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ABSTRACT

Construction and demolition waste (CDW) left at landfill sites increases the burden on
landfills, which are increasingly becoming scarce and costly to operate. In North Dakota, CDW
generated is disposed of at the Fargo landfill. This practice may hamper the realization of value
from construction and demolition waste.

Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) was used to evaluate the
benefits of two CDW management scenarios.

The study found that 75% reduction in CDW sent to the landfill can reduce
environmental burden by 35%. Furthermore, replacing raw materials with recycled materials
creates net environmental savings. This practice can reduce the environmental burden by 25%
while generating an income of $61/ton for the city.

The results of this study provide information on the value of recycling CDW and serve as

a basis for decision-makers to rethink CDW waste management practices in North Dakota.
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CHAPTER 1. INTRODUCTION

1.1. Background

The construction industry is instrumental in the economic and societal progress of
countries (Fernando et al. 2022) including the USA. This industry develops products like
buildings, roads, bridges, railways, dams, airports, tunnels, and others, which greatly contribute
to economic growth and improve the living conditions of humanity. The process of construction
involves activities such as clearing of the site, demolition of existing obstacles, excavation, and
earthworks, and others. These activities often generate different types of waste which is
collectively called construction and demolition waste (CDW). CDW negatively affects the
environment and leads to economic losses (Menegaki and Damigos 2018).

Waste are unwanted or unusable materials (Jaseem et al. 2017). These could be solid,
liquid and gaseous substances. CDW comprise of undesirable material generated directly or
accidentally by construction activities (Huang et al. 2018). Most CDW occur as a result of
demolition projects, which is a part of a construction process. On the report of the Environmental
Protection Agency (EPA), more than 90% of CDW comes from demolition projects (US EPA
2018). Materials such as bricks, concrete, steel, wood, cardboard, plastic and others are
components of construction and demolition waste (Kumbhar et al. 2013). This unutilized waste
materials are deleterious to the ecological community and requires substantial financial capital
for recycling, reusing and disposal of the waste (Akhund et al. 2019).

CDW is a major challenge for construction stakeholders due to the increasing volumes of
its production as the years go by. Furthermore, there may be associated environmental impacts
and potential economic losses through the missed opportunities to replace raw materials with

recycled materials. The continuous development in the built environment over the world results



in the continuous increase in production of CDW. For example, CDW production rate is close to
40% in the European Union (EU) and over 60% in the United States (Ruiz et al. 2020)

There have been studies conducted on the types of construction waste (Akhund et al.
2019), the impact of construction waste (Simion et al. 2013 and Liu, 2018), and the treatment of
these waste (Yang 2014). These studies provided considerable knowledge on construction waste
types, impact and treatment. However, the authors of this paper could not identify a study that
established a linkage between the types, impact and treatment of construction waste in a single
study. Hence, there is the need to analyze the interdependence of the types, impact and treatment
of construction waste.

Modernization has increased construction activities (Han et al. 2013). Since it has been
established that construction waste produces waste, an increase in these activities could increase
the waste generated. Over the years, using publications available as evidence, it is obvious that
the subject of construction waste has attracted the attention of academia and the industry
professionals. A study discussed how the magnitude of waste within the construction industry
ought to be decreased for environmental and economic purposes (Liu 2020). This clearly
suggests that construction waste generation has direct impact on the environment and the
economy. Hence it is important to assess the current levels of research conducted in dealing with
construction waste.

There may be a couple of factors why CDW is not recycled. The generalization of CDW
as inert waste renders the waste as “safe” to be kept at landfill sites. Furthermore, the potential
contamination of CDW constituent materials could render recycled materials unwholesome for

reuse. The potential low strength properties of some recycled materials may not render the



materials adequate to be reused. These reasons could be cause of low recycling since the reuse of
recycled materials is a significant incentive to encourage increased recycling practices.
1.2. Statement of the Problem

The mismanagement of construction and demolition waste (CDW) negatively impact the
environment (Cook et al. 2020). Generally, CDW materials contain chemicals that could
contribute to water, land, and air pollution, increasing emissions and affecting human life
(Vergara and Tchobanoglous, 2012) . Furthermore, materials like gypsum drywall when
biodegraded, could produce concentrations of hydrogen sulfide (H.S). Controlling the smell of
H>S at landfills can be difficult as odor accelerates with the presence of water. Exposure to high
concentrations of the gas could be deadly (Jiang et al. 2021).

Traditionally, landfills have been the destination for these CDW in many countries (Madi
and Srour 2019). However, previous studies have highlighted the dangers and the missed
opportunities when CDW are disposed of at landfills (Marzouk et al. 2014; Spangberg et al.
2014; Xiao et al. 2016). Materials like concrete, wood, steel, drywall, and asphalt concrete found
in mixed CDW, could be salvaged and reused. Recycling these materials reduces the burden on
the use of virgin materials (Chloe et al. 2015; Doan and Chinda 2016).

Although the CDW generation rate is constantly increasing, the recycling rate of CDW is
generally low in many parts of the world (European Commission 2013). This could be due to the
classification of CDW as inert in nature (Ahmed and Zhang 2021) and therefore believed to not
harm the environment when kept at landfills. Additionally, the belief that recycling requires
sophisticated technology (Neto et al. 2017) and does not yield a good return on investment
(Gaines 2019). The lack of recycling has imposed an excess burden on landfill spaces that have

been reported as increasingly becoming scarce (Song et al. 2015). According to the US EPA, out



of the 169 million tons of mixed CDW generated in 2014, only about 38% of it was recycled (US
EPA 2015a). A more recent US EPA 2018 data stated that 24% of generated CDW were
recycled , which was a significant progress from previous reports. However, according to the
North Dakota Department of Environmental Quality, all generated CDW in North Dakota end up
at landfill sites. As a result, cities such as Fargo could face environmental challenges of keeping
CDW at a landfill. Consequently, the economic potential of recycling CDW may not be fully
realized. Furthermore, due to the substantial variabilities in recycling practices, generation rates,
market demands, etc., some of the theoretical and practical CDW management options reported
in existing literature may not be realized in certain mid-sized cities.
1.3. Statement of Purpose

Existing research undertaken in the area of CDW management have provided benefits
that can be derived from adopting recycling as the method of managing CDW. However, in some
mid-sized cities the conventional practice of landfilling has been the preferred CDW
management approach. This is a major concern since keeping CDW at landfill has been reported
to pose certain environmental threats.

This study performs a thorough assessment of the CDW management situation in Fargo,
North Dakota and the neighboring State of Minnesota. Interviews will be conducted with
representatives at locations that have adopted recycling as their means of managing CDW. The
study seeks to investigate the opportunities associated with recycling. Furthermore, this study
will find out why landfilling has been the preferred CDW management approach in Fargo, North
Dakota (ND). The ultimate purpose is to quantify numerically, the missed opportunities and
threats of adopting landfilling as a CDW management approach. Life Cycle Assessment (LCA)

and Life Cycle Costing (LCC) will be employed to quantify the environmental and economic



implications of both landfilling and recycling CDW. Beyond this, the study seeks to propose a
practical strategy to ensure that will ensure a profitable implementation of recycling CDW in
Fargo, ND.
1.4. Research Questions

1. How much CDW is generated in Fargo, North Dakota?

2. How is the generated waste managed at the landfill site?

3. What impact does the existing landfill operations have on the environment?

4. What steps are taken by the landfill operators to minimize environmental impacts of the

CDW kept at the landfill?

5. How is recycling CDW a better waste management alternative to landfilling?

6. What are the environmental impacts of both landfilling and recycling CDW?

7. What are the economic impacts of both landfilling and recycling CDW?

8. How can recycling be made a profitable venture to attract investors?

9. Are the economic gains of recycling worth the huge initial capital investment required?

10. Are certain cities better choosing landfilling over recycling due to location specific

conditions?

1.5. Aim and Objectives of the Study
The aim of the study is to evaluate the environmental and economic benefits of two CDW
waste management practices. Thus, this study aims to estimate the environmental and economic
benefits of adopting landfill and/or recycling as a CDW waste management alternative.
The outlined research objectives were formulated to achieve the aims of the research:

1. To assess current CDW management practices in Fargo, North Dakota.



2. To investigate the factors influencing the City’s decision to opt for a particular
method of CDW management.
3. To investigate CDW management practices in other jurisdictions that share
boundaries with North Dakota.
4. To investigate the environmental impacts of landfilling and recycling in the context
of Fargo, North Dakota.
5. To investigate the economic impact of landfilling and recycling in the context of
Fargo, North Dakota.
1.6. Significance of the Study
The adoption of landfilling as the conventional means of CDW management can result in
natural resource depletion, increase in carbon footprint as well as economic losses. However,
CDW could be diverted, recycled and reused to protect the environment and make some
economic gains. Achieving the aims and objectives of this study will reveal the potential
environmental and economic benefits that are been missed with the current practice of landfilling
CDW in Fargo, ND. Furthermore, this study reveals to the private sector strategies that could
make recycling a viable venture and the resulting return on investment (Rol).
1.7. Organization of the Study

The thesis is arranged in six chapters which have been detailed below:

1.7.1. Chapter 1 - Introduction
This chapter provides details on the background and setting of the research. It establishes
the fundamental principles behind the problem statement in addition to the objectives of this

research. The research questions adopted for this study has also been outlined in chapter 1.



1.7.2. Chapter 2 - Literature Review

This chapter focuses on review of existing journals, reports, articles, conference
proceedings and books written on the subject of CDW. The chapter details CDW management
practices around the world and in the USA. Furthermore, studies on LCA and LCC for CDW
management have been reviewed. The subject of circular economy and how it intersects with
CDW management has also been discussed.
1.7.3. Chapter 3 — Methodology

This chapter presents the methods and materials adopted to achieve the objectives of the
study. In this chapter, the study location has been described as well as the LCA and LCC
methodology adopted to quantify the environmental and economic benefits of CDW
management practices.
1.7.4. Chapter 4 — Data Analysis and Interpretation

The fourth chapter provides the input data used for the LCA and LCC study. The
statistical results were also presented in this chapter. Sensitivity analysis was also carried out to
justify the LCA and LCC results due to the assumptions which had to be made during the
development of the study’s parameters.
1.7.5. Chapter 5 - Conclusions and Recommendations

The last chapter of the thesis presents information on how the aim of the study have been
achieved and the questions answered. Additionally, inference made from the findings have been
outlined and practical recommendations which can inform policy decisions and future research

have been provided.



CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

This chapter introduce the exploration of literature related to CDW management,
landfilling, recycling, circular economy, construction material recovery, reuse, LCA, LCC and
sensitivity analysis. The intention was to cover all aspects related to the problem statement and
the objectives of this study. The review presents information on the extent of existing literature
on the subject of CDW management. The CDW management around the world have also been
summarized in this section. Finally, the section presents a summary of the basis of the study with
specific relevance to findings from existing literature.
2.2. Definition of Terms

Several parameters that are relevant to this study have been defined using existing
literature, institutional reports and conference proceedings. It is imperative that these
terminologies, practices and methodologies are described due to their adoption as scientific basis
for the present study.
2.2.1. Waste

Waste can be defined as unwanted or unused materials that results from any activity
(Hoornweg and Bhada-Tata 2012). In fact, waste is not only relevant to materials since time can
also be wasted (Buxton et al. 2021). The US EPA describes waste to be of different kinds which
includes, municipal solids waste (MSW), hazardous waste, industrial non-hazardous waste,
agricultural and animal waste, medical waste, radioactive waste, construction and demolition
waste, extraction and mining waste, oil and gas production waste, fossil fuel combustion waste
and sewage sludge (US EPA 2022). However, the scope of this study focuses on construction

and demolition waste. CDW is categorized as inert waste because it fails to develop into



contaminated leachate or act as food for vectors (Ache 2019). However, it is important not to
allow the inert nature of CDW dissuade us from giving the treatment of the waste the attention it
deserves. Certain CDW contains chemicals that are harmful to the environment when left at the
landfill site. For example, materials like gypsum, which is a component of CDW, could
contribute to the formation of hydrogen sulphide formation in landfills (Rubright 2017). Hence
stringent but practical measures must always be in place to reduce the harmful CDW materials
that end up in the landfills.
2.2.2. Waste Management

This is the process of putting measures in place to control, monitor and regulate the
production, collection, transport, treatment and disposal of waste (Sharma and Reddy 2004).
Adopting sustainable waste management methods have been challenging due to increased
production rate and the dynamic socio-economic conditions (Singh et al. 2014). Adopting
effective waste management practices is imperative to protecting natural resources (Ispas et al.
2019). The best means of managing waste is controlling generation and ensuring generated waste
is stored or treated appropriately (Jebaranjitham et al. 2022). Like any other waste, CDW
management can be challenging especially due to its increased volume as more construction
activities occur (lacoboaea 2019). Hence, it is essential to undertake critical view into the
existing CDW management practices.
2.2.3. Construction and Demolition Waste (CDW)

Various definitions have been coined for construction and demolition waste (CDW) by
different authors. In fact, some definitions are region specific and based on constituent materials
found within the CDW. Furthermore, some definitions of CDW have been based on quantity,

descriptive and on economic parameters (Papastamoulis 2021). A quantitative definition of



CDW is the excess between the materials ordered, delivered and accepted and those accurately
used for the execution of a construction project (Menegaki and Damigos 2018). In instances
where authors want to define CDW based on the components, it’s been described as the waste
material obtained from the construction of all types of buildings but excluding excavated soil
(Zheng et al. 2017). An example of an economic definition of CDW is materials resulting from
errors in designs, design changes and unused materials (Muhwezi et al. 2012).

There are other definitions which are jurisdictional, institutional, legislative or country
related. For instance, the EU defines CDW as waste from activities of companies that belong to
the construction sector (Osmani and Villoria-Saez 2019). This definition may be inadequate
since it may not include waste generated by private individuals who generate certain construction
waste. For example, owners involved in constructing or renovating their homes is a common
practice in countries like the US. Hence, the EU definition might leave out waste materials from
such activities. Incomplete definitions may omit the more principal CDW materials which could
have a significant potential impact if not captured within the waste stream and managed.

In Asia, countries like China and India have related definitions where CDW have been
described as waste consisting of building materials or waste resulting from construction activities
like remodeling, expansion, demolition and renovation (Huang et al. 2018; Ponnada and
Kameswari 2015). This definition is quite elaborate and captures waste from every form of
construction activity whether from construction companies or activities of private individuals.

The US EPA defines CDW as the waste generated from the construction, renovation,
repair and demolition of commercial and residential buildings as well as roads and bridges. This
CDW definition is quite similar to the Asian definitions and indeed broadens the scope of

materials that can be classified as CDW materials. Since many of these definitions take into
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consideration the activities which produce the CDW, it is necessary to recognize what materials
form CDW. The component materials of CDW are also another important factor in determining
the waste management method to adopt. For instance, if a significantly large percentage of CDW
is made of wood, steel and concrete, implementing site sorting strategies could be enough to
prevent a greater amount of the waste from ending up in landfills. Unfortunately, some of the
CDW components are hazardous in nature and have to be diverted from ending up at the
landfills.

2.2.4. Generation of Construction and Demolition Waste

The generated amount of CDW in 40 countries was approximately 3 billion tons annually
(Akhtar and Sarmah 2018). This estimation is a cause to worry due to the potential threat
associated with CDW production and sending to the landfills (Huang et al. 2018). Knowing the
amount of construction waste generated within a particular region is an important step in the
CDW management process. The increase in the generation of CDW is unavoidable due to the
continuous increase in construction activities.

Existing literature have recounted the quantities of CDW generated in Europe, Asia, US
and other countries. The generation of CDW per capita is 720kg/person/year for Germany and
325kg/person/year in Portugal (Coelho and De Brito 2011). Parts of Asia reports an estimated
generation of approximately 13.71 million tons in 2012 (Ding and Xiao 2014). The US EPA
estimated a CDW generation of 600 million tons in 2018 (US EPA 2020). The constant increase
in CDW generation rates around the world signifies the need for the implementation of robust
management practices to curb the potential negative impacts (Galvez-Martos 2018). However,
gaining insight into the components of CDW generated within a particular region is another step

in the waste management process (Taboada 2020).
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2.2.5. Construction and Demolition Waste Composition

Another step in ensuring proper CDW management practices is the awareness of the
material components within a particular CDW quantity (Spisakova et al. 2021). CDW materials
can comprise of hazardous and non-hazardous materials (Borghi et al. 2018). The different waste
management methods for hazardous and non-hazardous materials require that CDW materials
are properly separated into its constituent materials during the management of the waste (Ruiz et
al. 2020).

Several authors have conducted studies on the component materials of CDW.
Furthermore, more research has conducted investigations into some of the material components
of CDW. Arisha et al. (2018) investigated the performance of aggregates contained in CDW and
concluded that the material was better for pavement construction than virgin materials. Kvocka
et al. (2020) conducted studies in geopolymeric facade cladding panels. Furthermore, materials
like concrete aggregates, wood, steel, asphalt pavement and drywalls have been reported as
materials found in CDW (Borghi 2018; Estanqueiro et al. 2018; Zhang et al. 2020; Hossain and
Poon 2018). The US EPA CDW materials include steel, wood products, drywall and plaster,
brick and clay tile, asphalt shingles, concrete and asphalt concrete (US EPA 2015). Since this
study was conducted in the US, the material composition outlined by the US EPA will be
adopted for this study.

2.2.6. Construction and Demolition Waste Management

Construction industries worldwide produce more than 450 million tons of CDW per year
(European Commission 2000). The prudent management of this waste can help save a substantial
amount of energy (Akhtar 2018). Landfilling has been the widely adopted CDW management

approach in many countries (Danthurebandara 2012). However, keeping CDW in landfills has
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negatively impacted the environment regarding natural resource depletion and carbon dioxide
emissions (Zhao 2010). The recycling of constituent materials like concrete, steel, and wood, has
contributed to saving natural resources, avoiding landfill disposal, and reducing carbon dioxide
emissions (Zhao 2010). In economic terms, recycling has been a profitable venture partly due to
capital savings made by avoiding high transportation costs and charges involved in the disposal
of CDW at landfills (Akhtar 2018; Srour et al. 2012). These studies have employed different
means to assess the impact of the different CDW waste management alternatives.
2.2.7. Landfilling

Landfilling has been the conventional CDW management practice in many countries (Di
Maria 2018). The effect of landfills on the environment rests in the emissions of gases into the
atmosphere (Gallego 2014). There are arguments that CDW have less impact to the environment
when kept on landfill due to its characterization as inert waste (Borghi et al. 2018). However,
CDW kept at landfill sites also take up landfill spaces which are gradually becoming scarce
(Wildeboer and Savini 2022). Landfilling also contributes to subsurface flow which could
contaminate ground water which eventually end up in homes for domestic use (Abiriga et al.
2021). Recycling as a CDW management alternative offer more environmental savings and
economic gains (Coelho and De Brito 2013).
2.2.8. Recycling

Recycling has been reported as a better waste management alternative to landfilling
(Cucchiella, 2017). Recycling is the practice of diverting waste from ending up at the landfill and
converting this waste into materials which are reusable (Lockrey et al. 2016). Recycling has the
potential to reduce the need for landfill sites, which can result in saving land space for other

development projects (Yeheyis et al. 2013). However, there are several factors that affects the
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success of recycling practices (Kattoua et al. 2019). Recycling is not always profitable due to the
sophisticated means required to make certain recycling methods possible (Gaines 2014). Certain
measures must be in place to ensure diverted materials can be reused (Ajayi and Oyedele 2017).

The product materials from some recycling activities reduces the strength of the
recovered materials (Asmatulu et al. 2013). As a result, some of these materials are not able to be
reused. For instance, recycled steel may not be used to replace steel for construction but rather
used as input into steel production. This substitution process is referred to as downcycling (Di
Maria et al. 2018)
2.2.9. Downcycling

As mentioned by Di Maria et al. (2018), when materials are not used to replace their
exact use, they are termed as being downcycled. For example, when waste concrete products
cannot be used to replace freshly mixed concrete, that process of recovery and reuse is not
recycling but rather downcycling. Di Maria et al. (2018) maintained that existing CDW
management practices have been downcycling and not recycling. In fact, due to the comingled
nature of certain CDW materials, sophisticated technology is required to recover its constituent
materials in the forms that allows them to be replaced for virgin materials (Coelho and De Brito
2013).
2.2.10. Recovery

This phenomenon is often confused with recycling by many, however, the two are
different and involved different practices (Cimpan et al. 2015). Recovery is any procedure or
method where waste is used to serve a useful purpose by placing other materials which otherwise
would have ended up at a landfill or disposed of (Richard 2011). Recovery methods are often

practiced on construction sites to recover certain materials which may be seen as reusable
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(Galvez-Martos 2018). In some instances, construction site material sorting is established in
project contracts to allow project owner recover materials that are reusable (Napier 2012). On-
site recovery reduces the effort required to recycle CDW (Hao et al. 2020). Material recovery
permits the practice of circular economy where recovered materials are reused rather than ending
up at landfills (Ginga et al. 2020).

2.2.11. Circular Economy (CE)

Since becoming a phenomenon within the waste management industry, circular economy
(CE) has had various authors provide various definitions to this system. In fact, CE means
different things to different people resulting in critics referring to the phenomenon as ambiguous
(Kirchherr et al. 2017). Kirchherr et al. (2017) after analyzing 114 definitions been described CE
as an economic system that is premised on business scenarios that replaces end-of-life (EoL)
phase of products. This essentially means that circular economic principle provides a cyclical
system where waste is prevented through the continuous use of a product. This therefore helps to
reduce the overall influx of waste produced as a result of raw materials manufacturing and
processing (Luttenberger 2020). Furthermore, other authors believe the concept of CE suggest a
mindset adjustment which examines waste as a potentially essential resource and not a challenge
to manage and dispose (Ghisellini et al. 2018).

CE and recycling intersect at the point where the two methods seek to reduce disposal of
waste which could eventually harm the environment (Ghisellini et al. 2016). Essentially, CE does
not eliminate recycling. The principle rather strengthens the importance of recycling. Recycling
has been introduced within the linear economy (Singh and Ordonez 2016). However, CE
reinforces the concept of recycling in a more cyclical perspective. The two phenomena work

together to reduce the impact of CDW on the environment (Oliveira et al. 2021).
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2.2.12. Life Cycle Assessment (LCA)

Life cycle assessment (LCA) is a powerful tool that has been developed to help quantify
the environmental impact associated with a particular product or service. The ISO 14040 defines
LCA as the consideration of the environmental aspects and the potential impacts of a product or
a service system throughout is its period of life — from raw materials acquisition through
production, use and disposal (which is also known as “cradle to grave”). This standard method
shows that LCA studies can be conducted in four main stages which are: goal and scope
definition, inventory analysis, Impact assessment and improvement assessment. Several authors
have adopted these methods to perform several studies. For example, Dixit et al. (2013) adopted
LCA methods to propose a model to quantify embodied energy of the life cycle of a building.
Additionally, LCA has been used to propose a conceptual framework for CDW management to
minimize the disposal of CDW. Furthermore, LCA methods have been applied to recycling
CDW where authors reported that recycling was a better alternative to landfilling in terms of
environmental savings (Marzouk and Azab 2014; Di Maria et al. 2018).

Another layer of environmental impact studies is the availability of economic data to
quantify the impact of environmental burden. Quantifying environmental losses in financial
terms seem more comprehensible and the gravity of the environmental burden is well
appreciated when expressed in monetary terms (Costantini and Mazzanti 2012). Hence, it is
always imperative that LCA studies are integrated with life cycle costing (LCC) to enable the
representation of the impact of a product or service in monetary terms.

2.2.13. Life Cycle Costing (LCC)
Life cycle costing is a systematic approach that helps with the evaluation of how a

product or service is going to cost over time (Galar et al. 2017). This often involves the cost of
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owning, operating, maintaining and disposing of a product or service over a period of time. LCC
has been adopted by various authors to conduct different kinds of research. The numerous
research ranges from LCC of sanitary ware (Jingxiang et al. 2019), mass-timber (Liang et al.
2019), residential buildings (Islam et al. 2015) to saffron production (Abolhassani et al. 2020). In
terms of CDW, LCC have been used to perform several analyses. Generally, in these studies,
LCC has been used to compare the benefits of CDW management practices (Coelho and De
Brito 2013; Di Maria et al. 2018; lodice et al. 2021). The LCC technique allows authors to
predict what CDW management alternative will be beneficial to a particular geographic region.
2.2.14. Sensitivity Analysis

Sensitivity analysis methods have been adopted across wide range of disciplines (Razavi et
al. 2021). It aids in identifying vital control point and verifying or validating research models
(Wu et al. 2013). In simple terms, sensitivity analysis can be described as the system used to
identify how independent variable data affects a particular dependent variable under a particular
set of assumptions (Antoniadis 2021).

Due to the use of assumptions in LCA and LCC studies, it is important to perform
sensitivity analysis to validate some of the assumptions adopted during the studies (Toosi et al.
2020). Sensitivity analysis is a decision-making tool utilized at the institutional level to help
provide strong validations behind certain outcomes (Huang et al. 2013). There are two types of
sensitivity analysis methods which are local sensitivity analysis and global sensitivity analysis
(Razavi et al. 2021). In this study, sensitivity analysis was used to identify how certain

parameters reacted to changes to the initial assumptions used in both the LCA and LCC.
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2.3. CDW Management Practices in the United States

The US EPA reports a continuous yearly increase in generation rates of CDW (Hauschild
2015). This annual increase necessitates the importance of implementing effective methods in
managing CDW to reduce the burden on the environment while making economic gains.
Landfilling and recycling are the two common CDW management methods in the US (US EPA
2015a). In some parts of the US, CDW materials like concrete and asphalt are reused as recycled
aggregates (RA) whereas same materials are disposed of at landfills in most parts of the country.

Most of the landfill sites receive the waste and store them in cells. These cells are 10 — 20
feet deep channels dug at the landfill sites. The digging operation in itself harms the
environment due to the excessive use of diesel-powered equipment. CDW kept in these cells are
left over periods of time with no treatment. This practice is due to the general classification of
CDW as inert waste materials. However, CDW may contain certain chemicals like lead which
left untreated can contaminate the soil. The US EPA and the United States Green Building
Council (USGBC) are targeting reduction of CDW at landfill and incineration facilities through
waste prevention and 3Rs (recover, reuse and recycle). However, best CDW management
practices are linked to core circular economy principles (Danthurebandara et al. 2012).
2.4. Intersection of CDW Management and Circular Economy

The concept of circular economy (CE) is generally believed to solve challenges such as
waste generation, resource scarcity, and sustaining economic benefits (Lieder 2016). Adopting
sustainable CDW management could curb the challenge of resource scarcity and render
economic benefits. However, it is important that CE principles are operational and not just
theoretical. Some of the operational CE principles are maintaining the value of resources within

the system, reducing the system's size, designing for CE and educating for CE (Suarez-Eiroa
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2019). The output of this study helps with achieving educating for CE principle by highlighting
the benefits of adopting an effective CDW management alternative. The intersection of CDW
management and CE is when the present study provides compelling evidence revealing how
adopting certain CDW management practices could help reduce resource scarcity and provide
economic benefits.

2.5. Comparing Two Methods of CDW Management (Landfilling vs. Recycling)

Landfilling and recycling are the two predominant CDW management practices
(Crawford 2017) . LCA and LCC have been widely used to identify the impacts of CDW
management practices. While LCA primarily evaluates the environmental impacts, LCC assesses
the economic impact of a facility or product.

Several authors from Europe, South America, and Asia have adopted LCA for
construction and demolition waste management. For example, in Denmark, LCA was used to
compare CDW materials like concrete and masonry debris utilization in road construction and
landfilling (Vieira and Pereira 2015). The results showed that utilization of CDW on the road
was better than landfilling. However, landfilling proved a better alternative than road utilization
in some impact categories. Hence, it was important for the author to point out a more compelling
impact to further place road utilization over landfilling. For example, the study could have
discussed the economic comparisons between landfilling and the utilization of CDW, which
could have distinguished road utilization and landfilling based on the economic viabilities.

Kvocka et al. (2020) investigated the environmental performance of prefabricated
geopolymeric facade cladding panels made from large fractions of CDW. Although this study
reported a reduction in CO> resulting in environmental benefits, no economic viability analysis

was performed on these products made from recycled CDW. Borghi et al. (2018) investigated the
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critical aspects and possible CDW management improving actions. This study reported that
although recycling is better than landfilling, restricting quarrying activities by setting higher
taxes could make recycling economically competitive. This study further recommended that
different geographical contexts could report different results. Imposing higher taxes may not
work in every jurisdiction since recycling is primarily a private venture. The government may
not be compelled to impose taxes to encourage recycling because the non-profitability of
recycling may not necessarily be a challenge to the government.

Two studies in Portugal conducted a thorough economic analysis of recycling CDW
(Coelho and De Brito 2013a, 2013b). Although these studies reported economic gains for
recycling, most of the parameters adopted for their analysis were tied to the geographical
location of the studies. Parameters like tipping fees, equipment maintenance, transportation, and
labor costs may differ by location. Hence, it is necessary to perform a geographic-based,
environmental and economic analysis of recycling CDW and compare the results to existing
findings.

Furthermore, after assessing the CDW management of thirteen municipalities in Brazil,
Rosado et al. (2019) found that specific environmental impacts are avoided when CDW is
recycled. They reported environmental savings associated with steel recycling. However, this
study noted that subsequent studies should not only focus on mineral fractions. Thus, it is
essential to conduct an analysis that includes CDW materials like asphalt, bricks, and cement
concrete.

In India, Jain et al. (2020) compared different alternatives to CDW management. They
concluded that recycling CDW could help reduce carbon emissions. Although this study reported

recycling as a better approach than landfilling, the parameters and study assumptions were based
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on practices in India. Many CDW recycling studies are region-based and usually focuses on
specific localities due to the different construction and demolition waste management methods
adopted across the globe (Vergara and Tchobanoglous 2012). In China, Liu et al. (2020)
investigated the cost of carbon emissions from CDW using LCA and LCC. The study reported
net environmental savings and the potential for profit in recycling. However, this study did not
consider the cost components in the various recycling process in terms of LCC. The focus was
more on demolition and the equipment needed for that operation. Recycling CDW requires
enormous investment capital. There requires an analysis of every financial detail involved in
recycling to accurately project the profitability of such a business venture.

In the United States, LCA has been applied to buildings (Jin and Qian 2015), construction
materials (Arulrajah et al 2013; Barbudo et al 2012), and end-of-life management options for
CDW (Carpenter et al. 2013). However, combining LCA and LCC to evaluate the benefits of
CDW recycling have not been thoroughly explored. It is difficult to ascertain which of the
theoretical and practical CDW management practices reported in existing literature can be
applied in the United States waste management scenario.

For example, Coelho and de Brito (2013a; 2013b) sought to quantify the potential
benefits of recycling CDW. This study proposed using an advanced recycling method where the
facility operated on a 350 tonnes/h installed capacity. Using an 8-hour per day, 240 days per year
work period, this facility will be required to recycle 672 thousand tonnes of CDW every year.
Although this technique was applicable per the generation rate of the study location, it is
impossible to implement in an area with a much lower CDW generation rate. The sustainability

of an option must be evaluated using site-specific conditions related to generation rate and costs,
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raw material requirements and costs, transportation distances, energy sources, etc. Therefore, it is
vital to carry out the study for a set scenario in a mid-sized city.

A good amount of research has been conducted in CDW management. However, due to
region-specific conditions and policies affecting the success of implementing circular economic
principles, it is essential to pursue continued studies to unravel regionalized challenges and
associated solutions. For example, Meglin et al. (2022) stated the impact of different regional
constraints on the successful implementation of circular economy principles. Since sustainable
CDW management directly links to the circular economy principle, it is vital to conduct research
that accounts for practices, strategies, and conditions distinct to geographic locations. Hence, the
results of this study are critical to the successful implementation of sustainable CDW

management policies in the study region and regions with similar conditions and practices.
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CHAPTER 3. METHODOLOGY

This study was conducted in two stages which were: i) assessing the current CDW
management practices in Fargo, North Dakota, ii) applying LCA and LCC to highlight the
environmental and economic impacts of the current and a proposed CDW management practice.
3.1. Description of the Study Location

Fargo is the largest city in North Dakota with almost 17% of the state’s population. The
population of the city is rapidly increasing (with a growth rate of 18% between 2010 and 2019).
According to the US 2018 census data, the average household income witnessed a 5.44%
increase. This means development and standards of living are expected to continuously increase
in Fargo. These developments generate more deconstruction, renovation and construction
activities. Hence, it is important to identify how the waste generated from these activities impact

the environment and economy of Fargo, ND. The Figure shows the map of the study location.
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Figure 1. Map of North Dakota showing the city of Fargo (Source: Google Maps)
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3.2. Assessing Current CDW Management Practices in Fargo, North Dakota

To evaluate the prevailing CDW management practices, the authors interviewed the
city’s waste management sectorial representatives. The goal of this approach was to ascertain the
existing CDW management practices. Additionally, construction companies were also
interviewed to understand the prevailing demolition methods. This interview was necessary
because the method or choice of demolition directly impacts the present study's analysis.

Furthermore, CDW recyclers in Minneapolis, a city in the state of Minnesota, were
interviewed to understand their CDW recycling methods and principles. This information was
essential to inform the practical recycling method proposed in the current study. Information
derived from these CDW recyclers was also essential to inform practical financial considerations
for the present study. Findings from these interviews influenced the second stage of this study.

The interviews revealed that: the annual amount of CDW generated in the city was
20,000 tons. The prevailing CDW management practice is sending all generated waste to the
landfill. The City of Fargo has no CDW recycling procedures as an alternative to landfilling. One
reported method of reducing the quantity of CDW directly transported to the landfill is on-site
sorting after controlled or selective demolition. However, contractors in the city do not conduct
selective demolition unless the project contract demands it. As a result, controlled or selective
demolition is not typical within the study location, making it difficult to accurately characterize
the types of construction materials in a mixed CDW.

In the study location, generated CDW is classified into seven material categories: (a)
concrete (b) asphalt pavement (c) metals (d) wood (e) bricks (f) drywall (g) plastics. The city’s
waste management sector adopts the US EPA CDW classification methods and characterization.

The US EPA provides the percentage composition of the various material constituents found in
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the generated mass CDW (US EPA 2017 and 2018), shown in Table 1. This waste
characterization was adopted to quantify the amount of each material category found in the
mixed CDW generated in Fargo.

Table 1. Percentage composition of construction materials in mixed CDW

Material Percent Composition (%)
Category

Concrete 69.70

Asphalt 15

Pavement

Wood 7.10

Metals 3.3

Bricks 2.10

Drywall 2.70

Plastics 0.1

3.3. Current Practice of Landfilling CDW (Scenario 1)

Keeping CDW at the landfill, referred to as scenario 1 for the present study analysis, is
the prevailing CDW management practice in the study location. The annual estimated amount of
CDW generated in the city ends up at the landfill site. The landfill site has three staff (1 manager
and three laborers/operators) supervising operations at the landfill. CDW generators owe the
responsibility to haul the waste from the various sites to the landfill.

The average transportation distance from the farthest point of the city to the landfill
location is 22 miles. The CDW is first inspected at the landfill gate to ascertain whether it meets
the inert waste criteria before it is received at the landfill. A tipping fee of $46/ton is charged at
the landfill gate, and the waste truck is directed to dump the waste at a specified location. The
mass CDW are kept in cells of 43,560 square feet and 10 feet deep, dug with excavators and
dozers. It takes 24 workdays (10-hour work periods per day) to complete the excavation of one

cell. After dumping the waste in these cells, clay and black dirt are used to cover it. This practice
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means: (i) the opportunity to reuse some of the materials contained in CDW is lost, (ii) landfill
spaces are not conserved, and (iii) an increase in emissions and a possible natural resource
depletion. Hence, this study proposed establishing a recycling facility as a better alternative to
the current CDW management practice.

3.4. Recycling of CDW (Scenario 2)

Recycling the CDW generated in the study location is referred to as scenario 2 in this
study. The application of technology and the mechanized nature of recycling demands the
construction of a facility where these activities can take place. Buildings generate high
environmental impacts during their life cycle phases (Gardner 2020), mainly construction,
use/operation, and demolition. Some studies have applied LCA methods for the construction
phase of buildings (Banawi 2014; Bilec et al. 2010) and have concluded that the impact on the
environment (0.4 — 11%) is lower than the impact of the use/operation phase. Hence, this
research will focus on the environmental impact of the recycling operations, which has a more
significant environmental burden but will quantify the cost component of building the recycling
facility. The building footprint, operational hours, and human resource needs were determined
based on provisions in the US EPA manual and the annual generation rate of CDW.

The proposed facility will cover 17,500 square feet and operate on a 4-hour day, 240 days
per year. The operation hours were derived based on the annual quantity of waste generated. The
facility will charge a $110/ton fee for collecting and hauling of waste. In Fargo, it costs between
$200 and $400 to rent a 3-ton dump truck. Adding this cost to landfill gate fees makes the
proposed rate a more cost-effective option for waste generators, giving the recycling facility a

competitive advantage over the landfill. Operations at the facility will require a manager, two

26



nonskilled workers, and two truck drivers. It is essential to establish the various recycling stages
or processes to accurately evaluate the impacts of each process.

The waste collection model for the proposed facility will be to provide dumpsters at
project sites, at the request of waste generators, which receives the CDW and then hauled to the
recycling facility. The targeted recycling rate is 75%. The remaining 25% of non-recovered
materials will be transported to the landfill as inert waste. Achieving the desired recycling rates
depends mainly on the recycling procedure adopted. A highly advanced recycling method
increases the recycling rate of materials that can be recovered (Di Maria et al. 2018).

The proposed CDW recycling process can be divided into four main stages: hauling from
the source of waste to the centralized facility, separating mixed CDW, processing (crushing,
grinding, and screening), and hauling recovered materials to the end markets.

The mixed CDW hauled to the facility is first dumped at a tipping floor where water is
first applied to the waste. An excavator is used to break down substantial concrete materials into
medium sizes. It then picks the mixed CDW and dumps it into the main feeder of the recycling
equipment for the separation process to begin.

After dumping it into the main feeder, a taper slot screen vibrates the waste. Light
materials like dust and very small-sized unwanted waste go through the taper slot screen under
sieves. The materials are then transferred to a magnetic screen which sorts all ferrous metals
from the waste unto a conveyor, which dumps the ferrous metals into a container. The remaining
materials are carried to a <4" and >4" trommels which sort the <4" and >4" aggregates. The
medium-sized fractions are transmitted to a conveyor, which goes to a manual sorting platform
or screen. Here, wood chips and plastics are sorted manually from a conveyor, which carries the

remaining waste into a dense-out separator. This separator sorts the medium-sized heavy
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concrete and bricks from the materials. It is then carried to another manual sorting conveyor
where massive concrete, brick, and wood are manually sorted into different containers. The
residue is then conveyed to a residue end compactor which compacts all the residue for disposal.
This residue is the 25% of rejected fragments directly transported to the landfill. A schematic

representation of the recycling process is shown in Figure 2.
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Figure 2. Process flow for recycling mixed CDW

Recovered materials undergo further processing (screening, grinding, and crushing)
before they are transported to the end markets, where these materials are reused or substituted.
The recovered materials are aggregates, wood products, metals, plastics, drywall, and bricks.
With a substitution rate of 1:1, these materials are used to replace virgin materials or used for
energy recovery, for example, in the case of wood products. Aggregates replace natural
aggregates (NA) in concrete and asphalt production, avoiding natural aggregate production and
its associated costs and environmental impacts. Metals are used to replace iron ore needed for the

manufacturing of steel.
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Materials that are obtained through controlled demolition could be reused. For instance,
bricks obtained from controlled demolition could be cleaned and reused. Additionally, wood and
nails could be reused if obtained under controlled demolition.

Since controlled demolition is usually not a common practice, materials like broken
bricks are ground and used as filling materials, saving sand and gravel production. Wood that
cannot be reused is sent for energy recovery. Plastics are melted and used to produce new
plastics saving the use of new polymers for plastics. Lastly, drywall is grinded into its raw form
(gypsum), which can be used to produce new drywalls.

Although the reuse options described above are more of downcycling, it is safer for the
environment when recovered materials are being reused in one way or another. The demolition
practices in the city reduces the strength properties of recovered materials, making it difficult for
these materials to be reused as new construction materials. For example, recovered wood cannot
be reused as rafters and purlins for another construction. Hence, there is low confidence in
recycled materials, which results in relatively lower market prices. This lower market price
makes decision-makers argue that recycling may not be worth the time and capital investment.
Especially when the initial investment involved in establishing a recycling facility is not
commensurate with the return on investment (Rol). To provide evidence of a better waste
management approach, LCA and LCC are needed to quantify the benefits of landfilling and
recycling.

3.5. LCAJ/LCC Structure for the Study

LCA and LCC are primarily combined in several studies due to their complementary

characteristics of aiding decision-making and policy formulation. As a result, LCA/LCC must be

complementary to provide a robust analysis from which policy decisions can be made.
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The present study utilizes an LCA and LCC results to analyze the current CDW
management (Landfilling) and proposed alternative management practices (Recycling). The
LCA helps us look at the qualitative inventory to produce flow diagrams within the CDW
management scenarios considered for this study. The LCA helps understand which components
have the highest relative environmental impact within the two scenarios.

The LCC analysis will summarize all costs associated with the system boundary of the
present study. The cost will relate to actual cash flows. These costs will include establishing a
facility where recycling will take place. Furthermore, the LCC analysis will consider initial
capital and operational costs (including labor, utility, equipment maintenance, transportation, and
administrative costs).

Per the ISO 14040 (Bare 2002; Hunkeler et al. 2008), LCA and LCC consist of four
phases, namely: goal and scope definition, life cycle inventory (LCI), and life cycle impact
assessment (LCIA), and life cycle interpretation.

3.5.1. Goal and Scope of the Adopted LCA/LCC Method

This LCA study aims to assess the environmental impacts associated with landfilling and
recycling of CDW in Fargo, ND. Equally, the goal of the LCC is to highlight the economic
inputs and the corresponding financial benefits associated with the two CDW management
practices. The primary data utilized for this study were based on local data from Fargo, ND.
Where applicable, data were acquired from institutions like the US EPA, commercial CDW
recyclers, local contractors, and existing literature to aid in the analysis of the present study. The

LCA and LCC analysis was performed with the same system boundary and functional unit.
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3.5.2. Functional Unit and System Boundaries

LCA and LCC need to share a standard functional unit (FU) to ensure the validity of both
analyses. As a result, both LCA and LCC share a standard FU of managing 1 ton of generated
CDW. The system boundary for the LCA focuses on the two scenarios considered in this study.
Scenario 1 involved the situation where generated CDW are sent to the landfill. In contrast,
scenario 2 was the option where the generated waste undergoes recycling. The input and output
processes involved in the two waste management scenarios have been considered for the LCA

study and shown in Figure 3.
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Figure 3. LCA system boundary, process, and material flow for scenarios 1&2
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Similarly, the system boundary and cost parameters considered in the LCC have been shown in
Figure 4.
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Figure 4. LCC system boundary for scenario 2

3.5.3. Life Cycle Inventory for the LCA and LCC

Primary data was gathered for each unit process within the system boundary at the life
cycle inventory (LCI) phase. This data consists of all the LCA's material and energy inputs and
outputs. The LCC gathered all costs associated with the various unit processes.

Due to regional and time variabilities in costs, it was essential to use local specific data
relative to Fargo, ND, whenever possible. Costs of design, construction, statutory
permits/authorizations, equipment, labor, utilities, and transportation were gathered from local
data. Financial data which could not be collected locally were obtained through direct interviews

and sectorial reports from the neighboring state for the LCC analysis. Furthermore, data that
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could not be found from both local and neighboring state sources were collected from existing
literature related to the present study.

The LCI data for both the LCA and LCC and their respective references have been
outlined in Table 2. The LCI model was developed with the Sustainable Minds LCA software,
using Ecoinvent database v3.8 as a reference to model the process flows.

The Sustainable Minds LCA software works with the ISO LCA methodology. The first
interface allows the user to define the LCA project. There is another tab that allows the user to
specify the assessment goals. Furthermore, the assessment scope tab allows the user to specify
the system boundary of the LCA model. The concept tab is where the user selects what LCA
parameters is going to be used. For example, the user is able to select the version of Ecoinvent
database to be used for the analysis. The next interface allows the user to input the LCI data with
the various calculated input amounts. After feeding the model with these inputs, the user then
clicks on results. The environmental impact results are then shown on a scorecard with the
various impact categories. An interface of the LCA software is shown in the Figures 5, 6, 7, 8 &

9.
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Figure 5. Interface of the LCA software, project scope tab
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Figure 6. Interface of the LCA software, inventory tab
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Figure 7. LCA software showing LCI input options
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Figure 8. LCA software showing environmental results
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Figure 9. LCA software showing unit processes impact contribution

3.5.3.1 Transport Distances

Transport distance for scenario 1 was calculated using the average distances of the
farthest points in the city to the location of the landfill site. The same theory was used to develop
transport distance to the proposed recycling facility. The average distances from the farthest
points of the city to the industrial area were calculated. Transport distances for the hauling of
recovered materials were assumed equal. Since the proposed facility is in the city's industrial
area, the processing plants where recovered materials will be sent may be in close range. The
impact of the transport distance assumptions will be assessed using sensitivity analysis.
3.5.4. Life Cycle Impact Assessment (LCIA)

This phase of the LCA involved evaluating the relevance of the potential environmental

impacts associated with the two scenarios adopted for this study. Life cycle impact assessment
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(LCIA) helps interpret LCA studies by translating these emissions and resource extractions into a
limited number of environmental impact scores (Hauschild 2015).

The environmental impacts of this study were evaluated using the TRACI 2.1 method
(Bare 2002). TRACI is one of the widely used LCIA methods for LCA studies in the USA. The
impact categories reported in this method are region-specific and applicable to the study location.
Normalization factors were also generated for all the impact categories. These factors were
essential to accurately assess the weight of the various impact categories on the environment. A

summary of the environmental input data used for the LCIA has been shown in Table 2.
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Table 2. Summary of environmental input data

Quantity  Unit Notes Source
Scenario 1
Transportation to landfill 22 mi Average Measurement
distance from
farthest point
of the city to
landfill site
was used as
assumption
Digging of cell to keep Diesel 6.56 gal/ton Fuel City of Fargo
CDW (Dozer) consumption landfill
for landfill
equipment
Digging of cell to keep Diesel 6.56 gal/ton Fuel City of Fargo
CDW (Dozer) consumption landfill
for landfill
equipment
Scenario 2
Transportation for 15 mi The total Measurement
recycling process transportation
distance from
facility to
waste storage
and back to
the facility
Sorting/Separation Electricity 8.8 MJ/ton Coelho and De
Brito (2013a)
Diesel 2 gal/ton Di Maria et al.
(2018)
Water 12 gal/ton Personal
Communication
with CDW
Recycling
Facilities
Crushing, Grinding & Electricity 2.2 MJ/ton Coelho and De
Screening Brito (2013a)
Water 5 gal/ton
Transportation of 7 mi Average Measurement
rejected fragments to distance from
landfill landfill to
industrial
area was
calculated
Avoided Natural Concrete 12,705 ton Impact
Aggregates production recycling modelled
with
Ecoinvent
database
Transportation to site 5.2 mi Assumption
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Table 2. Summary of environmental input data (continued)

Quantity Unit Notes Source
Scenario 2
Avoided raw iron-ores  Waste 495 ton Impact
mining metal modelled
recycling with
Ecoinvent
database
Transportation to Scrap iron 5.2 mi Assumption
utilization site
Avoided virgin wood Waste 1,065 ton Impact
production wood modelled
recycling with
Ecoinvent
database
Transportation to 5.2 mi Assumption
utilization site
Avoided plastic Plastics 15 ton Impact
production modelled
with
Ecoinvent
database
Transportation to 5.2 mi Assumption
utilization site
Avoided gypsum Drywall 405 ton Impact
production modelled
with
Ecoinvent
database
Transportation to 5.2 mi Assumption
utilization site
Avoided production of  Bricks 315 ton Impact
gravel/sand modelled
with
Ecoinvent
database
Transportation to 5.2 mi Assumption
utilization site

The environmental analysis results for recycling and landfilling are shown in Figure 10.
The avoided impact is the environmental impact of producing materials recovered from recycling

the CDW. Subtracting the recycling impact from the avoided impact will produce a negative
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environmental impact representing an environmental gain. Hence, recycling proved a better

alternative in all the impact categories considered in the LCIA.

Q
O S <5
N & @
e N o) <
& & Q,Q\ S %Qfo 20 &
& N & S N S ¥
N & QA R N > N Q
. (,’5\' o% & o s\\)e » < ¥ O
6\‘\\ (.;\Q ,\‘O.\- «oQ 6)\\ 0’2} 4 & Q\‘ &
5 > & N g \O o W & &
¥ (¢ <0 © A o S

100%

80%
60%
40%
20%
0% = - B = B -
2o i i

-40%

-60%
-80%
-100%

MRecycling M Landfilling M Avoided Impact
Figure 10. Environmental LCIA results

Figure 11 shows the normalized results for recycling and landfilling. Recycling showed
substantial environmental impacts when the LCIA results were normalized. However, due to the
gains made from recovering materials that otherwise would have been reproduced as raw

materials, recycling presented higher net environmental gains than landfilling.
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Figure 11. Normalized environmental LCIA results

The transportation results presented a higher environmental impact for recycling, which
was due to the inclusion of transport distances involved in taking recovered materials to the
points of substitution, where these materials are reused. Hence, strategic considerations must be
made to reduce transportation distances as much as possible because of the high environmental

impact involved. Figure 12 shows the normalized transportation impacts for both scenarios.
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Figure 12. Normalized transportation impacts for scenarios 1&2

41



3.6. Life Cycle Cost Analysis (LCCA)

The LCC analysis involved the calculation of revenues and operational costs for both
scenarios. For scenario 1, revenue is generated from gate fees collected before CDW is received
at the landfill. Additionally, operational costs involve labor, purchase, and maintenance costs for
excavators and dozers used for landfill operations. The cost of the dump truck and its
maintenance was not considered in the analysis for scenario one since CDW generators bear that
cost.

For scenario 2, calculations were made for the capital and operational expenditure
required to set up and operate the facility. Revenue is generated from charging waste handling
fees which are lower compared to what CDW generators will spend if they are to collect and
haul the waste themselves. Furthermore, revenue is generated when the recovered materials are
sold to the end market. A detailed calculation was done for the various cost components
contained in the capital and operational costs (see Figure 4). Cost values were generated relying
on local data from RS Means, CDW recyclers, the city’s waste management authorities, local

equipment suppliers, etc. The summary of the economic input data has been shown in Table 3.
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Table 3. Summary of economic input data

cost

Quantity Unit Notes Source
Scenario 1
Landfill Gate 46 $/ton Landfill City of Fargo landfill
Fee disposal  cost
(2022)
Cost per hour 30 $/hr Hourly wage City of Fargo landfill
of labor for a landfill
supervisor in
Fargo
Cost per hour 34 $/hr Hourly wage City of Fargo landfill
for landfill for landfill
manager manager at the
Fargo landfill
Cost per hour 30 $/hr Hourly wage City of Fargo landfill
for for excavator
excavator/dozer operator at the
operator Fargo landfill
Cost of 200,000 $/unit Local equipment suppliers
excavator
Cost of a Dozer 175,000 $/unit Local equipment suppliers
Diesel cost 3.90 $/gal Local data on fuel
Excavator 23.46 $/hr Local equipment suppliers
maintenance
cost (incl.
insurance)
Scenario 2
Cost of design  6,953,771.00 $/facility Fees for design City of Fargo
and and RS Means Data
construction construction of US EPA
(incl. the 17,500 sq.
equipment ft recycling
installation) facility
Work hours per 960 hr/yr Assumption
year (240d/4h)
No. of workers 5 personnel Coelho and De Brito
(2013a)
Utilities cost 46,724.74 $lyr Fargo electricity rate
Labor cost 125,904.00 $lyr Bureau of labor statistics
(BLS)
Disposal cost 230,000.00 $lyr Fargo landfill
Equipment 276,106.96 $lyr Local data from
maintenance equipment suppliers
cost
Administrative 10,472.39 $lyr Bureau of labor statistics

(BLS)
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Table 3. Summary of economic input data (continued)

Quantity Unit Notes Source

Scenario 2
Recycling fee at facility 110 $/ton Fees charged Data obtained from
by facility to  direct
collect and communication with
handle waste commercial recyclers
Price of recycled 2.40 $/ton Selling price
aggregates of recycled
aggregates
Price of recycled metals 120 $/ton Selling price  Direct
of mixed communication with
scrap metals  commercial recyclers
Price of recycled wood 25 $/ton Selling price
of recycled
wood
Price of recycled plastics 12 $/ton Selling price
of recycled
plastic
Price of recycled drywall 5 $/ton Selling price
(gypsum) of gypsum
powder
Price of recycled bricks 9 $/ton Selling price
of filling
material

The equations below were used for the LCC analysis as defined by Martinez-Sanchez et
al. (2015).

LCC = capital cost + operational cost 1)
Profit, = operational cost, — revenuen (2)
n = the particular year under review. For example, n =1 for year 1 analysis

Initial investment capital is required to cover the construction and equipment installation
costs. Per the initial capital cost calculations, a loan facility of $8 million will be required to set
up the recycling facility. The payback period for the initial capital investment was calculated

using the methodology outlined by Di Maria et al. (2018). The interest rate used was 6%, the
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average bank loan prevailing interest rate in the study location. This rate was obtained through

direct communication with local banks. The payback calculation formula is shown in equation 3.

Initial Investment

Payback period = 3

Cash Flow per year

Figure 13 shows the LCC results for recycling and landfilling. It is seen that recycling
requires more expenditure for its operations compared to landfilling. However, the revenue is
double that of recycling, resulting in profits that are more than thrice what can be gained in
landfilling. In the economic analysis, the profits generated from recycling was used to offset the

loan facility.
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H Landfilling m Recycling

Figure 13. LCC results for scenarios 1 & 2

3.7. LCA and LCC Sensitivity Analysis
It is likely that both the LCA and LCC, due to the assumptions applied, are affected by

uncertainties. These uncertainties are mostly related to the data input differences in building the
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LCI. Furthermore, specific regional data may not reflect exact scenarios relative to the study

location. It is essential to know how altering an assumption affects interpretation or conclusion.

One way to ensure the accuracy and validity of the LCA and LCC results is to conduct a
sensitivity analysis. Sensitivity analysis (SA) is a methodology to assess the influence of input
changes on the model's results (Di Maria et al. 2018). Sensitivity analysis is performed for LCA

and LCC to assess the impact of distinct input parameters on the LCA and LCC results.

This study adopted perturbation analysis for the SA as described by Clavreul et al. (2012).
Initially, the impact of the random change in one parameter is analyzed while maintaining all
other parameters. The sensitivity ratios (SR) were calculated for both scenarios. The SR is

defined as the ratio between the two relative changes:

change in result

SR = initial result (4)

~ Change in parameter
initial parameter

Three simplified SA are performed for both scenarios. Different transport distances, gate
fees, recycling rates, and the cost of recycled materials are modeled to analyze how these will
affect the results. Analysis of gate fees, recycling rate, and cost of recycled materials are
performed to ascertain how these can impact the return on investment (Rol) of establishing the

recycling facility.
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CHAPTER 4. DATA ANALYSIS AND INTERPRETATION

4.1. Environmental Impacts

The environmental LCIA results are reported based on both scenarios' potential impacts
on ten impact categories as recognized by the US EPA. The processes contributing to the total
impact in both scenarios have been outlined as the costs associated with diesel consumption,
electricity consumption, and transportation. The impact of recovered materials was calculated as
avoided burden since these materials are used to replace raw materials production. The
breakdown of the contribution of the various unit processes to the LCA results is shown in Table
4.

Table 4. Unit process contribution to LCA results

Process Description Scenario 1 Scenario 2

Digging of cells for waste Diesel used to power equipment 47.3%

storage

Sorting/Separation Electricity consumption 10.40%
Diesel consumption 5.90%

Crushing/Grinding Electricity Consumption 7.70%

Transportation

CDW to landfill Haulage of waste to landfill 52.7%

CDW to recycling Haulage of waste from storage to 57.1%
facility

Recovered  materials to Haulage of recovered materials to 18.9%

market recycling market

Total 100% 100%

The LCIA results presented scenario 2 (recycling) as the waste management practice with
the higher environmental burden, based on the overall environmental burden released by both
waste management practices. It is seen from the results that recycling has a substantial
environmental impact in most of the impact categories due to the nature of the recycling activity.

Ideally, the environmental burden of landfilling results from the inability to reuse materials.
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However, in this study landfilling showed some slightly high environmental impacts in some of
the impact categories and this was due to the landfill practice at the City of Fargo landfill. The
avoided impact shown in the LCA results is the impact of virgin material production that is
avoided by the use of recycled material. What it means is that when recycling is the adopted
CDW management practice, the “avoided impact” is an environmental gain but when landfilling
is adopted, the “avoided impact” becomes an environmental burden. This phenomenon explains
the substantial environmental benefits of recycling over landfilling.
4.1.1. Environmental Sensitivity Results

The environmental sensitivity analysis was performed using perturbation analysis. A
random variation of £20% was generated for the relevant parameters. The results of this analysis
have been presented in Table 5. For scenario 1, the variation of 20% of transport resulted in a
10.5% on the total results.

Table 5. Perturbation analysis for variation £20%

Process Description Scenario 1 Scenario 2

Digging of cells for waste Diesel used to power equipment +9.5%

storage

Sorting/Separation Electricity consumption +2.1%
Diesel consumption +1.2%

Crushing/Grinding Electricity Consumption +1.5%

Transportation

CDW to landfill Haulage of waste to landfill +10.5%

CDW to recycling Haulage of waste from storage to +11.4%
facility

Recovered  materials to Haulage of recovered materials to +3.8%

market recycling market

For scenario 2, the transportation of waste to the facility has a higher effect on the result
giving 7.6% more than the impact of transporting recovered materials. Even with the higher

effect of the variations on transport for scenario 2, diesel consumption in scenario 1 has a
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relatively high impact on the result in scenario 1. The impacts of the variations are represented in

Figure 14 for each unit process, where assumptions were made for the presented LCA study.

Electricity Consumption_S1
Diesel Consumption_S2
Diesel Consumption_S1

S2_Transportation

S1_Transportation
-04 -03 -0.2 -01 0 0.1 0.2 0.3 04 05
Figure 14. LCA sensitivity analysis (£20%)

It can be noted how variations in transport have the highest impact on all the unit
processes, followed by the variation in diesel consumption. For example, the SR value observed
for the transport distance in scenario 2 was 0.450. A variation of 15% in recycling transport
distance changes the scenario result by 6.75%. Hence, it can be concluded that the environmental
impact results are more sensitive to the variation of transport distances. Therefore, the optimum
location of the recycling facility is essential to guarantee an increase in environmental savings.
4.2. Economic Results

The LCC results showed the operational expenditure, revenue, and profit for one year of
operation in both scenarios. Scenario 2 showed a revenue generation that was 43% higher than
scenario 1. Scenario 1 presents a profit of $13.74/ton of CDW, while scenario 2 was $75.32/ton.
A significant amount of the profit in scenario 2 is due to the fees charged by the facility to collect

and haul waste and the fees charged for selling recovered materials. The only source of revenue
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generation for scenario 1 was the gate fees charged at the landfill. Looking at the operational
expenditure and revenue generated, scenario 2 presented a profit margin that is 500% greater
than scenario 1. Therefore, reducing revenue in scenario 2 by half still presents recycling as a
better option than landfilling.

The profit from recycling is used to offset the initial capital investment. Figure 15
presents a payback analysis showing how the profits are used to offset the capital investment
required for setting up the recycling facility. Figure 15 shows that the loan of $8 million,

assuming a consistent revenue generation, can be paid off at the end of year 8.

15.00
10.00

5.00

Million USD

(5.00)
(10.00)
(15.00)

(20.00)

Year

Figure 15. Payback analysis of capital investment for scenario 2

4.2.1. Economic Sensitivity Analysis

The economic sensitivity analysis focuses on three main aspects: (i) identifying how the
variation of waste handling fees and recycling rate affect the profit margins of the recycling

facility, (ii) identifying how operational expenditure affects profit margins, and (iii) to identify
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how the revenue generation parameters can change the payback time of the capital investment.
The initial capital investment was not considered for the sensitivity analysis since most cost
parameters are fixed and would not change over time. For instance, a change in design or
construction fees does not affect the required capital investment once the facility is built.

Since the recycling and waste handling module is a new phenomenon in the study
location, it could be unpredictable to consumer acceptance. Therefore, it is essential to iterate
situations where fees charged are less than $110/ton, the base fee used for the LCC analysis.
Furthermore, the 75% recycling rate impacts the number of materials recovered and how much
gate fees will be paid to dispose of rejected fragments. Sensitivity analysis was only performed
for scenario 2 since all parameters and information used for the LCC in scenario 1 reflected the
current practices at the city’s landfill.

Perturbation analysis is used to evaluate how the gate fees, recycling rate, and operational
expenditure affect the economic viability of CDW recycling. This analysis can provide helpful
information for investors and policymakers. A variation of £20% was generated for the
parameters to evaluate the impact of varying gate fees, recycling rate, and operational
expenditure on the profitability of the recycling plant. The results of the perturbation analysis
were used to calculate the various payback times associated with both variations (+20%), as

shown in Figure 16 and Figure 17.
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Figure 16. LCC sensitivity analysis (£20%)
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Figure 17. Payback time in response to £20% variation
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The sensitivity analysis showed that the gate fees were the most sensitive parameter to
the viability of the recycling plant, almost double the ratio of recycling rate and operational
expenditure. It can be noted from Figure 16 that the sensitivity ratio for gate fees was 0.590. By
that, a 10% variation of the fees collected to handle the recycling rate can affect the profitability
of recycling CDW.

4.3. Discussions

The combination of LCA and LCC helps policymakers to make informed decisions. The
LCA results provide information on the impact of landfilling and recycling on a mid-sized city.
Several studies (Zhao et al. 2010; Coelho and De Brito 2013a; Rosado et al. 2019; Di Maria et al.
2018) have looked at LCA/LCC for landfilling and recycling CDW. However, generation rates
of CDW used for these studies are usually higher than those of a mid-sized city. Therefore, it
was essential to ascertain how these methodologies can be used for mid-sized cities with low
generation rates.

The LCA showed that regardless of the generation rate of CDW in a mid-sized city,
recycling still proves a better option for landfilling. The study also showed that current landfill
practices at the study location produce an excessive burden on the environment through the high
usage of diesel for landfill operations. Recycling releases specific environmental impacts due to
the process of separating comingled CDW. However, the recovery of materials that replaces raw
materials showed a high environmental gain (avoided impact).

Again, the LCA results showed that encouraging selective demolition, can produce a low
environmental impact by reducing energy consumption involved in separating the comingled
CDW. Furthermore, materials obtained from selective demolition can be used for other

construction purposes rather than downcycled, as Di Maria et al. (2018) indicated. Additionally,
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as Rigamonti et al. (2009) mentioned, it is almost impossible to have a 1:1 substitution rate for
recycled materials, mainly when the CDW are obtained through uncontrolled demolition.
Therefore, mid-size cities must encourage selective demolition at the various construction sites.

The LCA results were more sensitive to transportation distance variations. However,
considering the net environmental gains generated from reusing recovered materials, a
substantial environmental benefit is still achieved. Furthermore, the sensitivity of the LCA
results to lower electricity consumption variations shows the need to encourage recycling in mid-
sized cities, where generation rates are low. Low generation rates mean fewer operation hours at
the recycling facility, thereby reducing the environmental impact of excessive energy
consumption.

The LCC reveals the importance of collecting CDW directly from waste generators.
Previous studies (Coelho and De Brito 2013a; Di Maria et al. 2018) recommend increasing
landfill taxes to encourage recycling. However, this study revealed that taking the responsibility
to collect, haul and handle CDW directly from generators has vast economic benefits. While gate
fees were the primary revenue source for the recycling plant, care must be taken to ensure these
fees are competitive with fees charged at the landfill.

For the presented study, the analysis was based on setting a lower fee than the anticipated
cost borne by CDW generators in terms of labor and equipment to collect and haul waste to the
landfill. Variation of the gate fees at the recycling plant had a significant impact on the
profitability of the recycling facility, as it increased the payback period of the initial investment
required to establish the facility. Therefore, a recycling facility in the study location cannot
charge gate fees lower than $100/ton, reducing the viability of recycling. Charging $100/ton is

lower than the cost CDW generators bear to dispose of waste, making the rate utilized in this

54



study a competitive option for recycling facilities in mid-sized cities. Reusing recovered
materials was not crucial in the LCC as was in the LCA due to how minimally sensitive variation
of recovered materials sale was to the revenue generation. Therefore, without achieving a
substitution rate of 1:1, recycling still proved profitable.

This study aligns with existing LCA and LCC studies on the benefits of recycling CDW.
The LCA results are consistent with previous studies (Zhao et al. 2010; Coelho and De Brito
2013; Rosado et al. 2019; Di Maria et al. 2018). Although the present study is distinct in terms of
the amount of CDW generation rate, transportation distances affected the LCA results as in the
case of the previous LCA studies.

This study presents a strategy that encourages recycling without the need to increase
landfill taxes, as mentioned by similar studies. In economic terms, the recycling of CDW is still
viable. However, the payback time calculated for this study differs from that of existing studies.
The payback time for this study was eight years. Previous studies reported two years (Coelho and
De Brito 2013) and 11.5 years (Di Maria et al. 2018). This could be due to the economic
variabilities existing in different geographic locations. The findings show how LCA and LCC
studies can depend on local and regional conditions, markets and data. This phenomenon should
encourage more region or locally based studies using locally acquired data and practices peculiar
to those locations.

It is essential to mention the limitation of the current study. Most of the data used for this
study was locally acquired and dependent on local practices and market conditions, which may
not necessarily reflect those in other mid-sized cities. There is a significant lack of data on the
composition of CDW materials in many areas in the United States. This study relied on

information provided by US EPA, waste sector managers, CDW recycling companies,
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construction companies, and existing literature. Therefore, implementation of portions of this

study must be carefully considered due to the differences in practices and principles.
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CHAPTER 5. CONCLUSION AND RECOMMENDATIONS

5.1. Introduction
This study evaluated the environmental and economic benefits of two CDW management
scenarios in Fargo, ND. In this chapter, the conclusions and recommendations of the study have
been presented and discussed. This has been done taking into consideration the study’s
objectives. The specific objectives for the study have been outlined below.
i.  To assess current CDW management practices in Fargo, North Dakota.
ii.  To investigate the factors influencing the City’s decision to opt for a particular method of
CDW management.
iii.  Toinvestigate CDW management practices in other jurisdictions that share boundaries
with North Dakota.
iv.  To investigate the environmental impacts of landfilling and recycling in the context of
Fargo, North Dakota.
v.  To investigate the economic impact of landfilling and recycling in the context of Fargo,
North Dakota.
5.2. Conclusions
The conclusions drawn from this study is based on the empirical and theoretical findings
of every objective outlined. Hence, the conclusion has been explained below and is indicative of
achieving the objectives.
5.2.1. Objective 1
The first objective targeted to understand the prevailing CDW management practices in

Fargo, ND. It was concluded that the city generates 20,000 tons of CDW per year. All generated
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CDW ends up at the landfill site. The waste that ends up in the landfill is not recycled. Cells are
dug in which these wastes are kept.
5.2.2. Objective 2

The second research objective was to identify factors influencing the City’s decision to
opt for a particular method of CDW management. The study found that the City’s decision to opt
for landfilling practice is due to the availability of low-cost land space to keep CDW.
Furthermore, the city landfill managers consider CDW as inert and do not believe it is harmful to
the environment. In fact, the interviews revealed that municipal solid waste is hauled to
neighboring cities to be recycled but same is not done for CDW.
5.2.3. Objective 3

The third objective was targeted at investigating CDW management practices in other
jurisdictions that share boundaries with North Dakota. It was concluded that recycling CDW are
at its advanced stages in jurisdictions sharing boundary with Fargo, ND. In fact, there are several
private entities that have established recycling facilities. As a result, there are minimal amount of
CDW that ends up at landfill sites.
5.2.4. Objective 4

The fourth objective was to investigate the environmental impacts of landfilling and
recycling in the context of Fargo, North Dakota. The study concluded that when CDW is
recycled, there are many environmental gains rather than ending at a landfill. Different recycling
strategies based on site-specific conditions and data are required to make recycling CDW viable.
Policymakers need to know the monetary and environmental losses associated with the
traditional practices of landfilling CDW. This study combined LCA and LCC to compare two

CDW management scenarios: (i) landfilling CDW and (ii) recycling CDW.
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Recycling offers higher environmental benefits than landfilling. The current landfill practices at
the study location present an excessive environmental burden. The burden can be reduced if the
size of CDW sent to the landfill can be reduced. A 75% reduction in the CDW sent to the landfill
can reduce the environmental burden by 35%. Furthermore, replacing raw materials with
recycled materials creates net environmental savings by preventing the production of raw or
virgin materials. This practice can reduce the environmental burden by 25%.

5.2.5. Objective 5

The last objective was to investigate the economic impact of landfilling and recycling in
the context of Fargo, North Dakota. The study concluded that the economic return on recycling
is remarkable if the right strategies that suit the peculiarity of the location are employed.
Recycling CDW provided a profit margin of $61 higher than landfilling for every ton of CDW
managed. Therefore, every ton of CDW landfilled is $61, equivalent to a $61 loss. Gate fees
charged at the recycling facility are critical to the recycling facility's viability. Without imposing
high landfill taxes, recycling can still be encouraged by charging competitive fees relative to the
cost borne by CDW generators to dispose of the waste at the landfill. The present study analysis
presented a payback period of 8 years for the initial investment cost.

The sensitivity analysis showed how transport distances and gate fees charged at
recycling facilities directly influence environmental and economic benefits. Siting of recycling
facilities must be strategic to reduce transport distances. The facility should be sited close to an
existing landfill or close to locations in high demand for recycled materials. A reduction in each
instance goes a long way to reduce the environmental burden presented by transportation
distances. The recycling gate fee is the highest source of revenue generation. It must be

competitive with the cost incurred by CDW generators to dispose of the waste themselves.
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Finally, this study demonstrated that regardless of the generation rate of CDW, practical
strategies can be implemented. These strategies can help achieve the economic benefits of
recycling while reducing the excessive environmental burden presented by landfill activities.
5.3. General Conclusions

The main aim of the study was to evaluate the environmental and economic benefits of
two CDW management practices. The present study achieved its objectives through interviews
and applying LCA and LCC to compare the benefits of landfilling and recycling. The following
conclusions have been drawn from the study.

i.  There is a pressing need for Fargo, ND to adopt recycling as the main CDW management
practice due to the environmental and economic losses the current practice is posing to
the city.

ii.  The city needs to adopt the strategy of collecting, hauling and handling CDW. This will
provide substantial financial gains to the city.
5.4. Limitations of the Study

This study was limited by the non-availability of site specific CDW material data. The
study relied on generic data from US EPA. In LCA studies, site specific data is necessary to
build region specific LCI data.

5.5. Recommendations

The findings of this study pointed out that there are potential environmental and
economic gains from adopting recycling as the main CDW management practice. As a result, the
following recommendations have been made to the city’s waste management representatives.

I.  Increase landfill fees to encourage on site CDW sorting by waste generators.
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5.6.

Recommendations for Future Studies
The outlined recommendations are made for future research:
Further studies can set out to build site specific data on CDW material composition.
Further studies can be conducted to assess CDW generators willingness to pay (WTP) for
waste generated to be collected and hauled by the city.
Further studies can be conducted into how to improve the strength properties of recycled
CDW materials. The demand for recycled CDW materials is one major factor that will
make the practice accepted. Therefore, if recycled CDW materials show similar or better
strength properties than raw materials, it will increase demand thereby enhancing the
profitability of recycling.
Further studies can be conducted to assess the chemical content of soil at the landfill site
to determine the amount of hazardous waste been sent to the landfill site. This provides a
strong basis for the city to continue with landfilling or review its CDW management

practices.

61



REFERENCES

Abiriga, D., Vestgarden, L. S., & Klempe, H. (2021). Long-term redox conditions in a landfill-
leachate-contaminated groundwater. Science of The Total Environment, 755, 143725.

Ache, P. N. (2019). Waste Management as a Correlate of Environmental Sustainability in Sub-
Saharan Africa: The Example of Imo State, Nigeria. Bayerische Julius-Maximilians-
Universitaet Wuerzburg (Germany).

Ajayi, S. O., & Oyedele, L. O. (2017). Policy imperatives for diverting construction waste from
landfill: Experts’ recommendations for UK policy expansion. Journal of cleaner
production, 147, 57-65.

Akhtar, A., and Ajit K. Sarmah. (2018). "Construction and demolition waste generation and
properties of recycled aggregate concrete: a global perspective.” Journal of Cleaner
Production 186: 262-281.

Akhund, M. A., Memon, A. H., Memon, N. A., Ali, T. H., Khos, A. R., & Imad, H. U. (2019).
Exploring types of waste generated: a study of construction industry of Pakistan. Journal
of Building Performance, 10(2), 1-8.

Arroyo, P., & Gonzalez, V. (2016, July). Rethinking waste definition to account for
environmental and social impacts. In Proceedings of the 24th Annual Conference of the
International Group for Lean Construction, Boston, MA, USA (pp. 20-22).

Arulrajah, A., Piratheepan, J., Disfani, M. M., & Bo, M. W. (2013). Geotechnical and
geoenvironmental properties of recycled construction and demolition materials in
pavement subbase applications. Journal of Materials in Civil Engineering, 25(8), 1077-
1088.

Arvanitoyannis, I. S. (2008). ISO 14040: life cycle assessment (LCA)—principles and
guidelines. Waste management for the food industries, 97-132.

Asmatulu, E., Overcash, M., & Twomey, J. (2013). Recycling of Aircraft: State of the Art in
2011. Journal of Industrial Engineering, 2013.

Banawi, A. A., & Bilec, M. (2014). Applying Lean, Green, and Six-Sigma framework to
improve exterior construction process in Saudi Arabia. Journal of Construction
Engineering and Project Management, 4(2), 12-22.

Barbudo, A., Agrela, F., Ayuso, J., Jiménez, J. R., & Poon, C. S. (2012). Statistical analysis of
recycled aggregates derived from different sources for sub-base applications.
Construction and Building Materials, 28(1), 129-138.

Bare, J. Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts
(TRACI) (2002). The United States Environmental Protection Agency: Washington, DC.
Available online: http://www.epa.gov/nrmrl/std/traci/traci.html (accessed on 18 January
2021).

62



Bilec, M. M., Ries, R. J., & Matthews, H. S. (2010). Life-cycle assessment modeling of
construction processes for buildings. Journal of infrastructure systems, 16(3), 199-205.

Borghi, G., Pantini, S., & Rigamonti, L. (2018). Life cycle assessment of non-hazardous
Construction and Demolition Waste (CDW) management in Lombardy Region (Italy).
Journal of cleaner production, 184, 815-825.

Buxton, R. T., Nyboer, E. A., Pigeon, K. E., Raby, G. D., Rytwinski, T., Gallagher, A. J., ... &
Roche, D. G. (2021). Avoiding wasted research resources in conservation
science. Conservation Science and Practice, 3(2), €329.

Carpenter, A., Jambeck, J. R., Gardner, K., & Weitz, K. (2013). Life cycle assessment of
end-of-life management options for construction and demolition debris. Journal of
Industrial Ecology, 17(3), 396-406.

Choe, J. K., Bergquist, A. M., Jeong, S., Guest, J. S., Werth, C. J., & Strathmann, T. J. (2015).
Performance and life cycle environmental benefits of recycling spent ion exchange brines
by catalytic treatment of nitrate. Water research, 80, 267-280.

Cimpan, C., Maul, A., Jansen, M., Pretz, T., & Wenzel, H. (2015). Central sorting and recovery
of MSW recyclable materials: A review of technological state-of-the-art, cases, practice
and implications for materials recycling. Journal of Environmental Management, 156,
181-199.

Clavreul, J., Guyonnet, D., & Christensen, T. H. (2012). Quantifying uncertainty in LCA-
modelling of waste management systems. Waste Management, 32(12), 2482-2495.

Coelho, A., & De Brito, J. (2011). Generation of construction and demolition waste in
Portugal. Waste Management & Research, 29(7), 739-750.

Coelho, A., & De Brito, J. (2013). "Economic viability analysis of a construction and demolition
waste recycling plant in Portugal—part I: location, materials, technology and economic
analysis." Journal of Cleaner Production 39: 338-352.

Coelho, A., & De Brito, J. (2013). "Environmental analysis of a construction and demolition
waste recycling plant in Portugal—Part I1: Environmental sensitivity analysis." Waste
management 33.1: 147-161.

Cook, E., & Velis, C. A. (2020). Construction and demolition waste management: A systematic
review of risks to occupational and public health.

Costantini, V., & Mazzanti, M. (2012). On the green and innovative side of trade
competitiveness? The impact of environmental policies and innovation on EU
exports. Research policy, 41(1), 132-153.

Crawford, R. H., Mathur, D., & Gerritsen, R. (2017). Barriers to improving the environmental
performance of construction waste management in remote communities. Procedia
engineering, 196, 830-837.

63



Cucchiella, F., D’Adamo, 1., & Gastaldi, M. (2017). Sustainable waste management: Waste to
energy plant as an alternative to landfill. Energy Conversion and Management, 131, 18-
31.

Danthurebandara, M., Van Passel, S., Nelen, D., Tielemans, Y., & Van Acker, K. (2012).
Environmental and socio-economic impacts of landfills. Linnaeus Eco-Tech, 2012, 40-
52.

Di Maria, A., Eyckmans, J., & Van Acker, K. (2018). Downcycling versus recycling of
construction and demolition waste: Combining LCA and LCC to support sustainable
policy making. Waste management, 75, 3-21.

Ding, T., & Xiao, J. (2014). Estimation of building-related construction and demolition waste in
Shanghai. Waste management, 34(11), 2327-2334.

Dixit, M. K., Culp, C. H., & Fernandez-Solis, J. L. (2013). System boundary for embodied
energy in buildings: A conceptual model for definition. Renewable and Sustainable
Energy Reviews, 21, 153-164.

Doan, D. T., & Chinda, T. (2016). Modeling construction and demolition waste recycling
program in Bangkok: Benefit and cost analysis. Journal of Construction Engineering and
Management, 142(12), 05016015.

EC (European Commission), 2000. Directorate-General Environment, Directorate E-Industry
and Environment, ENV.E.3-Waste Management, Management of Construction and
Demolition Waste, Working Document No. 1.

Estanqueiro, B., Dinis Silvestre, J., de Brito, J., & Duarte Pinheiro, M. (2018). Environmental
life cycle assessment of coarse natural and recycled aggregates for concrete. European
Journal of Environmental and Civil Engineering, 22(4), 429-449.

Eurostat European Commission. Manual on Waste Statistics. A Handbook for Data Collection on
Waste Generation and Treatment; Publication Office of the European Union:
Luxembourg, 2013.

Gaines, L. (2014). The future of automotive lithium-ion battery recycling: Charting a sustainable
course. Sustainable Materials and Technologies, 1, 2-7.

Galar, D., Sandborn, P., & Kumar, U. (2017). Maintenance costs and life cycle cost analysis.
CRC Press.

Gallego, E., Perales, J. F., Roca, F. J., & Guardino, X. (2014). Surface emission determination of
volatile organic compounds (VOC) from a closed industrial waste landfill using a self-
designed static flux chamber. Science of the Total Environment, 470, 587-599.

Galvez-Martos, J. L., Styles, D., Schoenberger, H., & Zeschmar-Lahl, B. (2018). Construction
and demolition waste best management practice in Europe. Resources, Conservation and
Recycling, 136, 166-178.

64



Gardner, H. M., Hasik, V., Banawi, A., Olinzock, M., & Bilec, M. M. (2020). Whole Building
Life Cycle Assessment of a Living Building. Journal of Architectural Engineering, 26(4),
04020039.

Ghisellini, P., Cialani, C., & Ulgiati, S. (2016). A review on circular economy: the expected
transition to a balanced interplay of environmental and economic systems. Journal of
Cleaner production, 114, 11-32.

Ghisellini, P., Ripa, M., & Ulgiati, S. (2018). Exploring environmental and economic costs and
benefits of a circular economy approach to the construction and demolition sector. A
literature reviews. Journal of Cleaner Production, 178, 618-643.

Ginga, C. P., Ongpeng, J. M. C., & Daly, M. K. M. (2020). Circular economy on construction
and demolition waste: A literature review on material recovery and
production. Materials, 13(13), 2970.

Han, S., Love, P., & Pefia-Mora, F. (2013). A system dynamics model for assessing the impacts
of design errors in construction projects. Mathematical and Computer Modelling, 57(9-
10), 2044-2053.

Hao, J., Di Maria, F., Chen, Z., Yu, S., Ma, W., & Di Sarno, L. (2020). Comparative study of on-
site sorting for C&D in China and Europe. Detritus, (13), 114-121.

Hauschild, M. Z., & Huijbregts, M. A. (2015). Introducing life cycle impact assessment. In Life
cycle impact assessment (pp. 1-16). Springer, Dordrecht.

Hoornweg, D., & Bhada-Tata, P. (2012). What a waste: a global review of solid waste
management.

Hossain, M. U., & Poon, C. S. (2018). Comparative LCA of wood waste management strategies
generated from building construction activities. Journal of Cleaner Production, 177, 387-
397.

Huang, B., Wang, X., Kua, H., Geng, Y., Bleischwitz, R., & Ren, J. (2018). Construction and
demolition waste management in China through the 3R principle. Resources,
Conservation and Recycling, 129, 36-44.

Hunkeler, D., Lichtenvort, K., & Rebitzer, G. (2008). Environmental life cycle costing. Crc
press.

lacoboaea, C., Aldea, M., & Petrescu, F. (2019). Construction and demolition waste-a challenge
for the European Union? Theoretical and Empirical Research in Urban
Management, 14(1), 30-52.

Ispas, A., Untaru, E. N., & Candrea, A. N. (2019). Environmental management practices within

agritourism boarding houses in Romania: A qualitative study among
managers. Sustainability, 11(14), 3887.

65



Jain, S., Shaleen S., and Suneel P. (2020). “Environmental Life Cycle Assessment of
Construction and Demolition Waste Recycling: A Case of Urban India.” Resources,
conservation and recycling 155: 104642.

Jaseem, M., Kumar, P., & John, R. M. (2017). An overview of waste management in
pharmaceutical industry. The Pharma Innovation, 6(3, Part C), 158.

Jebaranjitham, J. N., Christyraj, J. D. S., Prasannan, A., Rajagopalan, K., Chelladurai, K. S., &
Gnanaraja, J. K. J. S. (2022). Current scenario of solid waste management techniques and
challenges in Covid-19-A review. Heliyon, e09855.

Jiang, K., Cheng, Z., Lou, Z., Wang, L., Lu, H., Xu, B., & Jin, N. (2021). Chemical and olfactive
impacts of organic matters on odor emission patterns from the simulated construction and
demolition waste landfills. journal of environmental sciences, 103, 196-206.

Jin, R., and Qian C. (2015). "Investigation of concrete recycling in the US construction
industry.” Procedia Engineering 118 (2015): 894-901.

Kattoua, M. G., Al-Khatib, I. A., & Kontogianni, S. (2019). Barriers on the propagation of
household solid waste recycling practices in developing countries: State of Palestine
example. Journal of material cycles and waste management, 21(4), 774-785.

Kirchherr, J., Reike, D., & Hekkert, M. (2017). Conceptualizing the circular economy: An
analysis of 114 definitions. Resources, conservation and recycling, 127, 221-232.

Kumbhar, S., Gupta, A., & Desai, D. (2013). Recycling and reuse of construction and demolition
waste for sustainable development. OIDA International Journal of Sustainable
Development, 6(7), 83-92.

Kvocka, D., Lesek, A., Knez, F., Ducman, V., Panizza, M., Tsoutis, C., & Bernardi, A. (2020).
Life Cycle Assessment of Prefabricated Geopolymeric Facade Cladding Panels Made
from Large Fractions of Recycled Construction and Demolition Waste. Materials, 13(18),
3931.

Lieder, M., & Rashid, A. (2016). Towards circular economy implementation: a comprehensive
review in context of manufacturing industry. Journal of cleaner production, 115, 36-51.

Liu, G. (2018). Types of Environmental Pollution Caused by Real Estate Construction Projects
and their Control Measures. Nature Environment & Pollution Technology, 17(3).

Liu, J., Yi, Y., & Wang, X. (2020). Exploring factors influencing construction waste reduction:
A structural equation modeling approach. Journal of Cleaner Production, 276, 123185.

Liu, J., Zhengjie H., and Xuetong W. (2020). “Economic and Environmental Assessment of

Carbon Emissions from Demolition Waste Based on LCA and LCC.” Sustainability
(Basel, Switzerland) 12.16: 6683.

66



Lockrey, S., Nguyen, H., Crossin, E., & Verghese, K. (2016). Recycling the construction and
demolition waste in Vietnam: opportunities and challenges in practice. Journal of Cleaner
Production, 133, 757-766.

Luttenberger, L. R. (2020). Waste management challenges in transition to circular economy—case
of Croatia. Journal of Cleaner production, 256, 120495.

M. Arisha, A., Gabr, A. R., EI-Badawy, S. M., & Shwally, S. A. (2018). Performance evaluation
of construction and demolition waste materials for pavement construction in
Egypt. Journal of Materials in Civil Engineering, 30(2), 04017270.

Marzouk, M., and Shimaa A. (2014). “Environmental and Economic Impact Assessment of
Construction and Demolition Waste Disposal Using System Dynamics.” Resources,
Conservation & Recycling 82: 41-49.

Meglin, R., Kytzia, S., & Habert, G. (2022). Regional circular economy of building materials:
environmental and economic assessment combining material flow analysis, input-output
analyses, and life cycle assessment. Journal of Industrial Ecology, 26(2), 562-576.

Menegaki, M., & Damigos, D. (2018). A review on current situation and challenges of
construction and demolition waste management. Current Opinion in Green and
Sustainable Chemistry, 13, 8-15.

Menegaki, M., & Damigos, D. (2018). A review on current situation and challenges of
construction and demolition waste management. Current Opinion in Green and
Sustainable Chemistry, 13, 8-15.

Muhwezi, L., Chamuriho, L. M., & Lema, N. M. (2012). An investigation into materials wastes
on building construction projects in Kampala-Uganda. Scholarly Journal of Engineering
Research, 1(1), 11-18.

Napier, T. (2012). Construction waste management. National Institute of Building Science,
Available [online]. at: http://www. wbdg. org/resources/cwmgmt. php Accessed, 25(05),
2013.

Oliveira, M. D. P. S. L., de Oliveira, E. A., & Fonseca, A. M. (2021). Strategies to promote
circular economy in the management of construction and demolition waste at the regional
level: a case study in Manaus, Brazil. Clean Technologies and Environmental
Policy, 23(9), 2713-2725.

Osmani, M., & Villoria-Séez, P. (2019, January). Current and emerging construction waste
management status, trends and approaches. In Waste (pp. 365-380). Academic Press.

Papastamoulis, V., London, K., Feng, Y., Zhang, P., Crocker, R., & Patias, P. (2021).
Conceptualising the circular economy potential of construction and demolition waste: An
integrative literature review. Recycling, 6(3), 61.

67



Ponnada, M., & Kameswari, P. (2015). Construction and demolition waste management-A
review. safety, 84, 19-46.

Richard, G. M., Mario, M., Javier, T., & Susana, T. (2011). Optimization of the recovery of
plastics for recycling by density media separation cyclones. Resources, Conservation and
Recycling, 55(4), 472-482.

Rosado, L. P., Vitale, P., Penteado, C. S., & Arena, U. (2019). Life cycle assessment of
construction and demolition waste management in a large area of Sdo Paulo State, Brazil.
Waste management, 85, 477-489.

Rosado, L. P., Vitale, P., Penteado, C. S., & Arena, U. (2019). Life cycle assessment of
construction and demolition waste management in a large area of Sdo Paulo State, Brazil.
Waste management, 85, 477-489.

Rubright, S. L. M., Pearce, L. L., & Peterson, J. (2017). Environmental toxicology of hydrogen
sulfide. Nitric oxide: biology and chemistry, 71, 1.

Ruiz, L. A. L., Ramon, X. R., & Domingo, S. G. (2020). The circular economy in the
construction and demolition waste sector—A review and an integrative model
approach. Journal of Cleaner Production, 248, 119238.

Sharma, H. D., & Reddy, K. R. (2004). Geoenvironmental engineering: site remediation, waste
containment, and emerging waste management technologies. John Wiley & Sons.

Simion, I. M., Fortuna, M. E., Bonoli, A., & Gavrilescu, M. (2013). Comparing environmental
impacts of natural inert and recycled construction and demolition waste processing using
LCA. Journal of Environmental Engineering and Landscape Management, 21(4), 273-
287.

Singh, J., & Ordofiez, 1. (2016). Resource recovery from post-consumer waste: important lessons
for the upcoming circular economy. Journal of Cleaner Production, 134, 342-353.

Singh, J., Laurenti, R., Sinha, R., & Frostell, B. (2014). Progress and challenges to the global
waste management system. Waste Management & Research, 32(9), 800-812.

Song, Q., Li, J., & Zeng, X. (2015). Minimizing the increasing solid waste through zero waste
strategy. Journal of Cleaner Production, 104, 199-210.

Spangberg, J., Tidaker, P., & Jonsson, H. (2014). Environmental impact of recycling nutrients in
human excreta to agriculture compared with enhanced wastewater treatment. Science of
the Total Environment, 493, 209-2109.

Spisédkova, M., Mésaros, P., & Mandicak, T. (2021). Construction waste audit in the framework

of sustainable waste management in construction projects—Case study. Buildings, 11(2),
61.

68



Srour, I. M., Tamraz, S., Chehab, G. R., & El-Fadel, M. (2012). A framework for managing
construction demolition waste: economic determinants of recycling. In Construction
Research Congress 2012: Construction Challenges in a Flat World (pp. 1631-1640).

Suérez-Eiroa, B., Fernandez, E., Méndez-Martinez, G., & Soto-Ofiate, D. (2019). Operational
principles of circular economy for sustainable development: Linking theory and practice.
Journal of cleaner production, 214, 952-961.

Taboada, G. L., Seruca, ., Sousa, C., & Pereira, A. (2020). Exploratory data analysis and data
envelopment analysis of construction and demolition waste management in the European
Economic Area. Sustainability, 12(12), 4995.

Townsend, T., Wilson, C., & Beck, B. (2014). The benefits of construction and demolition
materials recycling in the United States. University of Florida: Gainesville, FL, USA.

US Environmental Protection Agency. (2015a). “EPA Advancing Sustainable Materials
Management: Facts and Figures 2013 186. https://doi.org/EPA530-R-15-002.

US Environmental Protection Agency. (2017). "Facts and Figures about Materials, Waste and
Recycling” Web accessed April 13, 2020

US Environmental Protection Agency. (2018) "Sustainable Management of Construction and
Demolition Materials Web accessed April 27, 2020

US Environmental Protection Agency. (2022). "Facts and Figures about Materials, Waste and
Recycling" Web accessed April 13, 2020

Vergara, S. E., & Tchobanoglous, G. (2012). Municipal solid waste and the environment: a
global perspective. Annual Review of Environment and Resources, 37, 277-309.

Vieira, C. S., & Pereira, P. M. (2015). Use of recycled construction and demolition materials in
geotechnical applications: A review. Resources, Conservation and Recycling, 103, 192-
204.

Wildeboer, V., & Savini, F. (2022). THE STATE OF THE CIRCULAR ECONOMY:: Waste
Valorization in Hong Kong and Rotterdam. International Journal of Urban and Regional
Research.

Xiao, R., Zhang, Y., & Yuan, Z. (2016). Environmental impacts of reclamation and recycling
processes of refrigerators using life cycle assessment (LCA) methods. Journal of Cleaner
Production, 131, 52-59.

Yang, L. (2014). Current Situation and Countermeasures of construction waste treatment

resources. In Applied Mechanics and Materials (Vol. 501, pp. 2221-2224). Trans Tech
Publications Ltd.

69


https://doi.org/EPA530-R-15-002

Yeheyis, M., Hewage, K., Alam, M. S., Eskicioglu, C., & Sadiq, R. (2013). An overview of
construction and demolition waste management in Canada: a lifecycle analysis approach
to sustainability. Clean technologies and environmental policy, 15(1), 81-91.

Zhao, W., Leeftink, R. B., & Rotter, V. S. (2010). Evaluation of the economic feasibility for the
recycling of construction and demolition waste in China—The case of Chongging.
Resources, Conservation and Recycling, 54(6), 377-389.

Zheng, L., Wu, H., Zhang, H., Duan, H., Wang, J., Jiang, W., ... & Song, Q. (2017).
Characterizing the generation and flows of construction and demolition waste in
China. Construction and Building Materials, 136, 405-413.

70



APPENDIX A. SUPPLEMENTARY TABLES FOR LCA ANALYSIS

Process in the study

| Ecoinvent module

Scenario 1

Landfill

Treatment of inert waste, inert material
landfill

Diesel for landfill equipment

Diesel, burned in building machine

Transport

Truck, municipal waste collection

Scenario 2

Energy in CDW for recycling plant

Market for electricity, high voltage (BE)

Water use at recycling plant

Tap water, at user

Diesel for recycling equipment

Diesel, burned in building machine

Diesel for landfilling equipment

Diesel, burned in building machine

Recovered Metals (avoided)

Iron ore beneficiation to 65% Fe

Recovered wood

Hardwood forestry, mixed species,
sustainable forest management

Recovered plastics

Plastics manufacturing

Recovered gypsum

Gypsum plasterboard, at plant

Recovered bricks

Sand, at mine

Recovered concrete aggregates

Gravel production, crushed

Transport

Truck, municipal waste collection
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APPENDIX B. SUPPLEMENTARY TABLES FOR LCC ANALYSIS

Table B.1. Capital cost for the recycling facility

Initial Capital Cost per unit Amount ($)

Cost
Land N/A
acquisition 319,248.00
Design fees $8.04/sf

140,700.00
Building cost ~ $91.88/sf

1,607,900.00
Construction $22.97/sf
fees 401,975.00
Equipment N/A
cost 4,601,783.00
Authorizations N/A

44,963.00
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Table B.2. Equipment selected for the recycling operation

Equipment Quantity  Cost per unit ($)  Amount ($)
Excavator 1 160,000 160,000
Roll off truck 3 169,000 507,000
Dumpster 6 460 2,760
Scales 1 22,600 22,600
Conveyor belt 5m 1 40,520 134,205
Conveyor belt 10m 1 81,050 81,050
Conveyor belt 15m 1 121,550 121,550
Vibrating feeder 1 134,205 134,205
Manual separation cabinet 1 8,550 8,550
Crusher 1 153,050 153,050
Magnet 1 55,950 55,950
Air sifters 2 117,723 235,446
Eddy current generator 1 115,500 115,500
Spirals 3 59,100 177,300
Horizontal screens 2 96,810 193,620
Air jig 3 810,330 2,430,990
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Table B.3. Cost projections for utilities

Utility Quantity of Rate (USD)  Amount per Amount for 1
use per Month ($) year of
month operation ($)

Electricity 6740 kWh $0.0802/kwh  540.55 6,486.6

Fuel 862 gallons  $3.89/gallon  3,353.18 40,238.16

(Diesel)

Table B.4. Labor costs

Personnel Wages Annual No. of Total Amount ($)
($/hr) Salary (3) workers

Plant manager n/a 90,000.00 1 90,000.00

Non-Skilled  18.7 43084.80 2 17,952.00

Workers

Drivers 18.7 43084.80 2 17,952.00
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