | 122878.69
acidification SO2 5 4
€q
8 Freshwater kg P 10089.54 | 2775.796 | 6365.8561 | 947.88755
eutrophication eq 1 9
9 Marine kgN | 796.0293 | 224.6350 | 498.07045 | 73.323865
eutrophication eq 4 3
10 Terrestrial kg 3.44E+0 | 2.06E+08 | 1.29E+08 | 8705868.7
ecotoxicity 1,4- 8
DCB
11 Freshwater kg 1233661. | 519406.7 | 630299.48 | 83955.099
ecotoxicity 1,4- 4 9
DCB
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12 Marine ecotoxicity | kg 493435.2 | 217533.0 | 243805.57 | 32096.588
1,4- 5 9
DCB
13 Human carcinogenic | kg 68428.52 | 45149 21587.083 | 1692.4382
toxicity 1,4- 1
DCB
14 Human non- kg 2610770. | 1792538. | 746082.49 | 72150.367
carcinogenic toxicity | 1,4- 9 1
DCB
15 Land use m2a 7661498. | 1534466. | 6073915 53116.578
crop 2 5
€q
16 Mineral resource kg Cu | 157103.1 | 46520.16 | 88503.364 | 22079.584
scarcity eq 1 1
17 Fossil resource kg oil | 5156106 | 12570694 | 31723569 | 7266799.6
scarcity eq 3
18 Water consumption | m3 1157545, | 101376.2 | 1012710.4 | 43459.147
8 7
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Appendix 2

2.16E8 tkm
Transport, freight, lorry 16-32 metric
ton, EURO3 {GLO}| market for | APOS,
S

787 %

5.4E9 kg
Concrete Waste in Dubai Landfill

100 %

5.4E9 kg
Waste concrete, not reinforced {RoW}|

treatment of waste concrete, not
reinforced, collection for final disposal
| APOS, S

53.6 %

5.4E9 kg
Waste concrete, not reinforced {RowW}|
treatment of waste concrete, not
reinforced, recycling | APOS, S

385%

Overall distribution of 22 endpoint impacts (SimaPro software, ReCiPe2016 Endpoint

Method)

Overall distribution of 22 endpoint impacts (SimaPro software, ReCiPe2016 Endpoint

Method)
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Results of each endpoint impact category in percentage (SimaPro software, ReCiPe2016 Endpoint Method)

2018
No. | Impact category Unit | Total | Transport, | Waste Waste
freight, concrete, not | concrete, not
lorry 16-32 | reinforced reinforced
metric ton, | {RoW} {RoW}
EURO3 treatment of | treatment of
{GLO}| waste waste
market for | concrete, not | concrete, not
| APOS, S | reinforced, reinforced,
collection for | recycling |
final disposal | APOS, S
| APOS, S
1 | Global warming, % 100 28.552577 | 54.406241 17.041183
Human health
2 | Global warming, % 100 28.552773 | 54.406042 17.041185
Terrestrial
ecosystems
3 | Global warming, % 100 2.86E+01 | 5.44E+01 1.70E+01
Freshwater
ecosystems
4 | Stratospheric ozone | % 100 19.518091 | 61.722473 18.759436
depletion
5 | lonising radiation % 100 27.525998 | 62.502827 9.9711752
6 | Ozone formation, % 100 22.325174 | 54.093153 23.581673
Human health
7 | Fine particulate % 100 6.2227821 | 52.965797 40.811421
matter formation
8 | Ozone formation, % 100 22.289414 | 54.152286 23.558301
Terrestrial
ecosystems
9 | Terrestrial % 100 22.846319 | 57.038474 20.115207
acidification
10 | Freshwater % 100 27.511576 | 63.093681 9.3947428
eutrophication
11 | Marine % 100 2.82E+01 6.26E+01 9.21E+00
eutrophication
12 | Terrestrial % 100 59.951424 | 37.517266 2.53E+00
ecotoxicity
13 | Freshwater % 100 42.091692 | 51.099663 6.81E+00
ecotoxicity
14 | Marine ecotoxicity % 100 441E+01 | 4.94E+01 6.51E+00
15 | Human carcinogenic | % 100 65.965169 | 31.556087 2.4787441
toxicity
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16 | Human non- % 100 68.648486 | 28.585846 2.765668
carcinogenic toxicity

17 | Land use % 100 20.030437 | 79.276389 0.69317342

18 | Mineral resource % 100 29.610219 | 56.3342 14.055581
scarcity

19 | Fossil resource % 100 24.303632 | 61.326859 14.369509
scarcity

20 | Water consumption, | % 100 8.7578626 | 87.487716 3.7544213
Human health

21 | Water consumption, | % 100 0 0 0
Terrestrial
ecosystem

22 | Water consumption, | % 100 8.76E+00 8.75E+01 3.75E+00

Aguatic ecosystems
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Appendix 3

Results of final endpoint impact in percentage (SimaPro software, ReCiPe2016 Endpoint Method)

2018
Transport, | Waste concrete, Waste concrete
freight, not reinforced not reinforced’
lorry 16-32 | {RoW}| treatment {ROW}| treatment
Damage . metric ton, | of waste concrete,
No. Unit | Total : of waste concrete,
category EURO3 not reinforced, not reinforced
{GLO}| collection for final recvelin |APdS
market for | | disposal | APOS, y gs '
APQOS, S S
1 HH‘Q?Q % | 100 | 7.8713191 53.596642 38.532039
2 | Ecosystems | % 100 | 23.610405 59.069045 17.32055
3 Resources % 100 | 24.309603 61.321241 14.369156

Results of final endpoint impact in units (SimaPro software, ReCiPe2016 Endpoint Method)

2018
No. Damage category Unit Total Transport, Waste concrete, | Waste concrete,
freight, lorry not reinforced not reinforced
16-32 metric {RoW}| {RoW}|
ton, EURO3 treatment of treatment of
{GLO}| waste concrete, | waste concrete,
market for | not reinforced, not reinforced,
APOS, S collection for recycling |
final disposal | APQOS, S
APOS, S
1 Human Health DALY 192.52864 15.154544 103.18889 74.18521
2 Ecosystems species.yr 0.42555908 0.10047622 0.25137368 0.07370917
3 Resources uUSD2013 22253737 5409795.1 13646268 3197674.1
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Appendix 4

LCA results of 2018 and its damage cost

LCA Results of 2018
No. Impact Unit | Total Transportation Landfilling Recycling Price | Damage Cost of | Damage Cost of Damage Cost of Total
category per Transportation Landfilling Recycling
unit
in
Euro
1 Global kg 13286 | 37934796 72284957 22640946 | 0.057 | € € € €
Warming CO2 | 0700 2,162,283.37 4,120,242.55 1,290,533.92 7,573,059.84
€q
2 Stratospheric | kg 48.22 | 9.4066401 29.764525 9.0504113 | 30.4 € € € €
Ozone CFC | 1577 285.96 904.84 275.13 1,465.94
Depletion 11
€q
3 Ozone kg 11113 | 248111.96 601163.86 262075.62 | 18.7 € € € €
Formation, NOx | 51.4 4,639,693.65 11,241,764.18 | 4,900,814.09 20,782,271.9
Human eq 3
Health
4 Fine kg 28027 | 17440.961 148450.38 114384.59 | 79.5 € € € €
Particulate PM2 | 5.94 1,386,556.40 11,801,805.21 | 9,093,574.91 22,281,936.5
Matter 5eq 1
Formation
5 Ozone kg 11303 | 251954.24 612126.24 266298.17 | 18.7 € € € €
Formation, NOx | 78.6 4,711,544.29 11,446,760.69 | 4,979,775.78 21,138,080.7
Terrestrial eq 6
Ecosystems
6 Terrestrial kg 61085 | 139557.24 348418.92 122878.69 | 5.4 € € € €
Acidification | SO2 | 4.85 753,609.10 1,881,462.17 663,544.93 3,298,616.19
€q
7 Freshwater kg P | 10089 | 2775.7969 6365.8561 947.88755 | 1.9 € € € €
Eutrophicatio | eq 541 5,274.01 12,095.13 1,800.99 19,170.13
n
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8 Marine kgN | 796.0 | 224.63503 498.07045 73.323865 | 3.11 € € € €
Eutrophicatio | eq 2934 698.61 1,549.00 228.04 2,475.65
n

9 Terrestrial kg 34394 | 206202510 129037190 | 8705868.7 | 8.89 € € € €
Ecotoxicity 1,4- | 5570 1,833,140,313.9 | 1,147,140,619. | 77,395,172.74 3,057,676,10

DCB 0 10 5.74

10 | Freshwater kg 12336 | 519406.79 630299.48 83955.099 | 0.036 | € € € €

Ecotoxicity 14- | 614 9 19,166.11 23,258.05 3,097.94 45,522.10
DCB

11 | Marine kg 49343 | 217533.09 243805.57 32096.588 | 0.007 | € € € €

Ecotoxicity 1,4- | 5.25 56 1,644.55 1,843.17 242.65 3,730.37
DCB

12 | Human kg 68428 | 45149 21587.083 1692.4382 | 0.214 | € € € €
Carcinogenic | 1,4- | .521 9,661.89 4,619.64 362.18 14,643.70
Toxicity DCB

13 | Land Use m2a | 76614 | 1534466.5 6073915 53116.578 | 0.026 | € € € €

crop | 98.2 1 40,049.58 158,529.18 1,386.34 199,965.10
€q

14 | Mineral kg 15710 | 46520.161 88503.364 22079.584 | 4.2 € € € €
Resource Cu 3.11 195,384.68 371,714.13 92,734.25 659,833.06
Scarcity eq
(Atmospheric
Emissions)

15 | Mineral kg 15710 | 46520.161 88503.364 22079.584 | 0.239 | € € € €
Resource Cu 3.11 11,118.32 21,152.30 5,277.02 37,547.64
Scarcity eq
(Emissions
To Water -

Soil)

16 | lonising kBq | 21882 | 602350.37 1367716.3 218163.46 - - - - -

radiation Co- | 30.1
60
€q

17 | Humannon- | kg 26107 | 1792538.1 746082.49 72150.367 - - - - -
carcinogenic | 1,4- | 70.9
toxicity DCB

18 | Water m3 11575 | 101376.27 1012710.4 43459.147 - - - - -
consumption 45.8
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LCA results of 2017 and its damage cost

LCA Results of 2017
No. | Impact Unit Total Transportation | Landfilling | Recycling | Price Damage Cost of Damage Damage Cost of Total
category per Transportation Cost of Recycling
unit Landfilli
ng
1 Global kg CO2 123019170 | 35124811 66930516 | 2096383 | 0.057 2002114.227 3815039. | 1194938.823 €
warming eq 9 412 7,012,092.46
2 Stratosphe | kg 44.649608 | 8.7098519 27.559745 | 8.380010 | 30.4 264.7794978 837.8162 | 254.7523192 €
ric ozone CFC11 5 48 1,357.35
depletion eq
3 Ozone kg NOx 1029029.1 | 229733.3 556633.2 242662.6 | 18.7 4296012.71 1040904 | 4537790.807 €
formation, | eq 1 0.84 19,242,844.36
Human
health
4 Fine kg 259514.76 16149.038 137454.06 | 105911.6 | 79.5 1283848.521 1092759 | 8419976.97 €
particulate | PM2.5 6 7.77 20,631,423.26
matter eq
formation
5 Ozone kg NOx 1046646.9 | 233290.96 566783.55 | 246572.3 | 18.7 4362540.952 1059885 | 4610903.506 €
formation, | eq 8 2.39 19,572,296.84
Terrestrial
ecosystem
S
6 Terrestrial | kg SO2 565606.34 | 129219.66 322610.11 | 1137765 | 5.4 697786.164 1742094. | 614393.424 €
acidificati | eq 6 594 3,054,274.18
on
7 Freshwater | kg P eq 9342.1672 | 2570.1823 5894.3112 | 877.6736 | 1.9 4883.34637 11199.19 | 1667.579954 €
eutrophica 6 128 17,750.12
tion
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8 Marine kg N eq 737.0642 207.9954 461.17634 | 67.89246 | 3.11 646.865694 1434.258 | 211.1455755 €
eutrophica 8 417 2,292.27
tion

9 Terrestrial | kg 1,4- 318468120 | 190928250 11947888 | 8060989. | 8.89 1697352143 1062167 | 71662197.54 €
ecotoxicity | DCB 0 6 243 2,831,181,583.

24

10 | Freshwater | kg 1,4- 1142279 480932.21 583610.63 | 77736.20 | 0.0369 | 17746.39855 21535.23 | 2868.465891 €
ecotoxicity | DCB 3 225 42,150.10

11 | Marine kg 1,4- 456884.49 | 201419.53 225745.89 | 29719.06 | 0.0075 | 1522.731647 1706.638 | 224.6761163 €
ecotoxicity | DCB 3 6 928 3,454.05

12 | Human kg 1,4- 63359.741 | 41804.63 19988.039 | 1567.072 | 0.214 | 8946.19082 4277.440 | 335.3534936 €
carcinogen | DCB 4 346 13,558.98
ic toxicity

13 | Land use m2acrop | 7093979.8 | 1420802.4 5623995.4 | 49182.01 | 0.0261 | 37082.94264 146786.2 | 1283.650644 €

eq 7 799 185,152.87

14 | Mineral kg Cueq | 145465.84 43074.224 81947.559 | 20444.05 | 4.2 180911.7408 344179.7 | 85865.0478 €
resource 9 478 610,956.54
scarcity
(atmosphe
ric
emissions)

15 | Mineral kg Cueq | 145465.84 | 43074.224 81947.559 | 20444.05 | 0.239 | 10294.73954 19585.46 | 4886.130101 €
resource 9 66 34,766.34
scarcity
(emissions
to water -
soil)
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LCA results of 2016 and its damage cost

LCA Results of 2016
No. | Impact category Unit Total Transportation | Landfilling | Recycling | Price Damage Cost Damage Damage Total
per of Cost of Cost of
unit Transportation | Landfilling Recycling
1 Global warming kg 1.16E+08 | 33017322 62914685 | 1970600 | 0.057 1881987.354 3586137.04 | 112324251 | €
Cco2 9 5 3 6,591,366.91
€9
2 Stratospheric ozone | kg 41.97063 | 8.1872608 25.906161 | 7.877209 | 30.4 248.8927283 787.547294 | 239.467181 | €
depletion CFC1l |1 9 4 1,275.91
leq
3 Ozone formation, kg 967287.3 | 215949.3 523235.21 | 228102.8 | 18.7 4038251.91 9784498.42 | 4265523.29 | €
Human health NOXx 7 5 7 5 18,088,273.63
€9
4 Fine particulate kg 243943.8 | 15180.096 129206.81 | 99556.96 | 79.5 1206817.632 10271941.4 | 7914778.4 €
matter formation PM25 | 7 1 19,393,537.43
€9
5 Ozone formation, kg 983848.0 | 219293.5 532776.54 | 231778.0 | 18.7 4100788.45 9962921.29 | 4334249.16 | €
Terrestrial NOXx 8 3 8 1 18,397,958.91
ecosystems eq
6 Terrestrial kg 531669.9 | 121466.48 303253.51 | 1069499 | 54 655918.992 1637568.95 | 577529.838 | €
acidification SO2 6 7 4 2,871,017.78
€q
7 Freshwater kg P 8781.637 | 2415.9714 5540.6525 | 825.0132 | 1.9 4590.34566 10527.2397 | 1567.52515 | €
eutrophication eq 2 4 5 6 16,685.11
8 Marine kg N 692.8403 | 195.51567 433.50576 | 63.81892 | 3.11 608.0537337 1348.20291 | 198.476841 | €
eutrophication eq 5 4 2 2,154.73
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9 Terrestrial kg 2.99E+08 | 1.79E+08 1.12E+08 | 7577330. | 8.89 1595510970 998437233. | 67362465.4 | €
ecotoxicity 1,4- 2 5 8 2,661,310,668.4
DCB 8
10 | Freshwater kg 1073742. | 452076.28 548593.99 | 73072.03 | 0.0369 | 16681.61473 20243.1182 | 2696.35794 | €
ecotoxicity 1,4- 3 1 3 4 39,621.09
DCB
11 | Marine ecotoxicity | kg 429471.4 | 189334.36 212201.14 | 27935.91 | 0.0075 | 1431.367762 1604.24061 | 211.195547 | €
1,4- 2 9 6 8 6 3,246.80
DCB
12 | Human kg 59558.15 | 39296.352 18788.757 | 1473.048 | 0.214 8409.419328 4020.79399 | 315.232293 | €
carcinogenic 1,4- 7 1 8 4 12,745.45
toxicity DCB
13 | Land use m2a 6668341 | 1335554.2 5286555.7 | 46231.09 | 0.0261 | 34857.96462 137979.103 | 1206.63160 | €
crop 6 8 6 174,043.70
€q
14 | Mineral resource kg Cu | 136737.8 | 40489.77 77030.705 | 19217.41 | 4.2 170057.034 323528.961 | 80713.1472 | €
scarcity eq 9 6 574,299.14
(atmospheric
emissions)
15 | Mineral resource kg Cu | 136737.8 | 40489.77 77030.705 | 19217.41 | 0.239 9677.05503 18410.3385 | 4592.96242 | €
scarcity (emissions | eq 9 6 4 32,680.36

to water - soil)
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LCA results of 2015 and its damage cost

LCA Results of 2015
No. | Impact category Unit Total Transportation | Landfilling | Recycling | Price Damage Cost Damage Damage Total
per of Cost of Cost of
unit Transportation | Landfilling Recycling
1 Global warming kg 1.08E+08 | 30909834 58898854 | 1844817 | 0.057 1761860.538 3357234.67 | 1051546.14 | €
CO2 8 8 6 6,170,641.36
€9
2 Stratospheric ozone | kg 39.29165 | 7.6646697 24.252576 | 7.374409 | 304 233.0059589 737.278310 | 224.182039 | €
depletion CFC1 |5 2 4 7 1,194.47
leq
3 Ozone formation, kg 905545.6 | 202165.3 489837.22 | 213543.1 | 18.7 3780491.11 9159956.01 | 3993255.97 | €
Human health NOx 2 4 16,933,703.09
€9
4 Fine particulate kg 228372.9 | 14211.153 120959.57 | 93202.26 | 79.5 1129786.664 9616285.81 | 7409579.75 | €
matter formation PM25 |9 1 5 18,155,652.23
€9
5 Ozone formation, kg 921049.2 | 205296.04 498769.53 | 216983.6 | 18.7 3839035.948 9326990.21 | 4057595.00 | €
Terrestrial NOx 6 9 1 3 17,223,621.16
ecosystems eq
6 Terrestrial kg 497733.5 | 113713.31 283896.9 100123.3 | 5.4 614051.874 1533043.26 | 540666.252 | €
acidification SO2 8 8 2,687,761.39
€q
7 Freshwater kg P 8221.107 | 2261.7605 5186.9939 | 772.3528 | 1.9 4297.34495 9855.28841 | 1467.47035 | €
eutrophication eq 1 2 8 15,620.10
8 Marine kg N 648.6165 | 183.03595 405.83518 | 59.74537 | 3.11 569.2418045 1262.14741 | 185.808106 | €
eutrophication eq 2 9 2,017.20
9 Terrestrial kg 2.80E+08 | 1.68E+08 1.05E+08 | 7093670. | 8.89 1493669885 934707134. | 63062733.4 | €
ecotoxicity 1,4- 8 9 1 2,491,439,753.7
DCB 1
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10 | Freshwater kg 1005205. | 423220.35 513577.35 | 68407.85 | 0.0369 | 15616.83092 18951.0042 | 2524.24996 | €
ecotoxicity 1,4- 6 8 2 37,092.09
DCB
11 | Marine ecotoxicity | kg 402058.3 | 177249.19 198656.39 | 26152.77 | 0.0075 | 1340.003876 1501.84230 | 197.714979 | €
1,4- 5 5 6 8 3,039.56
DCB
12 | Human kg 55756.57 | 36788.074 17589.475 | 1379.023 | 0.214 | 7872.647836 3764.14765 | 295.111071 | €
carcinogenic 14- 2 7 8 11,931.91
toxicity DCB
13 | Land use m2a 6242702. | 1250306.1 4949116 43280.17 | 0.0261 | 32632.98921 129171.927 | 1129.61256 | €
crop 2 5 6 8 162,934.53
€9
14 | Mineral resource kg Cu | 128009.9 | 37905.317 72113.852 | 17990.77 | 4.2 159202.3314 302878.178 | 75561.2424 | €
scarcity eq 4 2 4 537,641.75
(atmospheric
emissions)
15 | Mineral resource kg Cu | 128009.9 | 37905.317 72113.852 | 17990.77 | 0.239 9059.370763 17235.2106 | 4299.79450 | €
scarcity (emissions | eq 4 2 3 8 30,594.38

to water - soil)
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LCA results of 2014 and its damage cost

LCA Results of 2014

No. | Impact category Unit Total Transportation | Landfilling | Recycling | Price Damage Cost Damage Damage Total
per unit | of Cost of Cost of
Transportation | Landfilling Recycling
1 Global warming kg 1.02E+08 | 29153593 55552328 | 17399986 | 0.057 1661754.801 3166482.69 | 991799.202 | €
CO2 6 5,820,036.70
€q
2 Stratospheric kg 37.05917 | 7.2291771 22.874589 | 6.955408 | 30.4 219.7669838 695.387505 | 211.444424 | €
ozone depletion CFC1 |5 7 6 5 1,126.60
leq
3 Ozone formation, kg 854094.1 | 190678.64 462005.56 | 201409.9 | 18.7 3565690.568 8639503.97 | 3766366.43 | €
Human health NOx 6 7 2 9 15,971,560.98
€q
4 Fine particulate kg 215397.2 | 13403.701 114086.87 | 87906.67 | 79.5 1065594.23 9069906.16 | 6988580.90 | €
matter formation PM25 | 5 8 5 1 17,124,081.30
€q
5 Ozone formation, kg 868716.9 | 193631.5 470430.35 | 204655.0 | 18.7 3620909.05 8797047.54 | 3827049.80 | €
Terrestrial NOXx 2 7 5 9 16,245,006.40
ecosystems eq
6 Terrestrial kg 469453.2 | 107252.32 267766.39 | 9443454 | 54 579162.528 1445938.50 | 509946.553 | €
acidification SO2 6 7 6 8 2,535,047.59
€q
7 Freshwater kg P 7753.998 | 2133.2513 4892.2783 | 728.4691 | 1.9 4053.17747 9295.32877 | 1384.09136 | €
eutrophication eq 8 4 6 14,732.60
8 Marine kg N 611.7632 | 172.63618 382.77636 | 56.35074 | 3.11 536.8985198 1190.43448 | 175.250826 | €
eutrophication eq 9 8 3 1,902.58
9 Terrestrial kg 2.64E+08 | 1.58E+08 99167469 | 6690621. | 8.89 1408802301 881598799. | 59479623.3 | €
ecotoxicity 1,4- 3 4 6 2,349,880,723.2
DCB 7
10 | Freshwater kg 948091.6 | 399173.74 484396.82 | 64521.04 | 0.0369 | 14729.51101 17874.2426 | 2380.82667 | €
ecotoxicity 1,4- 1 8 6 1 34,984.58
DCB
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11 | Marine ecotoxicity | kg 379214.1 | 167178.21 187369.09 | 24666.82 | 0.0075 | 1263.867268 1416.51032 | 186.481174 | €
1,4- 2 2 6 3 2,866.86
DCB
12 | Human kg 52588.58 | 34697.843 16590.073 | 1300.670 | 0.214 7425.338402 3550.27562 | 278.343401 | €
carcinogenic 1,4- 5 1 2 4 11,253.96
toxicity DCB
13 | Land use m2a 5888003. | 1179266 4667916.2 | 40821.07 | 0.0261 | 30778.8426 121832.612 | 1065.43003 | €
crop 2 4 8 1 153,676.89
€9
14 | Mineral resource kg Cu | 120736.6 | 35751.606 68016.474 | 16968.56 | 4.2 150156.7452 285669.190 | 71267.9898 | €
scarcity eq 5 9 8 507,093.93
(atmospheric
emissions)
15 | Mineral resource kg Cu | 120736.6 | 35751.606 68016.474 | 16968.56 | 0.239 8544.633834 16255.9372 | 4055.48799 | €
scarcity (emissions | eq 5 9 9 1 28,856.06

to water - soil)
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LCA results of 2013 and its damage cost

LCA Results of 2013
No. Impact category Unit Total Transportation | Landfilling | Recycling | Price Damage Cost Damage Damage Total
per of Cost of Cost of
unit Transportation | Landfilling Recycling
1 Global warming kg 9.60E+Q07 | 27397352 52205803 | 1635179 | 0.057 1561649.064 2975730.77 | 932052.315 | €
CO2 5 1 5,469,432.15
€q
2 Stratospheric kg 34.82669 | 6.7936845 21.496601 | 6.536408 | 30.4 206.5280088 653.496670 | 198.706809 | €
ozone depletion CFC1 | 4 2 4 3 1,058.73
leq
3 Ozone formation, | kg 802642.7 | 179191.97 434173.9 189276.8 | 18.7 3350889.839 8119051.93 | 3539476.90 | €
Human health NOx 1 4 8 15,009,418.68
€q
4 Fine particulate kg 2024215 | 12596.25 107214.17 | 82611.09 | 79.5 1001401.875 8523526.51 | 6567582.05 | €
matter formation PM25 | 1 5 5 3 16,092,510.44
€q
5 Ozone formation, | kg 8.16E+05 | 181966.95 442091.17 | 192326.4 | 18.7 3402781.965 8267104.87 | 3596504.61 | €
Terrestrial NOx 5 9 5 15,266,391.46
ecosystems eq
6 Terrestrial kg 441172.9 | 100791.34 251635.89 | 88745.71 | 54 544273.236 1358833.80 | 479226.882 | €
acidification S0O2 5 9 6 6 2,382,333.92
€q
7 Freshwater kg P 7286.890 | 2004.7422 4597.5627 | 684.5854 | 1.9 3809.01018 8735.36913 | 1300.71235 | €
eutrophication eq 4 5 5 13,845.09
8 Marine kg N 574.9100 | 162.23641 359.71754 | 52.95612 | 3.11 504.5552351 1118.72154 | 164.693548 | €
eutrophication eq 8 5 9 8 1,787.97
9 Terrestrial kg 2.48E+08 | 1.49E+08 93193525 | 6287571. | 8.89 1323934627 828490437. | 55896514.1 | €
ecotoxicity 1,4- 9 3 9 2,208,321,578.1
DCB 4
10 Freshwater kg 890977.6 | 375127.13 455216.29 | 60634.23 | 0.0369 | 13842.1911 16797.4811 | 2237.40338 | €
ecotoxicity 1,4- 5 8 2 32,877.08
DCB
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11 Marine kg 356369.9 | 157107.23 176081.8 | 23180.86 | 0.0075 | 1187.730659 1331.17840 | 175.247369 | €
ecotoxicity 1,4- 9 6 8 6 2,694.16
DCB
12 Human kg 49420.59 | 32607.611 15590.671 | 1222.316 | 0.214 6978.028754 3336.40359 | 261.575731 | €
carcinogenic 1,4- 8 5 4 10,576.01
toxicity DCB
13 Land use m2a 5533304. | 1108225.8 4386716.4 | 38361.97 | 0.0261 | 28924.69338 114493.298 | 1001.24749 | €
crop 2 3 5 144,419.24
€9
14 Mineral resource | kg Cu | 113463.3 | 33597.894 63919.096 | 15946.36 | 4.2 141111.1548 268460.203 | 66974.7372 | €
scarcity eq 6 6 2 476,546.10
(atmospheric
emissions)
15 Mineral resource | kg Cu | 113463.3 | 33597.894 63919.096 | 15946.36 | 0.239 8029.896666 15276.6639 | 3811.18147 | €
scarcity eq 6 6 4 4 27,117.74
(emissions to
water - soil)
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Appendix 5

Damage Cost of Fine Particulate Matter Formation

Damage
No Impact Category Year Damage COSt. of Damage.Cf)st Cost of
Transportation | of Landfilling .
Recycling
€ € €
2013 1,001,401.88 | 8,523,526.52 |6,567,582.05
€ € €
2014 1,065,594.23 | 9,069,906.17 |6,988,580.90
€ € €
. Fine Particulate Matter | 2915 1,129,786.66 | 9,616,285.82 |7,409,579.75
Formation (kg PM2.5 eq) € € €
2016 1,206,817.63 | 10,271,941.40 |7,914,778.40
€ € €
2017 1,283,848.52 | 10,927,597.77 8,419,976.97
€ € €
2018 1,386,556.40 | 11,801,805.21 9,093,574.91
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Damage Cost of Ozone Formation (Human Health)

No

Impact Category

Year

Damage Cost
of

Damage Cost
of

Damage Cost

Transportation| Landfilling of Recycling
€ € €
2013 | 3,350,889.84 |8,119,051.93| 3,539,476.91
€ € €
2014 | 3,565,690.57 |8,639,503.97 | 3,766,366.44
€ € €
, Ozone Formation-Human | 2015 | 3,780,491.11 |9,159,956.01 | 3,993,255.97
Health (kg NOx eq) € € €
2016 | 4,038,251.91 |9,784,498.43 | 4,265,523.30
€ € €
2017 | 4,296,012.71 |10,409,040.84| 4,537,790.81
€ € €
2018 | 4,639,693.65 |11,241,764.18| 4,900,814.09
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Damage Cost of Stratospheric Ozone Depletion

No Impact Category Year | Damage Cost of | Damage Damage
Transportation Cost of Cost of
Landfilling | Recycling
2013 € € €
206.53 653.50 198.71
2014 € € €
219.77 695.39 211.44
2015 € € €
3 Stratospheric Ozone 233.01 737.28 224.18
Depletion (kg CFC1leq) | 2016 € € €
248.89 787.55 239.47
2017 € € €
264.78 837.82 254.75
2018 € € €
285.96 904.84 275.13
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Damage Cost of Human Carcinogenic Toxicity

Damage Cost | Damage Damage
No Impact Category | Year of Cost of Cost of
Transportation| Landfilling | Recycling
€ € €
2013 6,978.03 3,336.40 261.58
€ € €
2014 7,425.34 3,550.28 278.34
Human € € €
. Carcinogenic 2015 7,872.65 3,764.15 295.11
Toxicity (kg 1,4- € € €
DCE) 2016 840942 | 402079 | 315.23
€ € €
2017 8,946.19 4,277.44 335.35
€ € €
2018 9,661.89 4,619.64 362.18
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Damage Cost of Global Warming

No Impact Category Year Damage Cost Damage Damage
of Cost of Cost of
Transportatio | Landfilling | Recycling
n
2013 € € €
1,561,649.06 | 2,975,730.7 | 932,052.3
7 2
2014 € € €
1,661,754.80 | 3,166,482.7 | 991,799.2
0 0
2015 € € €
5 Global Warming (kg 1,761,860.54 | 3,357,234.6 | 1,051,546.
CO2eq) 8 15
2016 € € €
1,881,987.35 | 3,586,137.0 | 1,123,242.
5 51
2017 € € €
2,002,114.23 | 3,815,039.4 | 1,194,938.
1 82
2018 € € €
2,162,283.37 | 4,120,242.5 | 1,290,533.
5 92
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Damage Cost of Freshwater Ecotoxicity

Damage Cost |Damage Cost| Damage
No Impact Category Year of of Cost of
Transportation| Landfilling |Recycling

€ € €
2013 | 13,842.19 | 16,797.48 | 2,237.40
€ € €
2014 | 14,72951 | 17,874.24 | 2,380.83
€ € €
. Freshwater Ecotoicity (kg 2015 | 15,616.83 | 18,951.00 | 2,524.25
1,4-DCB) e e e

2016 16,681.61 20,243.12 | 2,696.36

€ € €
2017 17,746.40 21,535.23 | 2,868.47

€ € €
2018 | 19,166.11 23,258.05 | 3,097.94
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Damage Cost of Freshwater Eutrophication

Damage Cost | Damage | Damage
No Impact Category Year of Cost of | Cost of
Transportation|Landfilling|Recycling
€ € €
2013| 3,809.01 8,735.37 |1,300.71
€ € €
2014| 4,053.18 9,295.33 |1,384.09
€ € €
2015| 4,297.34 9,855.29 | 1,467.47
7 |Freshwater Eutrophication (kg P eq)
€ € €
2016 4,590.35 10,527.24 | 1,567.53
€ € €
2017| 4,883.35 11,199.19 | 1,667.58
€ € €
2018| 5,274.01 12,095.13 | 1,800.99
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Damage Cost of Ozone Formation, Terrestrial Ecosystems

D
amage Cost Damage Cost|Damage Cost
No Impact Category Year of s .
.__|of Landfilling| of Recycling
Transportation
€ € €
2013 3,402,781.97 |8,267,104.88 | 3,596,504.62
€ € €
2014 3,620,909.05 |8,797,047.55 | 3,827,049.81
Ozone formation, € € €
; Terrestrial 2015 3,839,035.95 |9,326,990.21 | 4,057,595.00
Ecosystems (kg € € €
NOX eq) 2016 4,100,788.45 |9,962,921.30 | 4,334,249.16
€ € €
2017 4,362,540.95 |10,598,852.39| 4,610,903.51
€ € €
2018 4,711,544.29 |11,446,760.69| 4,979,775.78

315




Damage Cost of Terrestrial Ecotoxicity

Damage Cost

Damage Cost of

Damage Cost

No (Impact category|Year of L .
Transportation Landfilling |of Recycling
€ € €
2013(1,323,934,626.70| 828,490,437.25 |55,896,514.19
€ € €
2014|1,408,802,300.50| 881,598,799.41 |59,479,623.36
€ € €
Terrestrial  |2015[1,493,669,885.40| 934,707,134.90 (63,062,733.41
9 | Ecotoxicity (kg
1,4-DCB) € € €
2016|1,595,510,969.50| 998,437,233.50 (67,362,465.48
€ € €
2017|1,697,352,142.50/1,062,167,243.2071,662,197.54

2018

€
1,833,140,313.90

€
1,147,140,619.10

€
77,395,172.74
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Damage Cost of Terrestrial Acidification

Damagf Cost Damage | Damage
No Impact Category Year .| Cost of Cost of
Transportati - .
on Landfilling |[Recycling
€ € €
2013 | 544,273.24 |1,358,833.811479,226.88
€ € €
2014 | 579,162.53 |1,445,938.51509,946.55
€ € €
2015 | 614,051.87 |1,533,043.26540,666.25
10 |Terrestrial Acidification (kg SO2 eq)
€ € €
2016 | 655,918.99 [1,637,568.95577,529.84
€ € €
2017 | 697,786.16 |1,742,094.59/614,393.42
€ € €
2018 | 753,609.10 |1,881,462.17/663,544.93
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Damage Cost of Land Use

Impact Damage Cost |Damage Cost| Damage
No Cat(IeO or Year of of Cost of
gory Transportation| Landfilling | Recycling
€ € €
2013 28,924.69 114,493.30 | 1,001.25
€ € €
2014 30,778.84 121,832.61 | 1,065.43
€ € €
" Land Use (m2a 2015 32,632.99 129,171.93 | 1,129.61
crop eq) € € €
2016 34,857.96 137,979.10 | 1,206.63
€ € €
2017 37,082.94 146,786.28 | 1,283.65
€ € €
2018 40,049.58 158,529.18 | 1,386.34
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Damage Cost of Marine Ecotoxicity

Damage Cost Damage
Damage Cost
No Impact Category | Year of . Cost of
.__|of Landfilling .
Transportation Recycling
€ € €
2013 1,187.73 1,331.18 175.25
€ € €
2014 1,263.87 1,416.51 186.48
€ € €
" Marine Ecotoxicity (kg 2015 1,340.00 1,501.84 197.71
1,4-DCB) € € €
2016 1,431.37 1,604.24 211.20
€ € €
2017 1,522.73 1,706.64 224.68
€ € €
2018 1,644.55 1,843.17 242.65
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Damage Cost of Marine Eutrophication

Damage Cost | Damage | Damage
No Impact Category Year of Costof | Cost of
Transportation|Landfilling|Recycling
€ € €
2013 504.56 1,118.72 | 164.69
€ € €
2014 536.90 1,190.43 | 175.25
€ € €
2015 569.24 1,262.15 | 185.81
13 |Marine Eutrophication (kg N eq)
€ € €
2016 608.05 1,348.20 | 198.48
€ € €
2017 646.87 1,434.26 | 211.15
€ € €
2018 698.61 1,549.00 | 228.04
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Damage Cost of Mineral Resource Scarcity (Atmospheric Emissions)

Damage Cost Damage
Damage Cost
No Impact Category Year of . Cost of
.| of Landfilling .
Transportation Recycling
€ € €
2013 141,111.15 268,460.20 | 66,974.74
€ € €
2014 150,156.75 285,669.19 | 71,267.99
Mineral Resource € € €
Scarcity - 2015 159,202.33 302,878.18 | 75,561.24
14 Atmospheric
Emissions € € €
(kg Cu eq) 2016 170,057.03 323,528.96 | 80,713.15
€ € €
2017 180,911.74 344,179.75 | 85,865.05
€ € €
2018 195,384.68 371,714.13 | 92,734.25
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Damage Cost of Mineral Resource Scarcity (Emissions to Water to Soil)

Impact Damage Cost Damage Damage
No category Year of Cost of Cost of
Transportation | Landfilling | Recycling
€ € €
2013 8,029.90 15,276.66 3,811.18
€ € €
Mineral 2014 8,544.63 16,255.94 4,055.49
Resource € € €
15 Scarcity - 2015 9,059.37 17,235.21 4,299.79
Emissions to € € €
Water to Soil 2016 9,677.06 18,410.34 4,592.96
(kg Cu eq) € € €
2017 10,294.74 19,585.47 4,886.13
€ € €
2018 11,118.32 21,152.30 5,277.02
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Appendix 6

Descriptive Analysis of 2017 Damage Cost

Descriptive Analysis of 2017 Damage Cost

Name Damage Cost of Damage Cost of Damage Cost of

Transportation Landfilling Recycling
Mean 114017116.3 73347427.35 6075853.192
Standard 113096027.9 70638563.68 4728984.303
Error
Median 37082.94264 146786.2799 4886.130101
Mode #N/A #N/A #N/A
Standard 438019032.5 273581980.7 18315277.45
Deviation
Sample 1.91861E+17 7.48471E+16 3.35449E+14
Variance
Kurtosis 14.99956317 14.99102819 14.31413173
Skewness 3.872904132 3.871361109 3.753997177
Range 1697351878 1062166405 71661986.4
Minimum 264.7794978 837.816248 211.1455755
Maximum 1697352143 1062167243 71662197.54
Sum 1710256745 1100211410 91137797.88
Count 15 15 15
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Descriptive Analysis of 2016 Damage Cost

Descriptive Analysis of 2016 Damage Cost

Name Damage Cost of Damage Cost of Damage Cost of
Transportation Landfilling Recycling
Mean 107176086.4 68946583.34 5711301.979
Standard 106310263.2 66400251.52 4445245.231
Error
Median 34857.96462 137979.1038 4592.962424
Mode #N/A #N/A #N/A
Standard 411737879 257167068.3 17216360.75
Deviation
Sample 1.69528E+17 6.61349E+16 2.96403E+14
Variance
Kurtosis 14.99956317 14.99102819 14.31413173
Skewness 3.872904132 3.871361109 3.753997177
Range 1595510721 998436446 67362267
Minimum 248.8927283 787.5472944 198.4768412
Maximum 1595510970 998437233.5 67362465.48
Sum 1607641296 1034198750 85669529.68
Count 15 15 15
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Descriptive Analysis of 2015 Damage Cost

Descriptive Analysis of 2015 Damage Cost

Name Damage Cost of Damage Cost of Damage Cost of
Transportation Landfilling Recycling
Mean 100335062.4 64545733.46 5346750.781
Standard 99524504.53 62161933.43 4161506.158
Error
Median 32632.98921 129171.9276 4299.794508
Mode #N/A #N/A #N/A
Standard 385456748.6 240752133 16117444.05
Deviation
Sample 1.48577E+17 5.79616E+16 2.59772E+14
Variance
Kurtosis 14.99956317 14.99102819 14.31413172
Skewness 3.872904132 3.871361109 3.753997176
Range 1493669652 934706397.6 63062547.6
Minimum 233.0059589 737.2783104 185.8081069
Maximum 1493669885 934707134.9 63062733.41
Sum 1505025935 968186001.9 80201261.72
Count 15 15 15
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Descriptive Analysis of 2014 Damage Cost

Descriptive Analysis of 2014 Damage Cost

Name Damage Cost of Damage Cost of Damage Cost of
Transportation Landfilling Recycling
Mean 94634208.03 60878363.88 5042958.107
Standard 93869704.61 58630007.03 3925056.932
Error
Median 30778.8426 121832.6128 4055.487991
Mode #N/A #N/A #N/A
Standard 363555802.7 227073040.8 15201680.13
Deviation
Sample 1.32173E+17 5.15622E+16 2.31091E+14
Variance
Kurtosis 14.99956317 14.99102819 14.31413172
Skewness 3.872904132 3.871361109 3.753997175
Range 1408802081 881598104 59479448.11
Minimum 219.7669838 695.3875056 175.2508263
Maximum 1408802301 881598799.4 59479623.36
Sum 1419513120 913175458.2 75644371.61
Count 15 15 15
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Descriptive Analysis of 2013 Damage Cost

Descriptive Analysis of 2013 Damage Cost

Name Damage Cost of Damage Cost of Damage Cost of
Transportation Landfilling Recycling
Mean 88933347.76 57210992.53 4739165.498
Standard 88214898.78 55098078.84 3688607.763
Error
Median 28924.69338 114493.298 3811.181474
Mode #N/A #N/A #N/A
Standard 341654833.8 213393941.8 14285916.44
Deviation
Sample 1.16728E+17 4,5537E+16 2.04087E+14
Variance
Kurtosis 14.99956317 14.99102819 14.31413174
Skewness 3.872904132 3.871361109 3.753997178
Range 1323934420 828489783.8 55896349.5
Minimum 206.5280088 653.4966704 164.6935488
Maximum 1323934627 828490437.3 55896514.19
Sum 1334000216 858164888 71087482.47
Count 15 15 15
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Appendix 7

Natural logarithmic calculation for transportation method in 2018

2018
No. | Impact category LCA Results of | Damage Cost of
Transportation | Transportation

1 Global warming 17.45137935 14.58667534
Stratospheric ozone depletion 2.241415834 5.655858442
Ozone formation, Human 12.42163537 15.3501589
health

4 Fine particulate matter 9.766576799 14.14233382
formation

5 Ozone formation, Terrestrial 12.43700276 15.36552629
ecosystems

6 Terrestrial acidification 11.84623012 13.53262907

7 Freshwater eutrophication 7.928693156 8.570547042

8 Marine eutrophication 5.414476996 6.549099722

9 Terrestrial ecotoxicity 19.1443693 21.32929635

10 Freshwater ecotoxicity 13.16044265 9.860898923

11 Marine ecotoxicity 12.29010626 7.405222167

12 Human carcinogenic toxicity 10.71772341 9.175944146

13 Land use 14.24369332 10.59787336

14 Mineral resource scarcity 10.74764107 12.18272559
(atmospheric emissions)

15 Mineral resource scarcity 10.74764107 9.31634934
(emissions to water - soil)
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Natural logarithmic calculation for landfilling method in 2018

2018
No. Impact category LCA Results of Damage Cost of
Landfilling Landfilling

1 Global warming 18.0961266 15.23142259

2 Stratospheric ozone 3.393317248 6.807759857
depletion

3 Ozone formation, Human 13.30662282 16.23514635
health

4 Fine particulate matter 11.90800604 16.28376306
formation

5 Ozone formation, 13.32469381 16.25321734
Terrestrial ecosystems

6 Terrestrial acidification 12.76116083 14.44755978

7 Freshwater eutrophication | 8.758704003 9.400557889

8 Marine eutrophication 6.210741533 7.345364259

9 Terrestrial ecotoxicity 18.67561122 20.86053826

10 Freshwater ecotoxicity 13.35395035 10.05440662

11 Marine ecotoxicity 12.40412634 7.519242254

12 Human carcinogenic 9.979850406 8.438071142
toxicity

13 Land use 15.61951393 11.97369397

14 Mineral resource scarcity 11.39079584 12.82588037
(atmospheric emissions)

15 Mineral resource scarcity 11.39079584 9.959504115
(emissions to water - soil)
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Natural logarithmic calculation for recycling method in 2018

2018
No. | Impact category LCA Results of | Damage Cost of
Recycling Recycling

1 Global warming 16.93527059 14.07056658

2 Stratospheric ozone 2.202810204 5.617252813
depletion

3 Ozone formation, Human 12.47638837 15.40491189
health

4 Fine particulate matter 11.64732165 16.02307867
formation

5 Ozone formation, 12.4923719 15.42089542
Terrestrial ecosystems

6 Terrestrial acidification 11.71895289 13.40535184

7 Freshwater eutrophication 6.854235877 7.496089763

8 Marine eutrophication 4.294886136 5.429508862

9 Terrestrial ecotoxicity 15.97950792 18.16443497

10 Freshwater ecotoxicity 11.3380374 8.038493671

11 Marine ecotoxicity 10.37650501 5.491620922

12 Human carcinogenic 7.43392549 5.892146226
toxicity

13 Land use 10.88024436 7.234424397

14 Mineral resource scarcity 10.00240866 11.43749318
(atmospheric emissions)

15 Mineral resource scarcity 10.00240866 8.571116933
(emissions to water - soil)
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Natural logarithmic calculation for transportation method in 2017

2017
No. Impact category LCA Results of | Damage Cost of
Transportation | Transportation
1 Global warming 17.3744183 14.50971429
2 Stratospheric ozone 2.164454787 5.578897396
depletion
3 Ozone formation, 12.34467435 15.27319787
Human health
4 Fine particulate matter | 9.68961576 14.06537278
formation
5 Ozone formation, 12.36004171 15.28856523
Terrestrial ecosystems
6 Terrestrial 11.76926903 13.45566798
acidification
7 Freshwater 7.851732109 8.493585995
eutrophication
8 Marine eutrophication | 5.337515964 6.47213869
9 Terrestrial ecotoxicity | 19.06740826 21.25233531
10 Freshwater ecotoxicity | 13.0834816 9.783937876
11 Marine ecotoxicity 12.21314523 7.328261137
12 Human carcinogenic 10.64076238 9.098983114
toxicity
13 Land use 14.16673234 10.52091238
14 Mineral resource 10.67068005 12.10576457
scarcity (atmospheric
emissions)
15 Mineral resource 10.67068005 9.239388319
scarcity (emissions to
water - soil)
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Impact-Cost of Transportation in 2017
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Natural logarithmic calculation for landfilling method in 2017

2017
No. | Impact category LCA Results of | Damage Cost of
Landfilling Landfilling

1 Global warming 18.01916556 15.15446155

2 Stratospheric ozone 3.316356194 6.730798802
depletion

3 Ozone formation, Human | 13.22966177 16.1581853
health

4 Fine particulate matter 11.83104503 16.20680205
formation

5 Ozone formation, 13.24773276 16.17625629
Terrestrial ecosystems

6 Terrestrial acidification 12.68419978 14.37059874

7 Freshwater eutrophication | 8.681742961 9.323596848

8 Marine eutrophication 6.133780486 7.268403212

9 Terrestrial ecotoxicity 18.59865018 20.78357723

10 | Freshwater ecotoxicity 13.27698931 9.977445582

11 | Marine ecotoxicity 12.32716527 7.442281176

12 | Human carcinogenic 9.902889324 8.36111006
toxicity

13 | Land use 15.54255289 11.89673293

14 | Mineral resource scarcity | 11.3138348 12.74891932
(atmospheric emissions)

15 | Mineral resource scarcity | 11.3138348 9.88254307
(emissions to water - soil)
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Natural logarithmic calculation for recycling method in 2017

2017
No. | Impact category LCA Results of | Damage Cost of
Recycling Recycling
1 Global warming 16.85830956 13.99360555
2 Stratospheric ozone 2.125849167 5.540291776
depletion
3 Ozone formation, 12.39942732 15.32795085
Human health
4 Fine particulate matter | 11.57036063 15.94611765
formation
5 Ozone formation, 12.41541086 15.34393438
Terrestrial ecosystems
6 Terrestrial acidification | 11.6419918 13.32839076
7 Freshwater 6.777274839 7.419128725
eutrophication
8 Marine eutrophication | 4.217925101 5.352547827
9 Terrestrial ecotoxicity | 15.90254689 18.08747394
10 | Freshwater ecotoxicity | 11.26107636 7.961532633
11 | Marine ecotoxicity 10.29954397 5.414659882
12 | Human carcinogenic 7.356964444 5.81518518
toxicity
13 | Land use 10.80328333 7.157463363
14 | Mineral resource 9.925447606 11.36053213
scarcity (atmospheric
emissions)
15 | Mineral resource 9.925447606 8.494155879
scarcity (emissions to
water - soil)
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Impact-Cost of Recycling in 2017
20
18 y = 3.79440@% )
16 ° R2:0.615.f1-_.-"
" .
12
10

o N B~ O

0 2 4 6 8 10 12 14 16

The relationship between impact and cost for recycling method in 2017

336



Natural logarithmic calculation for transportation method in 2016

2016
No. | Impact category LCA Results of | Damage Cost of
Transportation | Transportation
1 Global warming 17.31254289 14.44783888
2 Stratospheric ozone 2.102579385 5.517021994
depletion
3 Ozone formation, Human | 12.28279894 15.21132246
health
4 Fine particulate matter 9.627740375 14.0034974
formation
5 Ozone formation, 12.29816629 15.22668982
Terrestrial ecosystems
6 Terrestrial acidification 11.70739362 13.39379257
7 Freshwater 7.789856721 8.431710607
eutrophication
8 Marine eutrophication 5.27564053 6.410263256
9 Terrestrial ecotoxicity 19.00553283 21.19045988
10 | Freshwater ecotoxicity 13.02160621 9.722062478
11 | Marine ecotoxicity 12.15126983 7.266385743
12 | Human carcinogenic 10.57888697 9.037107705
toxicity
13 | Land use 14.10485689 10.45903693
14 | Mineral resource scarcity | 10.60880463 12.04388915
(atmospheric emissions)
15 | Mineral resource scarcity | 10.60880463 9.177512902
(emissions to water -
soil)
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Natural logarithmic calculation for landfilling method in 2016

2016
No. | Impact category LCA Results of | Damage Cost of
Landfilling Landfilling

1 Global warming 17.95729016 15.09258615

2 Stratospheric ozone 3.254480817 6.668923425
depletion

3 Ozone formation, Human 13.16778637 16.0963099
health

4 Fine particulate matter 11.76916958 16.1449266
formation

5 Ozone formation, Terrestrial | 13.18585737 16.11438089
ecosystems

6 Terrestrial acidification 12.6223244 14.30872335

7 Freshwater eutrophication 8.619867553 9.261721439

8 Marine eutrophication 6.071905083 7.20652781

9 Terrestrial ecotoxicity 18.5367748 20.72170185

10 | Freshwater ecotoxicity 13.2151139 9.915570174

11 | Marine ecotoxicity 12.26528988 7.380405789

12 | Human carcinogenic toxicity | 9.841013938 8.299234674

13 | Land use 15.4806775 11.83485753

14 | Mineral resource scarcity 11.25195939 12.68704391
(atmospheric emissions)

15 | Mineral resource scarcity 11.25195939 9.820667661
(emissions to water - soil)
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Impact-Cost of Landfilling in 2016
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Natural logarithmic calculation for recycling method in 2016

2016
No. | Impact category LCA Results of | Damage Cost of
Recycling Recycling

1 Global warming 16.79643417 13.93173016

2 Stratospheric ozone 2.063973768 5.478416376
depletion

3 Ozone formation, Human | 12.3375519 15.26607543
health

4 Fine particulate matter 11.50848523 15.88424225
formation

5 Ozone formation, 12.35353543 15.28205895
Terrestrial ecosystems

6 Terrestrial acidification 11.58011643 13.26651539

7 Freshwater 6.715399435 7.357253321
eutrophication

8 Marine eutrophication 4.156049698 5.290672424

9 Terrestrial ecotoxicity 15.84067148 18.02559853

10 | Freshwater ecotoxicity 11.19920096 7.899657232

11 Marine ecotoxicity 10.23766856 5.35278447

12 | Human carcinogenic 7.29508907 5.753309806
toxicity

13 | Land use 10.74140792 7.09558796

14 | Mineral resource scarcity | 9.86357223 11.29865676
(atmospheric emissions)

15 | Mineral resource scarcity | 9.86357223 8.432280503
(emissions to water -
soil)
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Impact-Cost of Recycling in 2016
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Natural logarithmic calculation for transportation method in 2015

2015
No. | Impact category LCA Results of | Damage Cost of
Transportation | Transportation

1 Global warming 17.24658494 14.38188093

2 Stratospheric ozone 2.036621419 5.451064028
depletion

3 Ozone formation, Human | 12.21684096 15.14536448
health

4 Fine particulate matter 9.561782358 13.93753938
formation

5 Ozone formation, 12.23220831 15.16073184
Terrestrial ecosystems

6 Terrestrial acidification 11.64143574 13.32783469

7 Freshwater eutrophication | 7.723898771 8.365752657

8 Marine eutrophication 5.209682582 6.344305308

9 Terrestrial ecotoxicity 18.93957489 21.12450194

10 | Freshwater ecotoxicity 12.95564824 9.656104516

11 | Marine ecotoxicity 12.08531187 7.200427786

12 | Human carcinogenic 10.512929 8.971149732
toxicity

13 | Land use 14.03889896 10.39307899

14 | Mineral resource scarcity | 10.54284667 11.9779312
(atmospheric emissions)

15 | Mineral resource scarcity | 10.54284667 9.111554944
(emissions to water - soil)
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Natural logarithmic calculation for landfilling method in 2015

2015
No. | Impact category LCA Results of | Damage Cost of
Landfilling Landfilling

1 Global warming 17.89133219 15.02662818

2 Stratospheric ozone 3.188522839 6.602965447
depletion

3 Ozone formation, Human 13.10182841 16.03035193
health

4 Fine particulate matter 11.70321164 16.07896866
formation

5 Ozone formation, 13.1198994 16.04842293
Terrestrial ecosystems

6 Terrestrial acidification 12.55636642 14.24276538

7 Freshwater eutrophication 8.553909598 9.195763485

8 Marine eutrophication 6.005947117 7.140569843

9 Terrestrial ecotoxicity 18.47081676 20.65574381

10 | Freshwater ecotoxicity 13.14915593 9.849612202

11 | Marine ecotoxicity 12.19933193 7.314447839

12 | Human carcinogenic 9.775055991 8.233276727
toxicity

13 | Land use 15.41471953 11.76889957

14 | Mineral resource scarcity 11.18600143 12.62108595
(atmospheric emissions)

15 | Mineral resource scarcity 11.18600143 9.7547097
(emissions to water - soil)
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Impact-Cost of Landfilling in 2015
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Natural logarithmic calculation for recycling method in 2015

2015
No. | Impact category LCA Results | Damage Cost of
of Recycling Recycling

1 Global warming 16.73047617 13.86577216

2 Stratospheric ozone 1.998015791 5.412458399
depletion

3 Ozone formation, Human | 12.27159396 15.20011749
health

4 Fine particulate matter 11.44252726 15.81828428
formation

5 Ozone formation, 12.28757747 15.21610099
Terrestrial ecosystems

6 Terrestrial acidification 11.5141585 13.20055746

7 Freshwater 6.649441466 7.291295353
eutrophication

8 Marine eutrophication 4.090091732 5.224714458

9 Terrestrial ecotoxicity 15.77471351 17.95964056

10 | Freshwater ecotoxicity 11.13324298 7.833699252

11 | Marine ecotoxicity 10.17171058 5.286826494

12 | Human carcinogenic 7.229131064 5.6873518
toxicity

13 | Land use 10.67544996 7.029629992

14 | Mineral resource scarcity | 9.797614239 11.23269876
(atmospheric emissions)

15 | Mineral resource scarcity | 9.797614239 8.366322512
(emissions to water -
soil)
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Natural logarithmic calculation for transportation method in 2014

2014
No. | Impact category LCA Results of | Damage Cost of
Transportation | Transportation

1 Global warming 17.18808872 14.32338471

2 Stratospheric ozone 1.978125212 5.392567821
depletion

3 Ozone formation, Human 12.15834478 15.0868683
health

4 Fine particulate matter 9.503286142 13.87904316
formation

5 Ozone formation, 12.17371215 15.10223567
Terrestrial ecosystems

6 Terrestrial acidification 11.58293947 13.26933842

7 Freshwater eutrophication 7.665402527 8.307256413

8 Marine eutrophication 5.151186374 6.2858091

9 Terrestrial ecotoxicity 18.8810787 21.06600575

10 | Freshwater ecotoxicity 12.89715204 9.597608312

11 | Marine ecotoxicity 12.02681565 7.141931559

12 | Human carcinogenic 10.4544328 8.912653539
toxicity

13 | Land use 13.98040277 10.3345828

14 | Mineral resource scarcity 10.48435047 11.919435
(atmospheric emissions)

15 | Mineral resource scarcity 10.48435047 9.053058743
(emissions to water - soil)
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Natural logarithmic calculation for landfilling method in 2014

2014
No. | Impact category LCA Results of | Damage Cost of
Landfilling Landfilling
1 Global warming 17.83283598 14.96813197
2 Stratospheric ozone depletion 3.130026644 6.544469252
3 Ozone formation, Human health | 13.0433322 15.97185573
4 Fine particulate matter 11.64471545 16.02047248
formation
5 Ozone formation, Terrestrial 13.06140319 15.98992672
ecosystems
6 Terrestrial acidification 12.4978702 14.18426915
7 Freshwater eutrophication 8.495413384 9.13726727
8 Marine eutrophication 5.947450902 7.082073628
9 Terrestrial ecotoxicity 18.41232059 20.59724763
10 | Freshwater ecotoxicity 13.09065973 9.791115998
11 | Marine ecotoxicity 12.14083569 7.255951605
12 | Human carcinogenic toxicity 9.716559783 8.174780519
13 | Land use 15.35622332 11.71040336
14 | Mineral resource scarcity 11.12750522 12.56258974
(atmospheric emissions)
15 | Mineral resource scarcity 11.12750522 9.696213492
(emissions to water - soil)
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Natural logarithmic calculation for recycling method in 2014

scarcity (emissions to
water - soil)

2014
No. | Impact category LCA Results of | Damage Cost of
Recycling Recycling

1 Global warming 16.67197996 13.80727595

2 Stratospheric ozone 1.939519587 5.353962196
depletion

3 Ozone formation, 12.21309776 15.14162129
Human health

4 Fine particulate matter | 11.38403105 15.75978808
formation

5 Ozone formation, 12.22908126 15.15760478
Terrestrial ecosystems

6 Terrestrial acidification | 11.45566225 13.1420612

7 Freshwater 6.590945264 7.23279915
eutrophication

8 Marine eutrophication | 4.031595515 5.166218241

9 Terrestrial ecotoxicity | 15.7162173 17.90114435

10 | Freshwater ecotoxicity | 11.07474678 7.775203047

11 | Marine ecotoxicity 10.11321438 5.228330292

12 | Human carcinogenic 7.170634872 5.628855608
toxicity

13 | Land use 10.61695375 6.971133782

14 | Mineral resource 9.739118029 11.17420255
scarcity (atmospheric
emissions)

15 | Mineral resource 9.739118029 8.307826302
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Natural logarithmic calculation for transportation method in 2013

2013
No. | Impact category LCA Results of | Damage Cost of
Transportation | Transportation
1 Global warming 17.12595692 14.26125291
2 Stratospheric ozone 1.915993431 5.330436039
depletion
3 Ozone formation, 12.09621297 15.02473649
Human health
4 Fine particulate matter | 9.44115443 13.81691145
formation
5 Ozone formation, 12.11158036 15.04010388
Terrestrial ecosystems
6 Terrestrial acidification | 11.52080772 13.20720667
7 Freshwater 7.603270753 8.245124639
eutrophication
8 Marine eutrophication | 5.089054592 6.223677319
9 Terrestrial ecotoxicity | 18.81894687 21.00387392
10 | Freshwater ecotoxicity | 12.83502026 9.535476533
11 | Marine ecotoxicity 11.96468384 7.079799756
12 | Human carcinogenic 10.39230101 8.850521742
toxicity
13 | Land use 13.91827092 10.27245095
14 | Mineral resource 10.42221867 11.85730319
scarcity (atmospheric
emissions)
15 | Mineral resource 10.42221867 8.990926938
scarcity (emissions to
water - soil)
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Natural logarithmic calculation for landfilling method in 2013

2013
No. | Impact category LCA Results of | Damage Cost of
Landfilling Landfilling
1 Global warming 17.77070422 14.9060002
2 Stratospheric ozone depletion 3.06789483 6.482337438
3 Ozone formation, Human health | 12.98120042 15.90972395
4 Fine particulate matter 11.5825837 15.95834072
formation
5 Ozone formation, Terrestrial 12.99927141 15.92779493
ecosystems
6 Terrestrial acidification 12.43573844 14.12213739
7 Freshwater eutrophication 8.433281594 9.07513548
8 Marine eutrophication 5.885319112 7.019941839
9 Terrestrial ecotoxicity 18.3501888 20.53511585
10 | Freshwater ecotoxicity 13.02852795 9.72898422
11 | Marine ecotoxicity 12.07870394 7.19381985
12 | Human carcinogenic toxicity 9.654428002 8.112648738
13 | Land use 15.29409153 11.64827157
14 | Mineral resource scarcity 11.06537344 12.50045796
(atmospheric emissions)
15 | Mineral resource scarcity 11.06537344 9.634081711
(emissions to water - soil)
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Natural logarithmic calculation for recycling method in 2013

2013
No. | Impact category LCA Results of | Damage Cost of
Recycling Recycling

1 Global warming 16.60984824 13.74514422

2 Stratospheric ozone 1.87738781 5.291830418
depletion

3 Ozone formation, Human 12.15096598 15.07948951
health

4 Fine particulate matter 11.32189927 15.69765629
formation

5 Ozone formation, 12.16694947 15.09547299
Terrestrial ecosystems

6 Terrestrial acidification 11.39353047 13.07992942

7 Freshwater eutrophication | 6.528813473 7.170667359

8 Marine eutrophication 3.969463741 5.104086467

9 Terrestrial ecotoxicity 15.65408553 17.83901258

10 | Freshwater ecotoxicity 11.012615 7.713071268

11 | Marine ecotoxicity 10.05108261 5.166198517

12 | Human carcinogenic 7.108503108 5.566723844
toxicity

13 | Land use 10.55482196 6.909001997

14 | Mineral resource scarcity | 9.676986245 11.11207077
(atmospheric emissions)

15 | Mineral resource scarcity | 9.676986245 8.245694518
(emissions to water - soil)
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Appendix 8

Global Warming Potentials in units (kg CO2-eq/kg) of three cultural perspectives (RIVM Report 2016-0104, p.

29-35)
Name Formula Individualist | Hierarchist | Egalitarian
(20 years) (100 years) | (1,000
years)
Carbon CO2 1 1 1
dioxide
Methane CH4 84 34 4.8
Fossil CH4 85 36 4.9
methane
Nitrous oxide | N20O 264 298 78.8
Chlorofluorocarbons
CFC-11 CCI3F 6900 5.352 875.4
CFC-12 CCI2F2 10800 11547 2709.4
CFC-13 CCIF3 10900 15451 1,2684.1
CFC-113 CCI2FCCIF2 6940 6586 1,409.5
CFC-114 CCI2FCCIF2 7710 9615 3,492.3
CFC-115 CCIF2CF3 5860 8516 8,578.8
Hydrochlorofluoro-carbons
HCFC-21 CHCI2F 543 179 24.6
HCFC-22 CHCIF2 5280 2106 295.9
HCFC-122 CHCI2CF2Cl 218 72 9.9
HCFC-122a | CHFCICFCI2 945 312 43.2
HCFC-123 CHCI2CF3 292 96 13.3
HCFC-123a | CHCIFCF2CI 1350 447 61.9
124 CHCIFCF3 1870 635 88.2
HCFC-132c | CH2FCFCI2 1230 409 56.6
HCFC-141b | CH3CCI2F 2550 938 130.9
HCFC-142b | CH3CCIF2 5020 2345 332.5
HCFC-225ca | CHCI2CF2CF3 469 155 21.4
HCFC-225ch | CHCIFCF2CCIF2 | 1860 633 87.8
(E)-1- trans- 5 2 0.3
Chloro-3,3,3- | CF3CH=CHCI
trifluoroprop-
1-ene
Hydrofluorocarbons
HFC-23 CHF3 10800 13856 5664.5
HFC-32 CH2F2 2430 817 113.3
HFC-41 CH3F 427 141 19.5
HFC-125 CHF2CF3 6090 3691 546.4
HFC-134 CHF2CHF2 3580 1337 186.4
HFC-134a CH2FCF3 3710 1549 217.6
HFC-143 CH2FCHF2 1200 397 54.9
HFC-143a CH3CF3 6940 5508 913.3
HFC-152 CH2FCH2F 60 20 2.8
HFC-152a CH3CHF2 506 167 23.0
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HFC-161 CH3CH2F 13 4 0.6
HFC-227ca CF3CF2CHF2 5,080 3,077 455.5
HFC-227ea CF3CHFCF3 5,360 3,860 607.5
HFC-236¢cb CH2FCF2CF3 3,480 1,438 202.4
HFC-236ea CHF2CHFCF3 4,110 1,596 223.5
HFC-236fa CF3CH2CF3 6,940 8,998 3918.3
HFC-245ca CH2FCF2CHF2 | 2,510 863 119.7
HFC-245ch CF3CF2CH3 6,680 5,298 879.9
HFC-245ea CHF2CHFCHF2 | 863 285 39.4
HFC-245eb CH2FCHFCF3 1,070 352 48.6
HFC-245fa CHF2CH2CF3 2,920 1,032 143.7
HFC-263fb CH3CH2CF3 278 92 12.6
HFC-272ca CH3CF2CH3 530 175 24.1
HFC-329p CHF2CF2CF2C | 4,510 2,742 407.1
F3
HFC-365mfc CH3CF2CH2CF | 2,660 966 134.7
3
HFC-43-10mee CF3CHFCHFCF | 4,310 1,952 276.6
2CF3
HFC-1132a CH2=CF2 0 0 0.0
HFC-1141 CH2=CHF 0 0 0.0
(Z)-HFC-1225ye | CF3CF=CHF(Z) |1 0 0.0
(E)-HFC-1225ye | CF3CF=CHF(E) |0 0 0.0
(Z)-HFC-1234ze | CF3CH=CHF(Z) | 1 0 0.0
HFC-1234yf CF3CF=CH2 1 0 0.1
(E)-HFC-1234ze | trans- 4 1 0.2
CF3CH=CHF
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(2)-HFC-1336 CF3CH=CHCF3 |6 2 0.3

(2)
HFC-1243zf CF3CH=CH2 1 0 0.0
HFC-1345zfc C2F5CH=CH?2 0 0 0.0
3,3,44,5,5,6,6,6- | CAFOCH=CH2 1 0 0.0
Nonafluorohex-1-
ene

C6F13CH=CH2 |0 0 0.0
3,3,4,4,5,5,6,6,7,7,
8,8,8
-Tridecafluorooct-
L-ene C8F17CH=CH2 |0 0 0.0
3,3,4,4,5,5,6,6,7,7,
8,8,9
3’314’415’516’617’71
8,8,9,9,10,10,10-
Heptadecafluorod
ec-1-ene
Chlorocarbons and hydrochlorocarbons
Methyl CH3CCI3 578 193 26.8
chloroform
Carbon CCl4 3,480 2,019 296.0
tetrachloride
Methyl chloride CH3CI 45 15 2.0
Methylene CH2CI2 33 11 15
chloride
Chloroform CHCI3 60 20 2.7
1,2- CH2CICH2CI 3 1 0.2
Dichloroethane
Bromocarbons, hyrdobromocarbons and Halons
Methyl bromide CH3Br 9 3 0.4
Methylene CH2Br2 4 1 0.2
bromide
Halon-1201 CHBrF2 1,350 454 62.9
Halon-1202 CBr2Fr2 848 280 38.7
Halon-1211 CBrCIF2 4,590 2,070 293.3
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Halon-1301 CBrF3 7,800 7,154 1342.2
Halon-2301 CH2BrCF3 635 210 29.1
Halon- CHBrCICF3 151 50 6.9
2311/Halothane
Halon-2401 CHFBrCF3 674 223 30.7
Halon-2402 CBrF2CBrF2 3,440 1,734 248.0
Fully Fluorinated Species
Nitrogen trifluoride | NF3 12,800 17,885 12,816.7
Sulphur SF6 17,500 26,087 34,368.5
hexafluoride
(Trifluoromethyl)su | SF5CF3 13,500 19,396 17,724.5
Ifur
pentafluoride
Sulfuryl fluoride SO2F2 6,840 4,732 731.9
PFC-14 CF4 4,880 7,349 11,009.8
PFC-116 C2F6 8,210 12,340 17,810.2
PFC-c216 c-C3F6 6,850 10,208 13,315.3
PFC-218 C3F8 6,640 9,878 12,611.8
PFC-318 c-C4F8 7,110 10,592 13,921.4
PFC-31-10 C4F10 6,870 10,213 13,018.1
Perfluorocyclopente | c-C5F8 7 2 0.3
ne
PFC-41-12 n-C5F12 6,350 9,484 12,838.0
PFC-51-14 n-C6F14 5,890 8,780 11,504.8
PFC-61-16 n-C7F16 5,830 8,681 11,301.3
PFC-71-18 C8F18 5,680 8,456 11,042.5
PFC-91-18 C10F18 5,390 7,977 9,686.2
Perfluorodecalin(cis | Z-C10F18 5,430 8,033 9,759.0
)

Perfluorodecalin(tra | E-C10F18 4,720 6,980 8,505.2
ns)
PFC-1114 CF2=CF2 0 0 0.0
PFC-1216 CF3CF=CF2 0 0 0.0
Perfluorobuta-1,3- CF2=CFCF=CF | 0 0 0.0
diene 2
Perfluorobut-1-ene CF3CF2CF=CF 0 0 0.0

2
Perfluorobut-2-ene CF3CF=CFCF3 6 2 0.3
Halogenated alcohols and ethers
HFE-125 CHF20CF3 12,400 13,951 3,657.5
HFE-134 (HG-00) CHF20CHF2 11,600 6,512 946.2
HFE-143a CH30CF3 1,890 632 87.5
HFE-227ea CF3CHFOCF3 8,900 7,377 1,261.5
HCFE- CHF20CF2CHF | 2,120 705 97.6
235ca2(enflurane) Cl
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HCFE- CHF20CHCICF | 1,800 595 82.2

235da2(isoflurane) 3

HFE-236ca CHF20CF2CHF | 9,710 4,990 715.3
2

HFE- CHF20CHFCF3 | 5,550 2,143 300.1

236ea2(desflurane)

HFE-236fa CF3CH20CF3 3,350 1,177 163.8

HFE-245ch?2 CF3CF20CH3 2,360 790 109.5

HFE-245fal CHF2CH20CF3 | 2,900 997 138.5

HFE-245fa2 CHF20CH2CF3 | 2,910 981 135.9

2,2,3,3,3- CF3CF2CH20H | 69 23 3.1

Pentafluoropropane

-1-ol

HFE-254ch1 CH30OCF2CHF2 | 1,110 365 50.4

HFE-263fb2 CF3CH20CH3 5 2 0.2

HFE-263m1 CF30CH2CH3 108 36 4.9

3,3,3- CF3CH2CH20 1 0 0.1

Trifluoropropan-1- H

ol

HFE-329mcc2 CHF2CF20CF2 | 6,720 3,598 519.8
CF

HFE-338mmz1 (%FB)ZCHOCH 5,940 3,081 442.1

F

HFE-338mct2 I(ZZ:I,:C%CHZOCFZC 3,180 1,118 1555

Sevoflurane &CFB)ZCHOCH 795 262 36.1

(HFE-347mmz1) F

HFE-34/mcc3 CH3OCF2CF2C | 1,910 041 88.8

(HFE-7000) F3

HFE-347mct2 SFISFZCHZOCFZ 2,990 1,028 142.9

HFE-347pct2 8F|3!32CF20CH2 3,150 1,072 148.7

HFE-347/mmy1 (CF3)2CFOCH3 | 1,330 440 60.8

HFE-356mec3 EII;I3§OCF2CHF 1,410 468 04.8

HFE-356mTf2 &EgCHZOCHZ 62 20 2.8

HFE-356pcit2 EHE%CHZOCFZ 2,560 867 120.3

HFE-356pct3 EHE%OCHZC F2 1 1,640 540 14.7

HFE-356pcc3 EFIéBOCFZCFZC 1,510 500 69.2

HFE-356mmz1 gCFS)ZCHOCH o0 17 2.3

HFE-365mct3 ﬁgSCFZCHZOC 3 1 0.2

HFE-365mct2 ﬁl;BCFZOCHZC 215 71 9.8

HFE-374pc?2 EHEZCFZOCHZ 2,260 758 105.0

44 4- CF3(CH2)2CHZ [ 0 0 0.0

Tlrlfluorobutan-l- OH

0
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2,2,3,3,4,455- (CF2)4CH(OH) | 47 16 2.2
Octafluorocyclop
entaonl
HFE-43- CHF2OCF20C2 | 8,010 3,353 4717
10pcccl24(H- F4
Galden OCHF2
1040x,HG-11)
|7—|1FO%-)44951 (HFE- | C4F90CHS3 1,530 509 704
n-HFE-7100 n-C4F90CH3 1,760 587 81.2
I-HFE-7100 I-C4F90CH3 1,480 492 68.1
HFE-569s12 C4F90CZH5 209 69 95
(HFE-7200)
n-HFE-7200 n-C4F90CZH5 237 79 10.8
I-HFE-7200 I-C4AF90CZH5 163 54 7.4
HFE-236cal? CHF2OCF20C 11,000 6,260 912.0
(HG-10) HF2
HFE-338pcc13 CHF2OCF2CF2 | 8,430 3,466 486.9
(HG-01) OCHF2
171,1,3,3,3- (CF3)2CHCOH 668 221 30.5
Hexafluoropropan
e-2-ol
HG-02 7,900 3,250 456.4
g)CFZCFZ)Z—
CF2H
HG-03 8,270 3,400 4777
g)CFZCFZ)3—
HG-20 HE2C |SOCFZ)Z— 10,900 6,201 904.1
OCF2
HG-21 HF2C- 11,100 4,628 651.9
OCF2CF20CF2
oC
F20-CF2H
HG-30 HF2C- 15,100 8,575 1,250.2
(OCF2)3-
OCF2H
1-Ethoxy- CF3CF2CF20C | 223 74 10.1
1,1,2,2,3,3,3- H2
heptafluoropropa CH3
ne
Fluoroxene CF3CH20CH= 0 0 0.0
CH
2
1,1,2,2- CH2FOCF2CF2 | 3,080 1,051 145.9
Tetrafluoro-1- H
(fluoromethoxy)et
hane
2-Ethoxy- C12H5F1902 204 68 9.3
3,3,4,4,5-

pentafluorotetrah
ydro-

2,5-bis[1,2,2,2-

tetrafluoro-1-
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(trifluoromethyl)e

thyl]-

furan

Fluoro(methoxy) CH30CH2F 46 15 2.1

methane

Difluoro(methoxy | CH3OCHF2 528 175 241

)methane

Fluoro(fluoromet CH2FOCH2F 479 159 21.9

hoxy)-

methane

Difluoro(fluorom | CH2FOCHF2 2,260 748 103.3

ethoxy)-

methane

Trifluoro(fluorom | CH2FOCF3 2,730 909 125.8

ethoxy)-

methane

HG'-01 CH30OCF2CF20 | 815 269 37.0
C
H3

HG'-02 CH30O(CF2CF2 868 287 39.4
0)
2CH3

HG'-03 CH30O(CF2CF2 812 268 37.0
0)
3CH3

HFE-329me3 CF3CFHCF20C | 7,170 5,241 829.6
F3

3,3,4,455,6,6,7,7 | CF3(CF2)4CH2 | 2 1 0.1

- C

Undecafluorohept | H20H

an-1-ol

3,3,4,455,6,6,7,7 | CF3(CF2)6CH2 | 1 0 0.1

,8,8,9 C

,9,9- H20H

Pentadecafluoron

onan-1-

ol

3,3,44,55,6,6,7,7 | CF3(CF2)8CH2 | 1 0 0.0

,8,8,9 C

,9,10,10,11,11,11- | H20H

Nonadecafluorou

ndecan-

1-ol

2-Chloro-1,1,2- CH3OCF2CHF 449 149 20.4

trifluoro- Cl

1-methoxyethane

PFPMIE(perfluor | CF3OCF(CF3)C | 7,500 10,789 9,861.9

opoly- F2
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methylisopropyl OCF20CF3
ether)
HFE-216 CF30CF=CF2 1 0 0.0
Trifluoromethylfo | HCOOCF3 2,150 712 98.3
rmate
Perfluoroethylfor | HCOOCF2CF3 2,130 703 97.1
mate
Perfluoropropylfo | HCOOCF2CF2 1,380 456 63.0
rmate CF3
Perfluorobutylfor | HCOOCF2CF2 1,440 475 65.6
mate CF2

CF3 123 41 5.6
2,2,2- HCOOCH2CF3
Trifluoroethylfor
mate HCOOCH2CH2 | 64 21 2.9
3,3,3- CF
Trifluoropropylfo | 3
rlmzage2 HCOOCHFCF3 | 1,720 569 78.6
T’et’ra’tﬂuoroethylf
ormate
111333 2HCOOCH(CFS) 1,220 403 55.7
I—éexafluoropropan
ylformate CH3COOCF2C 6 2 0.3
Perfluorobutylace £
tate

CF2CF3
Perfluoropropylac | CH3COOCF2C | ¢ 2 0.3
etate F2

CF3
Perfluoroethylace | CH3COOCF2C | 8 3 0.3
tate F3
Ttrltﬂuoromethylac CH3COOCF3 8 3 0.3
etate
M%[h Icarbonoflu | FCOOCH3 350 116 159
oridate
1,1- FCOOCF2CH3 99 33 45
Difluoroethylcar
bonofluor idate
1,1- CF3COOCF2C 113 38 5.2
2D|fluoroethyI2,2, H3
trifluoroacetate
Ethyl 2,2,2- CF3COOCH2C 5 2 0.2
trifluoroacetate H3
2,2,2- 25 8 1.1
Trifluoroethyl2,2, | CF3COOCH2C
2- F3
trifluoroacetate
Methyl 2,2,2- CF3COOCH3 192 64 8.8
trifluoroacetate
Methyl 2,2- HCF2COOCH3 | 12 4 0.5

difluoroacetate
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?izﬂgoromethyl CF3COOCHF2 | 99 33 45
trifiuoroacetate
2,2,3,3,4,4,4- C3F/CH20H 124 41 5.7
I—{ep}aﬂuorobutan
-1-0
1,1,2-Trifluoro-2- CHF2CHFOCF3 | 3,970 1,489 207.9
(trifluorom
ethoxy)-
ethane CF3CHFCF20C | 86 28 3.9
1-Ethoxy- H2
1,1,2,3,3,3-
hexafluoropropan | CH3
e
1,1,1,2,2,3,3- I(-:IEBCFZCFZOC 7,940 7,371 1,400.4
Heptafluoro-3-
(1,2,2,2- CF3
tetrafluoroetho

48 16 2.2
Xy)- propane CHF2CF2CH20
2,2,3,3- H
Tetrafluoro-1-
propanol
2,2,3,4,4,4- CF3CHFCF2CH | 63 21 2.8
Hexafluoro- 20
1-butanol H
2,2,3,3,4,44- CF3CF2CF2CH 60 20 2.7
Heptafluoro-1- 20
butanol H
1,1,2,2- CHF2CF2CH2 2 1 0.1
Tetrafluoro-3- OC H3
methoxy-
propane
perfluoro-2- CF3CF2C(O)CF 0 0 0.0
methyl-3- C
pentanone F3)2
3,3,3- CF3CH2CHO 0 0 0.0
Trifluoropropanal
2-Fluoroethanol CH2FCHZ20H 3 1 0.1
2,2- CHF2CH20H 11 4 05
Difluoroethanol
2,2,2- CF3CHZ20H 73 24 3.3
Trifluoroethanol
1,1-Oxybis|2- HCF20(CF2CF 9,910 5,741 840.5
(difluoromethoxy | 20
)- )2CF2H
1,1,2,2-
tetrafluoroethane
1,1,3,3,4,4,6,6,7,7 | HCF20(CF2CF 9,050 5,245 768.4
9,91 20
0,10,12,12- )3CF2H
hexadecafluoro-
2,58,11-
eTetraoxadodecan HCF20(CF2CF | 7,320 4,240 621.6
1,1,33,4,4,6,6,77 | 2°
9,91
0,10,12,12,13,13, )4CF2H
15,15-
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eicosafluoro-
2,5,8,11,14-
Pentaoxapentade
cane
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Appendix 9

Midpoint characterisation factors in units (kg CFC-11 equivalents/kg) for 21 ODSs related to three perspectives

(RIVM Report 2016-0104, p. 41)

Individualist | Hierarchist | Egalitarian
(20 year) (100 year) | (infinite)
Annex A-1
CFC-11 1 1 1
CFC-12 0.421 0.587 0.820
CFC-113 0.504 0.664 0.850
CFC-114 0.165 0.270 0.580
CFC-115 0.032 0.061 0.570
Annex A-11
Halon-1301 11.841 14.066 15.900
Halon-1211 15.053 8.777 7.900
Halon-2402 22.200 14.383 13.000
Annex B-11
CCla 1.203 0.895 0.820
Annex B-111
CH3CCI3 0.396 0.178 0.160
Annex C-1
HCFC-22 0.085 0.045 0.040
HCFC-123 0.025 0.011 0.010
HCFC-124 0.049 0.022 0.020
HCFC-141b 0.275 0.134 0.120
HCFC-142b 0.111 0.067 0.060
HCFC-225ca 0.050 0.022 0.020
HCFC-225cbh 0.073 0.033 0.030
Annex E
CH3Br 1.649 0.734 0.660
Others
Halon-1202 4.247 1.892 1.700
CH3CI 0.050 0.022 0.020
N20* 0.007 0.011 0.017

* ODPs for N20 should be considered preliminary, because action mode is different from the other ODSs and
ODPs remain infinite as more uncertain.
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Appendix 10

Characterisation factors of midpoint in kBq Co-60 to air eq/kBq per emission compartment (RIVM Report

2016-0104, pp. 47-48)

Radionuclide Individualist Hierarchist Egalitarian
Emissions to air

Am-241 5.45E+01 5.45E+01 5.55E+01
C-14 6.14E-01 1.15E+00 1.29E+01
Co-58 2.55E-02 2.55E-02 2.55E-02
Co-60 1.00E+00 1.00E+00 1.00E+00
Cs-134 7.18E-01 7.18E-01 7.18E-01
Cs-137 1.27E+00 1.64E+00 1.64E+00
H-3 8.55E-04 8.56E-04 8.56E-04
1-129 8.32E+00 1.05E+01 2.07E+02
1-131 9.09E-03 9.09E-03 9.09E-03
1-133 5.64E-04 5.64E-04 5.64E-04
Kr-85 6.03E-06 8.48E-06 8.48E-06
Pb-210 - 9.09E-02 9.09E-02
Po-210 9.09E-02 9.09E-02 9.09E-02
Pu alpha? - - 5.00E+00
Pu-238 - - 4,00E+00
Pu-239 3.18E+01 3.18E+01 3.18E+01
Ra-226 - - 5.45E-02
Rn-222 1.45E-03 1.45E-03 1.45E-03
Ru-106 1.00E-01 1.00E-01 1.00E-01
Sr-90 1.52E+00 2.45E+00 2.45E+00
Tc-99 7.57E-01 1.18E+00 1.18E+00
Th- - - 2.73E+00
230 - - 5.82E+00
U- - - 1.27E+00
2342 - - 4.91E-01
U_

2352

U_

2382

Xe-133 8.55E-06 8.55E-06 8.55E-06
Emissions to fresh water (rivers and lakes)

Ag-110m 3.00E-02 3.00E-02 3.00E-02
Am-241 3.36E-03 3.45E-03 3.64E-03
C-14 3.45E-03 6.09E-03 1.27E-02
Co-58 2.45E-03 2.45E-03 2.45E-03
Co-60 2.64E+00 2.64E+00 2.64E+00
Cs-134 8.64E+00 8.64E+00 8.64E+00
Cs-137 9.09E+00 1.00E+01 1.00E+01
H-3 4,07E-05 4,12E-05 4,12E-05
1-129 2.52E-01 2.87E-01 1.55E+02
1-131 3.00E-02 3.00E-02 3.00E-02
Mn-54 1.91E-02 1.91E-02 1.91E-02
Pu-239 3.45E-04 3.73E-04 4,18E-04
Ra-2262 - - 7.73E-03
Ru-106 2.36E-04 2.36E-04 2.36E-04
Sh-124 4,91E-02 4,91E-02 491E-02
Radionuclide Individualist Hierarchist Egalitarian
Sr-90 1.27E-02 2.45E-02 2.82E-02
Tc-99 7.55E-03 3.09E-02 3.09E-02
U-2342 - - 1.45E-01
U-2352 - - 1.36E-01
U-2382 - - 1.36E-01
Emissions to the marine environment

Am-241 |  4.73E-02 | 4.82E-02 4.82E-02
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C-14 2.73E-02 2.73E-02 2.73E-02
Cm alpha? - - 3.45E+00
Co-60 2.36E-02 2.36E-02 2.36E-02
Cs-134 4.73E-03 4.73E-03 4.73E-03
Cs-137 5.82E-03 5.82E-03 5.82E-03
H-3 3.60E-06 4.05E-06 4.05E-06
[-129 2.22E-02 3.00E-02 1.55E+02
Pu alpha® - - 4.45E+00
Pu-239 5.07E-03 5.36E-03 5.73E-03
Ru-106 1.09E-03 1.09E-03 1.09E-03
Sb-125 8.91E-04 8.91E-04 8.91E-04
Sr-90 4.55E-04 4.55E-04 4.55E-04
Tc-99 7.82E-05 7.91E-05 1.09E-04
U-2342 - - 1.36E-03
U-235 - - 2.03E-03
U-2382 - - 8.33E-04
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Appendix 11

Midpoint characterisation factors for individual NMVOCs (RIVM Report 2016-0104, pp. 135-138)

CASnr Substance name HOFP (NOx-K)
000074-84-0 Ethane 0.0
000074-98-6 Propane 0.05
000106-97-8 Butane 0.11
000075-28-5 i-Butane 0.10
000109-66-0 Pentane 0.15
000078-78-4 i-Pentane 0.12
000463-82-1 Neopentane 0.07
000110-54-3 Hexane 0.15
000107-83-5 2-Methylpentane 0.15
000096-14-0 3-Methylpentane 0.16
000075-83-2 2,2-Dimethylbutane 0.08
000079-29-8 2,3-Dimethylbutane 0.18
000142-82-5 Heptane 0.13
000591-76-4 2-Methylhexane 0.12
000589-34-4 3-Methylhexane 0.15
000111-65-9 Octane 0.12
000592-27-8 2-Methylheptane 0.12
000589-81-1 3-Methylheptane 0.13
000111-84-2 Nonane 0.12
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003221-61-2 2-Methyloctane 0.12
002216-33-3 3-Methyloctane 0.12
002216-34-4 4-Methyloctane 0.13
000922-28-1 3,4-Dimethylheptane 0.13
000124-18-5 Decane 0.13
000871-93-0 2-Methylnonane 0.13
005911-04-6 3-Methylnonane 0.14
017301-94-9 4-Methylnonane 0.13
015869-89-3 2,5-Dimethyloctane 0.14
002051-30-1 2,6-Dimethyloctane 0.13
014676-29-0 2-Methyl-3-ethylheptane 0.12
013475-81-5 2,2-Dimethyl-3,3-dimethylhexane | 0.07
001120-21-4 Undecane 0.13
006975-98-0 2-Methyldecane 0.12
013151-34-3 3-Methyldecane 0.13
002847-72-5 4-Methyldecane 0.13
013151-35-4 5-Methyldecane 0.13
000112-40-3 Dodecane 0.12
000629-50-5 Tridecane 0.15
000629-59-4 Tetradecane 0.17
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CASnr Substance name HOFP (NOx-K)
000096-37-7 Methylcyclopentane 0.18
000110-82-7 Cyclohexane 0.10
000108-87-2 Methylcyclohexane 0.24
001678-91-7 Ethylcyclohexane 0.23
001678-92-8 Propylcyclohexane 0.22
001678-97-3 1,2,3-Trimethylcyclohexane 0.21
000696-29-7 i-Propylcyclohexane 0.22
001678-93-9 Butylcyclohexane 0.21
001678-98-4 i-Butylcyclohexane 0.21
004291-80-9 1-Methyl-3-propylcyclohexane 0.22
004291-81-0 1-Methyl-4-propylcyclohexane 0.20
004292-92-6 Pentylcyclohexane 0.20
004292-75-5 Hexylcyclohexane 0.20
000074-85-1 Ethylene 0.36
000115-07-1 Propylene 0.42
000106-98-9 But-1-ene 0.38
000590-18-1 Cis-but-2-ene 0.41
000624-64-6 Trans-but-2-ene 0.42
000106-98-9 Butylene 0.23
000106-99-0 1,3-Butadiene 0.32
000627-20-3 Cis-pent-2-ene 0.40
000646-04-8 Trans-pent-2-ene 0.40
000109-67-1 1-Pentene 0.34
000563-46-2 2-Methylbut-1-ene 0.27
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000563-45-1 3-Methylbut-1-ene 0.26
000513-35-9 2-Methylbut-2-ene 0.30
000078-79-5 Isoprene 0.41
000592-41-6 Hex-1-ene 0.32
007688-21-3 Cis-hex-2-ene 0.38
009016-80-2 Trans-hex-2-ene 0.37
000080-56-8 Alpha-pinene 0.25
000127-91-3 Beta-pinene 0.12
000138-86-3 Limonene 0.26
004516-90-9 2-Methyl-3-butenol -0.01
000071-43-2 Benzene 0.04
000108-88-3 Toluene 0.16
000095-47-6 0-Xylene 0.28
000108-38-3 m-Xylene 0.31
000106-42-3 p-Xylene 0.26
000100-41-4 Ethylbenzene 0.17
000103-65-1 Propylbenzene 0.14
000098-82-8 i-Propylbenzene 0.12
CAS nr Substance name HOFP (NOx-K)
000526-73-8 | 1,2,3-Trimethylbenzene 0.38
000095-63-6 | 1,2,4-Trimethylbenzene 0.40
000108-67-8 | 1,3,5-Trimethylbenzene 0.39
000611-14-3 | o-Ethyltoluene 0.26
000620-14-4 | m-Ethyltoluene 0.28
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000622-96-8 | p-Ethyltoluene 0.23
029224-55-3 | 3,5-Dimethylethylbenzene 0.38
025550-13-4 | 3,5-Diethyltoluene 0.36
000527-53-7 | 1,2,3,5-Tetramethylbenzene 0.38
000095-93-2 | 1,2,4,5-Tetramethylbenzene 0.36
000099-87-6 | 1-Methyl-4-i-propylbenzene 0.27
000535-77-3 | 1-Methyl-3-i-propylbenzene 0.32
000100-42-5 | Styrene 0.02
000050-00-0 | Formaldehyde 0.17
000075-07-0 | Acetaldehyde 0.20
000123-38-6 | Propionaldehyde 0.26
- i-Propionaldehyde 0.18
000123-72-8 | Butyraldehyde 0.25
000100-62-3 | Pentanal 0.26
000590-86-3 | 3-Methylbutanal 0.15
000100-52-7 | Benzaldehyde -0.07
000529-20-4 | 2-Methylbenzaldehyde -0.10
000620-23-5 | 3-Methylbenzaldehyde -0.07
000104-87-0 | 4-Methylbenzaldehyde 0.02
000067-56-1 | Methanol 0.05
000064-17-5 | Ethanol 0.12
000071-23-8 | Propanol 0.17
000067-63-0 | i-Propanol 0.07
000071-36-3 | Butanol 0.19
000078-83-1 | i-Butanol 0.13
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000078-92-2 | sec-butanol 0.15
000075-65-0 | t-Butanol 0.01
000123-51-3 | 3-Methyl-1-butanol 0.16
000108-95-2 | Phenol -0.02
000095-48-7 | o-Cresol 0.07
000095-87-4 | 2,5-Xylenol 0.20
000105-67-9 | 2,4-Xylenol 0.20
000526-75-0 | 2,3-Xylenol 0.12
000108-93-0 | Cyclohexanol 0.16
000123-42-2 | Diacetone alcohol 0.11
000067-64-1 | Acetone 0.02
000078-93-3 | Methylethylketone 0.12
CASnr Substance name HOFP (NOx-K)
000108-10-1 | Methyl-i-butylketone 0.19
000108-94-1 | Cyclohexanone 0.11
000107-87-9 | Methylpropylketone 0.00
000107-31-3 | Methyl formate 0.01
000079-20-9 | Methyl acetate 0.03
000141-78-6 | Ethyl acetate 0.07
000108-21-4 | i-Propyl acetate 0.08
000123-86-4 | Butyl acetate 0.09
000109-60-4 | n-Propyl acetate 0.09
000064-18-6 | Formic acid 0.01
000064-19-7 | Acetic acid 0.03
000079-09-4 | Propanoic acid 0.05
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000115-10-6 | Dimethylether 0.07
000060-29-7 | Diethylether 0.17
000108-20-3 | Di-i-propylether 0.16
000107-21-1 | Ethylene glycol 0.12
000057-55-6 | Propylene glycol 0.14
000111-76-2 | 2-Butoxyethanol 0.16
000107-98-2 | 1-Methoxy-2-propanol 0.12
000109-86-4 | 2-Methoxyethanol 0.11
000110-80-5 | 2-Ethoxyethanol 0.13
000107-02-8 | Acrolein 0.20
000078-85-3 | Methacrolein 0.33
000107-22-2 | Glyoxal 0.08
000078-98-8 | Methylglyoxal 0.37
000074-86-2 | Acetylene 0.03
000074-99-7 | Propyne 0.26
000075-09-2 | Methylene dichloride 0.01
000075-00-3 | Ethyl chloride 0.04
000127-18-4 | Tetrachloroethylene 0.00
000079-01-6 | Trichloroethylene 0.11
000075-34-3 | Ethylidene dichloride 0.20
000071-55-6 | Methyl chloroform 0.00
000074-87-3 | Methyl chloride 0.00
000156-59-2 | Cis-dichloroethylene 0.00
000156-60-5 | Trans-dichloroethylene 0.00
000067-66-3 | Chloroform 0.00
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Appendix 12

Additions to USEtox organic and inorganic database (RIVM Report 2016-0104, p. 170)

factor for meat

Name Unit Source
Dimensionless Extracted from the original
plant/air partition
m3/m3 USES-LCA 2.0 substance
coefficient vegetation database for organics
OVERALL MASS
TRANSFER Extracted from the original
COEFFICIENT USES-LCA 2.0 substance
air/plant interface m/s database for organics
Extracted from the original
Root/soil PARTITION kg(wwt)/kg(wwt) USES-LCA 2.0 substance
COEFFICIENT database for organics
Extracted from the original
Leaf/soil PARTITION kg(wwt)/kg(wwt) USES-LCA 2.0 substance
COEFFICIENT database for organics
Extracted from the original
USES-LCA 2.0 substance database
o for organics. Additionally, the plant
Transpiration Stream uptake model of Trapp (2009) is
Concentration Factor - included.
Extracted from the original
USES-LCA 2.0 substance database
_ for organics. Additionally, the plant
Root Concentration uptake model of Trapp (2009) is
Factor I/kg wwt included.
Calculated (for both neutral and
dissociating organics) using the
) ) regressions of et al. Hendriks,
Bioaccumulation d/kg(food)

(2007)
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Calculated (for both neutral and
dissociating organics) using the
regressions of et al.Hendriks, (2007)

Bioaccumulation d/kg(food)
factor for milk

Calculated for dissociating organics

) using the regressions of
Fish/water PARTITION
COEFFICIENT etal. Fu, (2009)
I/kg

Extracted from the original
Bioavailability for oral USES-LCA 2.0 substance database
uptake for both organics and metals

Extracted from the original
Bioavailability for USES-LCA 2.0 substance database
inhalation for both organics and
IARC classification - (IARC 2004)
FRACTION in gas Extracted from the original
phase air

- USES-LCA 2.0 substance

(METAL/INORGANIC) database for metals

Extracted from the original
Gas WASHOUT m.s*t USES-LCA 2.0 substance

(METAL/INORGANIC)

database for metals

Aerosol COLLECTION
EFFICIENCY

Extracted from the original

USES-LCA 2.0 substance
database for metals
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Appendix 13

Cultural perspectives and four emission compartments of ETPs and HTPs (RIVM Report 2016-0104, p. 77-79)

Substance Emission Individualist | Hierarchist | Egalitarian
compartment
Freshwater ecotoxicity
1,4- Urban air 1.3E-03 1.3E-03 1.3E-03
Dichlorobenzene
1,4- Fresh water 1 1 1
Dichlorobenzene
1,4- Seawater 5.5E-04 5.5E-04 5.5E-04
Dichlorobenzene
1,4- Industrial soil | 3.2E-02 3.2E-02 3.2E-02
Dichlorobenzene
Nickel Urban air 6.8E-01 2.2E+00 1.6E+01
Nickel Fresh water 4.2E+01 4.6E+01 4.6E+01
Nickel Seawater 0.0E+00 0.0E+00 0.0E+00
Nickel Industrial soil | 4.6E-01 3.2E+00 4.2E+01
Marine ecotoxicity
1,4- Urban air 1.5E-01 1.5E-01 1.8E-01
Dichlorobenzene
1,4- Fresh water 1.8E-01 1.8E-01 1.8E-01
Dichlorobenzene
1,4- Seawater 1 1 1
Dichlorobenzene
1,4- Industrial soil | 8.2E-02 8.2E-02 8.2E-02
Dichlorobenzene
Nickel Urban air 3.1E+01 1.1E+02 5.5E+04
Nickel Fresh water 1.3E+01 5.7E+01 2.5E+04
Nickel Seawater 9.8E+01 3.2E+02 1.3E+05
Nickel Industrial soil | 9.4E-02 2.3E+00 2.3E+04
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Terrestrial ecotoxicity

1,4- Urban air 6.3E-03 6.3E-03 6.3E-03
Dichlorobenzene

1,4- Fresh water 5.7E-03 5.7E-03 5.7E-03
Dichlorobenzene

1,4- Seawater 2.7E-03 2.7E-03 2.7E-03
Dichlorobenzene

1,4- Industrial soil 1 1 1
Dichlorobenzene

Nickel Urban air 2.1E+01 5.4E+01 2.1E+02
Nickel Fresh water 0.0E+00 0.0E+00 0.0E+00
Nickel Seawater 0.0E+00 0.0E+00 0.0E+00
Nickel Industrial soil 7.6E+00 3.7E+01 4.5E+02

Human toxicity (carcinogenic)

1,4- Urban air 1 1 1
Dichlorobenzene

1,4- Fresh water 6.9E-01 6.9E-01 6.9E-01
Dichlorobenzene

1,4- Seawater 1.9E-01 1.9E-01 1.9E-01
Dichlorobenzene

1,4- Industrial soil 2.3E-01 2.3E-01 2.3E-01
Dichlorobenzene

Nickel Urban air 3.1E+01 3.7E+02 9.1E+02
Nickel Fresh water 3.4E+00 2.3E+01 2.5E+02
Nickel Seawater 0.0E+00 3.5E+00 1.2E+03
Nickel Industrial soil 2.1E+00 1.2E+01 3.6E+02

Human toxicity (non-carcinogenic)

1,4- Urban air 1 1 1
Dichlorobenzene

1,4- Fresh water 8.5E-01 8.5E-01 8.5E-01
Dichlorobenzene

1,4- Seawater 1.9E-01 1.9E-01 1.9E-01

Dichlorobenzene
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1,4- Industrial soil 2.3E-01 2.3E-01 2.3E-01
Dichlorobenzene

Nickel Urban air 5.8E+00 7.1E+01 1.7E+02
Nickel Fresh water 6.5E+01 4.4E+00 4.8E+01
Nickel Seawater 0.0E+00 6.7E-01 2.3E+02
Nickel Industrial soil 4.1E-01 2.4E+00 6.8E+01

385




Appendix 14

Supporting data for land use (RIVM Report 2016-0104, p. 189)

CFmrelax (annual crop eq)

Mammals | Birds | Arthropods | Vascular
LAND plants
USE
Pasture and | 0.55 0.33 [0.42 0.18
Meadow
Annual 0.75 0.88 |1.08 0.70
crops
Permanent | 0.45 1.03 |0.93 0.47
Crops
Mosaic -0.23 0.37 |0.07 0.62
Agriculture
Artificial - - - -0.70
areas
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Supporting data for land use (RIVM Report 2016-0104, p. 189)

trel (year)
LAND | Mammals | Birds Insects Invertebra | Plants Trees
USE tes
Type Fore | Op | Fore | Op |Fore | Op | Fore | Op | Fore | Op | Fore | Op
st en |st en |st en |st en |st en | st en
ggature 694 | 7.2 |686 |63 [69.2 |70 |795 |80 |735 |73 |102. |10.
Meado 2 :
w
Annual | 694 |72 |686 |63 |69.2 |70 [795 (80 |735 |7.3 |102. |10.
crops 2 4
gﬁtrman 694 | 7.2 686 |63 [69.2 |70 |795 |80 |735 |73 |102. |10.
Crops 2 4
Mosaic | 694 | 7.2 | 686 (6.3 |69.2 7.0 |795 (80 |735 |7.3 |102. |10.
Agricult 2 4
ure
Artificia | 69.4 | 7.2 | 686 |63 |69.2 |7.0 [795 |80 |735 |7.3 |102. |10.
| areas 2 4
Supporting data for land use (RIVM Report 2016-0104, p. 190)
CFmrelax (annual crop eq-yr)
LAND | Mammals | Birds Insects Invertebra | Plants Trees
USE tes
Type Fore | Op | Fore |Op | Fore |Op | Fore | Op |Fore|Op | Fore|Op
st en |st en |st en |st en |st en |st en
ggature 191 |20 |114 |11 (144 |15 |166 |17 |67 |07 |94 |1.0
Meado
w
Annual | 260 |27 | 303 (28 |375 |38 [431 (43 |257 |25 |358 |36
crops
Eﬁ{man 156 |16 |355 |33 |323 |33 |37.1 (37 |17.2 |17 |238 |24
Crops
Mosaic |-8.1 |-08 |126 (1.2 |23 |02 |27 |03 |227 |22 |315 |32
Agricult
ure
Artificia | - - - - - - - - 257 |25 |- -3.6
| areas 35.8
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Appendix 15

Applicable land occupation categories in Ecolnvent with ReCiPe (RIVM Report 2016-0104, p. 192)

Name in Ecolnvent

Name in ReCiPe

Occupation, pasture, man-made, intensive

Pasture

Occupation, permanent crop, non-irrigated,
intensive

permanent crops

Occupation, mineral extraction site

artificial area

Occupation, annual crop, greenhouse

artificial area

Occupation, permanent crop, irrigated,
intensive

permanent crops

Occupation, industrial area

artificial area

Occupation, construction site

artificial area

Occupation, annual crop, non-irrigated,
intensive

annual crops

Occupation, traffic area, road network

artificial area

Occupation, annual crop, irrigated, intensive

annual crops

Occupation, dump site

artificial area

Occupation, river, artificial

Occupation, annual crop

annual crops

Occupation, lake, artificial

Occupation, annual crop, non-irrigated,
extensive

annual crops

Occupation, traffic area, rail/road embankment

artificial area

Occupation, pasture, man-made, extensive

pasture

Occupation, pasture, man-made, extensive

managed forest Occupation, forest, intensive

managed forest Occupation, permanent crop

permanent crops Occupation, traffic area, rail
network

artificial area Occupation, seabed,
infrastructure

Occupation, seabed, drilling and mining

Occupation, annual crop, non-irrigated

Occupation, shrub land, sclerophyllous

annual crops

Occupation, annual crop, irrigated

managed forest

Occupation, urban, discontinuously built

annual crops

Occupation, pasture, man-made

artificial area

Occupation, grassland, natural (hon-use)

pasture

Occupation, urban/industrial fallow (non-use

Occupation, pasture, man-made, intensive

artificial area

Occupation, grassland, natural (non-use)

Pasture

Occupation, urban/industrial fallow (non-use)

permanent crops
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Appendix 16

Data about parameters alpha and beta for every covered mineral resource (RIVM Report 2016-0104, p. 194)

Cumulative grade- Cumulative Reserves | Ultimate

tonnag(-e mineral (Rinkg recoverable

regression resource resource

parameters extracted (CME 9 (URRin kg
Mineral Scale Shape |52 in kg x) X)
resource

« p
Aluminium -1.35 0.10 0.91]| 1.04E+12 1.48E+13 | 1.34E+16
Antimony -2.06 0.42 0.85| 6.79E+09 1.80E+09 | 6.61E+10
Chromium -1.15 0.12 0.87| 2.06E+11 1.48E+11 | 1.52E+13
Cobalt -4.86 0.17 0.95| 2.28E+09 7.20E+09 | 2.86E+12
Copper -3.61 0.17 0.79] 5.92E+11 6.90E+11 | 4.36E+12
Gold -11.9 0.20 0.86| 1.44E+08 5.40E+07 | 7.20E+0Q7
Iron -0.57 0.13 0.93| 3.41E+13 8.10E+13 | 6.46E+15
Lead -2.61 0.21 0.85| 2.35E+11 8.90E+10 | 2.81E+12
Lithium -4.95 0.11 0.72| 9.81E+09 1.30E+10 | 3.47E+12
Manganese -1.19 0.08 0.77| 5.80E+11 5.70E+11 | 1.27E+14
Molybdenum | -6.34 0.27 0.94| 6.62E+09 1.10E+10 | 1.82E+11
Nickel -4.26 0.16 0.93| 5.53E+10 7.40E+10 | 7.76E+12
Niobium -4.39 0.27 0.70| 1.07E+09 4.30E+09 | 4.80E+11
Phosphorus -2.14 0.10 0.93| 9.78E+11 2.18E+12 | 1.90E+13
Silver -8.08 0.26 0.73| 1.13E+09 5.20E+08 | 2.00E+10
Tin -4.95 0.21 0.79| 2.00E+10 4.70E+09 | 2.20E+11
Uranium -5.54 0.50 0.86| 2.71E+09 2.52E+09 | 4.30E+11
Zinc -1.62 0.15 0.70| 4.58E+11 2.50E+11 | 1.11E+13
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Appendix 17

Midpoint characterisation factors SOPs (kg Cu-eq/kg) for 70 mineral resources (RIVM Report 2016-0104, p.
99-100)
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Mineral Chemical Individualist Hierarchist Egalitarian
resource element

Aluminium Al 1.01E-01 1.69E-01 1.69E-01
Antimony Sb 1.03E+00 5.72E-01 5.72E-01
Arsenic* As 8.89E-02 1.31E-01 1.31E-01
Ball clay* 3.86E-03 7.09E-03 7.09E-03
Barite* 1.36E-02 2.28E-02 2.28E-02
Bauxite* 2.41E-03 4.58E-03 4.58E-03
Bentonite clay* 6.07E-03 1.08E-02 1.08E-02
Beryllium* Be 8.42E+01 7.67E+01 7.67E+01
Bismuth* Bi 2.77TE+00 3.20E+00 3.20E+00
Boron* B 7.77E-02 1.16E-01 1.16E-01
Cadmium Cd 2.32E-01 3.20E-01 3.20E-01
Caesium Ce 1.90E+04 1.18E+04 1.18E+04
Chromium Cr 5.57E-02 9.51E-02 9.51E-02
Chrysotile* 2.21E-01 3.05E-01 3.05E-01
clay

unspecified* 5.85E-03 1.04E-02 1.04E-02
Cobalt co 4.01E+00 6.57E+00 6.57E+00
Copper Cu 1.00E+00 1.00E+00 1.00E+00
Diamond

Industrial C 1.02E+02 9.15E+01 9.15E+01
Diatomite 3.07E-02 4.88E-02 4.88E-02
Feldspar* 8.90E-03 1.54E-02 1.54E-02
Fire clay* 1.95E-03 3.76E-03 3.76E-03
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Fuller's earth* 8.61E-03 1.50E-02 1.50E-02
Gallium* 9.28E+01 8.38E+01 8.38E+01
Germanium* 3.89E+02 3.17E+02 3.17E+02
Gold 5.12E+03 3.73E+03 3.73E+03
Graphite* 1.34E-01 1.92E-01 1.92E-01
Gypsum* 1.44E-03 2.83E-03 2.83E-03
Hafnium* 1.08E+02 9.67E+01 9.67E+01
lImenite* 2.40E-02 3.88E-02 3.88E-02
Indium* In 1.15E+02 1.03E+02 1.03E+02
lodine* | 6.51E+00 7.09E+00 7.09E+00
Iron Fe 3.82E-02 6.19E-02 6.19E-02
Iron ore* 1.02E-02 1.75E-02 1.75E-02
Kaolin* 1.46E-02 2.45E-02 2.45E-02
Kyanite* 3.15E-02 5.00E-02 5.00E-02
Lead Pb 4.83E-01 4.91E-01 4.91E-01
Lime* 1.19E-02 2.02E-02 2.02E-02
Lithium Li 2.42E+00 4.86E+00 4.86E+00
Magnesium* Mg 6.14E-01 7.90E-01 7.90E-01
Manganese Mn 3.76E-02 8.23E-02 8.23E-02
Mercury* Hg 8.37E+00 8.96E+00 8.96E+00
Molybdenum Mo 2.90E+01 2.92E+01 2.92E+01
Nickel Ni 1.85E+00 2.89E+00 2.89E+00
Niobium Nb 4.46E+00 5.20E+00 5.20E+00
Palladium* Pd 6.37E+03 4.28E+03 4.28E+03
Perlite* 5.08E-03 9.16E-03 9.16E-03
Phosphorus P 1.40E-01 1.67E-01 1.67E-01
Platinum* Pt 1.38E+04 8.77E+03 8.77E+03

*ASOPs extrapolated from price data.
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Appendix 18

Fossil fuel potential (FFP) for five fossil resources (RIVM Report 2016-0104, p. 104)

Fossil resource Unit Characterisation factor
Crude oil oil-eq/kg 1

Natural gas oiI-eq/Nm3 0.84

Hard coal oil-eq/kg 0.42

Brown coal oil-eq/kg 0.22

Peat oil-eq/kg 0.22
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Appendix 19

Equation data of cumulative cost-tonnage parameters a and b for every fossil resource (RIVM Report 2016-

0104, p. 197)
Cumulative cost- Surplus cost potential
tonnage regression
parameters
Fossil Intercept Slope ]guml Currentcost | Reserves
resource 0sSi i
a b (Cin (Rinkgor
extracted Nm3
USD2008/kg
(CFEin or Nm3 x) X)
kg or Nm3
X)
Crude oil 40.0 -4.45 1.61E+14 7.33E-02 8.05E+14
Hard coal 36.6 -5.19 NA 2.85E-02 7.19E+14
Natural gas | 23.2 -2.42 1.01E+14 6.85E-03 7.99E+14

Supporting data for derived FFPs (Jungbluth & Frischknecht 2010), (RIVM Report 2016-0104, p. 197)

Name Unit Higher heating value (HHV)
Brown coal MJ-eq/kg 9.9

Crude oil MJ-eq/kg 45.8

Hard coal MJ-eq/kg 19.1

Natural gas MJ-eq /Nm3 38.3

Peat MJ-eq/kg 9.9
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Appendix 20

Five fossil resources for endpoint characterisation factors in USD2013/unit of resource (RIVM Report 2016-

0104, p. 105)
Fossil resource Unit Individualist Hierarchist | Egalitarian
Crude oil USD2013/kg 0.457 0.457 0.457
Hard coal USD2013/kg 0.034 0.034 0.034
Natural gas USD2013/Nm3 0.301 0.301 0.301
Brown coal* USD2013/kg 0.034
Peat* USD2013/kg 0.034

*No characterisation factors were calculated clearly for brown coal and peat, because of a lack of information for
production and cost. Moreover, the egalitarian perspective from a precautionary viewpoint is provided as a proxy

as a characterisation factor of hard coal.
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Appendix 21

Total global emissions and derived weights per substance and emission compartment (RIVM Report 2016-0104,
p. 107-110)

Substance Emission air Weight air | Emission Weight Emission Weight
water water soil soil
Aldehydes, unspecified (kg)
2-Butenal 2.32E+04 0.0002 3.46E+04 0.0019 - -
Acetalde-hyde 2.73E+07 0.2741 7.22E+06 0.4021 - -
Benzalde-hyde 5.64E+05 0.0057 1.65E+06 0.0919 - -
Formalde-hyde 7.17E+07 0.7200 9.05E+06 0.5040 - -
Anthracene 3.77E+04 0.0084 9.55E+02 0.0196 1.85E+05 1
Benzo(a)-pyrene | 1.10E+06 0.2459 4.28E+01 0.0009 - -
Fluoran-thene 2.01E+05 0.0449 8.67E+01 0.0018 - -
Naphthalene 2.41E+06 0.5388 4.67E+04 0.9561 - -
Phenan- threne 5.56E+05 0.1243 1.02E+03 0.0209 - -
Substance Emission  |Weight air [Emission [Weight Emission|Weight
air water water soil soil
Pyrene 1.68E+05 |0.0376 3.98E+01 |0.0008 - -

/Actinides, unspecified (kBQq)

IAmericium- 241 1.40E+06 |0.0290 9.35E+08 |0.0091 - -
Uranium-234 1.94E+07 (0.4020 9.22E+08 |0.0090 - -
Uranium-235 8.42E+05 [0.0174 4.05E+07 |0.0004 - -
Uranium-238 1.82E+07 [0.3771 1.16E+09 [0.0113 - -
Plutonium-241 8.42E+06  |0.1745 9.98E+10 |0.9703 - -
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Carboxylic acids (kg)

Formic acid 7.24E+05 |0.4254 2.62E+05 |0.7973 -
Acrylic acid 9.78E+05 [0.5746 6.66E+04  [0.2027 -
Hydrocarbons, chlorinated (kg)

Ethane, 1,1,1- 3.57E+05 [8.70E-03  |7.41E+04 @4.10E-02 |
trichloro-,HCFC-140

Methane, tetrachloro-, 4.17E+05 |4.32E-03 | - -
CFC-10

Ethane,1,1,1,2- tetrachloro-  [4.80E+03 14.97E-05 | - -
Ethane, 1,1,2,2- tetrachloro- 4.59E+03  14.76E-05 1.22E+01 |6.76E-06 |-
Ethane, 1,1,2- trichloro- 5.75E+05 [5.96E-03  2.40E+05 [1.33E-01
Benzene, 1,2,4- trichloro- 1.49E+05 [1.54E-03 1.12E+02 |6.20E-05 |-
Ethane, 1,2- dichloro- 2.43E+05 [2.52E-03 5.91E+04 [3.27E-02 |
Ethene, 1,2- dichloro- 9.33E+03  [9.67E-05 1.52E+04 8.42E-03 |-
Propane, 1,2- dichloro- 4. 76E+06  |4.93E-02 |2.25E+03 |1.25E-03 |
Benzene, 1,3- dichloro- 5.71E+03  |5.92E-05 1.97E+02 [1.09E-04 |-
Propene, 1,3- dichloro- 1.73E+04 [1.79E-04 2.77E+03 [1.53E-03 |
IAllyl chloride 5.83E+05  [6.04E-03 1.21E+03 |6.70E-04 |-
Benzotrichloride 1.74E+03 |1.80E-05 |- - -
Benzyl chloride 1.95E+04 [2.02E-04 [3.88E+02 [2.15E-04 |
Benzene, chloro- 1.72E+06 |1.78E-02  |6.66E+04  [3.69E-02 |
Ethane, chloro- 5.30E+06 [5.49E-02  9.42E+02 [5.22E-04 |
Chloroform 4.20E+06 |4.35E-02  5.56E+05 [3.08E-01 |-
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Substance Emission  Weightair [Emission [Weight water [Emission Weight
air water soil soil

Propene, 1- chloro-1- [9.16E+05  [9.49E-03 0.00E+00 |0.00E+00 - -

Methane, dichloro-,  [L.42E+07 [1.47E-01 2.73E+05 |L.51E-01

HCC-30 - -

Butadiene, hexachloro-4.00E+03  14.14E-05 0.00E+00 |0.00E+00 - -

Benzene, hexachloro- [2.60E+04  [2.69E-04 2.17E+02 [1.20E-04 - -

Cyclopenta- diene, 1.23E+03  [1.27E-05 - -

hexachloro- - -

Ethane, hexachloro- [3.12E+04  [3.23E-04 4.70E+00 [2.60E-06 - -

Methane, monochloro- [1.20E+07  [1.24E-01 7.31E+03 |4.05E-03

R-40

Toluene, 2- chloro-  4.76E+04  4.93E-04 8.27E+02 4.58E-04 - -

Benzene, 1,2- 4.31E+05 |4.47E-03 1.05E+04 |5.82E-03 i i

dichloro-

Benzene, 1,4- 2.08E+07 [2.16E-01 2.78E+05 [1.54E-01 i i

dichloro-

Benzene, pentachloro- [1.53E+02  [1.59E-06 1.64E+02 |9.09E-05 - -

Ethane, pentachloro- [1.29E+03  [1.34E-05 - - - -

Ethene, tetrachloro-  |6.92E+06 [7.17E-02 7.78E+04 ©4.31E-02 - -

Ethene, dichloro- 4.12E+04  |4.27E-04 2.07E+01 [1.15E-05 i i

(trans)

Butene, 1,4- dichloro- [2.40E+02  |2.49E-06 - -

2- - -

(trans)

Ethene, trichloro- 2.03E+07 [2.10E-01 1.06E+05 [5.87E-02 - -

Ethene, chloro- 2.43E+06  [2.52E-02 3.24E+04 [1.79E-02 - -

398




Substance Emission air  Weightair |[Emission  Weight Emission  |Weight
water water soil soil

Hydrocarbons, aliphatic, alkanes, cyclic

Cyclohexane 7.73E+06 0.9418 1.92E+04  |0.5310 - -

Cyclohexa-nol 1.38E+05 0.0168 4.68E+03  [0.1294 - -

Cyclohexyla- mine 5.70E+04 0.0069 3.76E+02  |0.0104 - -

Dicyclo- pentadiene 2.83E+05 0.0345 1.19E+04  |0.3291 - -

Hydrocarbons, aromatic

Benzene, 8.52E+06 0.0136 7.88E+03  |0.0127 - -

1,2,4- trimethyl-

Benzene, 8.23E+06 0.0131 7.92E+02  [0.0013 - -

1,3,5-

trimethyl-

trimethyl- 1.48E+07 0.0236 8.53E+04 |0.1371 - -

Benzene

Benzene, ethyl- 4.97E+07 0.0794 3.23E+04  |0.0519 - -

Toluene 5.45E+08 0.8703 4.96E+05 [0.7971 - -

Noble gases, radioactive

Krypton-85 2.31E+15 0.9251 - - - -

Argon-41 1.87E+14 0.0749 - - - -

Radon-222 6.86E+10 0.0000 - - - -
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Appendix 22

CFs per substance group, impact category and sub-compartment as per Individualist perspective, (RIVM Report 2016-0104, p. 111-112)

Substance (Sub)- Global Ozone lonizing Photo- Photo-Chemical Freshwater Marine ecotox [Terres- Human tox [Human tox
group compartment warming depletion Chemical  ozone (eco) ecotox trial (cancer)
radiation ozone lecotox (non-cancer)
kg kg (human) kg NOx-eq kg 1,4DCB to kg 1,4DCB to
kg freshwater-eq kg 1,ADCBto kg 1,4DC urban air-eq kg 1,4DCB to
CO,-eq CFCl1-eq kg NOx-eq saltwater- eq to ind urban air-eq
air-eq
Aldehydes, Urban air - - - 1.74E-01 2.81E-01 2.28E-02 1.96E-02 7.30E+00 4.14E+01 3.36E+00
unspecified Rural air - - - 1.74E-01 2.81E-01 1.03E-02 2.91E-02 1.11E+01 1.35E+00 7.23E-01
Fresh water - - - - - 5.85E-01 1.94E-02 6.50E-01 [8.16E-02 4.49E-01
Seawater - - - - - 9.66E-05 1.03E-01 6.87E-02 |4.46E-03 2.42E-02
PAH, polycycliclUrban air - - - - - 2.03E-01 8.53E+00 3.24E+01 3.25E+01 6.01E+00
aromatic hydro- Rural air - - - - - 3.44E-01 1.56E+01 6.15E+01 [3.14E+01 2.48E-01
carbons Fresh water - - - - - 1.30E+01 1.07E+00 3.34E+00 3.20E-02 1.05E+00
Seawater - - - - - 4.86E-03 1.10E+01 1.35E+00 [2.30E-03 1.72E-01
Industrial - - - - - 6.02E+00 5.43E+00 3.81E+01 1.38E-02
soil*
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Agricultural - - - - - 8.59E-01 5.05E+00 3.74E+01 4.16E-03
soil*
Actinides, Air - - 1.58E+00 |- - - - - - -
unspecified
Fresh water - - 3.05E-05 | - - - - - -
Seawater - - 4.30E-04 - - - - - -
Carboxylic Urban air - - - 4.63E-03  [7.46E-03 2.19E-02 3.21E-03 5.47E+01 4.06E+02
acids Rural air - - - 4.63E-03 7.46E-03 6.39E-03 4.49E-03 8.18E+01 - 1.45E+01
Fresh water - - - - - 9.48E-02 1.33E-03 1.59E-03 - 1.52E-02
Seawater - - - - - 6.32E-10 9.40E-03 8.00E-06 + 3.52E-06
Hydro- Urban air 3.02E 1.29E- - 2.66E-02 4.29E-02 3.60E-04 5.17E-02 1.71E-01 1.87E+00 3.96E+01
carbons, +01 02
chlorinated Rural air 3.02E+01 [1.29E-02 |- 2.66E-02 4.29E-02 3.63E-04 5.21E-02 1.74E-01 [1.26E+00 2.27E+01
Fresh water - - - - - 3.35E-01 6.33E-02 3.80E-01 6.72E-01 9.26E+00
Seawater - - - - - 1.65E-04 3.45E-01 1.77E-01 2.18E-01 4.09E+00
Hydro- Urban air - - - 9.84E-02 1.59E-01 6.16E-04 2.46E-04 5.75E-01 |- 1.86E-01
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carbons, Rural air - 9.84E-02 1.59E-01 2.58E-04 3.04E-04 7.31E-01 |- 1.37E-02
aliphatic, Fresh water - - - 3.02E-01 5.52E-03 9.55E-02 |- 2.73E-02
alkanes, cyclic |Seawater - - - 1.50E-06 1.71E-01 7.95E-03 | 2.18E-03
Hydro- Urban air
carbons, Rural air
aromatic Fresh water
Seawater
Noble Air 5.62E-06 | - - - - - -
gases,
radioactive,
unspecified

* CF based on Anthracene only
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CFs per substance group, impact category and sub-compartment as Hierarchist perspective (RIVM Report 2016-0104, p. 113-115)

Substance (Sub)- Global Ozone lonizing Photo- Photo-Chemical Freshwater Marine ecotox [Terres- Human tox [Human tox
group compartment warming depletion Chemical  ozone (eco) ecotox trial (cancer)
radiation ozone lecotox (non-cancer)
kg kg (human) kg NOx-eq kg 1,4DCB to kg 1,4DCB to
kg freshwater-eq kg 1,4DCBto  |kg 1,4DC urban air-eq kg 1,4DCB to
CO,-eq CFCl1-eq kg NOx-eq saltwater- eq to ind urban air-eq
air-eq
Aldehydes, Urban air - - - 1.74E-01 2.81E-01 2.28E-02 1.95E-02 7.30E+00 4.14E+01 3.36E+00
unspecified Rural air - - - 1.74E-01 2.81E-01 1.03E-02 2.91E-02 1.11E+01 1.35E+00 7.23E-01
Fresh water - - - - - 5.85E-01 1.94E-02 6.50E-01 [8.16E-02 4.49E-01
Seawater - - - - - 9.66E-05 1.03E-01 6.87E-02 |4.46E-03 2.42E-02
PAH, polycycliclUrban air - - - - - 2.03E-01 8.56E+00 3.24E+01 3.38E+01  §6.01E+00
aromatic hydro- Rural air - - - - - 3.45E-01 1.56E+01 6.15E+01 [3.14E+01 2.48E-01
carbons Fresh water - - - - - 1.30E+01 1.06E+00 3.34E+00 8.95E-01 1.05E+00
Seawater - - - - - 4.85E-03 1.10E+01 1.35E+00 [6.84E-02 1.72E-01
Industrial - - - - - 6.00E+00 5.40E+00 3.81E+01 - 1.38E-02
soil*
Agricultural - - - - - 8.57E-01 5.03E+00 3.74E+01 4.16E-03
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soil*
Actinides, Air - - 1.58E+00 |- - - - - - -
unspecified
Fresh water - - 3.14E-05 - - - - - -
Seawater - - 4.38E-04 - - - - - - -
Carboxylic Urban air - - - 4.63E-03 7.46E-03 2.19E-02 3.21E-03 5.47E+01 |- 4.06E+02
acids Rural air - - - 4.63E-03  [7.46E-03 6.39E-03 4.49E-03 8.18E+01 - 1.45E+01
Fresh water - - - - - 9.48E-02 1.33E-03 1.59E-03 |- 1.52E-02
Seawater - - - - - 6.33E-10 9.41E-03 8.00E-06 - 3.52E-06
Hydro- Urban air 1.38E 7.26E- - 2.66E-02 4.29E-02 3.62E-04 5.27E-02 1.78E-01 2.27E+0 4.07E+01
carbons, +01 03
chlorinated Rural air 1.38E+01 [7.26E-03 - 2.66E-02 4.29E-02 3.65E-04 5.33E-02 1.80E-01 [1.39E+0 2.38E+01
Fresh water +01 - - - - 3.35E-01 6.34E-02 3.80E-01 9.59E-01 9.26E+00
Seawater - - - - - 1.65E-04 3.46E-01 1.78E-01 3.41E-01 4.09E+00
Hydro- Urban air - - - 9.84E-02 1.59E-01 6.16E-04 2.45E-04 5.75E-01 + 1.86E-01
carbons, Rural air - - - 9.84E-02 1.59E-01 2.58E-04 3.03E-04 7.31E-01 |- 1.37E-02
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aliphatic, Fresh water - 3.02E-01 5.53E-03 9.55E-02 |- 2.73E-02
alkanes, cyclic Seawater - 1.50E-06 1.71E-01 7.95E-03 |- 2.18E-03
Hydro- Urban air 1.63E-01 2.63E-01 1.54E-05 3.88E-04 3.00E- 1.72E-01 [7.83E-01
carbons, 02
aromatic Rural air 1.63E-01 [2.63E-01 1.86E-05 4.72E-04 3.66E- [1.73E-02 6.57E-02
02
Fresh water 1.55E-01 3.70E-03 3.87E- B.53E-02 [1.04E-01
Seawater 02
Seawater 6.68E-06 1.06E-01 1.43E- 2.34E-02 3.32E-02
02
Noble Air 7.88E-06 - i N a 3 3 N
gases,
radioactive,
unspecified

* CF based on Anthracene only
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CFs per substance group, impact category and sub-compartment as Egalitarian perspective (RIVM Report 2016-0104, p. 116-117)

Substance (Sub)- Global Ozone lonizing Photo- Photo-Chemical Freshwater Marine ecotox [Terres- Human tox [Human tox
group compartment warming depletion Chemical  ozone (eco) ecotox trial (cancer)
radiation ozone lecotox (non-cancer)
kg kg (human) kg NOx-eq kg 1,4DCB to kg 1,4DCB to
kg freshwater-eq kg 1,4DCBto  |kg 1,4DC urban air-eq kg 1,4DCB to
CO,-eq CFCl1-eq kg NOx-eq saltwater- eq to ind urban air-eq
air-eq
Aldehydes, Urban air - - - 1.74E-01 2.81E-01 2.28E-02 1.95E-02 7.30E+00 4.14E+01 3.36E+00
unspecified Rural air - - - 1.74E-01 2.81E-01 1.03E-02 2.91E-02 1.11E+01 1.35E+00 7.23E-01
Fresh water - - - - - 5.85E-01 1.94E-02 6.50E-01 [8.26E-02 4.49E-01
Seawater - - - - - 9.66E-05 1.03E-01 6.87E-02 |4.50E-03 2.42E-02
PAH, polycycliclUrban air - - - - - 2.03E-01 8.56E+00 3.24E+01 3.38E+01 6.01E+00
aromatic hydro- Rural air - - - - - 3.45E-01 1.56E+01 6.15E+01 [3.14E+01 2.48E-01
carbons Fresh water - - - - - 1.30E+01 1.06E+00 3.34E+00 8.95E-01 1.05E+00
Seawater - - - - - 4.85E-03 1.10E+01 1.35E+00 [6.84E-02 1.72E-01
Industrial - - - - - 6.00E+00 5.40E+00 3.81E+01 - 1.38E-02
soil*
Agricultural - - - - - 8.57E-01 5.03E+00 3.74E+01 4.16E-03
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soil*
Actinides, Air - - 4.16E+00 - - - - - -
unspecified
Fresh water - - 2.92E-03 K - - - - - -
Seawater - - 4.61E-04 - - - - - - -
Carboxylic Urban air - - - 4.63E-03 7.46E-03 2.19E-02 3.21E-03 5.47E+01 |- 4.06E+02
acids Rural air - - - 4.63E-03  [7.46E-03 6.39E-03 4.49E-03 8.18E+01 - 1.45E+01
Fresh water - - - - - 9.48E-02 1.33E-03 1.59E-03 |- 1.52E-02
Seawater - - - - - 6.33E-10 9.41E-03 8.00E-06 - 3.52E-06
Hydro- Urban air 1.97E+0 [6.62E- - 2.66E-02 4.29E-02 3.62E-04 5.27E-02 1.78E-01 2.27E+0 4.07E+01
carbons, 03
chlorinated Rural air 1.97E+0 [6.62E- - 2.66E-02 4.29E-02 3.65E-04 5.33E-02 1.80E-01 [1.39E+0 2.38E+01
0 03
Fresh water +01 - - - - 3.35E-01 6.34E-02 3.80E-01 19.59E-01 9.26E+00
Seawater - - - - - 1.65E-04 3.46E-01 1.78E-01 3.41E-01 4.09E+00
Hydro- Urban air - - - 9.84E-02 1.59E-01 6.16E-04 2.45E-04 5.75E-01 |- 1.86E-01
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carbons, Rural air - 9.84E-02 1.59E-01 2.58E-04 3.03E-04 7.31E-01 |- 1.37E-02
aliphatic, Fresh water - - - 3.02E-01 5.53E-03 9.55E-02 |- 2.73E-02
alkanes, cyclic |Seawater - - - 1.50E-06 1.71E-01 7.95E-03 | 2.18E-03
Hydro- Urban air 1.63E-01 2.63E-01 1.54E-05 3.88E-04 3.00E-02 1.72E-01 7.83E-01
carbons, Rural air 1.63E-01 2.63E-01 1.86E-05 4.72E-04 3.66E-02 1.73E-02 6.57E-02
aromatic Fresh water 1.55E-01 3.70E-03 3.87E-02 5.53E-02 1.04E-01
Seawater
Seawater 6.68E-06 1.06E-01 1.43E-02 2.34E-02 3.32E-02
Noble Air 7.88E-06 - - - - - -
gases,
radioactive,
unspecified

408




409



