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ABSTRACT 

This thesis presents the development of a model for parallel replacement and improvement for a 

fleet of assets to minimize both the economic costs and greenhouse gas (GHG) emissions where 

the emissions are limited by cap-and-trade. The firm which owns the assets has the options of 

using the assets, putting them in inventory, improving them, or salvaging them. Different 

technological types and their performances have been considered for assets. The firm has the 

option of purchasing new assets from varying technologies and/or improving its existing assets to 

a higher-performance type. Moreover, the model considers the possibility of both banking the 

emission allowances and trading them in the market. The model was later used with data of a fleet 

of excavators in Ontario, Canada. The use of this model could help emitter firms to simultaneously 

manage the emissions and costs of their fleet of assets in a jurisdiction regulated by cap-and-trade. 
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1 INTRODUCTION 

1.1 RESEARCH BACKGROUND 

Emissions trading or cap-and-trade systems are relatively new and are still developing all around 

the world. In Canada, Cap-and-trade systems have been established and used in Quebec, and 

previously Ontario, as a mean to control and limit the carbon footprint of these provinces and help 

the environment. The deployment of such a new system, similar to any change in policies, could 

raise concerns among manufacturers as to how they could manage their businesses effectively 

within the new platform. 

Research and discussions concerning asset management and the replacement problem are 

considerably older than emissions trading systems. As cap-and-trade policies could change many 

factors of the decision, new models need to be developed to deem these changes. In this chapter, 

the background of this research and why it is important and needed in the industry will be discussed 

step by step and the gap in the research will be examined. 

The first step to explain the importance of this work is to introduce the concerns over 

climate change and how that is related to physical asset management. In recent years, the issue of 

global climate change has been on the spotlight and individuals and corporations are becoming 

more and more aware of the issue. These concerns among the general public have led to the 

development of policies so as to ensure that countermeasures are in place to minimize the adverse 

environmental impacts of industrial activities. 
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These policies, which are often referred to as green policies, influence firms, companies, 

and even small business owners that own assets or fleets of assets. Most businesses deal with assets 

that have emissions associated with, usually, they at least own vehicles that are used in 

transportation. Now with the green policies in place, whether corporations or asset owners have 

environmental concerns themselves or not, they are impacted by such policies. This means that 

there is a new dimension being added to classical asset management problems. Now the firms that 

own fleets of assets need to also minimize the emissions and pollutions caused by their activities 

along with minimizing the cost. 

Although asset management has vast applications in a variety of industries, such as 

logistics and transportation, construction, manufacturing and mass production, military, health 

care, et cetera, the reality is that in many cases, firms, companies, and owners of fleets of assets 

do not take advantage of scientific approaches, statistical analyses, or mathematical models to 

utilize their assets optimally. In many cases, the assets are repaired or replaced once they are out 

of order, and many companies almost never conduct studies to see whether replacing or improving 

an asset is financially beneficial. The mentality in most instances, especially for the smaller 

businesses, is “if it is still working, why would you replace it?”. Let alone examining the 

environmental aspects of such considerations. In the rarer cases where there is a replacement cycle 

and a schedule in place, it is mostly limited to the concerns of the downtime and the financial 

aspect of the replacement. However, with the carbon pricing in place, the asset managers will pay 

money for their emissions one way or the other. 

Thus, there seems to be a need to move towards taking the environmental aspect of the 

asset management into account. In the next section, the issue of global climate change and the 
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countermeasures developed around the world are presented, and there will be a short review of the 

environmental policies in Canada. Later, it will be discussed how these policies might affect the 

study of parallel assets management. 

1.2 CARBON PRICING AND EMISSIONS TRADING 

1.2.1 Overview 

With the massive expansion of mass-production and industrial-scale manufacturing, industrial 

activities are known to be one of the main causes of emitting massive amounts of various emissions 

in the atmosphere. These emissions and pollutants are scientifically believed to be related to the 

issue of global climate change (Stocker, 2014). 

Figure 1.1 Nanticoke Generating Station, the largest coal-fired power plant in North America 

which turned into a solar plant and started working in April 2019 ("Former coal-fired power 

plant in Ontario becomes solar facility," 2019) 
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Government of Canada considers climate change to be one of the most significant 

environmental issues of the time (Canadian Environmental Sustainability Indicators: Greenhouse 

gas emissions, 2018). Both the federal and provincial governments have developed and 

implemented plans to control GHG emissions. Figure 1.2 shows the trend of GHG emissions in 

Canada since 1990 by sector. Physical asset management and parallel management of fleet of 

assets are directly and closely related to the sectors of heavy industries, agriculture, transportation, 

and oil and gas. However, asset management might be applicable to the other sectors in many cases 

as well. 

Figure 1.2 GHG emissions by sector since 1990 (Canadian Environmental Sustainability 

Indicators: Greenhouse gas emissions, 2018) 

 

 

One of the ways to confront the abovementioned issue is to embark on carbon pricing 

strategies to control, limit, and reduce the amount of GHG emissions. Since the ("UNFCCC," 

1992) was signed and later followed by other treaties such as the ("Kyoto Protocol," 1997)  and 
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the ("Paris Agreement," 2015)  to expand it, many federal and provincial governments around the 

world have proposed carbon pricing strategies. The main two forms of carbon pricing are carbon 

tax and emissions trading system (ETS). The latter is also known as cap-and-trade. Figure 1.3 

maps an overview of carbon pricing methods deployed all over the globe. 

Figure 1.3 Overview of carbon pricing strategies around the world (Kossoy, 2015) 
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Moreover, (Kossoy, 2015) argues that the means of controlling GHG emissions have 

shown to be effective and in the last decades, the strides which have been made have resulted in 

planning to take control or taking control of more than 35 percent of the global GHG emissions. 

Figure 1.4 illustrates the trend of covering global GHG emissions since 1990. This shows the 

importance of carbon pricing policies in the future of asset management studies, as the trend seems 

to be in the direction of covering more portions of industries around the globe in future. 
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Figure 1.4 Percent of the global GHG emissions covered by carbon pricing schemes (Kossoy, 

2015) 
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1.2.2 Carbon tax 

As a sort of Pigouvian tax, the levied on the carbon content of fuels, hinders the industries from 

discharging carbon dioxide through cost-effective means. A carbon tax, as its name implies, is a 

tax put on the fuels etc. based on their carbon content (Hoeller & Wallin, 1991). Normally, other 

GHG emissions are converted to their carbon equivalent and are noted as CO2e. A carbon tax can 

be a regressive tax, increasing in price for the increase of emitted pollution. This system is used 

throughout many nations worldwide, although industrial countries such as the US, China and 

Russia are still having doubts and debates in regard to passing such legislation. The goal of the 

carbon tax is for the GHG producers to pay for the Social Cost of Carbon (SCC), which is the 

marginal cost of the impacts caused by emitting one extra ton of carbon on the environment and 

human health. Therefore, such cost must be estimated, through estimating the residence time of 

carbon dioxide in the atmosphere, along with estimating the impacts of climate change. 

1.2.3 Emissions trading systems 

One of the first countries to use a cap-and-trade system to control a pollutant was the US for the 

case of Sulphur dioxide (SO2). Executed under the framework of the Acid Rain Program of the 

1990 Clean Air Act, the program was considered a success reducing SO2 emission by 50% from 

1980 levels by 2007 (Ellerman, Joskow, Schmalensee, Bailey, & Montero, 2000). Following that 

program, cap-and-trade was used to reduce other gas emissions such as nitrogen oxides ran by the 

Environmental Protection Agency (EPA) under NOx Budget Trading Program, but despite decades 

of debates and efforts, the same has never been gone for the GHGs’ reduction federally in the 

United States. Although, legislation was passed in some states involving New York and California 
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to control global warming mostly with regard to carbon dioxide discharge (Aulisi, Farrell, 

Pershing, & VanDeveer, 2005; Farrell, Carter, & Raufer, 1999; Turin, 2012). 

Multiple emissions trading systems have been designed and implemented on international, 

national, and sub-national scales so far. The European Union Emissions Trading Scheme (EU 

ETS) was the first and so far, is the biggest international cap-and-trade market in the world since 

it was established in 2005, beginning its first phase in 2005 after voluntary trials in the UK and 

Denmark. In the first two years of run, the emissions reduction was not significant due to the 

oversupply of allowances. These flaws were treated in the second phase of the scheme. Norway, 

Iceland, and Liechtenstein later joined the EU ETS in 2008 (Building a low-carbon economy-the 

UK's contribution to tackling climate change, 2008; Skjærseth & Wettestad, 2016; Zhang & Wei, 

2010). 

In this thesis, we will focus on the California and Quebec cap-and-trade market. California 

and Quebec, two of the jurisdictions participating in Western Climate Initiative, started a linked 

emission trading system which was later joined by the province of Ontario (Purdon, Houle, & 

Lachapelle, 2014). However, by the time this thesis is being written, the cap-and-trade system in 

Ontario has been shut down. 

An emissions trading system is a way of setting a limit over the amount of GHG emissions 

while letting the firms affected by the regulation to find the most efficient way for them to reduce 

their emissions. This aim will be achieved by allowing emitters to trade emission allowances, or 

carbon allowances, as other emissions are usually measured by their carbon equivalent. Carbon 

allowances or permits are given by the governmental authorities to the emitters. The allowances 

indicate how much emission a participant is permitted to emit. The participants then could buy or 
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sell permits based on whether they have managed to reduce their emissions in each year or not 

(Stavins, 2003). Figure 1.5 shows a schematic picture of how the cap-and-trade scheme works. 

Figure 1.5 Emissions trading system (A Brief Look At The Quebec Cap-And-Trade-System For 

Emission Allowances, 2018) 

 

The governmental body that imposes cap usually lowers the cap incrementally to achieve 

a desired level of emissions over time. For example, the government of Quebec rules that in the 

year 2018, the total amount of GHG emissions should be less than 60 million tons of emissions. 

Now, the market will balance the emissions using the premise of supply and demand to help all 

the emitting firms to achieve the goal of reducing the total emissions under the desired level. The 

cap in most cases will be designed to be lessened year by year so that over the span of a decade it 

could reduce the amount of emissions significantly. In Figure 1.6, the levels of the cap imposed 

by the government of Quebec from 2013 to 2030 have been shown and the incremental decrease 

could be observed. 
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Figure 1.6 cap on GHG emissions set by the Government of Quebec (A Brief Look At The 

Quebec Cap-And-Trade-System For Emission Allowances, 2018) 

 

1.2.4 Carbon tax vs. cap-and-trade 

The two strategies have been widely discussed and compared. For instance, few differences have 

been enumerated between them by (Wittneben, 2009). Firstly, it is mentioned that in carbon tax 

strategy there is no upper limit for the emissions, and they are reduced as long as the tax price 

exceeds the cost of emission reduction. Therefore, companies which can afford the taxes will 

continue to emit despite the levied taxes. In cap-and-trade though, the total emission is limited and 

there is a zero-sum trade. The second difference is the government income from each strategy. As 

for the carbon tax, the pricing is set and the total income is determined by the activity of industries, 

decreasing in times of depression, the income from cap-and-trade is determined by the auctions 

since the allocated amounts are predetermined and limited. Next, the cost of each has been 

considered to the public, which for a carbon tax is no more than any other tax and the mechanisms 

are already established, for cap-and-trade though, new markets must be established, and people 

and financial institutions must be hired as meditators at the cost of the public purse. 
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It is also necessary to briefly discuss the current state of carbon pricing policies in Canada. 

Although Canadian provinces and territories are able to develop their own system of carbon pricing 

that suits their specific needs, the government of Canada has passed a bill in December 2018 to 

make sure all the provinces and territories meet the federal requirements of carbon pricing 

(Implementing Canada’s plan to address climate change and grow the economy: Putting a price 

on carbon pollution, 2018). 

Quebec was the first province to put a price on carbon in 2007. Most other provinces also 

developed carbon pricing systems, either carbon taxes or cap-and-trade. However, Ontario, 

Manitoba, and New Brunswick later opted out of the carbon pricing scheme. With the new 

legislation, however, all Canadian provinces will have to adhere to some sort of carbon pricing.  

Ontario’s cap-and-trade regulation came into effect in 2016 after joining the California-

Quebec ETS market. After the change of the provincial government, the program was shut down 

in July 2018 (The cap and trade program, 2016). 

In the next section, it will be shown that how these carbon pricing policies will affect the 

parameters of decision-making regarding asset management, and it will be explained that there is 

a new dimension being added to the classic asset management approach.  

1.3 PARALLEL ASSET MANAGEMENT 

1.3.1 Overview 

After explaining the concern of the global climate change, the global and Canadian policies to 

confront the issue and the statistics that indicate the significance of the problem, it is needed to 
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examine the relationship between these carbon pricing policies and asset management. 

As the green policies are flourishing and developing, they seem to expand to new fields 

rapidly and sometimes change the approach of thinking and the direction of the research entirely. 

In the case of asset management, there is definitely a significant and measurable relationship with 

the emissions pricing. Most assets used in industry emit GHG emissions to the atmosphere and 

those which do not, have GHG emissions associated with the process of manufacturing them, the 

process of transporting them, and their maintenance. 

The emissions associated with industrial activities are often segmented into three scopes. 

Scope 1 emissions are those that are directly caused by an activity or a series of activities by a 

firm. Scope 2 emissions are those that are caused as a result of purchasing electricity, steam, 

heating, cooling, etc. Scope 3 emissions are the emissions that are caused by business activities 

such as leased assets, employee commuting, business travels, and emissions associated with 

purchased commodities, transportation, and so forth. 

This outlook towards emissions transcends the classic view that considers the emissions of 

a company to be just the smug coming out of the stacks. This approach shows that not only does a 

fleet of buses or trucks have emissions associated with it, but also a network of computers has 

emissions associated with it since it uses electricity and the manufacturing of those computers 

could pollute the environment. Hence, there is a need for the incorporation of environmental 

factors in asset management. 
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1.3.2 Terminology and background 

In this thesis, the focus of study is on parallel asset management. It is necessary to first clarify 

what physical asset management is, and next to distinguish parallel asset management, and finally 

to mention the definition of some of the terminology used in the topic. 

Asset: An asset is a physical resource owned and controlled by an entity. This entity could 

be an individual or a firm or corporation. Some examples of assets could include equipment, 

installations, property, vehicles, etc. Figure 1.7 shows some examples of assets (Hastings, 2010). 

Figure 1.7 A manufacturing machine, an excavator, and a building. All examples of assets. 

(Rezwan, Pixabay, & Skitterphoto) 

 

Physical asset management: It is the systematic process of governing the current assets of 

a company. It could entail the process of maintenance of an existing asset, purchasing new ones, 

modifying current assets, selling, or salvaging them (Hastings, 2010). 

Salvaging: Salvaging is the act of selling an asset after its maximum utilization time or 

once its economic lifetime is over. Salvaging an asset is different from selling, in the sense that 

the salvage price of an asset is usually equal or less than the value of its material, e.g. the price of 

steel used in a lathe machine. 
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The general research on asset management goes back to when (Taylor, 1923) studied the 

depreciation problem and its impact on the value of assets. The classic replacement problem and 

economical lifetime which together form the foundation of asset management include an 

optimization model to contemplate the use of an asset that is currently working and analyze the 

proper time to replace it with a new asset. Traditionally, the asset which is currently being utilized 

is referred to as the defender and the new asset by which the defender could be potentially replaced 

by, is referred to as the challenger. The traditional replacement models normally consider the two 

options of replacement or continuing the use of an asset in each period (Fraser & Posey, 1989). 

There are many papers and case studies that have conducted comprehensive research around this 

topic. Some of the more recent works are presented in Chapter 2. 

It has been of the concern of all asset owners that when is the proper time to replace an 

asset or a component. This question is not just limited to enormous industrial manufacturers or 

construction project managers. Even from a household or personal perspective, a car owner is 

interested to know when the best time is to change a component, or basically what the most cost-

efficient lifecycle of that component is. Or on a broader scope, the car itself. 

Parallel asset management: Parallel asset management is the process of physical asset 

management when instead of having one asset, there are multiple assets that are doing a similar 

job. The assets might have different performances and properties, yet their function is similar, and 

in some cases, they might be able to substitute for one another. The process of utilizing such sets 

of assets – also referred to as fleets of assets – is commonly known as parallel asset management. 

Essentially, this means that instead of one defender, there are multiple defenders which are doing 

a similar job and might potentially replace one another in some cases (Hastings, 2010). 
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There is a myriad of examples for a fleet of assets working in parallel. To name a few: 

• Components in a machine that perform the same function. 

• Computers working in a network to do the same task. 

• A fleet of buses in a public transportation organization. 

• A fleet of trucks or excavators in a construction site 

• MRI devices in a big hospital. 

• CNC machines in a fabrication plant. 

• Forklifts in a warehouse. 

This list could go on for pages. This shows the significance and relevance of the parallel 

asset management and its vast use in the industry both from a risk management perspective 

(downtime), a financial perspective, and last but not least, the environmental perspective. 

Figure 1.8 A fleet of buses used in urban transportation. (Imre) 
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1.3.3 Retrofit 

One of the contributions of this thesis is to consider technological retrofit or enhancement for the 

assets. It is appropriate to explain what technological enhancement means. Any change such as the 

addition of a component or replacing a component with a higher-performance component could 

be considered as retrofit. This enhancement might be a comprehensive change done by the original 

manufacturer to improve the performance of a machine, or simply adding a small component that 

improves a particular function of a device. For example, if the manufacturer of a CNC machine 

offers a new software update for their machines, this could be an option of retrofit for the asset 

owners. A simpler example could be adding a sensor to a silicone pump in a glazing company in 

order to stop the pump automatically once the pump runs out of silicone. Any of these 

improvements, whether they are simple or of a larger scale and complexity, they could result in 

the reduction of waste and possibly lowering the emissions of assets. With this broader definition 

of retrofit or technological improvement, almost all owners of fleets of assets will deal with some 

sort of retrofit in the process of managing the assets. Figure 1.9 shows a silicone pump used in 

glazing. 
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Figure 1.9 A silicone pump, adding a sensor to stop the flow once the pump runs out of silicone 

is an example of how retrofit results in waste reduction ("Dow Corning Silicone Pumps," 2019) 

 

Now that the terminology is explained and background of the parallel asset management is 

covered, it is appropriate to show how the green policies and specifically carbon pricing will 

impact parallel asset management. Therefore, in the next section, the motivation of this research 

will be explained, and the scope of the work will be presented to clarify what is included in the 

considerations of this work and what is not. 

1.4 RESEARCH MOTIVATION AND SCOPE 

Companies, organizations, and small businesses in jurisdictions where carbon pricing exists now 

must look after their GHG emissions. In Canada, as explained earlier, all provinces are now 
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influenced by a form of carbon pricing. It is believed that the cap-and-trade system has more 

complexity in its nature compared to a carbon tax, and thus, businesses will have to use more 

scientific approaches to manage their assets under cap-and-trade regulations. This formed the basis 

of the motivation to start this research. 

Moreover, in many cases, simple retrofit and enhancement could result in significant 

emissions reduction in the real world. Hence, it seems apt to include the option of retrofit in any 

study that aims to aid firms with the management of their assets. 

The scope of this work includes parallel asset management, the model will include a fleet 

of assets that work in parallel. Out of all environmental concerns, we only focused on GHG 

emissions and did not consider other pollutants or forms of waste or other adverse impacts of 

industrial activities. Options of purchasing new assets, utilizing current assets, improvement, 

storing the assets, and salvaging them were considered. As it will be explained in Chapter 3, the 

option of retrofit in the model is designed so generically that it could be applied to virtually all 

real-world cases. 

1.5 RESEARCH GAP 

Although there are works in the field that study the ecological aspects of the parallel asset 

management in order to help firms utilize their assets optimally, there seems to be an inadequacy 

with regard to parallel asset management under cap-and-trade regulations. In other words, the 

models and works that study the parallel asset management under the regulations of emissions 

trading markets appear to be extremely limited. Nonetheless, emissions trading systems and 

markets have existed for a while and seem to prevail in the future. 
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This shows a big opportunity for researchers. Much research could still be conducted on 

the modelling of optimal asset management, parallel asset management, and the replacement 

problem in jurisdictions where GHG emissions are regulated by cap-and-trade. Moreover, the 

impact of different cap-and-trade regulations could be of interest, especially with a sensitivity 

analysis approach. 

1.6 RESEARCH OBJECTIVES 

After explaining the current state and the research gap, the next step is to explain the goals of this 

thesis. The main objectives of this research are the following: 

1. Developing an optimization model based on operations research to model the parallel 

replacement of a fleet of assets, while minimizing both the costs of the asset and the 

environmental factors. The model should entail the according factors that simulate the 

circumstances caused by regulations of a cap-and-trade system. The model is designed to 

be as generic as possible to be compatible with various real-world problems. 

2. Application of the model using the data from a fleet of excavators in Ontario under the 

regulations of California-Quebec cap-and-trade system. 

3. Conducting sensitivity analysis to examine the reactions of the case study’s results caused 

by the changes in the circumstances and the input data. 

4. Proposing suggestions about requirements of proper deployment of this model. 

In this research, a mathematical model is developed. The mixed-integer approach was 

opted owing to the nature of the problem and the according constraints. The model was solved, 
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and an exact optimal solution was derived in each step. 

1.7 THESIS OUTLINE 

This thesis entails a broad range of information concerning the economic and environmental 

aspects of the problem. The work also includes a comprehensive literature review to explain the 

general atmosphere in the literature and the trend of research around the problem. Equations and 

tables are a natural part of works that involve a mathematical model, and in this work, they are 

followed by a full explanation. This thesis is structured in the way below: 

Chapter 1 introduces the fundamentals of the work, the methodology and the objectives. 

Chapter 2 includes a review of the literature. 

Chapter 3 explains the problem thoroughly, involves the assumptions, and presents the 

mathematical model. 

Chapter 4 presents both the numeric results of the case study and the analysis of sensitivity 

and explains the conclusions that could be possibly made based on the results. 

Chapter 5 summarizes the findings of this research and suggests opportunities for future 

research. 
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2 LITERATURE REVIEW 

2.1 REPLACEMENT PROBLEM 

Assets degrade as a result of utilization and ageing, and consequently, an increase in operation and 

maintenance costs and potentially more greenhouse gas emissions could be expected. Therefore, 

It is economically reasonable to replace assets after a while (Verheyen, 1979). Moreover, newer 

assets and more advanced technologies might be available in the market. Thus, firms and 

companies are usually involved and interested in detecting the apt time to replace their assets (Fan, 

Machemehl, & Kortum, 2011), because right timing will potentially decrease their costs and 

mitigate their carbon footprint. 

The study of parallel asset management could be especially useful for sustainable cities, as 

many organizations in a city deal with a fleet of assets on a daily basis, whether it be a fleet of 

excavators used in the construction sector or a fleet of vehicles working in the transportation sector. 

In addition to the general environmental concerns, emissions in urban areas are also associated 

with public health risks (Sydbom et al., 2001). Therefore, the sustainability factors in the 

management of a fleet of assets – which as explained later adds to the novelty of this work – should 

be more of interest for a firm or organization that works in urban areas. 

In this work, we developed a mixed integer model for the parallel replacement problem 

under technological change while also considering the environmental aspect of the problem where 

the emissions are regulated by a cap-and-trade system. The parallel replacement problem could be 

taken advantage of by a variety of industries. It could be applied to a network of computers working 
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in parallel to provide a certain service in IT sector, a set of lathes in a manufacturing firm, or as 

we considered in our case study, a fleet of excavators in a construction project.  

2.2 PAPERS CONSIDERING ECONOMIC FACTORS ONLY 

There are multiple papers which have studied the replacement problem since (Terborgh, 1949) 

first studied the optimal time to replace an asset that is being used. However, most of the older and 

classic papers have mainly focused just on the economic aspects of this problem. For instance, 

(Derman, 1963) modelled the replacement using Markov chains, and later, (Hatoyama, 1984) 

expanded the use of Markov chains in the replacement problem. (Vander Veen & Jordan, 1989) 

for the first time stated that the purchase and utilization of assets are related and modelled them 

together in their model. A thorough review of classic replacement problems and models related to 

that is contained in (Jardine & Tsang, 2013) and (Feldman & Valdez-Flores, 2014).  

The classical replacement model, as the word replacement indicates, mostly focuses on 

replacing an existing asset with a new one. In this work’s model, however, we considered the 

option of technological enhancement or in other words, retrofit of an existing asset, in addition to 

replacing it with a new one. There are precedents of such consideration in the literature. (Meyer, 

1993) pointed at the significance of extending the conventional replacement models and 

considering technology enhancement in the models. Later, (J. Hartman & Ban, 2002) presented a 

model for a series-parallel replacement model and considered different characteristics for different 

types of assets in addition to considering a general technological improvement. Afterwards, 

(Regnier, Sharp, & Tovey, 2004) developed a deterministic model for a single asset under 

continuing technological change. More recently, (Yatsenko & Hritonenko, 2017a) studied serial 
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replacement of a single asset with two different approaches and compared the results under 

exponential technological improvements and stochastic cost change. 

Furthermore, (Yatsenko & Hritonenko, 2011) studied the economic lifetime of assets under 

technological improvement and argued that the economic lifetime approach works when the rate 

of change in technology is low. They also suggested that on the other hand, if the rate of 

technological change is higher, it could be recommended to use the two-cycle method. Same 

authors further studied the two-cycle approach in (Yatsenko & Hritonenko, 2017b). The two-cycle 

method had been developed by (Christer & Scarf, 1994) and further studied in (P. Scarf & Hashem, 

2002; P. A. Scarf & Hashem, 1997). The two-cycle method basically minimizes the yearly cost 

for the next two replacement cycles, as opposed to the entire problem horizon. Later, (Mardin & 

Arai, 2012) expanded the two-cycle approach through consolidating an annual discount rate, and 

contended that their method betters the conventional challenger-defender, and in some instances, 

the economical lifetime approach. 

In this thesis’s model, there are different types of assets available for purchase when an 

existing asset is going to be replaced. Similar to this, (Büyüktahtakın, Smith, Hartman, & Luo, 

2014) studied the replacement problem with multiple challengers and presented the option of 

different asset types for challengers. Later in (Büyüktahtakın & Hartman, 2016), they suggested a 

mixed-integer model for replacement of a fleet of assets working in parallel under technological 

change. 
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2.3 PAPERS INCLUDING ENVIRONMENTAL AND ECONOMIC FACTORS 

In more recent literature, still, there is a general opportunity to work more on taking environmental 

factors into consideration and incorporating them in the optimization models. There are many 

papers that study the problem with a major focus on the economic aspects of it. For instance, (He, 

Fan, Li, & Li, 2017) studied the replacement of fuel-consuming vehicles with hybrid electric 

vehicles and examined the impact of fuel price and subsidies on the decision using dynamic 

programming. Although their work is related to the replacement of emitting vehicles with a greener 

solution in general, they do not concentrate on sustainability factors per se in their model. Later 

on, (Ngo, Shah, & Mishra, 2018) investigated the allocation of the governmental budget on a fleet 

of buses with different objective functions. They considered options of rehabilitation and 

remanufacturing in addition to replacement of the assets. Similarly, (Riechi, Mácian, Tormos, & 

Avila, 2017) argued that stochastic models are more effective and accurate to use for a fleet of 

vehicles taking into account the fact that variations are a natural characteristic of vehicles. They 

used their stochastic model in a case study of a fleet in Spain to prove their point. Also, (Wang & 

Nguyen, 2017) investigated the economic lifetime and replacement of existing technology with 

consideration of different available technologies to opt, capacity and demand and (Zheng & Chen, 

2018) studied fleet replacement under uncertain fuel prices and uncertain demand for a ship owner. 

Although the latter paper touches emission control policies, which are not particularly GHG 

emissions, and their impacts on the ship owner’s replacement decisions, the focus of the paper 

remains on the economic aspects of the replacement timing decisions. 

It seems that there is insufficient work in the literature about environmental impacts of 

replacement decisions and asset management. Nonetheless, there are some works in the recent 
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literature that proposed models including environmental factors. For instance, (de Macedo, de 

Miranda Mota, & Sola, 2018) used multicriteria decision analysis to establish a model for motor 

replacement so as to help a firm fulfil the efficient energy requirements in Brazil, and (Yuan, 

Zhang, Wang, Liang, & Zhang, 2019) conducted a comprehensive study on urban bike sharing 

systems and developed a master model using mixed integer linear programming method to solve 

multiple sub-problems of the system like capacity, location, fleet size, and so forth. 

Moreover, (Afrinaldi, Tasman, Zhang, & Hasan, 2017) proposed a model using a Genetic 

Algorithm to optimize preventive replacement schedule of a component and pondered 

environmental factors in their model. Also, (Feng & Figliozzi, 2013) used an optimal replacement 

model to study the competitiveness of electric commercial vehicles compared to diesel trucks and 

incorporated GHG emission parameters in their model. Similarly, (Ahani, Arantes, & Melo, 2016) 

developed an optimization model to find the optimal combination of electric vehicles and internal 

combustion engine vehicles in cities and urban areas using a portfolio theory and reflected on the 

uncertainty of parameters and risk assessment of the scenarios. They also considered emission 

factors in their model. 

(Abdi & Taghipour, 2018) Studied the replacement model under the regulations of cap-

and-trade. They also provided a probabilistic model to predict the price of carbon in the market. 

However, they did not consider different technological types in their work, in spite of assuming 

that the technology will improve over time naturally and that any purchase made in the future will 

result in better performance. In contrary, it is assumed in our model that an asset of the same 

technological type will not improve automatically over time. Furthermore, the option of banking 

allowances is not considered in their model. 
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2.4 SUMMARY 

To Sum up, in addition to the fact that the literature appears to be extremely limited about parallel 

replacement problem under regulations of emissions trading systems, this work makes two main 

contributions to this part of the literature. First, it considers banking of emission allowances which 

is a natural characteristic of cap-and-trade by using a variable for banking of allowances in the 

model. This makes the model closer to real circumstances. Second, it contains a generic method 

to approach technological change while considering its environmental impacts. As it is discussed 

in detail in the next section, different technological types can be considered in the model, and it 

can be programmed that when each of these particular technologies will be available to use, or that 

which of the technologies can feasibly be transformed to which of the higher ones. This makes the 

model capable of many different scenarios for technological changes as opposed to some studies 

that consider a general trend of technological improvement over time, or a predefined and specific 

situation for technological advancement.   
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3 PROBLEM DESCRIPTION AND THE MODEL 

The goal of the model presented in this work is to help a firm to optimize its plan for utilization, 

replacement, and improvement of its fleet of assets, where the emissions are regulated by cap-and-

trade. The firm that is being studied in this model owns multiple assets with different technological 

types and different ages, which results in different capacities for assets, and could impact the 

replacement decisions (Tanchoco and Leung 1987). In the introduction part, some examples of 

assets that can be studied in this parallel replacement model were mentioned e.g. lathes, computers, 

vehicles etc. The age of an asset in this model means the cumulative time an asset has been utilized 

and not the actual calendar age, since we assume that the assets do not deteriorate while they are 

in inventory and not being used. Each year, these assets must perform to satisfy a demand 

requirement (Hartman 2000). The firm has a limited budget for each year (Karabakal, Lohmann, 

and Bean 1994). At the beginning of each year, the firm has the option of taking one of the five 

following actions; first, it could purchase new assets from a variety of available technological 

types, and all newly purchased assets are assumed to be brand new. In other words, age equals 

zero for new purchases. The second option is improving existing assets to a higher technological 

type with two considerations; brand new assets cannot be improved, and not all improvements are 

possible. A three-dimension parameter is considered in the model that determines what 

improvements are possible at each year with one dimension being time and the two others being 

the initial and after-enhancement technological types. This consideration is capable of deeming an 

improvement that is not available for now but will be available in the future, which could be the 

case for many real-world problems. For example, it could be assumed that an improvement to the 

highest technological type is only feasible in the last 4 years of the time horizon. The third, fourth, 
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and fifth options are putting the assets in use, putting them in inventory, and salvaging them. 

Figure 3.1 visualizes the process of decision making at the beginning of each year. The 

arrow that shows the flow from the purchase and the flow to the salvage each have different 

patterns, since they indicate assets being added to the total assets in the system or assets being 

removed from the system. A dotted arrow indicates an asset being removed from the system, and 

a dashed arrow indicates a new asset is added to the system. Normal arrows indicate an asset 

moving within the system. Utilization and storage are highlighted and are different in shape owing 

to the fact that through the year an asset could only be in one of these two states. This means that 

if an asset goes to retrofit at the beginning of the year it cannot stay in that state through the year 

and must be utilized or stored once the enhancement is done. 

Figure 3.1 The options ahead of an asset at the beginning of each year. 
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There are costs associated with each of those abovementioned options. For instance, 

operation and maintenance costs are associated with putting an asset in use, and inventory costs 

are associated with putting an asset in inventory. Also, improving existing assets or buying new 

ones will have their own costs. Alternatively, salvaging results in revenue for the firm. As we are 

studying the problem under regulations of cap-and-trade which puts a limit on emissions, although 

the management of the firm is probably interested in managing these costs and minimizing them, 

they might as well be concerned about the GHG emissions of its actions and decisions. 

As explained earlier, the firm is in a jurisdiction where the emissions are regulated through 

a cap-and-trade market. There is a cap for the maximum GHGs the firm is allowed to emit. If the 

firm fails to reduce its emissions to a level below the cap then it should buy allowances in the 

emissions trading market, and in the case that it manages to reduce emissions to a level below the 

cap it can sell the extra allowances in the same market and earn some revenue. Therefore, in 

addition to the usual costs, the firm could be also concerned about the emissions related to each of 

the five abovementioned options. Hence, the objective of the problem is defined to be minimizing 

both the costs and GHG emissions while using the fleet of assets to meet the demand of each year. 

The model is mixed integer with 7 sets of decision variables and 16 sets of constraints. The 

index i indicates the period of time, and each period of time is considered to be a year. Index j 

indicates the total utilization time or the age of an asset, and k and l indicate the technological type 

of an asset. Two indexes have been used for technological types, because variables that manage 

technological improvement work with two different technological types, before and after 

improvement. 

The model is developed based on these assumptions:  
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(1) There are K technological types available. 

(2) The model is planned for a time horizon of T years.  

(3) The maximum age allowed for any asset is N. This assumption and similar assumptions 

exist in the literature in many instances, and it is valid in most practical cases (J. C. Hartman 

& Tan, 2014). 

(4) The maximum age allowed for an asset to be improved is M. 

(5) M ≤ N ≤ T. 

(6) Only utilization time of an asset is meaningful in this model, e.g. if an asset is put to 

inventory, there will be no impact on its performance or operation and maintenance costs 

or its carbon footprint. In other words, assets stored in inventory do not deteriorate, so 

keeping track of their calendar age seems irrelevant. 

(7) The actions of improvement and salvaging of an asset and the storing of an asset in 

inventory all take place at the beginning of each year. 

(8) No improvement or purchase takes place in i = 0, or the first year. 

(9) All purchased assets are brand new (j = 0), and it is not allowed to improve an asset in the 

same year in which it was purchased. 

(10) The firms could save emission permits, but they cannot owe them, which means if the firm 

does not use all its permits, it could save it for later. Nevertheless, if it has emitted more 

than the cap of the year, it should buy permits in the same year to meet the cap requirement. 

In other words, the value of the variable for saved permits cannot be negative. 

(11) Downtimes were not considered in this work, which means any failure of an asset will be 

fixed in a short time and will not have any impacts on its capacity. 
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Indices, variables, and parameters used in the model are shown in Table 3.1 with a brief 

description of each: 

Table 3.1 Definition of indices, decision variables, and parameters. 

Indices 

i Indicates the period of time or year 

j Indicates the utilization time of an asset 

k Indicates the technological type of an asset 

l 

Indicates the technological type of an asset before or after an 

improvement 

Decision Variables 

Xijk 

Number of assets in operation in the year i with j years of utilization 

belonging to technological type k 

Sijk 

Number of salvaged assets in the year i with j years of utilization 

belonging to technological type k 

Yijk 

Number of assets put to inventory in the year i with j years of utilization 

belonging to technological type k 

Aik 

Number of purchased assets in the year i from technological type k (all 

purchased assets are new) 
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Zijkl 

Number of assets that are improved to technological type l in the year i 

with j years of utilization, which previously belonged to technological 

type k 

Fi 

Amount of emission permits saved as a result of reducing emissions or 

trading in the year i 

FTi 

Amount of emission allowances/permits bought (or sold if its value is 

negative) in the year i 

Economical Parameters 

cijk 

The production capacity of an asset in the year i with j years of utilization 

belonging to technological type k 

pik The purchase cost of an asset in year i belonging to technological type k 

eijkl 

Cost of improving of an asset to technological type l from technological 

type k in the year i with j years of utilization 

mijk 

Operation and maintenance costs of an asset in the year i with j years of 

utilization belonging to technological type k 

hijk 

Inventory cost of an asset in the year i with j years of utilization 

belonging to technological type k 

rijk 

The salvage value of an asset in the year i with j years of utilization 

belonging to technological type k 
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njk 

Number of assets of technological type k with j years of utilization 

available in the beginning of the time 

di Market demand in the year i 

pzikl 

The possibility of improving an asset from technological type k to l in the 

year i. Its value is zero if such improvement is not feasible. 

Environmental Parameters 

qik 

Emissions associated with manufacturing, transporting, and installing an 

asset or in other words environmental impacts of purchasing an asset of 

technological type k in the year i 

gijk 

Emissions associated with operating an asset of technological type k with 

j years of utilization in the year i 

wijk 

Emissions associated with keeping an asset of technological type k with j 

years of utilization in the year i in inventory 

vijk 

Emissions associated with salvaging an asset of technological type k with 

j years of utilization in the year i 

tijkl 

Emissions associated with improving an asset of technological type k to 

type l with j years of utilization in the year i 

fi Emissions cap in the year i 
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Fl Maximum permits allowed to save 

cvi Price of emission allowance in the year i 

 

The objective function of the model which is meant to minimize both ownership costs and GHG 

emissions is: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒:      ∑ ∑(𝑝𝑖𝑘 + 𝑞𝑖𝑘 ∗ 𝑐𝑣𝑖)𝐴𝑖𝑘

𝑘𝑖

+ ∑ ∑ ∑(𝑚𝑖𝑗𝑘 + 𝑔𝑖𝑗𝑘 ∗ 𝑐𝑣𝑖)𝑋𝑖𝑗𝑘 + (ℎ𝑖𝑗𝑘 + 𝑤𝑖𝑗𝑘 ∗ 𝑐𝑣𝑖)𝑌𝑖𝑗𝑘

𝑘𝑗𝑖

+ ∑ ∑ ∑ ∑(𝑒𝑖𝑗𝑘𝑙 + 𝑡𝑖𝑗𝑘𝑙 ∗ 𝑐𝑣𝑖)𝑍𝑖𝑗𝑘𝑙

𝑙𝑘𝑗𝑖

− ∑ ∑ ∑(

𝑘𝑗

𝑟𝑖𝑗𝑘 − 𝑣𝑖𝑗𝑘 ∗ 𝑐𝑣𝑖)𝑆𝑖𝑗𝑘

𝑖

+ ∑ 𝐹𝑇𝑖 ∗ 𝑐𝑣𝑖

𝑖

 

The objective function is subject to these constraints: 

∑ ∑ 𝑐𝑖𝑗𝑘𝑋𝑖𝑗𝑘

𝑘𝑗

≥ 𝑑𝑖 , ∀𝑖 

Constraint 3.1 shows that the production of each period should suffice for the demand of 

that year. Production is defined as the number of assets utilized multiplied by their respective 

capacities. 

(3.1) 
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𝑋(𝑖−1)(𝑗−1)𝑘 + 𝑌(𝑖−1)𝑗𝑘 − 𝑆(𝑖−1)𝑗𝑘 − ∑ 𝑍(𝑖−1)𝑗𝑘𝑙

𝑙

+ ∑ 𝑍(𝑖−1)𝑗𝑙𝑘

𝑙

= 𝑋𝑖𝑗𝑘 + 𝑌𝑖𝑗𝑘 , ∀𝑖 > 0,

𝑗 > 0, 𝑘 

Constraint 3.2 is the flow of the assets from each year to the next. It explains what options 

are ahead of an asset each year. The options include being utilized, stored, improved, or salvaged. 

The summations indicate that all the improvement from a specific technological type or to that 

specific type should be considered. 

∑ ∑ 𝑔𝑖𝑗𝑘𝑋𝑖𝑗𝑘 + 𝑤𝑖𝑗𝑘𝑌𝑖𝑗𝑘 + 𝑣𝑖𝑗𝑘𝑆𝑖𝑗𝑘

𝑘𝑗

+ ∑ 𝑞𝑖𝑘𝐴𝑖𝑘

𝑘

+ ∑ ∑ ∑ 𝑍𝑖𝑗𝑘𝑙𝑡𝑖𝑗𝑘𝑙

𝑗𝑙𝑘

= 𝑓𝑖 − (𝐹𝑖 − 𝐹𝑖−1) + 𝐹𝑇𝑖  , ∀𝑖 

Constraint 3.3 relates to GHG emissions and the cap-and-trade market. It shows that the 

amount of emissions must be equal to the imposed cap of the year plus the use of saved permits 

and traded permits. As seen above, all the options that are on the table for the firm come at an 

environmental price. 

𝐹𝑖 ≤ 𝑓𝑙 , ∀𝑖 

Constraint 3.4 puts a limit on the maximum allowances that the firm could accumulatively 

bank. 

𝑛𝑗𝑘 = 𝑋0𝑗𝑘 + 𝑌0𝑗𝑘 + 𝑆0𝑗𝑘 , ∀𝑗, 𝑘 

Constraint 3.5 connects the parameter of assets in the first year with the three options 

available for assets in the first year. 

(3.2) 

(3.3) 

(3.4) 

(3.5) 
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𝐴𝑖𝑘 = 𝑋𝑖0𝑘 + 𝑌𝑖0𝑘 , ∀𝑖, 𝑘 

Constraint 3.6 rules that all the new purchases of each year will be utilized or stored in the 

same year. 

𝐴0𝑗𝑘 = 𝑍0𝑗𝑘𝑙 = 0 , ∀𝑗, 𝑘, 𝑙 

Constraint 3.7 rules that based on the assumptions of the model, no purchases or 

improvements are allowed. 

𝑆𝑖0𝑘 = 0 , ∀𝑖, 𝑘 

Constraint 3.8 bans the salvage of brand-new or non-utilized assets. 

𝑍𝑖𝑗𝑘𝑙 , 𝑋𝑖𝑗𝑘, 𝑌𝑖𝑗𝑘, 𝑆𝑖𝑗𝑘, 𝐴𝑖𝑗𝑘 ∈ ℕ , ∀𝑖, 𝑗, 𝑘, 𝑙 

Constraint 3.9 explains that all variables are integer except Fi and FTi. This is because all 

variables except Fi and FTi represent numbers of assets, but Fi and FTi are the variables for saving 

and trading the permits, respectively, which do not represent integer numbers. 

𝑍𝑖𝑗𝑘𝑙 , 𝑋𝑖𝑗𝑘, 𝑌𝑖𝑗𝑘, 𝑆𝑖𝑗𝑘, 𝐴𝑖𝑗𝑘 , 𝐹𝑖 ≥ 0 , ∀𝑖, 𝑗, 𝑘, 𝑙 

Constraint 3.10 makes all variables except FTi positive. FTi is the variable for 

trading emission allowances, and therefore, if obtains positive values it means in that year the firm 

should buy permits, and if obtains negative values it means that the firm should sell that amount 

of emission allowances. 

𝑍𝑖𝑗𝑘𝑙 = 0 , ∀𝑗 > 𝑀, 𝑖, 𝑘, 𝑙 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 
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Constraint 3.11 explains that the maximum age for retrofit is M. Hence, if an asset has been 

utilized for more than M years it cannot be improved. 

𝑍𝑖𝑗𝑘𝑙 ≤ 𝑝𝑧𝑖𝑘𝑙 ∗ γ , ∀𝑖, 𝑗, 𝑘, 𝑙 

Constraint 3.12 indicates which transformations between two types of technology are 

possible. If the value is zero in parameter pzikl – the matrix that determines which retrofit 

transformations are feasible – the associated decision variable of retrofit must also be zero. If the 

parameter’s value is one, the decision variable could be either zero or any positive integer, so the 

model will determine the number of retrofit of that kind. Symbol 𝛾 in the equation simply 

represents a very big number. 

𝑋𝑖𝑁𝑘 = 𝑌𝑖𝑁𝑘 = 𝑍𝑖𝑁𝑘𝑙 = 0, ∀𝑖, 𝑘, 𝑙 

Constraint 3.13 demonstrates that the assets cannot be used, stored, or improve once they 

exceed their maximum age and must be salvaged. 

𝑆 𝑇𝑗𝑘 = 𝑋𝑇𝑗𝑘 + 𝑌𝑇𝑗𝑘 ∀𝑗, 𝑘 

Constraint 3.14 indicates that all utilized assets and assets in inventory must be salvaged at 

the end of the time horizon. 

𝐹0 = 0 

Constraint 3.15 indicates that the firm has no emission permits banked in the first year. 

𝐹𝑇0 ≥ 0 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

(3.16) 
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Constraint 3.16 explains that the firm cannot sell any permits in the first year and shall 

either purchase permits or not trade at all. 

 Results of the model will inform the firm when to buy new assets, when to improve 

existing assets, whether to use an asset or to put in inventory in each year, and how to manage the 

permits and trade them in the market to meet the emission cap.  
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4 CASE STUDY, RESULTS, AND SENSITIVITY ANALYSIS 

4.1 ORIGINAL RUN 

We used the data gathered by (Abdi, Taghipour, & Khamooshi, 2018) [see Table 4.1] in our model 

with some modifications. The modifications entail adding another dimension to many of the 

parameters to consider different technological types, and in some cases tweaking the values 

slightly in order to make them compatible with our model’s unique assumptions. The data used in 

this model is from a fleet of excavators in Ontario. The planning horizon of the model is considered 

9 years. The maximum utilization allowed for an excavator is 6 years, and the maximum age of an 

excavator to be improvable is 4 years. Although the model is capable of deeming different 

technological improvement possibilities in different years, we presumed that any improvement to 

a higher technology is possible at all times. The functions that generate the data used in the model 

and other parameters followed by their values are listed in Table 4.1: 

Table 4.1 Data generating functions. 

Parameter Function used unit 

cijk 85000 – 1000j + 5000k  m3 (cubic meter) 

pik 300000 + 10000i + 30000k $ 

eijkl 20000(l-k) + 1000i + 1000j  $ 

mijk 80000 + 500i + 1000j – 3000k $ 

hijk 7000 + 100i + 50j -100k $ 
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rijk 180000 – 5000j + 1000i + 15000k $ 

di 6500000 + 60000i  m3 

pzikl 1 if l > k, otherwise 0 NA 

qik 1100 – 10i + 50k tons of CO2-eq 

gijk 500 – 50i + 50j – 85k  tons of CO2-eq 

wijk 80 – i + 5j – 5k tons of CO2-eq 

vijk 120 – i + 5j – 7k tons of CO2-eq 

tijkl 400 + 100(l-k) – 5i + 10j  tons of CO2-eq 

fi 7000 – 500i tons of CO2-eq 

Fl 500,000 tons of CO2-eq 

cvi 15 - 0.3i $ 

 

It is assumed that there are four types of excavators available. The firm owns a total of 10 

excavators of different types at the beginning of the time horizon. The number of excavators of 

each type that the firm possesses in i = 0 is shown in Table 4.2: 

Table 4.2 Assets owned by the firm in the first year. 

 Technological type  
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age 0 1 2 3 

0 0 0 0 0 

1 0 2 0 0 

2 0 4 0 0 

3 3 0 0 0 

4 0 1 0 0 

5 0 0 0 0 

 

We used  (CPLEX, 2017) to solve this model on a personal computer running with the 

Windows 10 operating system, and a 3.20 GHz CPU and 8.00 GB RAM. 

The objective function’s value is $8,397,599. This is the minimum total cost that could be 

achieved by solving the model with the parameters provided in Table 4.1. 

First, we discuss the variable of purchasing new assets. The model recommends purchasing 

from either the highest or the lowest technologies of excavators. As an example, the firm should 

buy 3 of the highest technological type and one of the lowest one in the second year. The model 

suggests that no purchases shall be made in the last 4 years. The list of all purchases can be found 

in Table 4.3: 
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Table 4.3 New assets purchased. 

  Technological type 

year 0 1 2 3 

0 0 0 0 0 

1 1 0 0 3 

2 1 0 0 1 

3 3 0 0 0 

4 0 0 0 3 

5 0 0 0 0 

6 0 0 0 0 

7 0 0 0 0 

8 0 0 0 0 

 

Second, the variable of improvement is reviewed. Most of the improvements happen in the 

second year. There is one improvement in the third year and three improvements in the fourth year. 

The model does not urge any improvements after that. This could be explained by the fact that 

excavators with 5 years of utilization or more are not improvable. Table 4.4 shows all the 

improvements suggested by the model: 
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Table 4.4 Improvement of assets. 

i 

(size 9) 

j 

(size 6) 

k 

(size 4) 

l 

(size 4) 

Value 

1 3 1 3 4 

3 1 0 3 3 

2 1 0 3 1 

1 2 1 3 1 

1 1 1 3 1 

1 1 0 3 1 

 

Both variables of purchasing and improvement seem to indicate that it is in the firm’s 

interest to build up and adjust its fleet of excavators in the first half of the time horizon. Late 

purchases and improvements do not appear to be cost-efficient. 

Third, the variable of saving or banking of allowances is examined. The model does not 

recommend keeping any emission allowances at all, which could be explained by the assumed 

decreasing trend in the carbon price. Therefore, the firm ought to buy only as much permits as it 

needs for the current year, and in case it did not use all the permits of one year, it should sell the 

extra permits the same year. 
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Next, the variable of inventory is analyzed. The model keeps two of the excavators in 

inventory for the first year. In the second year, the number of excavators in inventory grows to 6, 

one of which is from the first year. In the third year, there are 4 excavators in inventory, but they 

are all different from the ones in the second year. The next three years after the third year, the 

variable of inventory shows 4 to 6 excavators in inventory. This number drops to only one 

excavator in the seventh year, and the model recommends no excavators in inventory after the 

seventh year. 

The data shows that excavators do not remain in inventory for more than 3 years, and in 

most cases even less than that. The excavators are then either improved or utilized again. This 

could be justified by the limited time horizon of this case study. If an excavator is going to stay in 

inventory for more than one-third of the time horizon, it will probably be salvaged or improved. 

Table 4.5 shows the data on inventory: 

Table 4.5 Assets put in inventory. 

i 

(size 9) 

j 

(size 6) 

k 

(size 4) 

Value 

3 1 3 5 

5 2 3 4 

4 1 3 4 

1 3 1 4 
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2 1 3 3 

6 3 3 1 

4 2 3 1 

3 2 3 1 

2 2 3 1 

1 2 1 1 

1 1 1 1 

0 4 1 1 

0 1 1 1 

 

Finally, the variable for salvaging excavators has the value of 4, both in the second and 

fourth year, and 2 in the sixth year, and finally recommends salvaging all the remaining excavators 

at the end of the time horizon. The model shows a trend of more adjustments to the fleet in the 

beginning. The more it gets closer to the end of time horizon, the less becomes the tendency of the 

model to change the set of excavators. It suggests a balanced dedication of budget among 

purchasing new and improving the existing excavators. At this point, the question would be how 

much of these results depends on the values that are given to the parameters of the model. To 

examine that, a sensitivity analysis is conducted and studied in the next section. 
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4.2 SENSITIVITY ANALYSIS 

After discussing the solution of the model in the previous section, the different results that the 

model produces based on the change in the input data will be examined. The first analyzed 

parameter is the price of carbon in the market. If the decreasing pattern changes to a fixed cost of 

$15 CAD for the entire duration of the time horizon, no significant change occurs, but the objective 

function obtains a value of $8,412,200 CAD, which is slightly higher than the original run. Should 

the carbon price’s pattern change to an increasing pattern with the same slope instead of 

decreasing, the model recommends purchasing allowances as much as the regulation’s limit 

allows. However, none of the other decision variables acquire different values in this scenario, and 

the objective function slightly increases to $8,416,220 CAD. 

Should the slope of the increase in demand rise and the demand increases 80,000 m3 per 

year instead of 60,000 m3, the objective function changes to $9,369,949 CAD, and all the decision 

variables show a larger scale. This means more purchases, more improvements, and possession of 

more excavators throughout the time horizon. These results are not far from what would be 

expected from a higher growth rate in demand. 

In contrary, if the annual growth of demand is lower and is at 40,000 m3 per year, the 

number of purchases and the number of excavators possessed decreases, yet a slight increase is 

observed in the variable of improvements. Moreover, the objective function drops to $7,476,591 

CAD. 

If the base cost of improving excavators to a higher technology (i.e. the costs that do not 

change over time and are not dependent on the age of an excavator) is cut in half, the variable of 
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improvement increases drastically. Furthermore, the model urges the firm to only buy excavators 

of the lowest technology in this case. Table 4.6 and Table 4.7 show the variables of purchasing 

and improvement respectively: 

Table 4.6 The new assets purchased when the base cost of the improvement is cut in half. 
 

Technological type 

year 0 1 2 3 

1 0 0 0 0 

2 8 0 0 0 

3 0 0 0 0 

4 3 0 0 0 

5 0 0 0 0 

6 2 0 0 0 

7 0 0 0 0 

8 0 0 0 0 

9 0 0 0 0 
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Table 4.7 The assets improved when the base cost of the improvement is cut in half. 

i 

(size 9) 

j 

(size 6) 

k 

(size 4) 

l 

(size 4) 

Value 

1 1 0 3 8 

1 3 1 3 4 

3 1 0 3 3 

5 1 0 3 2 

1 2 1 3 1 

1 1 1 3 1 

 

Not surprisingly, if the base cost of improvement increases, the model tends to suggest 

buying more advanced excavators and has less desire to improve existing ones. A 20% increase in 

the base cost would make the model suggest buying 3 excavators of the lowest kind and 9 of the 

most advanced type, and the total number of suggested improvements declines to 8. If the base 

cost increases by 30% the total number of improvements drops to 2, and if it increases by 37%, 

the model recommends no improvement of any kind and suggests purchasing a total of 12 

excavators, all of which shall be from the most advanced technological type. It can be concluded 

that the cost of improvement has a tremendous impact on the optimal decision of the firm. 
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Therefore, an accurate assessment of the financial costs of improving assets is vital to plan the 

optimal strategy. 

The change in the base price of purchasing excavators does not change any of the decision 

variables, and it only increases the objective function value. In contrary to this, a 2.5% increase in 

the price gap between the purchasing price of a technological type and the next technological type 

could lead to a substantial change in the decision variables. This would suggest that the firm should 

only buy 2 of the most advanced excavators in the second year, but the rest of its purchases ought 

to be from the most basic excavators. In this case, the number of improvements would also grow 

considerably. Table 4.8 and Table 4.9 show the data of the purchases and improvements’ decision 

variables respectively: 

Table 4.8 The new assets purchased with a 2.5% increase in the price gap between technological 

types. 
 

Technological type 

year 0 1 2 3 

0 0 0 0 0 

1 6 0 0 2 

2 0 0 0 0 

3 3 0 0 0 

4 0 0 0 0 
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5 2 0 0 0 

6 0 0 0 0 

7 0 0 0 0 

8 0 0 0 0 

 

Table 4.9 The assets purchased with 2.5% increase in price gap between technological types 

i 

(size 9) 

j 

(size 6) 

k 

(size 4) 

l 

(size 4) 

Value 

1 1 0 3 6 

1 3 1 3 4 

3 1 0 3 3 

5 1 0 3 2 

1 2 1 3 1 

1 1 1 3 1 

 

Based on these results, it is understood that the gap between the prices of technological 

types could change the solution of the model significantly. The prices of technologically assorted 

excavators, and the costs associated with improving them, would be expected to have a key role 

in the results of the model’s solution. Gathering accurate data is one of the most important tasks 
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that the firm must perform, if not the most important. As observed for some parts of the data, even 

one percent alteration could make an influential difference in the solution of the model. 

Table 4.10 summarizes the results of sensitivity analysis experiments conducted in four 

categories. 

Table 4.10 Sensitivity analysis summary 

Parameter Sensitivity 

Carbon price Medium 

Demand Medium 

Retrofit cost Very high 

Purchasing base cost Low 

Purchasing cost gap between types High 
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5 CONCLUSION AND FUTURE RECOMMENDATIONS 

5.1 CONCLUSION 

Compared to other methods of confronting the problem of global climate change, emissions 

trading systems are rather newer. Hence, the literature seems to be open to a lot of new works. 

Still, a lot of studies could be done in the field of optimization and OR modelling under cap-and-

trade regulated markets, especially regarding parallel asset management. It is believed that cap-

and-trade systems are yet to be implemented widely in the developed countries and that the future 

of mitigation of carbon and other GHG emissions will be more inclined to the use of emissions 

trading systems. 

As cap-and-trade regulations become more common, the classic models for problems like 

parallel asset management and their solutions are to become less practical and the literature will 

feel the thirst for new works that consider new environmental regulations and factors in them. 

In this thesis, first, the literature around the carbon pricing instruments was reviewed. Then 

the literature around the replacement problem and parallel asset management was contemplated, 

and finally, the works around models considering the environmental factors were introduced. Next, 

the problem of this thesis was described in details and the model was presented comprehensively. 

The thesis then continued to go through the results of the model and their interpretation, and finally, 

a complete sensitivity analysis was conducted. 
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5.2 RECOMMENDATIONS 

The use of this mathematical model could help companies reduce their costs and GHG emissions 

significantly. Considering the seven decision variables in our model, its solutions suggest detailed 

answers to the decision-makers of the firm. The flexibility of this model gives it the potential to 

be used by a broad variety of businesses and under different circumstances or different scenarios. 

Moreover, compared to previous models proposed in the literature of replacement problem and 

parallel asset management, this work takes new aspects of the problem into consideration and 

makes it closer to the lifelike complexity of the problem. 

Different available technologies for assets were deemed and it was made possible to 

consider a future technology to become available somewhere in the planning horizon of our model. 

This means that if a company knows when newer technology will become available, or when an 

existing technology will be extinct, they can use our model to take that into consideration. Finally, 

adding a banking feature of the cap-and-trade market in this model is another novelty of this work. 

Solutions of our model could help a firm decide how to manage their emission allowances to gain 

more financial profit while reducing their emissions. Provided that a firm has an accurate 

estimation of the future of carbon price, this model gives a detailed action plan regarding emissions 

permit management. 

As both the results of the original run and the runs associated with the analysis of sensitivity 

expressed, the accurate and precise collection of data and information used to feed the model is a 

very critical factor. In order to obtain meaningful and correct results from the model, it is important 

to use accurate parameters. Especially, the firms must do as best as they could in finding the costs 
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associated with a retrofit, as even slight changes in the base cost or the increments of the cost of 

improvement or retrofit can have a huge impact on the results of the model. 

5.3 LIMITATIONS AND FUTURE WORK 

There are yet some improvements that could be made to make this work more accurate. 

Firstly, this work deems deterministic parameters in the model, but as the nature of the pricing in 

markets like cap-and-trade is stochastic, it could be very valuable to consider the uncertainty of 

the problem. 

Secondly, no downtimes were considered in this work. This means that any failure of an 

asset will be fixed in a short time, and therefore, it will not have any impacts on its capacity. 

Reliability of the assets can be another aspect of the model that is open to expansion. To make the 

model closer to reality, stochastic methods could be also used to predict the time of occurrence 

and durations of such breaks. 

Finally, more detailed consideration of scope 1, 2, 3 GHG emissions could be an important 

opportunity for future work. Although we tried to expand the scope of emissions and consider 

most of the indirect emissions caused by the management of a fleet of assets in our work, in the 

future there could be a clear classification of emissions considered as it supposedly will be the 

concern of future GHG control regulations. 
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APPENDIX: CPLEX MIXED INTEGER PROGRAM SOURCE CODE 

The code presented in this section exactly represents the model from Chapter 3. The data 

generating functions were coded using the “execute” statement in CPLEX programming language. 

Should businesses want to change the input data, they may do so by either using the “execute” 

statement or adding the data directly to the database using CPLEX itself. 

Indices, decision variables, economic parameters, and environmental parameters are 

specified using the comments within the code. Constraints are also numbered for the ease of 

recognition. 
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/********************************************* 

 * OPL 12.8.0.0 Model 

 * Author: Amir Rajabian 

 * Creation Date: Aug 6, 2018 at 11:05:55 PM 

 *********************************************/ 

 

int T = 8; 

int N = 5; 

int M = 3; 

int KK = 3; 

 

// indices: 

 

range i = 0..T; 

range j = 0..N; 

range k = 0..KK; 

range l = 0..KK; 

 

// decision variables 

 

dvar int+ X[i][j][k]; 

dvar int+ S[i][j][k]; 

dvar int+ Y[i][j][k]; 

dvar int+ A[i][k]; 

dvar int+ Z[i][j][k][l]; 

dvar float+ F[i]; 

dvar float FT[i]; 

 

// economic parameters 

 

 float c[i][j][k]; 

 float p[i][k]; 

 float e[i][j][k][l]; 

 float m[i][j][k]; 

 float h[i][j][k]; 

 float r[i][j][k]; 
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 int n[j][k]; 

 float d[i]; 

 float pz[k][l]; 

 

// environmental parameters 

 

 float q[i][k]; 

 float g[i][j][k]; 

 float w[i][j][k]; 

 float v[i][j][k]; 

 float t[i][j][k][l]; 

 float f[i]; 

 float cv[i]; 

 float fl = 5000; 

 

// Giving values to parameters 

 

execute{ 

 

for (var qq1=0; qq1<=T; qq1++){ 

for (var qq2=0; qq2<=N; qq2++){ 

for (var qq3=0; qq3<=KK; qq3++){ 

for (var qq4=0; qq4<=KK; qq4++){ 

t[qq1][qq2][qq3][qq4] = 400 - 5*qq1 + 10*qq2 + 100*qq4 - 100*qq3; 

e[qq1][qq2][qq3][qq4]= 20000*qq4 - 20000*qq3 + 1000*qq1 + 1000*qq2; 

} 

} 

} 

} 

 

for (var qq3=0; qq3<=KK; qq3++ ){ 

for (var qq4=0; qq4<=KK; qq4++ ){ 

 if (qq3<qq4){pz[qq3][qq4]=1;} 

 else {pz[qq3][qq4]=0; 

} 

} 
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} 

 

for (var qq1=0; qq1<=T; qq1++ ){ 

for (var qq2=0; qq2<=N; qq2++ ){ 

for (var qq3=0; qq3<=KK; qq3++ ){ 

c[qq1][qq2][qq3]= 85000 - qq2*1000 + qq3*5000 ; 

m[qq1][qq2][qq3]= 80000 + 500*qq1 + 1000 * qq2 - 3000*qq3 ; 

h[qq1][qq2][qq3]= 7000 + qq1*100 + qq2*50 -qq3*100; 

r[qq1][qq2][qq3]= 180000 + 1000*qq1 - 5000*qq2 + 15000*qq3; 

g[qq1][qq2][qq3]= 500 - 50*qq1 + 50*qq2 -85*qq3 ; 

w[qq1][qq2][qq3]= 80 - qq1 + 5*qq2 -5*qq3; 

v[qq1][qq2][qq3]= 120 - qq1 + qq2*5 - 7*qq3; 

 

} 

} 

} 

 

for (var qq1=0; qq1<=T; qq1++ ){ 

for (var qq3=0; qq3<=KK; qq3++ ){ 

p[qq1][qq3]= 300000 + 10000*qq1 + 40000*qq3; 

q[qq1][qq3]= 1100 - 10*qq1 + 50*qq3; 

} 

} 

 

 

for (var qq2=0; qq2<=N; qq2++ ){ 

for (var qq3=0; qq3<=KK; qq3++ ){ 

n[qq2][qq3]=0; 

} 

} 

 

n[2][1]=4; 

n[1][1]=2; 

n[3][0]=3; 

n[4][1]=1; 
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for (var qq1=0; qq1<=T; qq1++ ){ 

d[qq1]= 650000 + qq1*60000; 

f[qq1]= 7000 - qq1*500; 

} 

 

for (var qq1=0;qq1<=T;qq1++){ 

cv[qq1]= 15 - 0.3*qq1 ; 

} 

} 

 

 

minimize 

   

  sum (kb1 in i , kb2 in k) (A[kb1][kb2]*(p[kb1][kb2]+(q[kb1][kb2]*cv[kb1]))) 

 +sum (kb3 in i , kb4 in j , kb5 in k) 

(X[kb3][kb4][kb5]*(m[kb3][kb4][kb5]+(g[kb3][kb4][kb5]*cv[kb3]))+ 

(Y[kb3][kb4][kb5]*(h[kb3][kb4][kb5]+(w[kb3][kb4][kb5]*cv[kb3])))) 

 +sum (kb6 in i , kb7 in j , kb8 in k , kb9 in l) 

(Z[kb6][kb7][kb8][kb9]*(e[kb6][kb7][kb8][kb9]+(t[kb6][kb7][kb8][kb9]*cv[kb6]))) 

 +sum (siht44 in i) (FT[siht44]*cv[siht44]) 

 -sum (kc1 in i , kc2 in j , kc3 in k) (S[kc1][kc2][kc3]*(r[kc1][kc2][kc3]-

(v[kc1][kc2][kc3]*cv[kc1]))) 

 ; 

 

subject to { 

    

 //1 

 forall (kd6 in i) (sum(kd7 in j, kd8 in k)(c[kd6][kd7][kd8]*X[kd6][kd7][kd8]) >= 

d[kd6]); 

 

 //2 the flow 

 forall (bb1 in i:bb1>0, bb2 in j:bb2>0, bb3 in k) (X[bb1-1][bb2-1][bb3] + Y[bb1-

1][bb2][bb3] - S[bb1-1][bb2][bb3] - sum(bb4 in l: bb4 != bb3)(Z[bb1-

1][bb2][bb3][bb4]) + sum (bb5 in l: bb5 != bb3)(Z[bb1-1][bb2][bb5][bb3]) == 

X[bb1][bb2][bb3] + Y[bb1][bb2][bb3]) ; 
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 //3 

 forall (bb6 in i:bb6>0) (sum(bb7 in j, bb8 in k) 

((g[bb6][bb7][bb8]*X[bb6][bb7][bb8]) + (w[bb6][bb7][bb8]*Y[bb6][bb7][bb8]) + 

(v[bb6][bb7][bb8]*S[bb6][bb7][bb8])) + sum(bb9 in k)(q[bb6][bb9]*A[bb6][bb9]) + 

sum(cb7 in j,cb8 in k, cb9 in l) (Z[bb6][cb7][cb8][cb9]*t[bb6][cb7][cb8][cb9]) == 

f[bb6]-(F[bb6]-F[bb6-1]) + FT[bb6]); 

 

 //4 

 forall (sht33 in i) (F[sht33] <= fl); 

 

 //5 

 forall (cb2 in j, cb3 in k)(n[cb2][cb3] == 

X[0][cb2][cb3]+Y[0][cb2][cb3]+S[0][cb2][cb3]); 

  

 //6 

 forall (db1 in i: db1>0, db2 in k) (A[db1][db2] == X[db1][0][db2] + Y[db1][0][db2]); 

 

 //7  

 forall (db3 in j, db4 in k, db5 in l) (Z[0][db3][db4][db5] == 0); 

 //7 

  forall (db3 in j, db4 in k, db5 in l) (A[0][db3][db4][db5] == 0); 

 

 //8 

 forall (db6 in i, db7 in k) (S[db6][0][db7] == 0); 

  

 //9 & 10 restrictions are included in the definition of the variables 

  

 //11 

 forall (ob1 in i, ob2 in j: ob2 > M, ob3 in k, ob4 in l) (Z[ob1][ob2][ob3][ob4] == 

0); 

 

 //12 

 forall (ob6 in i, ob7 in j, ob8 in k, ob9 in l) (Z[ob6][ob7][ob8][ob9] <= 

pz[ob8][ob9]*5000000000); 
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 //13 

 forall (kl1 in i, kl3 in k) (X[kl1][N][kl3] == 0); 

 //13 

 forall (kl1 in i, kl3 in k) (Y[kl1][N][kl3] == 0); 

 //13 

 forall (kl1 in i, kl3 in k, kl4 in l) (Z[kl1][N][kl3][kl4] == 0); 

 

 //14 

 forall (rjb in j, rjb1 in k) (S[T][rjb][rjb1] == X[T][rjb][rjb1] + Y[T][rjb][rjb1]) 

; 

 

 //15 

 F[0] == 0; 

 

 //16 

 FT[0] >= 0; 

  

 }   
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