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ABSTRACT 

Evaluation of factors for adoption of alternative fuel-based vehicles. 

Varshini Venkatesh 

This thesis develops a system dynamics simulation model for evaluating five factors like customer 

awareness, government initiatives, cost of vehicles, cost of fuels, infrastructure developments to 

increase the adoption of alternative fuel vehicles like EV’s, Biofuel vehicles and Hydrogen vehi-

cles. This model also integrates other modes of sustainable transportation like bikes and public 

buses. This helps in providing insights about the vehicle adoption over time and the reduction of 

greenhouse gases from the transportation sector. System dynamic simulation technique is used in 

this study to evaluate these fuels. Three scenarios were modeled: A baseline scenario that follows 

the existing trends, Scenario 1, which prioritizes higher adoption of electric vehicles (EVs) and 

biofuel-powered vehicles, Scenario 2 prioritizes hydrogen fuel-based vehicles and improved biking 

culture. The simulation findings show that all scenarios achieve reductions in GHG emissions com-

pared to the baseline, with Scenario 2 showing the lowest emissions because of the near-zero emis-

sions features of hydrogen fuel-based vehicles and the advantages of enhanced bicycle transporta-

tion. It was found that cost had a huge impact in the growth of adoption of these vehicles and modes 

of transportation. A combination of technology developments, government initiatives that are sup-

portive of the effort, and significant investment in infrastructure shaping customer perception is 

essential in reducing the overall GHG emissions which also aligns with Canada’s net zero goals.  

Keywords: Alternative fuel, system dynamic simulation, sustainable transportation, GHG emis-

sions 
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CHAPTER 1  

INTRODUCTION 

1.1 BACKGROUND  

When we discuss climate change, we refer to the continuous transition of weather patterns from 

tropical regions to the polar. This is a global hazard that has already begun to impact a diverse 

array of industries. In addition, the gradual decline of ecological systems has resulted in the loss 

of biological diversity, as the survival and existence of a significant number of species have been 

in peril due to the change in climate (Abbass et al., 2022). This is due to the temperature ranges 

that are considered to be desirable have fluctuated. An overwhelming body of scientific evidence 

suggests that human activities, in particular the combustion of fossil fuels such as coal, oil, and 

gas, are a contributor to the levels of atmospheric carbon dioxide and other greenhouse gases in 

the environment. This, in turn, contributes to the increase in the average temperature of the earth's 

surface. As a consequence of global warming, severe climatic changes are anticipated to occur, 

and many of these changes are expected to have a negative impact on human communities (Hough-

ton, 2001). Anthropogenic climate change is projected to go on for a significant number of centu-

ries, according to projections. When it involves climate change, everything we are accomplishing 

is putting ourselves in danger, and the consequences that could emerge from this could be disas-

trous (Karl & Trenberth, 2003). The usage of fossil fuels, which include coal, oil, and natural gas, 

is widespread and has historically been an essential element in the growth of both the economy 

and the industrial sector. As a consequence of this dependence, however, a variety of complex 

issues have arisen, including pollution, adverse impacts on health, and a weakening of the econ-

omy.  

There is a limited amount of fossil fuels readily available on our planet. Additionally, conventional 

energy sources are considered to be contributors to the release of greenhouse gases. Alternative 

fuels and energy sources will need to be developed before the depletion of fossil fuels, which is 

inevitable. A significant amount of research is being conducted all over the world in order to find 

alternative fuels that have the potential to meet our energy requirements in the present as well as 



 

2 

 

in the future without contributing to any additional climate change of the planet (Sangeeta et al., 

2014). 

 

Figure 1 Carbon cycle process explaining climate change (Chukwuemeka et al., 2024). 

1.2 GREENHOUSE GAS EMISSIONS IN TRANSPORTATION SECTOR 

The transportation industry significantly contributes to greenhouse gas (GHG) emissions in Can-

ada. Environment and Climate Change Canada reports that transportation accounts for around 22% 

of the country's total emissions, equating to around 150–170 million tons of CO₂ equivalent (CO₂e) 

annually (Canada, 2024). The role of this sector is primarily influenced by road transportation, 

encompassing passenger vehicles, light-duty trucks, and heavy-duty trucks. These cars release car-

bon dioxide and other pollutants during combustion, constituting a significant component of the 

nation's total emissions. 

Besides road transportation, other modes also contribute to the emission profile, but to a lower 

degree. Aviation, maritime, and rail transportation contribute to the overall emissions. Aviation 

emissions, albeit less voluminous than those from road transportation, are significant due to their 
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substantial impact per unit of fuel combusted. Marine transportation, especially in coastal and port 

communities, contributes to emissions through fossil fuel burning and operating activities. Rail is 

generally more energy efficient; yet, it still contributes to overall emissions when operated by 

diesel locomotives. 

 

Figure 2  Breakdown of Canada’s GHG emissions of various sectors (Canada, 2023). 

Current trends demonstrate an increasing imperative to mitigate these emissions. The federal and 

provincial governments have implemented strategies to decrease dependence on gasoline and die-

sel fuels. This encompasses promoting the adoption of electric cars (EVs) and biofuel alternatives, 

investing in renewable energy sources, and enhancing public transit systems. There is a growing 

focus on enhancing infrastructure to facilitate active transportation modes like cycling and walk-

ing, which provide the combined advantages of decreasing emissions and advancing public health. 



 

4 

 

These findings are further supported by Statistics Canada, which shed light on fuel consumption 

and transportation trends. Recent reports indicate that the increasing number of automobiles on the 

road corresponds with a growth in total fuel consumption and associated emissions. This associa-

tion underscores the necessity for a thorough shift to cleaner transportation technologies and en-

hanced infrastructure expenditures. 

Efforts to reduce these emissions are diverse. Technological breakthroughs, like enhancements in 

battery storage for electric vehicles and more efficient biofuel production methods, are rendering 

low-emission options increasingly viable and cost-effective. On the other hand, policy initiatives 

such as carbon pricing, incentives for the acquisition of green vehicles, and laws aimed at emission 

standards are intended to alter consumer choices and industrial practices. Collectively, these initi-

atives are crucial for diminishing the environmental impact of the transportation sector while com-

plying with Canada’s national and international climate objectives. 

1.3 POLICIES AND INITIATIVES FOR ALTERNATIVE FUELS IN CANADA 

There are a number of policies and initiatives that have been implemented by the government of 

Canada in order to support the transition away from fossil fuels and toward other energy sources 

that are less harmful to the environment. These policies aim to improve public health, boost eco-

nomic growth in the sector of clean energy, and reduce emissions of greenhouse gases by reducing 

the levels of pollution in the environment.  

Clean Fuel Regulations (CFR) 

Through the implementation of the Clean Fuel Regulations, which were approved by Canada in 

June 2022, fuel importers and manufacturers are obligated to gradually lower the amounts of car-

bon emissions that are produced by gasoline and diesel. By encouraging the development of fuels 

that are less harmful to the environment and the use of technology that is more environmentally 

friendly, this policy helps to mitigate the negative effects that transportation fuels have on the 

environment (Canada, 2022). 

Clean Fuels Fund (CFF)  

The federal government established the Clean Fuels Fund with the goal of encouraging the pro-

duction and distribution of fuels that are derived from renewable sources. The government has 
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committed nearly $1.8 billion to the expansion of the biofuels industry beginning in January 2025 

(N. R. Canada, 2025). This is in addition to the $776.3 million that has been allocated aside for 

sustainable fuel efforts between the years 2024 and 2030. This investment is being made with the 

intention of promoting growth within the energy sector and widening access to fuels with low 

carbon emissions. 

Program for Zero-Emission Vehicle Infrastructure (ZEVIP) 

An initiative known as the Zero-Emission Vehicle Infrastructure Program (ZEVIP) after coming 

to the realization that zero-emission vehicles (ZEVs) require infrastructure in order to function, 

Canada initiated the Zero-Emission Vehicle Infrastructure Program. A significant barrier to the 

widespread adoption of zero-emission vehicles (ZEVs) is addressed by this program, which pro-

vides funding for the building of hydrogen refueling stations and charging stations for electric 

vehicles all around Canada (N. R. Canada, 2024). 

 

Figure 3 Shows increase in jobs boosting economic growth in alternative energy sector (A Pivotal Moment - Clean 

Energy Canada, 2023). 

Electric Vehicle and Alternative Fuel Infrastructure Deployment Initiative (EVAFIDI) 

Established in 2016, the Electric Vehicle and Alternative Fuel Infrastructure Deployment Initiative 

has the objective of building a network of hydrogen refueling stations in key cities, natural gas 
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refueling stations along important freight passageways, and fast chargers for electric vehicles from 

coast to coast. This infrastructure development is absolutely necessary in order to facilitate the 

widespread adoption of alternative fuel vehicles (N. R. Canada, 2025b). 

Hydrogen Strategy for Canada 

The Hydrogen Strategy was released by Canada in December of 2020 with the intention of estab-

lishing the country as a global leader in the manufacturing, consumption, and export of hydrogen. 

The plan calls for the establishment of a transcontinental hydrogen corridor and provides invest-

ment tax incentives for the production of hydrogen. This is in accordance with the nation's com-

mitment to expanding hydrogen as a source of renewable energy (N. R. Canada, 2025b). 

Program for Green Freight 

In an effort to reduce emissions in the transportation and logistics industry, the Green Freight 

Program provides incentives that are not repayable for the purpose of recharging vehicles and 

purchasing environmentally friendly alternative fuel vehicles. This program helps achieve a re-

duction in emissions on a global scale by promoting the utilization of environmentally friendly 

technology in the transportation of goods (N. R. Canada, 2025d). 

Pricing of Carbon 

In order to incentivize emission reductions across a variety of businesses, Canada has implemented 

a carbon price system via which carbon is priced. The federal carbon tax has been increasing at a 

rate of $10 per tonne since 2018, and it is expected to reach $50 per tonne in 2022. This has been 

the case since the tax was first implemented. For both customers and businesses, this policy en-

courages the use of technology and energy sources that are less damaging to the environment 

(Wikipedia contributors, 2024).  

1.4 RESEARCH OBJECTIVES 

● Design a system dynamic model to imitate the increase in alternative fuel-based vehicles 

like electric vehicles, biofuel vehicles, hydrogen vehicles over time due to the factors like 

customer perception, government initiatives, infrastructure developments, cost of the fuels 

and vehicles.  
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● Integrate public buses and bikes in the model which helps lower ghg emissions.  

● To find the total reduction in greenhouse gas emissions over time.  

● To understand which factors driving the increase in vehicles have the highest influence.  

● To predict what if scenario analysis that finds the increase in alternative fuel-based vehi-

cles, decrease in gasoline vehicles due to its reducing popularity over time from 2024 to 

2050.  

● To understand which scenarios of alternative fuel-based vehicles, bikes and public buses 

is optimum and best for the reduction of total greenhouse gas emissions and hence will be 

useful in meeting net zero goal.  

● To predict the reduction in total ghg emissions from 2024-2050 to meet net zero goals of 

Canada.  

1.5 THESIS OUTLINE 

Chapter 1 provides a comprehensive background of Canada's transportation emissions challenges, 

setting the stage for the investigation. It begins by contextualizing climate change and the trans-

portation sector's role in greenhouse gas (GHG) emissions. The current Canadian alternative fuels 

policies, that encourage biofuels, hydrogen, and electric vehicles, are examined. Finally, the Chap-

ter describes the research objectives, which use system dynamics simulation to assess the influence 

of alternative fuels and sustainable transportation modes on GHG emissions by 2050.  

Chapter 2 reviews the field's literature extensively. Biofuels, hydrogen, and electric power are 

examined for the benefits and drawbacks in sustainable mobility. The study then examines how 

different countries are incorporating alternative fuels into their transportation sectors, sharing suc-

cessful techniques and lessons gained. The study then analyses the various methodologies to eval-

uate alternative fuels in transportation. The literature review summarizes the research gaps found 

from the existing literature to help us design effective research.  

Chapter 3 outlines the research methodology, beginning with an explanation of system dynamic 

modeling and the classification of its primitives in Insightmaker. It details the concepts of both 

causal loop and stock-flow diagrams, with practical examples, and explains the systematic steps 
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of system dynamic simulation. The Chapter further addresses the objectives and scope of the sim-

ulation, the conceptual design of the model that includes the analysis of variables, relationships 

and feedback loops, causal loop model of the simulation, stock and flow model, presentation of 

mathematical equations.  

Chapter 4 explains the numerical applications of the model by first validating the model. It also 

includes baseline scenario, two scenario analyses scenario 1 (EV uptake), and Scenario 2 (hydro-

gen vehicles increase) and finally sensitivity analysis for key parameters. 

Chapter 5 presents the empirical findings, beginning with the output of the baseline scenario and 

extending to the results of Scenario-1 and Scenario-2. It then discusses the inherent limitations of 

the model and provides a critical discussion that contextualizes the results within the research 

framework. 

The final Chapter 6 summarizes the key findings and draws conclusions based on the analysis 

presented in previous Chapters. It also outlines conclusions of the study and suggests potential 

directions for future research to address identified gaps and expand on the current work. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 INTRODUCTION 

There has been a recent crisis involving petroleum, unexpected price increases, and uncertainty 

surrounding supplies, all of which represent an immediate threat to the ability of the global econ-

omy to pursue more sustainable practices. Questions about the environment and the availability of 

gasoline are two factors that have a significant impact on rising fuel prices for transportation ve-

hicles. Internal combustion (IC) engines are responsible for the production of certain harmful pol-

lutants, such as carbon monoxide (CO), nitrogen oxides (NOx), particulate matter, smoke, and 

others. Therefore, the most important topic of research for internal combustion engines is the con-

current generation of power and the reduction of pollutants from the engine for generations to 

come. As a result of the gradually increasing density of transportation vehicles and the ever-in-

creasing need for gasoline, researchers and academics were driven to investigate the possibility of 

discovering new sources of fuel for transportation. Throughout the years, a number of tactics and 

processes have been developed, and they continue to be carried out, with the goal of increasing 

output, cost-effectiveness, and durability (Salvi et al., 2013). 

2.2 BIOFUELS 

Biofuels are a type of energy fuel that derives from organic sources, which are generally referred 

to as biomass. Biofuels are made from plants and other living things and can be cultivated and 

collected on a continuous basis. Forests, residue streams, agriculture and crucial harvests are the 

primary sources of biofuels that are used to replace fuels that are derived from fossil fuels (Polbu-

ree et al., 2015, Xue et al., 2018). The significance of biofuels lies in the fact that they take the 

place of energy sources that are derived from petroleum. A rising number of developed as well as 

developing nations have recognized the potential of biofuels as a means of reducing greenhouse 

gas emissions, decreasing their dependence on oil imported from other countries, and achieving 

targets related to rural development (Agency, 2004, Pacific Food System Outlook 2006-2007: The 

Future Role of Biofuels 9789812307262 - DOKUMEN.PUB, n.d.). Biofuels can be categorized 
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into a wide variety of generations, each of which is determined by the raw material and the manu-

facturing procedures used.  In the first generation of biofuels, corn, sugarcane, and vegetable oils 

are the primary sources of production. Both bioethanol and biodiesel are examples of such fuels. 

Second-generation biofuels are produced from non-food biomass, such as lignocellulosic re-

sources (such as forestry residues, agricultural waste, and other similar products). 

Third-generation biofuels are generated from microalgae and other lipid-rich organisms. Improved 

fuel production from sustainable sources of energy is the goal of fourth-generation biofuels, which 

are developed through the application of synthetic biology and genetic engineering (Chowdhury 

& Loganathan, 2019). The cracking or transesterification procedures are used to produce biodiesel, 

which is a well-known first-generation biofuel. Biodiesel is produced from the vegetable oils of 

oleaginous plants that have been refined. Glycerine and fatty acid, often known as biodiesel, are 

the byproducts of the process of transesterification, which typically involves the use of ethanol or 

methanol in conjunction with alkaline, acid, or enzymatic catalysts (Malode et al., 2020). 

 

Figure 4 Different generations of biofuels (Calvey et al., 2015). 

Ethanol is manufactured from cellulose materials (including wood residues, straw, and agricultural 

byproducts such as cellulose, mannose, and xylose), starches (such as wheat, corn, barley, and 

sweet potatoes), and sugars (raw sugarcane syrup, sugarcane molasses, sugar beet, and sweet 
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sorghum syrup, predominantly comprising glucose, fructose, and sucrose) as feedstocks. It is im-

portant to note that the type of raw material influences ethanol synthesis, as well as the predomi-

nant sugars present in these materials at certain phases. 

  

Figure 5 Shows the process of biofuel from extraction to transportation (Vedarethinam et al., 2024). 

2.3 HYDROGEN  

As a source of energy that is not solely efficient but also environmentally friendly and sustainable, 

hydrogen is rapidly becoming a key alternative fuel for automobiles. Hydrogen-powered vehicles, 

including fuel cell electric vehicles (FCEVs), hydrogen-powered internal combustion engines (H2-

ICEs), and hydrogen hybrid systems, are garnering an increasing amount of interest as govern-

ments and businesses look for ways to reduce their dependence on fossil fuels and reduce their 

carbon emissions. Gasification and Thermocatalysis processes, which begin with natural gas as 

the starting ingredient, are responsible for producing approximately half of all hydrogen that is 

produced today (Iulianelli & Basile, 2014). The next largest sources are coal, followed by heavy 
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oils and naphtha, and only 4% of hydrogen fuel that is produced comes from the generation of 

water through electricity. 

 

Figure 6 Fuel processing of gaseous, liquid, and solid fuels for hydrogen production (Holladay et al., 2008). 

Due to the fact that hydrogen can be created from all of the feedstocks as well as many more, it is 

considered to be a universal fuel (Holladay et al., 2008). The majority of these fuels require a 

distinct engine technology in order to function well. It has been widely held that the production of 

hydrogen through the use of green hydrogen is the most sustainable and greenest method so far. 

The process of electrolysis, which involves the separation of water molecules into hydrogen and 

oxygen, is responsible for its generation. This process makes use of electricity derived from re-

newable energy sources such as solar, wind, or hydroelectric power. Due to the fact that the process 

does not produce any greenhouse gases, it is an excellent option for a decrease of carbon emissions 

in the transportation sector. It is critical that the costs associated with producing and transporting 

hydrogen in a manner that is both environmentally responsible and efficient be dramatically de-

creased.  

It is necessary for building new generations of hydrogen storage technology for use in the trans-

portation and stationary industries. Last but certainly not the least, it is essential to bring down the 

cost of fuel-cell and other hydrogen-based technologies (Sharma & Ghoshal, 2014b). An 
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alternative competitive option can be achieved through the use of a hydrogen complex that is built 

around nuclear power stations that create hydrogen through the process of electrolysis (Aminov et 

al., 2024). One of the most common techniques for extracting hydrogen from natural gas is known 

as steam methane reforming (SMR), which in turn produces blue hydrogen. As opposed to the 

conventional gray hydrogen, blue hydrogen makes use of carbon capture and storage (CCS) tech-

nology in order to reduce the amount of carbon dioxide that is released into the atmosphere. Blue 

hydrogen provides an alternative that has a smaller carbon footprint and can serve as a temporary 

solution while further infrastructure for green hydrogen is constructed. Gray hydrogen is currently 

the most widely utilized technique of producing hydrogen, accounting for around 95% of the total 

hydrogen produced worldwide. As is the case with blue hydrogen, it is produced through the con-

version of steam methane, but it does not include any carbon capture processes. The release of a 

considerable amount of carbon dioxide into the atmosphere is one of the primary ways in which 

gray hydrogen contributes significantly to the increase in carbon emissions. 

2.4 ELECTRIC 

As opposed to conventional internal combustion engines, electric vehicles (EVs) are powered by 

the electric energy that is stored in batteries. There is a wide variety of electric vehicles, each of 

which is designed to cater to a certain set of driving requirements and infrastructure circumstances. 

Different kinds of electric vehicles include (Sanguesa et al., 2021): 

Battery Electric Vehicles (BEVs): They are fully electric vehicles that rely only on rechargeable 

battery packs to power an electric motor. BEVs are also known as battery electric vehicles. In 

addition to being completely charged from the electric grid, they do not create any pollution from 

their tailpipes. Generally speaking, battery electric vehicles (BEVs) have longer driven ranges as 

battery technology continues to advance. 

Plug-in Hybrid Electric Vehicles (PHEVs): They are vehicles that combine an internal combus-

tion engine with an electric motor and a battery that can be recharged. The gasoline engine kicks 

in after a specified range has been reached by these cars, which can be charged from the electric 

grid and run on electric power for a given amount of time. This dual powertrain offers flexibility, 

which in turn expands the overall range of the vehicle, while simultaneously reducing the amount 

of gasoline consumed and the emissions produced. 
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Fuel cell electric vehicles (FCEVs): They are vehicles that generate energy on-board by utilizing 

a fuel cell. This fuel cell combines hydrogen and oxygen in order to produce electricity, and the 

only pollution that a fuel cell produces is water vapor. In comparison to charging batteries, they 

can be refueled in a short amount of time, making them a potentially useful option for applications 

that require long-range and heavy-duty capabilities. 

 

Figure 7 Types of electric vehicles (Sanguesa et al., 2021). 

Electric charging is the process of transferring energy from an external power source to the battery 

of an electric vehicle by means of a charging station or outlet. The process is controlled by a battery 

management system (BMS), which is charged with monitoring and controlling the temperature, 

voltage, and state of charge of the battery in order to guarantee that the charging process is both 

safe and effective. The following are the three primary levels of charging (Sanguesa et al., 2021): 

Level 1 charging: It is accomplished by plugging the device into a conventional household outlet, 

which is commonly 120V in North America. The charging rate is minimal, and they can add any-

where from three to five miles of range each hour. They are the choice that is the slowest. In cases 

where only a short daily driving distance is required, Level 1 charging is the most suitable option. 

It is also effective for overnight charging. 

Level 2 charging: It is characterized by the utilization of a higher voltage source (often 240V in 

North America) and the requirement of specialized charging equipment. These electric vehicles 

have a faster charging rate, often delivering a range of 10 to 60 miles per hour, which makes them 

acceptable for use at public charging stations, as well as at home and in the workplace. When it 

comes to day-to-day use, level 2 charging is typically utilized in urban and suburban settings. 
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Level 3 charging: DC Fast Chargers are devices that convert alternating current (AC) to direct 

current (DC) outside of the car. They then send high power levels directly to the battery, which 

frequently reach 50 kW. In as little as twenty to thirty minutes, this technology may charge an 

electric vehicle to eighty percent of its capacity, making it a great method for long-distance travel 

as well as for rapid refueling on highways. On the other hand, high-power charging stations need 

a solid infrastructure and thus incur higher costs for installation and operation. 

 

Figure 8 Types of EV charging infrastructures (Charging 101, 2023). 

2.5 ADVANTAGES OF ALTERNATIVE FUELS 

The advantages of biofuels encompass a reduced risk of global warming, an improved environ-

ment, and the elimination of harmful gases and toxic substances. They combust efficiently, are 

biodegradable, and are environmentally sustainable. Biofuels receive government assistance and 

can reduce greenhouse gas emissions by around 50%. Employing agricultural residues and waste 

substrates as raw materials will mitigate the possible conflict between food and fuel while also 

generating biofertilizers and biopesticides. Biofuels derived from lignocellulosic materials yield 

minimal net greenhouse gas emissions, hence mitigating environmental impacts (Calvey et al., 

2015). High-yield energy crops, including switchgrass, giant miscanthus, sorghum, and other spe-

cies, serve as feedstock for cellulosic ethanol production and other biomass conversion processes. 

In comparison to many other perennial grass species and traditional agricultural crops, switchgrass 

(Panicum virgatum), acknowledged as an energy crop, exhibits resilience to diverse environmental 

conditions and produces substantial biomass in both favorable and adverse growth environments. 
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Genetic enhancement of switchgrass is essential to reduce the cost of delivered feedstock as a 

specialist bioenergy crop (Vedarethinam et al., 2024). 

Domestic production of hydrogen from renewable energy sources, including wind, tidal, and bio-

mass, may be feasible; but it will undoubtedly be insufficient to meet global demand. Initially, 

pollution resulting from global warming is alleviated by implementing renewable techniques for 

hydrogen production. Ultimately, it may be more advantageous considering the viability of carbon 

capture and storage. Advanced carbon capture techniques can mitigate 95% of CO2 emissions in 

the production of blue hydrogen. The use of hydrogen in transportation systems, either as fuel for 

internal combustion engines or as a fuel cell in electric vehicles, has received great positive atten-

tion as an energy policy issue. The sole result of hydrogen utilization is water vapor; no toxic 

gasses or CO2 emissions are generated. Hydrogen-powered vehicles significantly decrease de-

pendence on fossil fuels and substantially diminish exhaust pollutants (Sazali, 2020). 

Electric vehicles (EVs) have numerous benefits over internal combustion engine automobiles. 

Their environmental impact is a major advantage. EVs release no tailpipe pollutants like nitrogen 

oxides or particulate matter, which can pollute the air and cause respiratory issues (Alanazi, 2023). 

They emit less carbon than gasoline or diesel automobiles when fueled by renewable energy. En-

ergy efficiency and environmental benefits are EVs' trademarks. Inherently more efficient than 

combustion engines, electric motors convert more battery energy into vehicle movement. This 

reduces energy usage per mile, saving fuel over the vehicle's lifetime. Another benefit is lower 

maintenance (Alanazi, 2023). EVs feature fewer moving parts than typical cars, minimizing oil 

changes and brake wear owing to regenerative braking. Lower maintenance expenses and more 

dependable driving can result. EVs tend to perform well. Many electric vehicles accelerate quickly 

and run quietly, improving the driving experience. Electric motors' quick torque makes driving 

exciting and responsive. Improved air quality, energy efficiency, minimal maintenance, and out-

standing reliability make EVs a popular sustainable transportation option. 

2.6 DISADVANTAGES OF ALTERNATIVE FUELS  

Biofuels have a number of challenges, including the high cost of labor, the enormous storage re-

quirements, the growing demand for agricultural land, and the consumption of water. The viscosity 

of biofuel has the potential to reduce the efficiency of the engine, which is why conversion methods 
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are needed. Despite certain physical property restrictions, such as pour point and cloud point, bio-

diesel has been shown to produce lower levels of pollutant emissions compared to traditional fuels 

(Vedarethinam et al., 2024). 

In order to create a hydrogen fuel system that is both technologically and economically feasible, 

the most important problem that needs to be solved is the question of how to store hydrogen 

(Sharma & Ghoshal, 2014). There are significant financial and scalability challenges associated 

with green hydrogen, despite the fact that it has positive effects on the environment. The procedure 

of electrolysis requires an enormous amount of electricity; yet, the infrastructure required for re-

newable energy sources is currently slightly expensive. Furthermore, there is a possibility that 

certain regions will have difficulty acquiring freshwater for the purpose of electrolysis, which re-

quires the development of new techniques for electrolysis of seawater. The future of the blue hy-

drogen market is significantly influenced by a number of factors, including the price of fossil fuels, 

the characteristics of the global energy system, and the regulations governing carbon (AlHumaidan 

et al., 2023). Blue hydrogen produces more fugitive methane than gray hydrogen does, though 

having lower carbon dioxide emissions (Howarth & Jacobson, 2021). This is due to the fact that 

blue hydrogen uses more natural gas to power the carbon capture process more than gray hydrogen 

does. 

Electric vehicles have much potential, but their adoption is still low for severe reasons. Technology 

constraints have hampered EV dominance. Battery weight is the key problem because they add to 

car weight. Range and recharge time depend on the battery. Battery capacity limits EVs. The en-

ergy stored there permits them to travel a given distance. Users experience ‘range anxiety’, wor-

rying about finding a charging station before the battery dies. Another drawback of EVs is their 

long charging time (Un-Noor et al., 2017). Depending on the charger and battery pack, charging 

might take minutes to hours, making EVs inept against ICE vehicles, which can be refueled in 

minutes. Fast charging is being explored and certain facilities are available. No-charge fuel cell 

EVs are also available. These cars can be filled like a fuel tank, but they need enough hydrogen 

refueling stations and a viable hydrogen production method to thrive. Current safety concerns are 

mostly about FCVs. Hydrogen, which is very flammable, may cause serious harm if it escapes 

tanks. Society takes time to adopt a new, immature technology and its implications since it requires 

habit adjustment. Using an EV instead of a normal vehicle requires changing driving habits, 
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refilling habits, and being prepared to utilize an alternative transport in case of low battery, which 

is difficult. Although public charging stations have grown, they are still insufficient. This and the 

long charging time discourage EV adoption. Finding a public charging station to recharge the bat-

tery might be difficult because not all are compatible with all cars. EVs are more expensive than 

ICEs. Because batteries and fuel cells are expensive.  

2.7 GLOBAL PERSPECTIVES ON ALTERNATIVE FUEL DEVELOPMENT 

Developing control techniques for charging electric vehicles and incorporating these demands into 

smart grid infrastructures has received a lot of attention in the US. Researchers have looked into 

how grid energy storage and distributed renewable energy may be integrated with EV charging 

infrastructure to offer supplementary services. For instance, Tan et al. (2015) examine the oppor-

tunities and difficulties associated with EV integration with smart grids across the US. Vehicle to 

grid technology that allows bidirectional energy exchange between electric vehicles and the power 

grid, which benefits power grid were assessed. Zhou et al. (2020) did modeling and simulations 

for a study where the results show that coordinated charging schemes can lower peak loads and 

make the grid more reliable. Malik et al. (2024a) researched on biofuels in the United States has 

focused on integrating biofuel blends into the current transportation system and developing so-

phisticated conversion techniques. They gave an overview of recent progress in making biodiesel 

and bioethanol from waste feedstocks. They also focus on progress in both catalytic conversion 

and process optimization. The use of hydrogen fuel cells is seen as a crucial facilitator for the 

decarbonization of heavy-duty transportation in the United States. Hassan et al. (2023) offers a 

comprehensive analysis of recent advancements in water electrolysis techniques for environmen-

tally friendly hydrogen production, including the influence of innovative electrode materials along 

with system architecture on overall efficiency. Veziroglu and Macario (2010) concurrently assess 

the advancements in storage of hydrogen, distribution, and fuel cells for vehicle performance, en-

compassing life-cycle evaluations and cost reduction techniques essential for the commercial im-

plementation of hydrogen mobility.  

In India, swift urbanization and the government's dedication to mitigating air pollution have cata-

lyzed research on the integration of electric vehicles with smart grid networks. Ahmad (2019) 

examines the obstacles associated with the implementation of electric vehicle charging infrastruc-

ture in various urban and rural settings in India. They analyze battery performance in tropical 
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environments and suggest flexible charging algorithms that consider fluctuating grid circum-

stances. Singh et al. (2021) examine the contribution of renewable energy, particularly solar elec-

tricity, to the operation of electric vehicle charging stations and explore legislative strategies that 

may expedite electric vehicle adoption within the Indian market. India's extensive agricultural sec-

tor offers ample feedstock for biofuel manufacturing. Arora et al. (2023) provide an overview of 

biofuel manufacturing technologies utilizing lignocellulosic biomass, including waste products, 

addressing process enhancements and scalability problems. A study conducted by Balan (2014) 

examines the incorporation of biofuels into India's transportation infrastructure, evaluating the per-

formance of engines, emissions, and financial viability in urban and rural contexts. With an eye 

toward diversifying its energy mix, India is increasingly exploring hydrogen as a clean energy 

source. Qureshi et al. (2022) review the current status of hydrogen production using renewable 

energy in India and outline the technical challenges of scaling up water electrolysis systems. In a 

complementary study, Harichandan and Kar (2023) examine the development of hydrogen refuel-

ing infrastructure and assess the performance of hydrogen fuel cell vehicles in pilot deployments, 

providing recommendations for policy and regulatory improvements. 

China's dominance in manufacturing electric cars and technology for smart grids is well estab-

lished. Yuan et al. (2014) present a comprehensive assessment of the incorporation of electric 

vehicles with the smart grid in China, highlighting algorithms for control and the significance of 

vehicle-to-grid technologies in grid stabilization. Li et al. (2020) conduct a simulation-based study 

that assesses the influence of extensive adoption of electric cars on grid efficiency and examines 

coordinated charging techniques to alleviate peak load effects. Chinese research has concentrated 

on the conversion of agricultural leftovers and specialized energy-producing plants into biofuels.  

Pan et al. (2024) examine recent advancements in catalytic and thermochemical methods for bio-

fuel generation, emphasizing enhancements in output and sustainability. Tao et al. (2011) examine 

field experiments of blends of biofuel in commercial cars and address infrastructure problems in 

modifying distribution systems to accommodate biofuels. China's hydrogen research is advancing 

swiftly as the country aims to establish a robust hydrogen economy. Zhao et al. (2020) conduct a 

comprehensive evaluation of fuel cell vehicle efficacy and the financial obstacles linked to the 

establishment of a national hydrogen infrastructure. 
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The Energiewende in Germany has catalyzed significant research on the integration of electric 

vehicles into an upgraded grid. Jochem et al. (2012) examine smart charging and vehicle-to-grid 

(V2G) solutions aimed at alleviating grid impacts due to significant electric vehicle (EV) uptake. 

Their work addresses both technology solutions and the legislative and market processes necessary 

to facilitate these advancements. Guthoff et al. (2021) conduct complementary research utilizing 

simulation studies to assess grid impacts and recommend coordinated charging techniques that 

enhance overall grid performance. Biofuels are an important part of Germany's sustainable energy 

plan. A thorough analysis of biofuel production systems utilizing non-food crops and waste bio-

mass is given by Bringezu et al. (2009) who place special emphasis on process improvements and 

sustainability indicators. In a different study, Strzalka et al. (2017) evaluate the technical and fi-

nancial feasibility of modifying traditional petroleum infrastructure to accept biofuel blends. A 

key component of Germany's long-term energy plan is hydrogen. With a focus on cost-effective-

ness and safety, Apostolou and Xydis (2019) examine the state-of-the-art in hydrogen refueling 

network development and renewable hydrogen production. Studies such as those conducted by 

Bekel and Pauliuk (2019) that evaluate the longevity and performance of fuel-cell cars in Germany 

under actual driving circumstances supplement their work. 

2.8 METHODOLOGIES USED TO EVALUATE ALTERNATIVE FUELS 

 2.8.1 MULTI CRITERIA METHODOLOGY 

 Zorpas et al. (2016) investigated the effects of alternative fuels (hydrogen, natural gas, bio-etha-

nol, and bio-gas) by analyzing various factors most likely to impact the environmental, economic, 

and social sectors, to assess the viability of improving their percentage relative to conventional 

fuels. The results demonstrated that the economic criteria of alternative fuels are regarded as a 

significant advantage over traditional fuels, while the comparative assessment derived from the 

combination of properties with optimal values demonstrates and drives the analysis of hydrogen 

as the 'superior' alternative fuel source.  

Kim et al. (2020) conducted a to achieve the aim of GHG emissions reduction by 50% by 2050 

compared to 2008, vessels could operate on alternative maritime fuels like LNG, hydrogen, am-

monia, methanol, ethanol, biofuel, synthetic fuel, battery generated power, and others. Each alter-

native fuel has unique characteristics, which is a challenge. Alternative marine fuels may not emit 
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GHGs but pose a higher danger. While other alternative fuels may not emit GHGs and have low 

risk, their capital and operational costs may be significant. The purpose of this article is to examine 

selected alternative marine fuels and underline the need for integrated evaluation. They conclude 

that alternative maritime fuels must be assessed for environmental impact, human danger, and 

business value. 

Brey et al. (2007) use the non-parametric method of Data Envelopment Analysis (DEA) to do a 

multicriteria evaluation of various current and developing technologies in the automotive industry. 

The findings suggest that certain technologies like hydrogen fuel cell vehicles, can be considered 

efficient when assessed against environmental and economic criteria, with a larger emphasis 

placed on the environmental factors. Their paper highlights the necessity to enhance hydrogen-

based technology relative to others, particularly with vehicle sales costs and fuel prices.  

Lanjewar et al., (2015) studied a hybrid multicriteria methodology employing graph theory and 

analytic hierarchy process methods to evaluate conventional and non-conventional transportation 

fuels on many criteria. The proposed fuel fit digraph shows alternate fuel selection parameters and 

their relationships. Fuel selection attributes are weighted using analytic hierarchy. 

 Kulkarni et al. (2017) presented a methodological framework for evaluating multi-criteria strate-

gies for working energy alternatives including central grid and grid extension, solar home systems, 

and microgrids in India. Multiple empirical data sources were used to build the model utilizing the 

Analytic Hierarchy Process (AHP). MATLAB was used to evaluate and compare these multi-cri-

teria’s utilizing Saaty's AHP and Fuzzy Sets approach. The investigation included environmental 

and cost scenarios. Final energy generation options were ranked using AHP and Fuzzy logic. The 

results show that microgrid is the best centralized energy generation option and may solve the 

shortage of energy. 

Deniz & Zincir, (2015) compared ship fuels scientifically. The environmental and economic per-

formance of methanol, ethanol, LNG, and hydrogen was analysed. Eleven varied comparison cri-

teria were used. Analytic hierarchy process weighed comparative criteria based on five experts' 

points. Liquefied natural gas is the best alternative fuel and receives the highest score. Hydrogen 

scored highest in bunker capability, ship adaptability, safety, commercial consequences and 
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durability. Their study suggests that hydrogen can replace liquefied natural gas as a ship fuel, 

although it needs more research on emission restrictions and engine component concerns. 

Tzeng et al. (2005), considered a case of public buses using alternative fuels. Evaluation criteria 

are weighted using TOPSIS, AHP and VIKOR and are evaluated to find the optimal alternative 

fuel mode compromise. Multiple attribute evaluation of alternative vehicles was done by experts 

from distinct decision-making groups. In the short and long term, the hybrid electric bus was the 

best urban bus substitute in Taiwan. If the electric bus's cruising range is adequate, the pure electric 

bus may be optimal. Hybrid electric vehicles will be an alternate option, at least for the period of 

improving the technology of electric vehicles. 

Chang et al. (2015) used DEMATEL-based analytical networks to evaluate AFVs from a sustain-

able development standpoint. Results show that pricing, additional value, user approval, hazardous 

substance reduction, and dematerialization are the most important criteria. Price mattered most 

since it may increase alternative fuel vehicle appeal and user approval. Furthermore, energy utili-

zation is predicted to greatly impact alternative fuel vehicle sustainability. Automakers and gov-

ernments constructing alternative fuel vehicles ought to take note these results. 

Tsita & Pilavachi (2012) examined alternative fuels for the Greek road transportation industry 

utilizing the Analytic Hierarchy Process. This research examines seven distinct fuel mode alterna-

tives: internal combustion engine (ICE) combined with petroleum and blends of first- and second-

generation biofuels, fuel cells, hybrid vehicles, plug-in hybrids, and electric vehicles. The exami-

nation of alternative fuel options is conducted based on economic and regulatory considerations. 

To assess each alternative fuel, one baseline scenario and 10 alternative scenarios with varying 

weight factors for each criterion are provided. After determining the scoring of alternative fuels 

against every criterion and the corresponding weights, their synthesis yields the total score and 

ranking for all ten potential scenarios. It is determined that internal combustion engines utilizing a 

blend of first- and second-generation biofuels represent the most appropriate alternative fuels for 

the Greek road transport industry. 

Kuimov & Plotnikov (2016) calculated the efficiency of alternative fuels for minimizing economic 

loss and pollution was suggested. Theoretical studies validate the calculation method's functional-

ity. The authors compared work fuel injection equipment and diesel as a whole using adjusted 
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mean values of effective ηe and ηi efficiency measures. They also offer ways to preserve the law 

of heat flow in diesel engine cylinders for alternate fuels and clean diesel fuel. 

Borghetti et al. (2024) suggests multicriteria-decision-methods in several nations for examining 

this selection. However, financial criteria, specialists, and service kind have not been sufficiently 

addressed. Their paper addresses these gaps by using an integrated method that includes the Ana-

lytical Hierarchy Process (AHP) to define criteria weights and to find a good fuel alternative com-

promise, a simple Weighted Sum Model (WSM) is used to refine ranking. A panel of experts 

collected data. Different fuel alternatives for urban and interurban services with and without fund-

ing are examined. The findings aid in strategies that evaluate and promote bus fuel choices when 

renewing fleets. 

Oztaysi et al. (2017) is about US utility company's alternative-fuel technology selection challenge. 

It uses interval-valued intuitionistic fuzzy sets (IVIFS) and linguistic data to build a multi-expert, 

multi-criteria decision making (MCDM) system that determines that extended-range natural gas 

vehicle is ideal for the utility company.  

Mukherjee (2017), Intuitionistic fuzzy sets (IFSs) similarity measurements are used to get the op-

timal alternative. Accurate data is hard to collect, hence intuitionistic fuzzy data is used to com-

municate uncertainty. The attribute weights may be known, partially known, or unknown. Nor-

malizing the intuitionistic fuzzy data average score functions for the criterion determines the un-

known weights. Various challenges are handled with algorithms and numerical demonstrations. 

2.8.2 TECHNICAL AND ENVIRONMENTAL METHODOLOGY 

Alonso-Villar et al. (2022) analyzed Iceland as a case study to evaluate energy security, technical 

feasibility, and greenhouse gas emissions. AFLEET and GREET calculate the life cycle emissions 

and total cost of ownership of 10 heavy-duty powertrains. Battery-electric and hydrogen trucks 

technical viability is assessed in terms of battery/tank required capacity for representative fuel 

efficiency values. The results indicate that battery-electric trucks have the greatest environmental 

and economic benefits, but current battery technology's limited range limits its use to delivery 

trucks. Regional trucks benefit from hydrogen and compressed natural gas paths, but high life 

cycle costs and feedstock capacity limit their use. Icelandic resources may meet 100% alternative 

fuel heavy-duty fleet energy demand. 
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Neuling & Kaltschmitt (2017) examined four northern German biokerosene manufacturing tech-

niques using two biomass feedstocks. Data from a comprehensive simulation is used to assess 

these conversion processes for technical, economic, and environmental factors. Mass and energy 

balances, kerosene production costs, and GHG emissions for the examined conversion routes are 

the main findings. The criteria results are dispersing yet biomass feedstock supply has a major 

impact. More environmentally friendly and economically effective feedstock supply implies more 

promising biokerosene based on these factors. 

Bilgili (2021) assessed biogas, dimethyl ether, ethanol, liquefied natural gas, liquefied petroleum 

gas, methanol, ammonia, and biodiesel as alternative fuels and their environmental impacts during 

their life cycles. Assessors utilized SimaPro V9.0.0.49 and ReCiPe 2008 V1.09. Effects on health, 

environment, resource use, emission inventory, and societal costs were investigated. Finally, all 

alternative fuels were evaluated for operating circumstances and production process. Biogas per-

formed best in the short, medium, and long term, while methanol, ammonia, and biodiesel per-

formed worst. Biogas was classified as the most sustainable fuel despite production, transmission, 

and storage issues.  

Bicer & Dincer (2018) compared the life cycle assessment of electric, hybrid, and internal com-

bustion engine vehicles fueled by hydrogen, gasoline, and other fuels. For comprehensive com-

parison and environmental impact assessment, vehicles using gasoline, diesel, liquefied petroleum 

gas, methanol, compressed natural gas, hydrogen, and ammonia; hybrid electric vehicles using 

gasoline and electricity; and electric only vehicles were considered. From raw material extraction 

to vehicle disposal, process-based life cycle evaluation is used. Electric and plug-in hybrid electric 

vehicles have greater human toxicity due to manufacture and maintenance. Due to their high en-

ergy density and low fuel usage, hydrogen vehicles are the greenest option. 

Wagner et al. (2005) studied innovative fuel cell (FC) powertrain systems and fuels and compared 

to conventional systems using energetic life cycle evaluation. Process chain evaluations for com-

pressed natural gas, methanol, and hydrogen supply at German consumption points underlie this 

research. To provide an integrated view, these fuels are tested in internal combustion engine and 

fuel cell vehicles. Their study focused on fuel cell powertrain system breakdown and energy 



 

25 

 

assessment. A whole life cycle assessment includes energy and CO2-emissions for vehicle pro-

duction, maintenance, and disposal. 

Ashnani et al. (2015) examined the life cycle environmental implications of road vehicle fuels and 

technology and compares cleaner solutions with traditional fuels/technologies. A thorough fuel 

life cycle assessment (LCA) was done on petrol, diesel, CNG, EV, FCV, and biodiesel vehicles. 

The effects of vehicle technologies on climate change, air quality, and energy resource depletion 

are discussed. Successful vehicle and fuel policies create performance criteria and helps to reduce 

emissions and let the market find the best option. 

McKenzie & Durango-Cohen (2011) provided a life-cycle assessment of the costs and greenhouse 

gas emissions of transit buses that utilize a hybrid input–output model to compare ultra-low sulfur 

diesel to hybrid diesel-electric, compressed natural gas, and hydrogen fuel-cell alternatives. It is 

found that alternative fuel buses cut emissions and operational costs but raise life-cycle expenses. 

Alternative fuel bus infrastructure is crucial to life-cycle emission comparisons.  

Ahmadi & Kjeang (2015) studied the four major Canadian provinces investigate the FCV life cy-

cles compared to gasoline vehicles. Hydrogen is produced by electrolysis, thermochemical water 

splitting, and steam methane reforming. The three hydrogen-generating methods in all four prov-

inces reduce greenhouse gas and emissions, except for electrolysis in Alberta, where fossil fuels 

prevail. Thermal hydrogen synthesis works best due to renewable waste heat, followed by Quebec 

and BC electrolysis from sustainable hydroelectricity. Ontario's nuclear power uses waste heat and 

electricity, renewable production energy and low-emission compression and distribution of elec-

tricity reduce life cycle emissions significantly. Hydrogen from Canadian natural gas will be the 

most affordable fuel and balances pollution reductions and financial advantages for FCV adoption 

in all provinces. 

2.8.3 COST AND FEASIBILITY ANALYSIS 

In this work Hileman and Stratton (2014) offered criteria where possible alternative jet fuels are 

compared and investigated important drivers for alternative fuels in view of aviation's needs. Using 

these criteria, a broad spectrum of transportation fuels was qualitatively investigated. Alcohols and 

biodiesel are better suited for ground transportation because of their safe use and the energy 
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efficiency loss. Though concerns about the economic cost of production and the present lack of 

feedstock availability limit their near availability in aviation. 

Gül (2008) study aims to advance our knowledge by evaluating the competitiveness of alternative 

fuels in transportation. Three main studies are defined. Using the European Hydrogen Markal 

model (EHM) and the Global Multi-regional MARKAL model (GMM), scenarios are examined 

and cost factors and expenses of components of fuel generation and distribution are analysed.  

Mitkidis et al. (2017) attempt to show that Greece has resources to enable indigenous and maybe 

commercial production of 2nd generation biofuels in order to meet the targets of the European 

Union "Renewable Energy Directive". Following a review of the biofuels market in Greece and 

investigating the availability of second-generation resources, a market analysis has been con-

ducted. Economic feasibility for production has also been analysed. Given suitable technological 

pathways and feedstocks chosen that minimize overall supply-chain and production costs, along 

with strong policies, it could be an attractive choice. 

Dan et al. (2023) aim to identify, rank, and determine relative weights of all factors influencing 

the feasibility of possible alternative vehicles by DEMATEL (Decision-Making Trial and Evalu-

ation Laboratory). The outcome shows that infrastructure availability followed by charging/refu-

eling time, environmental impacts, and vehicle upfront cost is the most important factor of Alter-

native Fuel Vehicle feasibility. 

Mathur et al. (2022) examined the economic feasibility and carbon footprint and presented a whole 

picture of the part where alternative or biofuels used in agriculture. This paper also covers the 

several generations of biofuels in reaching carbon neutrality, their effects on the environment, uses 

in agriculture, and various constraints in implementing. 

2.8.4 EMISSIONS ANALYSIS  

Masuk et al. (2021) evaluated several alternative fuels with gasoline by means of analysis of their 

availability, engine tests, toxic element emissions, price, etc. Moreover, a selection criterion for 

alternative fuels is presented in several measuring scales that will be useful for selecting different 

fuels. Ethanol is said to cause 80% less CO emissions with proper blending with gasoline.  
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Beer et al. (2002) estimated alternative fuels, the expected pre-combustion and post combustion 

emissions of greenhouse gases from Australian heavy vehicles. Fuel-cycle emissions are the low-

est in biodiesel and ethanol. Ethanol lowers emissions by 49–55%; biodiesel lowers greenhouse 

gas emissions from 41% to 51%.  

Meyer et al. (2011) analysed total fuel-cycle (TFC) analysis for Class 8 HDVs for six fuel paths, 

and assesses the energy and emissions impacts of these fuels in the HDV sector. For most pollu-

tants, results clearly show benefits from biodiesel and compressed natural gas; e-diesel has little 

to no effect; and liquefied natural are shown to increase greenhouse gas emissions. 

Ou et al. (2010) analysed the future scenarios involving several alternative fuels/vehicles. By 2025 

in the BAU scenario, GHG emissions would reach 734 million tonnes of oil equivalent and 2384 

million carbon dioxide equivalents respectively, more than five times of 2007 levels. For GHG 

emissions, the relative reductions attained in the best case would be 15.8% and 27.6% compared 

to the BAU case. 

Sengupta and Cohan (2017) analysed Greenhouse Gases, Regulated Emissions, and Energy use in 

Transportation (GREET) model for every vehicle alternative. Cost per kilometer was computed 

using first purchase price added with fuel and maintenance expenses. Results show HEVs can 

achieve 36% lower GHG emissions. BEVs and PHEVs offer still further emissions reductions. 

CNG sedans and trucks could only offer 11% emissions reductions. Total fuel cycle GHG and air 

pollutants of additional conventional gasoline vehicles, HEVs, PHEVs, BEVs, and compressed 

natural gas (CNG) vehicles were assessed using City of Houston data to the City's fleet.  

2.8.5 SYSTEM DYNAMIC MODELING METHODOLOGY 

Wang et al. (2008) introduced a system dynamics methodology grounded in cause-and-effect anal-

ysis and feedback loop frameworks. The model operates within Vensim PLE software utilizing 

data from Dalian, China. The coefficient of the car ownership intervention policy is selected as the 

control variable for simulation, and the effects of various policy scenarios on urban development 

and the transportation system are examined. It recommends that Dalian limit the overall number 

of cars in order to make the transportation system more sustainable.  
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Haghshenas et al. (2014), 9 urban sustainable transportation indicators were selected from the 

study database, 3 for each main group of environmental, economic, and social sustainability. The 

relevant metrics were combined using a composite index. A system dynamics model was created 

to investigate transportation sustainability in medieval Isfahan. Isfahan sustainable transportation 

metrics were monitored using future scenarios to identify effective transportation policy. 

Sayyadi & Awasthi (2018) studied System Dynamics (SD) efficiently analyzes dynamic complex-

ity and policy-resistant systems. This technique is suited for analyzing transportation issues. It is 

particularly useful in developing and implementing sustainable transport strategies. This research 

performs a thorough literature assessment to evaluate SD's use in sustainable transportation urban 

policy. Most of their research examines transportation strategies that reduce air pollution and traf-

fic congestion. 

Shepherd (2014) assessed the advantages and disadvantages of system dynamics (SD) as a mod-

eling approach in the transportation sector. Their list included 12 advantages of the approach, 

highlighting its suitability for strategic challenges and its potential as a valuable instrument for 

facilitating policy research and decision-making in the transportation sector. This methodology 

facilitates the seamless integration of transport models with other sectors, including health, envi-

ronment, and the economy, while considering temporal delays and feedback mechanisms across 

many scales. It is important to acknowledge that SD is not designed for accurate point forecasts. 

Hu et al. (2019) used a system dynamics methodology to simulate the growth of the Urban freight 

transportation system, concentrating on internal processes and external influences. Various varia-

bles influencing system operations, including metrics of social and environmental externalities, 

pricing, investment, and subsidies, have been incorporated into two sub models. The results show 

that urban freight transportation system schemes with increased funding and capacity result in 

more significant decreases in traffic congestion, air pollution, and accidents. 

Lum & Kenny (2023) analysed to comprehend the socio-economic issues of the energy transition, 

a System Dynamic model of Singapore's economy, energy & GHG emissions, and labor market 

was created. The model suggests that energy transition should be managed through a multi-

pronged approach of technological changes, labor and energy use efficiency enhancements, and 
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managing the availability of skilled local labor versus increasing the foreign worker ratio, espe-

cially when new technologies are used. 

Loh & Bellam (2024) investigates Singapore's probable paths to achieving net zero goals while 

boosting energy security based on current and future energy plans. Using system dynamics, current 

and projected policies can be examined to provide new energy solutions to increase energy secu-

rity. Findings suggest that Singapore should aim for >80% renewable energy by 2050. 

Rafew et al. (2024) in Regina, Saskatchewan, system dynamics (SD)-based policy simulation has 

been used to quantify ZEV evolution and charging pile. To predict ZEV sales, SD model uses 

vector autoregressive model (VAR) equations and site-specific coefficients using Saskatchewan's 

historical vehicle registration dataset. To find the best possible fit combination, the agent-based 

SD model 18 with two successive scenarios was run till 2036. 

Wen et al. (2016) predicted and compared Beijing's industrial carbon emissions in ten policy sce-

narios and makes emission-cutting recommendations. System dynamics has been used to predict 

and simulate numerous scenarios. The model was created using a causal loop diagram and stock 

flow diagram.  The predicted and scenario simulation findings suggest that energy structure, car-

bon intensity, and heavy energy consumption organizations are essential elements, and numerous 

factors affect industrial carbon emissions more. Simulation results have led to low-carbon Beijing 

industrial carbon emission recommendations. 

Sayyadi & Awasthi, 2016 studied a system dynamics-based simulation model to assess sustainable 

transport planning regulatory strategies has been used. Transportation system components, their 

interactions, and behavior development are studied using causal loop diagrams. A vehicle trip re-

duction numerical study is offered. The simulation analysis shows that trip-sharing policy reduces 

congestion while automobile ownership decreases tendency of vehicular trips and improves public 

transit journeys. 

Redick et al. (2025) to achieve net-zero greenhouse gas (GHG) emissions by 2050, Canada aims 

to have 35% of new heavy-duty truck sales be zero-emission by 2030 and near 100% by 2040.  

System dynamic simulation is used and stock and flow model are created to estimate the adjust-

ments needed to transition from diesel to battery electric and fuel cell electric vehicles in Alberta. 

With current BEV and FCEV vehicles and infrastructure, the 35%-by-2030 aim is not feasible. 
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2.9 RESEARCH GAP 

● Not many studies focusing on modeling net zero emission goal for transportation In Can-

ada. 

● Lack of system dynamic models that analyze biofuels, hydrogen, and EV emissions to-

gether in a Canadian context.  

● Lack of integrating public buses and bikes into the system dynamic model to reduce GHG 

emissions.  

● Not enough research on comparison of various factors responsible to help increase the 

adoption of alternative fuel-based vehicles, public buses and bikes.  

● Limited data on customer acceptance, behavior, and alternative fuel adoption challenges. 

● Insufficient economic models that analyse long-term costs, benefits, and market dynamics 

of switching from gasoline in Canada. 

● Need more dynamic models to address uncertainty and quick technology advancements.  

● Not enough studies address geographic variations and social and cultural issues, especially 

in different socio-economic and indigenous groups in Canada.  
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CHAPTER 3  

METHODOLOGY 

3.1 SYSTEM DYNAMICS MODELING 

The use of system dynamics is common in many scientific and technological domains. It is a well-

constructed approach that takes cause-and-effect relationships into account when analyzing a sys-

tem's constituent parts. The two primary tools for modelling system dynamics are Causal Loop 

and Stocks-Flow diagrams, which enable both qualitative and quantitative analysis of the system's 

dynamics (Pérez et al., 2002). According to Rahim, Hawari, and Abidin (2017), system dynamics 

is the study of complex systems' nonlinear behavior over time employing internal feedback loops, 

stocks, flows, table functions, and time delays. Professor Jay Forrester of the Massachusetts Insti-

tute of Technology developed system dynamics in the middle of the 1950s (Lane & Sterman, 

2011). Forrester opted to become a lecturer at the recently established MIT Sloan School of Man-

agement in 1956. His first objective was to discover how his experience in science and engineering 

could possibly be utilized in solving the fundamental problems that determine whether a company 

succeeds or fails (Lane & Sterman, 2011). System dynamic models are hence thinking machines 

that can provide answers to "what if" scenarios involving potential futures that are challenging to 

develop and test in a non-virtual manner (Grieves & Vickers, 2016).  

Although there are numerous tools available for simulation, Insight Maker is an innovative, free-

of-charge, Web 2.0-based, multi-user, general-purpose, online modeling and simulation environ-

ment, fully implemented in JavaScript, which promotes online sharing and collaborative working 

(Hristoski & Mitrevski, 2017). The primitives associated with system dynamic simulation are 

stocks, flows, variables, links and loops.  

3.2 TYPES OF PRIMITIVES 

A. STOCK 

Definition: 

In a system, stocks stand for collections or state variables. Depending on inflows and outflows, 

they store quantities that fluctuate over time. 
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Features:  

● Serve as value-holding reservoirs. 

● Transform over time according to flows. 

● indicate a system's states. 

Examples include: 

● the town's population. 

● A reservoir's water. 

● A warehouse's inventory. 

● A bank account with assets. 

Graphic representation: Insightmaker's representation of a stock is a rectangular box. 

 

Figure 9 Image of a stock in Insightmaker. 

B. FLOW 

Definition: 

The rates at which stocks rise (inflows) or fall (outflows) over time are referred to as flows. 

Features:  

● Describe the speed at which a stock fluctuates. 

● It could be time-dependent or constant. 

● Represent the comings and goings of a stock. 

Examples: 
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● Include how the population stock is impacted by the birth and death rates. 

● A lake is impacted by both water influx (rainfall) and outflow (evaporation). 

● Sales and production rates in inventory control. 

Insightmaker's Graphical Representation: An arrow that resembles a valve and points into or 

out of a stock is used to symbolize a flow. 

 

                     Figure 10 Image of an outflow and inflow in Insightmaker. 

 

 C. VARIABLES (AUXILIARY VARIABLES) 

Definition:  

Intermediate values that help in articulating the relationships between stocks and flows are 

saved by variables, commonly referred to as auxiliary variables. 

Features:  

● Adjust the way flows behave. 

● can stand for either dynamic values (like market demand) or constants (like the tax rate). 

● Serves as the equation's input parameters. 

Examples: 

● the birth rate in relation to the resources that are available. 

● Money growth is impacted by interest rates. 

● Water loss is impacted by evaporation rate. 

Insightmaker's graphic representation of a variable is a circle. 
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Figure 11 Image of new variable in Insightmaker. 

 

D.  CONNECTIONS (LINKS) 

Definition: 

 Links convey connections between various components, such as variables, stocks, and flows. 

Features: 

● Define causal relationships. 

● Make space for logical conditions and equations. 

● Show how feedback loops operate. 

Example: 

● A birth rate variable connected to a birth flow is one example. 

● Money growth is influenced by interest rates. 

● Inventory management is influenced by supply chain delays. 

Insightmaker's Graphical Representation: Links show up as arrows joining various primitives. 
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Figure 12 Connections in Insightmaker. 

E. FEEDBACK LOOPS 

 Definition: 

Feedback loops explain how components of a system affect one another through balancing or 

reinforcing mechanisms. 

Types of Feedback loops: 

● Reinforcing loop (Positive feedback)-Accelerates change, resulting in collapse or exponen-

tial expansion. 

● Balancing loop (Negative Feedback)-Keeps the system balanced by stabilizing it.  

Example: 

More money leads to more interest, which leads to even more money. (positive loop)   

As a result of scarce resources, population growth is slowing down. (balancing loop) 

Insightmaker's Graphical Representation: Loops are made with variables and links. 
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Figure 13 Image of feedback loop in Insightmaker. 

 

F. OUTPUTS AND GRAPHS 

Definition:  

By showing the outcomes of a simulation, graphs assist users in identifying patterns. 

Features:  

● Offers visual input on the system's development. 

● Possible to display several variables throughout time.  

Example: 

● Increase in the bank balance with compound interest. 

● Ecological resource depletion. 

● Population trends over time.  

Insightmaker's Graphical Representation: Presented as bar or line charts. 
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Figure 14 Example of a graphical representation in Insightmaker (Zorpas et al., 2016). 

 

3.3 CAUSAL LOOP DIAGRAM WITH AN EXAMPLE 

In system dynamics, a Causal Loop Diagram (CLD) is a visualization that shows how several 

variables relate to one another. It facilitates comprehension of feedback loops, cause-and-effect 

relationships, and the long-term behavior of systems. In disciplines including organizational man-

agement, environmental science, healthcare, and economics, CLDs are especially helpful for un-

derstanding complex systems. For example, Davahli et al. (2020) inspected the case of healthcare, 

Numerous auxiliary variables, such as the number of occupied beds, patients, and empty beds, can 

be connected to hospital patients or patients on hospital wards. Several auxiliary factors, including 

treatment duration, conditions, and hospital personnel size, might be linked to and affect the patient 

treatment rate. The in-patient discharge, the need for additional treatment, the need for recovery, 
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and the need for therapy are some of the auxiliary variables that might be connected to the patient 

undergoing evaluation for discharge.  

Figure 15 displays the primary portion of the causal loop diagram. There are three balancing loops 

B1, if patients waiting increases, then admissions rate increases and thus it decreases the number 

of patients waiting. The second loop B2, if the admissions rate increases, then the patient in care 

increases and thus the admissions rate decreases. In the third loop B3, if patient in care increases, 

treatment completion rate also increases and patient in care decreases (Davahli et al., 2020). 

 

Figure 15 Causal loop diagram of example in healthcare (Davahli et al., 2020). 

 

3.4 STOCK AND FLOW MODEL DIAGRAM WITH AN EXAMPLE 

To illustrate how various variables in a system build up, deplete, and interact over time, a stock 

and flow diagram (SFD) is a basic tool in system dynamics modeling. By offering a more orga-

nized and quantitative depiction of the system, it goes beyond the Causal Loop Diagram (CLD) 

and makes mathematical formulation and computational simulation possible. According to 

Sulaimany et al. (2024), there are only two basic categories of variables for all complex systems: 

stocks and flows. While flows, which include inflows and outflows, indicate the movement of 

units over time and are graphically depicted as arrows, stocks, which represent accumulations of 

units, are shown as a rectangle in a graphical representation (Figure 16). Decision functions, which 

are shown as valves on the inflow and outflow, control flows, whereas stocks can only be changed 

by their interdependent inflows and outflows. 
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Decision functions, represented by valves on the inflow and outflow, govern flows, although 

stocks can only be altered by their interdependent inflows and outflows. 

 

Figure 16 Stock flow model (Sulaimany et al., 2024). 

The integral equation is as follows (Schoenenberger et al., 2021): 

 

In the example of healthcare, patient admission rate is inflow and, patient in hospital or patient on 

wards (stock), patient treatment rate inflow to patient treatment in assessment (stock), and outflow 

is patient discharge.  

Figure 17  Example of stock flow diagram in healthcare (Davahli et al., 2020). 

 

3.5 STEPS INVOLVED IN SYSTEM DYNAMIC SIMULATION 

• The process of system dynamic simulation includes a lot of steps that all work together to 

help you understand and analyze how complicated systems change over time. These steps 

include outlining the primary objective and the scope of the goal. This stage is essential as 

it guarantees that the simulation concentrates on certain objectives and variables. 
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• The subsequent phase consists of conceptualizing the system and establishing its bounda-

ries. This phase focuses on specifying the system's architecture by recognizing essential 

components and their interconnections. Researchers tend to use causal loop diagrams 

(CLDs) to visually illustrate the cause-and-effect linkages among variables. These dia-

grams identify feedback loops both reinforcing (positive) and balancing (negative) offering 

a qualitative comprehension of the system's evolution. Stock and flow diagrams are utilized 

to depict accumulations (stocks) and the rates of change of these stocks flows. These dia-

grams function as blueprints for the model, specifying the feedback loops and identifying 

the essential factors that will advance the simulation After the conceptualization phase, the 

simulation method grows to the formulation of the model structure.  

• A crucial next stage in system dynamic simulation is validation of the model. This phase 

involves allocating numerical values to the variables and parameters defined in prior stages, 

and it is sometimes one of the hardest components of model creation. Sources for proof 

can consist of historical records from governmental or industrial reports, academic studies. 

Each stock, flow, and feedback loop are depicted using equations usually that capture the 

fundamental relationships among variables.  

• Verification is the procedure via which researchers confirm that the model has been accu-

rately built, devoid of computational errors, and that its logic is valid. Validation proce-

dures include historical data matching, wherein the model's output can be compared with 

established trends from the past, and evaluations.  

• Once the model has been tested and validated the simulation runs can be constructed. Sce-

nario testing is a vital component of this phase, wherein researchers investigate "what-if" 

scenarios by modifying input parameters or external variables. This facilitates a deeper 

awareness of the system's potential reactions to multiple factors like government initiatives, 

infrastructure readiness or customer perception. Then sensitivity analysis is performed to 

understand how multiple factors interact in the system. Effectively conveying the simula-

tion results in a clear and comprehensible manner is essential, particularly when the out-

comes are meant to guide for strategic planning. Researchers frequently utilize visuals, 

including charts, graphs, and dashboards, to clearly illustrate dynamic behaviors and 

trends.  
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Figure 18 Process of simulation 

 

3.6 DEFINING OBJECTIVE AND SCOPE 

The objective is to explore how different modes of transportation and vehicle technologies like EV 

vehicles, biofuel vehicles, hydrogen vehicles, gasoline vehicles, public buses and bikes interact 

with the key factors like government initiatives, customer awareness, infrastructure developments 

and price of fuel and vehicle that influence their growth and observe how greenhouse gas emissions 

decrease over time to meet net zero goal.  

The scope of this simulation is to find system boundaries. The temporal boundary of this simula-

tion is 25 years. We are trying to perform what if scenario for the years 2024-2050. The geograph-

ical boundary of this simulation is Canada. Our technological boundaries for this simulation in-

clude three types of alternative fuel-based vehicles that have gotten popular in recent times that is 

electric vehicle, biofuel-based vehicles, hydrogen fuel-based vehicles. Since our objective is to 

also reduce emissions, we have included gasoline fuel-based vehicles which are extensively being 
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used and efforts are being made to reduce these vehicles on roads to help curb pollution levels. We 

have also included two modes of transportation which is public bus and, in our simulation, has 

been taken as hybrid public buses due to data constraints and bikes that have also gained popularity 

in recent times and are proven to have zero emissions.  

Key variables that drive the increase in vehicles and different mode of transportation include  

1. Customer awareness  

It include knowledge about the technology, for example the various methods of charging a vehicle 

in the case of electric vehicles or different blends used in biofuels, understanding the rebates and 

incentives that are being provided, understanding the importance of switching to alternative fuels 

to help reduce emissions, learning about the risks and benefits of the technology, understanding 

the importance of public transportation and biking on the benefits of health and environment, 

knowledge on where to look for more information about these vehicles. 

2. Government Initiatives  

It includes incentives while purchasing the vehicles to reduce upfront costs, reduced registration 

fees compared to the traditional gasoline vehicles, more tax credits for using alternative fuel-based 

vehicles, more incentives for developing infrastructure facilities, mandates for automakers, stricter 

emissions regulation for gasoline vehicles, creating promotional advertisements and programs to 

motivate the people and teach them the benefits of sustainable transportation, more funding and 

research and development in improving the infrastructure and technology.  

3. Fuel Price  

It includes lower electricity prices compared to gasoline prices for EV adoption, the price differ-

ence of biofuels compared to gasoline, the cost of blending biofuels with traditional fuels impacts 

the overall fuel price, cost of hydrogen fuel for hydrogen vehicle adoption.  

4. Cost of vehicle  

It includes cost of EV vehicles, the cost of battery, different models of the vehicle, cost of biofuel 

vehicles, cost of engine modification expenses if needed, cost of hydrogen fuel-based vehicles, 



 

43 

 

cost of bikes, higher end models, electric bikes that are more expensive, reduced cost of public bus 

fares.  

5. Infrastructure 

It includes expansion of public charging networks in highways, cities and in workplaces, installa-

tion of home charging infrastructure, upgrading existing fuel distribution networks to accommo-

date biofuels, improving grid to handle increased electricity demand from EVs, ensuring compat-

ibility of fuel pumps and storage tanks with various biofuel blends, investing in infrastructure for 

the production of green hydrogen from renewable energy sources, building a network of hydrogen 

refueling stations strategically located along major transportation corridors, construction of dedi-

cated bike lanes and paths , installation of bike parking facilities and repair stations, expanding 

and improving bike-sharing systems, expansion of bus routes and increased frequency of service, 

improvements to bus stops and terminals, increase accessibility and convenience. 

3.7 DESIGNING CONCEPTUAL MODELS 

Creating your conceptual models in Step 2 is essential as it provides a visual and structural illus-

tration of the interactions among different components of your system. This foundation guarantees 

that as you proceed to develop mathematical relationships and construct the simulation, you pos-

sess a comprehensive overview of the essential dynamics, feedback loops, and dependencies. This 

clarity helps model validation and gives stakeholders a clear understanding of how different com-

ponents contribute to achieving the objective. 

3.7.1 CAUSAL LOOP DIAGRAM OF THE MODEL 

Causal loop diagrams, also known as CLDs, are an effective tool for visualizing the interdepend-

encies and feedback processes that are present inside a system. Using a CLD, one can identify the 

cause-and-effect links that exist between various system variables, thereby drawing attention to 

feedback loops that have an effect on the behavior of the system over time. Through the utilization 

of a causal loop diagram, the objective of this study is to conduct an analysis of how various factors 

like government initiatives, customer awareness, cost of various fuels and vehicles, infrastructure 

development and greenhouse gases interact with different entities of sustainable transportation so-

lutions like using public buses, biking and reducing the use of gasoline vehicles.  
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3.7.1.1 LIST OF VARIABLES USED IN THE CAUSAL LOOP MODEL 

Name Description 

Bikes Personal bikes 

Biofuel adoption Increase in biofuel vehicles 

Charging infrastructure of EV Charging stations, maintenance facilities, 

home charging station. 

Clean grids for EV Improvement in grid technology for EV 

charging 

Customer Awareness User behaviour for adopting these technol-

ogies and other modes of transportation. 

Cost of bikes Average cost of a bike 

Cost of fuel and vehicle Cost of fuel for alternative vehicles, cost of 

electricity prices for charging EV vehicles 

EV adoption Increase in EV vehicles 

Fare price public bus Cost of a ticket in public buses 

Gasoline vehicles Vehicles that run on gasoline 

GHG emissions GHG emissions of the system 

Government initiatives Initiatives led by the government to help 

consumers, businesses and people to help in 

better adoption of alternative fuel technol-

ogy, bikes and public buses, penalties and 

higher taxes for using gasoline vehicles. 

Hydrogen fuel adoption Adopting hydrogen fuel-based vehicles 

Infrastructure bikes Bike paths, parking stations and mainte-

nance repair stations for bikes 

Infrastructure for alternative fuel Infrastructure for transport and storage of 

fuels, production of fuels, improving and 

setting up more fuel stations 

Public buses Public buses that help in sustainable trans-

portation 
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Table 1 List of variables used in causal loop diagram. 

  

Figure 19 Causal loop diagram 

3.7.1.2 RELATIONSHIP BETWEEN THE VARIABLES 

Figure 20 shows the relationship between the variables. This matrix shows which elements for 

example cost, infrastructure, customer awareness has an impact on various modes of transportation 

or energy adoption (bikes, biofuel, electric vehicles, public buses). Every check mark shows how 

directly one variable affects another stressing the interdependence of variables. The table shows 

generally that several factors like government initiatives, infrastructure availability can collec-

tively influence adoption patterns which underlines the need of an integrated approach to trans-

portation planning and reduce emissions. Detailed relationship between the variables for all modes 

of transportation are discussed further through causal loop diagram. 
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Figure 20 Effects between variables.  
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3.7.1.3 CAUSAL LOOP MODEL OF BIKES AND PUBLIC BUSES 

 

Figure 21 Highlighted part of bikes and public buses of the main diagram. 

Here, from figure 21 we can observe variables consumer behaviour, cost of bikes, government 

initiatives, infrastructure of bikes have an effect on the variable bikes. When government initiatives 

increase then bikes also increase over time. By providing tax rebates and incentives, this will drive 

the customers into adopting biking culture. So, they are represented with a (+) arrow. When con-

sumer behaviour increases, the bikes also increase over time because the customers are more aware 

of the importance and usefulness of bikes. Hence it is represented with a (+) arrow. If the cost of 

bikes decreases, then the number of bikes would increase over time. Since the bikes have become 

cheaper, it will drive many customers to purchase. Hence it is represented with (-) arrow. If the 

variable infrastructure bikes increase, then eventually bikes also increase. Due to developing and 
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increasing bike paths and maintenance centers for bikes, the adoption of biking also increases. For 

public buses, if government initiatives increase then public buses increase. Government initiatives 

to build infrastructure, create more bus routes, invest in technology to improve the public bus 

system, increase in frequency of buses, help create awareness among the people to use more public 

transportation leads to growth in public buses. Hence it is represented with (+) arrow. If customer 

awareness increases, growth in public buses also increase. If more customers are aware of the 

benefits of using sustainable transportation, then the demand increases the number of public buses. 

Hence it is represented by (+) arrow. If cost of a fare of a public bus increase, then number of 

consumers decrease which eventually reduces the growth in public buses. Hence it is represented 

by (-) arrow. 

3.7.1.4 CAUSAL LOOP MODEL OF EV ADOPTION 

 

Figure 22 Highlighted part of EV adoption from the main diagram. 
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From figure 22 for EV adoption variable, the variables affecting it are consumer awareness, gov-

ernment initiatives, cost of fuel and vehicle, clean grids for EV, charging infrastructure of EV. If 

customer awareness increases then EV adoption increases. If customers are more aware of the 

technology and are willing to switch to EV’s and they understand the benefits of using alternative 

fuel vehicles then the growth of EV adoption increases. Hence represented by (+) arrow. If gov-

ernment initiatives increase over time, then EV adoption also increases. For example, if the gov-

ernment initiates a program, mandates, incentives, rebates for helping the consumer switch to these 

alternative energy-based vehicles and also support the stakeholders interested in investing in im-

proving this technology, then EV adoption increases. Hence represented by (+) arrow. If the cost 

of fuel and vehicle is lowered, then EV adoption increases. If we reduce the cost of vehicles and 

fuels by rebates, tax incentives while purchasing the car, reduced-price in-home charging station, 

reduced electricity prices then EV adoption increases. Hence represented by (-) arrow. Clean grids 

of EV increases, EV adoption also increases. If grid technology is improved and electricity gener-

ated from renewable sources, then a greater number of people will choose to adopt to EV vehicles. 

Hence represented by (+) arrow. If charging infrastructure for EV improves, then EV adoption 

also increases. By increasing the number of charging stations, improving the infrastructure, and 

installations of home and building charging stations, the adoption of EV vehicles increases. Hence 

represented by (+) arrow. 
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3.7.1.5 CAUSAL LOOP MODEL OF BIOFUEL ADOPTION AND HYDROGEN ADOP-

TION 

 

Figure 23 Highlighted part of biofuel adoption and hydrogen fuel adoption from the main diagram. 

From figure 23 for biofuel adoption variable, the variables affecting it are customer awareness, 

government initiatives, cost of fuel and vehicle, infrastructure of alternative fuel. If customer 

awareness increases then biofuel adoption increases. If customers are more aware of the technol-

ogy and are willing to switch to biofuels and they understand the benefits of using alternative fuel 

vehicles then the growth of biofuel adoption increases. Hence represented by (+) arrow. If govern-

ment initiatives increase over time, then biofuel adoption also increases. For example, if the gov-

ernment initiates a program, mandates, incentives, rebates for helping the consumer switch to these 

alternative energy-based vehicles and also support the stakeholders interested in investing in im-

proving this technology, then biofuel adoption increases. Hence represented by (+) arrow. If the 

cost of fuel and vehicle is lowered, then biofuel adoption increases. If we reduce the cost of vehi-

cles and fuels by rebates, tax incentives while purchasing the car, fuel blends, reduced fuel prices. 

Hence represented by (-) arrow. If infrastructure for biofuel vehicle improves, then biofuel adop-

tion also increases. By increasing the number of fuel stations, better storage and transportation of 

this fuel, increasing manufacturing of these fuels, the adoption of biofuel vehicles increases. Hence 

represented by (+) arrow. From figure for hydrogen fuel adoption variable, the variables affecting 

it are consumer awareness, government initiatives, cost of fuel and vehicle, infrastructure of 
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alternative fuel. If consumer awareness increases then hydrogen fuel adoption increases. If cus-

tomers are more aware of the technology and are willing to switch to hydrogen fuel and they un-

derstand the benefits of using alternative fuel vehicles then the growth of hydrogen fuel adoption 

increases. Hence represented by (+) arrow. If government initiatives increase over time, then hy-

drogen fuel adoption also increases. For example, if the government initiates a program, mandates, 

incentives, rebates for helping the consumer switch to these alternative energy-based vehicles and 

also support the stakeholders interested in investing in improving this technology, then hydrogen 

fuel adoption increases. Hence represented by (+) arrow. If the cost of fuel and vehicle is lowered, 

then hydrogen fuel adoption increases. If we reduce the cost of vehicles and fuels by rebates, tax 

incentives while purchasing the car, fuel types, reduced fuel prices. Hence represented by (-) ar-

row. If infrastructure for hydrogen fuel vehicle improves, then hydrogen fuel adoption also in-

creases. By increasing the number of fuel stations, better storage and transportation of this fuel, 

increasing manufacturing of these fuels, the adoption of hydrogen fuel vehicles increases. Hence 

represented by (+) arrow. 

3.7.1.6 CAUSAL LOOP MODEL OF GASOLINE VEHICLES 

 

Figure 24 Highlighted part of the causal loop diagram that shows gasoline vehicles relationship with other variables. 
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If EV adoption increases, then eventually gasoline vehicles will be replaced and it reduces over 

time. Hence, it is represented with (-) arrow. Similarly, if more public buses are being used and 

more consumers start using bikes for short distance travel, then number of gasoline vehicles re-

duces over time. Hence, it is represented with (-) arrow. For hydrogen fuel adoption and biofuel 

adoption, if more consumers switch or adopt to these alternative fuel-based technology, then it will 

slowly replace the heavy carbon emitter vehicles like gasoline vehicles. So, it will decrease over 

time. Hence, it is represented with (-) arrow. 

3.7.1.7 R1 REINFORCEMENT LOOP 

R1 loop talks about variables clean grids for EV, charging infrastructure for EV and EV adoption. 

Below is the part of R1 loop in the causal loop diagram. 

 

Figure 25 R1 loop of the causal loop diagram 

The positive reinforcement loop between charging infrastructure of EV, clean grids for EV, and 

EV adoption is vital to sustainable transportation. This loop shows how EV adoption can start a 

chain of events that boost EV adoption.  EV adoption shows the readiness to accept cleaner EV 

mobility alternatives. Environmental and sustainability concerns, enhanced vehicle performance, 

economic and government initiatives boost adoption. Creating a strong charging infrastructure for 

EV drivers refuel their vehicles reliably and conveniently with a well-distributed charging station 

network, boosting customer confidence in the technology. Expanding the charging network draws 
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investment and technological innovation, which improves infrastructure. This makes charging sta-

tion availability improve due to EV adoption.  

Clean grids for EV are a part of technological and infrastructural advancements. Clean grids use 

renewable or low-carbon electricity to increase EVs' environmental benefits. Charging EVs using 

clean electricity reduces transportation's carbon footprint. Clean energy improves customer confi-

dence in EV adoption.  

EV adoption, charging infrastructure of EV, and clean grids for EV form a loop that boosts their 

benefits. EV adoption initially increases charging infrastructure of EV investment. More advanced 

and accessible charging networks boost EV demand. The increase in electricity demand from EVs 

adoption improves renewable energy investments, and the grid's ability to be used by more vehi-

cles. The positive feedback loop creates a self-sustaining system where advances in one area ac-

celerate progress in others, quickening the route to net zero emissions. 

3.7.1.8 B1 BALANCING LOOP 

 

Figure 26 Balancing loop B1 

Balancing Loop B1 illustrates the government initiatives increasing the biofuel adoption to reduce 

greenhouse gas (GHG) emissions in sustainable energy systems. Government subsidies, regulatory 

mandates, and public research funding are used to promote biofuel technology development. These 

initiatives stimulate biofuel usage with the goal of reducing GHG emissions. 
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GHG emissions decrease as biofuel replaces carbon-intensive energy sources. Biofuel, especially 

when produced through low-carbon or renewable technologies, can significantly reduce energy 

and emissions. As positive results are observed and GHG emissions fall, the urgency that moti-

vated for policy initiatives slowly fades. Reduced emissions over time can alert policymakers that 

environmental goals are being met, prompting a reassessment of government initiatives.  

Balancing loops revolve around recalibration after a while. Reduced GHG emissions reduce the 

perceived need for significant government interventions, reducing biofuel adoption incentives. 

Thus, as the system meets its emissions reduction goals, the loop's feedback mechanism slows 

intervenes. This negative feedback prevents over-investment and over-regulation. 

3.7.1.9 B2 BALANCING LOOP 

 

Figure 27 Balancing loop B2. 

Balancing Loop B2 illustrates the government initiatives increasing the hydrogen fuel adoption to 

reduce greenhouse gas (GHG) emissions in sustainable energy systems. Government subsidies, 

regulatory mandates, and public research funding are used to promote hydrogen fuel technology 

development. These initiatives stimulate hydrogen fuel usage with the goal of reducing GHG emis-

sions. 
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GHG emissions decrease as hydrogen fuel replaces carbon-intensive energy sources. Hydrogen, 

especially when produced through low-carbon or renewable technologies, can significantly reduce 

energy and emissions. As positive results are observed and GHG emissions fall, the urgency that 

motivated for policy initiatives slowly fades. Reduced emissions over time can alert policymakers 

that environmental goals are being met, prompting a reassessment of government initiatives.  

Balancing loops revolve around recalibration after a while. Reduced GHG emissions reduce the 

perceived need for significant government interventions, reducing hydrogen fuel adoption. Thus, 

as the system meets its emissions reduction goals, the loop's feedback mechanism slows intervenes. 

This negative feedback prevents over-investment and over-regulation. 

3.7.1.10 B3 BALANCING LOOP 

 

 

Figure 28 Balancing loop B3. 
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Balancing Loop B3 illustrates the government initiatives increasing the EV adoption and this also 

reduces the gasoline vehicles over time to reduce greenhouse gas (GHG) emissions in sustainable 

energy systems. Government subsidies, regulatory mandates, and public research funding are used 

to promote EV technology. These initiatives stimulate EV usage with the goal of reducing gasoline 

vehicles and GHG emissions. GHG emissions decrease as EV replaces carbon-intensive gasoline 

vehicles. EV can significantly reduce energy and emissions. As positive results are observed and 

GHG emissions fall, the urgency that motivated for policy initiatives slowly fades. Reduced emis-

sions over time can alert policymakers that environmental goals are being met, prompting a reas-

sessment of government initiatives. Balancing loops revolve around recalibration after a while. 

Reduced GHG emissions reduce the need for significant government interventions, reducing EV 

adoption incentives. Thus, as the system meets its emissions reduction goals, the loop's feedback 

mechanism slows intervenes. This negative feedback prevents over-investment and over-regula-

tion. 

3.7.2 STOCK FLOW DIAGRAM 

In this stock and flow model created in Insightmaker, the first step is to identify the stocks, varia-

bles, and converters. Then subsequently, we find and establish relationships and interactions be-

tween the entities. Modelers build relationships and interactions between various entities. The links 

between stocks and flows are then turned into mathematical formulations, which usually are 

achieved via the use of equations. These formulas serve as a base for simulation.  

3.7.2.1 LIST OF STOCKS, FLOWS AND VARIABLES 

Name Type Description 

EV vehicles Stock Number of EV vehicles 

Increment_EV Flow Increase in EV 

Eol_EV Flow End of life of EV decrement in EV 

Fuelprice_EV Converter Cost of electricity to charge EV 

Cost_EV Converter Cost of EV vehicle 

Charging_Infrastructure_EV Converter Investments and research on EV charging public 

and private 
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Government_Initiatives_EV Converter Government helping in investments and spread-

ing awareness 

Customer_Awareness_EV Converter Knowledge about EV’s and its benefits and 

drawbacks. 

GHG_EV Converter Grid emissions 

EV_Emission Variable Total EV emissions emitted through all the vehi-

cles 

Biofuel vehicles Stock Vehicles that run on biofuels 

Increment_BV Flow Increase in biofuel vehicles 

Eol_BV Flow End of life of a biofuel vehicle, 

Fuelprice_BV Converter Price of biofuel blends with gasoline 

Cost_BV Converter Cost of a vehicle that can run on biofuels 

Infrastructure_BV Converter Biofuel production, biofuel transport, improved 

biofuel stations 

Government_Initiatives_BV Converter Government helping in investments and spread-

ing awareness 

Customer_Awareness_BV Converter Knowledge about biofuel and its benefits and 

drawbacks. 

GHG_BV Converter Emissions produced by a biofuel vehicle 

Biofuel_Vehicle_Emission Variable Total emissions generated by all the biofuel vehi-

cles 

Bikes Stock Personal bikes 

Increment_Bike Flow Increase in bikes 

Eol_Bike Flow End of life of bikes or decrease in bikes 

Cost_Bike Converter Price of a bike 

Infrastructure_Expan-

sion_Bike 

Converter Improving bike lanes and paths, repair stores, 

parking 
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Government_Initia-

tives_Bike 

Converter Government helping in investments and spread-

ing awareness 

Customer_Awareness_Bike Converter Knowledge about bikes and its benefits on health 

and environment 

Annual_Mileage_Bike Variable Total distance a bike can be ridden in a year on 

an average 

GHG_Bike Variable Emissions from a bike 

Bike_Emission Variable Emissions from total number of bikes 

Public Buses Stock Total number of public buses 

Increment_PB Flow Increase in public buses 

Eol_PB Flow End of life of a public bus or decrement in buses 

Fare_public_bus Converter Cost of a ticket for a trip in public bus 

Expansion_Infrastruc-

ture_public_bus 

Converter Improving bus stops, more bus routes, faster fre-

quency 

Government_Initiatives_pub-

lic_bus 

Converter Government helping in investments and spread-

ing awareness 

Customer_Awareness_pub-

lic_bus 

Converter Knowledge about public buses and its benefits on 

environment 

GHG_PB Converter Emissions from a public bus 

Public_Buses_Emission Variable Emissions from all public buses 

Annual_Mileage_PB Variable Total distance a public bus runs in a year on an 

average 

Hydrogen vehicles Stock Vehicles that run on hydrogen fuel 

Increment_Hydrogen Flow Increase in hydrogen vehicles 

Eol_Hydrogen Flow End of life of hydrogen vehicle or decrement in 

hydrogen vehicles 

Fuelprice_Hydrogen_Vehi-

cle 

Converter Cost of hydrogen fuel 
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Cost_Hydrogen_Vehicle Converter Cost of vehicle that runs on hydrogen fuel 

Infrastructure_Hydro-

gen_Vehicle 

Converter Hydrogen fuel production, hydrogen fuel 

transport, improved hydrogen fuel stations 

Government_Initiatives_Hy-

drogen_Vehicle 

Converter Government helping in investments and spread-

ing awareness 

Customer_Awareness_Hy-

drogen_Vehicle 

Converter Knowledge about biofuel and its benefits and 

drawbacks. 

GHG_Hydrogen_Vehicle Variable Emission from a hydrogen vehicle 

Hydrogen_Vehicle_Emission Variable Emissions from total number of hydrogen vehi-

cles 

Gasoline Vehicles Stock Vehicles that use gasoline fuel 

Increment_GV Flow Increase in gasoline vehicles 

Eol_GV Flow End of life of a gasoline vehicle or decrement of 

vehicle 

Fuelprice_GV Converter Price of gasoline fuel 

Cost_GV Converter Cost of a vehicle thar runs of gasoline 

Government_Initiatives_GV Converter Government helping in investments and spread-

ing awareness 

Customer_Awareness_GV Converter Knowledge about biofuel and its benefits and 

drawbacks. 

GV_lifespan Variable An average lifespan of a gasoline vehicle. 

GHG_GV Converter Emission from a gasoline vehicle 

Gasoline_Vehicle_Emission Variable Emissions from total gasoline vehicles 

Annual_Mileage_Vehicles Variable Total distance a vehicle runs over a year on an 

average 

Total GHG Emissions Stock Total GHG emissions from transportation 

Increment_Total_GHG Flow Increase in GHG emissions 
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Decrement_Natural_Process Flow Decrease in emissions from carbon sequestration 

by planting trees 

Table 2  List of all stocks, flows and variables used in the model. 
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Figure 29 Stock flow diagram of the model 



 

62 

 

3.7.2.2 EV VEHICLES STOCK 

 

Figure 30 EV stock and its variables affecting it. 

In this part of the model, we talk about EV vehicles. EV vehicles are created as a stock because 

the number vehicles increase over time. Here we take a sample input of cumulative total number 

of vehicles for a particular period of time. Since the temporal boundary of our model is 25 years, 

we take it as at time t=0 for 1999, the total number of vehicles was 0 due to lack of EV vehicles 

available commercially in Canada and the popularity of EV vehicles started increasing from 2011.  

And at time t=25 for the year 2024, the cumulative total number of vehicles is taken as 1978449. 

We have derived the value of stock at 2024 through cumulative sales of vehicles during this period 

due to lack of yearly based data. We have Increment_EV which is the increase in flow of EV’s. 

And we have EOL_EV which is end of life of EV or the time it takes for an EV vehicle to retire. 

It is 15 years for an EV vehicle to be decommissioned.  

The factors that drive the EV stock are represented by green hexagons. They are called converters. 

In InsightMaker, converters are not set values; they may shift over time in response to changing 

real-world conditions. A converter might assume several values at different times, like to a time 

series or a lookup table, rather than being an individual constant number. This enables the model 

to detect changes in factors such as Government_Initiatives_EV, FuelPrice_EV, Cost_EV, Charg-

ing_Infrastructure_EV, Customer_Awareness_EV as they progress throughout the simulation. 

This makes the results of the simulation more realistic.  
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By decreasing the fuel price of EV over time, which is to reduce the electricity prices for the users 

to charge. The number of users interested to switch to EV vehicles would increase. Hence, the 

inflow of EV vehicles increases and the number of EV’s grows over time. Similarly, by reducing 

cost of EV vehicle, this creates a positive outlook for customers to adopt EV’s as they are cheaper 

and hence the adoption of EV increases. This drives the increment inflow of EV vehicles and 

increases the EV vehicles over time positively. 

For Government_Initiatives_EV, by increasing more incentives, rebates, tax-saving options, better 

funding for development of charging infrastructures and production, investing in improving the 

technology, it motivates the users to adopt EV more and eventually EV vehicles increase due to 

positive increment in the flow of EV vehicles.  

For Charging_Infrastructure_EV, if there are more charging stations in highways, this reassures 

the customers that they would not have to worry about charging their vehicles and reduces anxiety 

among people. Faster charging, improved technology, rebates for home charging stations helps 

increase more users to adopt to EV vehicle technology. Hence this increases the increment flow of 

EV vehicles and drives the growth of EV vehicles over time. 

For Customer_Awareness_EV if more people are educated about the benefits of using EV, de-

bunking the myths about this technology, guiding people on how to use EV’s and where to look 

for information, workshops and events sharing knowledge and awareness among people, eventu-

ally this creates a positive outlook to purchasing more EV’s and this will increase the inflow in-

crement of EV and drives the growth of EV vehicles.  

From understanding articles, reports, surveys, newsletters, government of Canada websites, and 

blogs we have taken estimation of qualitative data. We have taken input values for Govern-

ment_Initiatives_EV, Charging_Infrastructure_EV and Customer_Awareness_EV, on a scale 

from 0-1. The meaning of converter value inputs on a 0–3 scale is like assigning a relative strength 

or influence to these factors where 0 represents no effect, 1 represents a national average, 2 repre-

sents a moderate effect and 3 represents the maximum effect. This normalized scale makes it easier 

to compare different factors and understand their influence on the model's behavior.  

Converter Input Units 
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Government_Initiatives_EV 0.1 (t=0), 0.7 (t=25) No units 

Charging_Infrastructure_EV 0 (t=0), 1 (t=25) No units 

Customer_Awareness_EV 0 (t=0), 0.7 (t=25) No units 

FuelPrice_EV 0. 18 (t=0), 0.19 (t=25) $/KWH 

Cost_EV 112934 (t=0), 53990 (t=25) $ 

Table 3 Input values of factors affecting EV [34]. 

With improvements in grid technology and better optimization, we can reduce the emissions pro-

duced by electric grids. Hence, we take GHG_EV also as a converter. The input value we assume 

it as the same for 25 years since it’s a relatively new technology which is 1236 kgco2. An-

nual_Mileage_Vehicles is taken as 1500 km per year. EV_Emission is a variable and it represents 

the total emissions produced by the stock of EV vehicles.  

Table 4 shows the equation used for EV stock. 

NAME FORMULA DESCRIPTION 

INCREMENT_EV (1/[Cost_EV])*(1/[FuelPrice_EV])*[Cus-

tomer_Awareness_EV]*[Govern-

ment_Initiatives_EV])*[Charging_Infra-

structure_EV] 

Since cost and fuel 

price are inversely pro-

portional and customer 

awareness, government 

initiatives and charging 

infrastructure are di-

rectly proportional  

 

EOL_EV EOL_EV= [EV VEHICLES]/ (15) 

 

Because it takes 15 

years on an average for 

a vehicle to be decom-

missioned.  

EV_EMISSION EV_Emission=[EV VEHICLES] * [An-

nual_Mileage_Vehicles] *[GHG_EV] 

Function of GHG of 

each EV vehicle and 

annual mileage and to-

tal number of EV vehi-

cles 

 

Table 4 Equations for EV stock 
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3.7.2.3 BIOFUEL VEHICLES STOCK 

 

Figure 31 Biofuel stock and its variables affecting it. 

In this section of the model, we talk about biofuel vehicles. Biofuel vehicles are created as a stock 

because the number vehicles increase over time. Here we take a sample input of cumulative total 

number of vehicles for a particular period of time. Since the temporal boundary of our model is 25 

years, we take it as at time t=0 for 1999, the total number of vehicles was 0 due to lack of biofuel 

vehicles available commercially in Canada and the popularity of these vehicles started increasing 

later.  And at time t=25 for the year 2024, the cumulative total number of vehicles is taken as 

908100. We have derived the value of stock at 2024 through cumulative sales of vehicles during 

this period due to lack of yearly based data. We have inflow and outflow to the stock. Incre-

ment_BV which is the increase in flow of biofuel vehicles.  And we have EOL_BV which is end 

of life of a biofuel vehicle or the time it takes for a vehicle to retire. It is 15 years for biofuel vehicle 

to be decommissioned.  

The factors that drive the biofuel vehicles stock are represented by green hexagons. They are called 

converters. In InsightMaker, converters are not set values; they may shift over time in response to 

changing real-world conditions. A converter might assume several values at different times, like 
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to a time series or a lookup table, rather than being an individual constant number. This enables 

the model to detect changes in factors such as Government_Initiatives_BV, FuelPrice_BV, 

Cost_BV, Infrastructure_BV, Customer_Awareness_BV as they progress throughout the simula-

tion. This makes the results of the simulation more realistic.  

By decreasing the fuel price for a biofuel vehicle over time, by decreasing the cost of biofuel 

blends, customers would be motivated to use biofuels. Hence vehicles using biofuels would in-

crease. And this will increase the increment of vehicles inflow over time and hence drives the 

growth of vehicles.   

Similarly, by reducing cost of biofuel vehicle, which is by designing vehicles that can run on higher 

blends and are cheaper to purchase, customers would likely be interested in investing in such ve-

hicles and this improves the adoption of biofuel vehicles. This increases the increment flow of 

vehicles over time and increases the number of biofuel vehicles.  

If Government_Initiatives_BV increases, for example if incentives, rebates, funding to develop 

and research about these technologies, invest in creating awareness among users increases, then 

eventually people wanting to adopt to biofuel vehicles also increase. Hence, this drives the growth 

of flow of increment.   

If Customer_Awareness_BV increases, for example if customers are more aware of the types of 

biofuels, its blend, the technology used, the benefits of using biofuel for environment, educating 

people on how to use this new technology will make customers more gravitate towards these ve-

hicles. And this will drive the growth of adoption of biofuel vehicles and it will increase the num-

ber of vehicles over time. 

So, from understanding articles, reports, surveys, newsletters, government of Canada websites, 

and blogs we have taken estimation of qualitative data. We have taken input values for Govern-

ment_Initiatives_BV, Infrastructure_BV and Customer_Awareness_BV, on a scale from 0-3. The 

meaning of converter value inputs on a 0–3 scale is like assigning a relative strength or influence 

to these factors where 0 represents no effect and 1 represents a national average, 2 represents a 

moderate effect and 3 represents the maximum effect. This normalized scale makes it easier to 

compare different factors and understand their influence on the model's behavior.  
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Converter Input Units 

Government_Initiatives_BV 0 (t=0), 0.3 (t=25) No units 

Infrastructure_BV 0 (t=0), 0.5 (t=25) No units 

Customer_Awareness_BV 0 (t=0), 0.5 (t=25) No units 

FuelPrice_BV 2.00 (t=0), 0.99 (t=25) $/L 

Cost_BV 34,407 (t=0), 22900 (t=25) $ 

Table 5 Input values of factors affecting Biofuel Vehicles [34]. 

With improvements in blending technology and use of renewable sources to produce biofuels, we 

can reduce the emissions produced by the vehicles. Hence, we take GHG_BV also as a converter. 

The input value we assume it as the same for 25 years since it’s a relatively new technology which 

is 1680 kgco2. Annual_Mileage_Vehicles is taken as 1500 km per year. Biofuel_Vehicle_Emis-

sion is a variable and it represents the total emissions produced by the stock of biofuel vehicles.  

Table 6 shows equations used for biofuel vehicles. 
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NAME FORMULA DESCRIP-

TION 

INCRE-

MENT_BV 

 

INCRE-

MENT_BV=(1/[Cost_BV])*(1/[FuelPrice_BV])*[Cus-

tomer_Awareness_BV]*[Government_Initia-

tives_BV])*[Infrastructure_BV] 

 

Since cost and 

fuel price are 

inversely pro-

portional and 

customer 

awareness, gov-

ernment initia-

tives and infra-

structure are di-

rectly propor-

tional 

 

EOL_BV EOL_BV=[BIOFUEL VEHICLES]/ (15) Because it takes 

15 years on an 

average for a 

vehicle to be 

decommis-

sioned. 

 

BIOFUEL_VE-

HICLES_EMIS-

SION 

 

Biofuel_Vehicles_Emission= [BIOFUELVEHICLES]*[An-

nual_Mileage_Vehicles]*[GHG_BV] 

 

Function of 

GHG of each 

biofuel vehicle 

and annual 

mileage and to-

tal number of 

biofuel vehicles 

Table 6 Equations for Biofuel Vehicle stock. 



 

69 

 

3.7.2.4 HYDROGEN VEHICLES STOCK 

 

Figure 32 Hydrogen vehicle stock and its variables effecting it. 

In this part of the model, we talk about hydrogen vehicles. Hydrogen vehicles are created as a 

stock because the number vehicles increase over time. Here we take a sample input of cumulative 

total number of vehicles for a particular period of time. Since the temporal boundary of our model 

is 25 years, we take it as at time t=0 for 1999, the total number of vehicles was 0 due to lack of 

biofuel vehicles available commercially in Canada and the popularity of these vehicles started 

increasing later in 2014.  And at time t=25 for the year 2024, the cumulative total number of vehi-

cles is taken as 1040. We have derived the value of stock at 2024 through cumulative sales of 

vehicles during this period due to lack of yearly based data. We have taken an inflow and outflow 

to the stock. Inflow of the stock is Increment_hydrogen which is the growth in flow of hydrogen 

vehicles.  And we have EOL_Hydrogen which is end of life of a hydrogen vehicle or the time it 

takes for a vehicle to retire or decommissioned which is usually 15 years.   

The factors that drive the hydrogen vehicles stock are represented by green hexagons. They are 

called converters. In InsightMaker, converters are not set values; they may shift over time in re-

sponse to changing real-world conditions. A converter might assume several values at different 

times, like to a time series or a lookup table, rather than being an individual constant number. This 

enables the model to detect changes in factors such as Government_Initiatives_Hydrogen_Vehi-

cle, FuelPrice_Hydrogen_Vehicle, Cost_BV, Infrastructure_Hydrogen_Vehicle, 
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Customer_Awareness_Hydrogen_Vehicle as they progress throughout the simulation. This makes 

the results of the simulation more realistic.  

By decreasing the fuel price for a biofuel vehicle over time, by decreasing the cost of production 

of hydrogen fuel and improving the technology, the customer would be more willing to adopt 

hydrogen vehicles. This will increase the increment flow of hydrogen vehicles and will drive the 

growth of the vehicles.  

For cost of the vehicle, since the technology is relatively new if the cost of purchasing the vehicle 

reduces with more rebates, incentives from government and automakers, more people would be 

interested in buying the vehicle. This will increase the increment flow of hydrogen vehicles over 

time. And this drives the growth of hydrogen vehicles.  

For Government_Initiatives_Hydrogen_Vehicle, if government decides to rapidly scale the growth 

in hydrogen fuel production plants, setting up more hydrogen fuel stations, better incentives, re-

bates and funds for research and development. Eventually customers would be more interested to 

adopt to this new technology and this will increase the increment of vehicles and improve the 

growth of hydrogen vehicles.  

For Infrastructure_Hydrogen_Vehicle, if more fuel stations are built, better maintenance centers, 

improved transport of fuel to the pump stations, setting up more hydrogen fuel production plants 

for faster transport of fuels, the users develop interest in wanting to adopt to hydrogen vehicles. 

And hence it increases the increment flow of hydrogen vehicles. And this drives the growth in 

hydrogen vehicles. 

For Customer_Awareness_Hydrogen_Vehicle, through media, advertisements, workshops if peo-

ple are more educated on the subject of hydrogen vehicles and its benefits, guiding them on special 

incentive programs and using of such fuel technology improves the customer satisfaction and shifts 

the perception towards the fuel and vehicle. This improves the growth of such vehicles over time 

and increases the increment flow of the vehicle.  

Through articles, reports, surveys, newsletters, government of Canada websites, and blogs we have 

taken estimation of qualitative data. We have taken input values for Government_Initiatives_Hy-

drogen_Vehicle, Infrastructure_Hydrogen_Vehicle and 
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Customer_Awareness_Hydrogen_Vehicle, on a scale from 0-3. The meaning of converter value 

inputs on a 0–3 scale is like assigning a relative strength or influence to these factors where 0 

represents no effect and 1 represents a national average, 2 represents a moderate effect and 3 rep-

resents the maximum effect. This normalized scale makes it easier to compare different factors 

and understand their influence on the model's behavior. 

Converter Input Units 

Government_Initiatives_Hydrogen_Vehicle 0.1 (t=0), 0.3 (t=25) No units 

Infrastructure_Hydrogen_Vehicle 0 (t=0), 1 (t=25) No units 

Customer_Awareness_Hydrogen_Vehicle 0.1 (t=0), 1 (t=25) No units 

FuelPrice_Hydrogen_Vehicle 28.28 (t=0), 5.7 (t=25) $/L 

Cost_Hydrogen_Vehicle 100,000 (t=0), 54350 (t=25) $ 

Table 7 Input values of factors affecting Hydrogen Vehicles [34]. 

Hydrogen fuel cells that are used in vehicles, are considered a zero-emission technology. Hence, 

we take GHG_Hydrogen_Vehicle as a variable. The input value we take it as 0 kgco2. An-

nual_Mileage_Vehicles is taken as 1500 km per year. Hydrogen_Vehicle_Emission is a variable 

and it represents the total emissions produced by the stock of hydrogen vehicles. 

Table 8 shows equations used for Hydrogen vehicles. 
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NAME FORMULA DESCRIPTION 

INCRE-

MENT_HYDRO-

GEN 

 

INCREMENT_HYDROGEN=(1/[Cost_Hydro-

gen_Vehicle])*(1/[FuelPrice_Hydrogen_Vehi-

cle])*[Customer_Awareness_Hydrogen_Vehi-

cle]*[Government_Initiatives_Hydrogen_Vehi-

cle]*[Infrastructure_Hydrogen_Vehicle]  

 

Since cost and fuel 

price are inversely 

proportional and 

customer aware-

ness, government 

initiatives and in-

frastructure are di-

rectly propor-

tional. 

EOL_HYDRO-

GEN 

EOL_HYDROGEN=[HYDROGEN VEHICLES]/ (15) 

 

Because it takes 15 

years on an aver-

age for a vehicle to 

be decommis-

sioned. 

EMISSION_HY-

DROGEN_VEHI-

CLE  

 

Emission_Hydrogen_Vehicle=[HYDROGEN VEHI-

CLES] *[Annual_Mileage_Vehicles]*[GHG_HV] 

Function of GHG 

of each hydrogen 

vehicle and annual 

mileage and total 

number of vehi-

cles. 

Table 8 Equations for Hydrogen Vehicle stock. 
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3.7.2.5 BIKES STOCK 

 

Figure 33 Bikes stock and its variables effecting it. 

Subsequently we discuss about Bikes. Bikes are created as a stock because the number bikes in-

crease over time. Here we take a sample input of cumulative total number of bikes for a particular 

period of time. Since the temporal boundary of our model is 25 years, we take it as at time t=0 for 

1999, the total number of bikes was 388000. And at time t=25 for the year 2024, the cumulative 

total number of bikes is taken as 811000.  

The factors that drive the bikes stock are represented by green hexagons. They are called convert-

ers. In InsightMaker, converters are not set values; they may shift over time in response to chang-

ing real-world conditions. A converter might assume several values at different times, like to a 

time series or a lookup table, rather than being an individual constant number. This enables the 

model to detect changes in factors such as Government_Initiatives_Bike, Cost_Bike, Infrastruc-

ture_Expansion_Bike, Customer_Awareness_Bike as they progress throughout the simulation. 

This makes the results of the simulation more realistic.  
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By decreasing the cost of bikes, more customers would be interested in purchasing and adopting 

this culture. Hence, the bike adoption increases. And eventually number of bikes also increase. So 

it affects the increment flow of bikes.  

If Government_Initiatives_Bike increases by creating more awareness through media and news, 

decreasing the cost of bikes by rebates and tax incentives, improving the funds for the infrastruc-

ture with bike lanes and paths, improved bike stands and repair stores. Then eventually, more users 

would be willing to experience this in a positive way. This increases the bikes overall and it affects 

positively with the increment flow of bikes. 

If Infrastructure_Expansion_Bike improves by creating more bike paths, bike lanes and better in-

frastructure for bikes. Improved services and maintenance centers for bikes. This creates a positive 

outlook for customers to adopt more biking. Eventually number of bikes increase. This factor in-

creases the increment inflow of bikes.  

Customer_Awareness_Bike increases by educating the people on benefits of bikes for environment 

and health, creating better navigation systems for them to understand the routes, educating them 

on where to purchase bikes and for repairs. Creating awareness through ads, workshops, news etc. 

This reassures the customers in a positive way to adopt more biking. Eventually people will start 

using more bikes and it increases the increment flow of bikes over time.  

So, from articles, reports, surveys, newsletters, government of Canada websites, and blogs we have 

taken estimation of qualitative data. We have taken input values for Government_Initiatives_Bike, 

Infrastructure_Bike and Customer_Awareness_Bike, on a scale from 0-3. The meaning of con-

verter value inputs on a 0–3 scale is like assigning a relative strength or influence to these factors 

where 0 represents no effect, 1 represents a national average, 2 represents a moderate effect and 3 

represents the maximum effect. This normalized scale makes it easier to compare different factors 

and understand their influence on the model's behavior.  

Converter Input Units 

Government_Initiatives_Bike 1 (t=0), 1 (t=25) No units 

Infrastructure_Expansion_Bike 0.3 (t=0), 0.6 (t=25) No units 

Customer_Awareness_Bike 1 (t=0), 1 (t=25) No units 
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Cost_Bike 360 (t=0), 1000 (t=25) $ 

Table 9 Input values of factors affecting Bikes [34]. 

GHG_Bike is zero because bikes are a part of zero-emission sustainable transportation. We also 

have Bikes_Emissions which is emissions due to all the bikes. Annual mileage of a bike is taken 

as an average distance a biker travels a year which in Canada is 3000 km/year.  

Table 10 shows equations used for Bikes stock. 

NAME FORMULA DESCRIPTION 

INCRE-

MENT_BIKE 

INCREMENT_BIKE=(1/[Cost_Bike])*[Cus-

tomer_Awareness_Bike]*[Government_Initia-

tives_Bike]*[Infrastructure_Expansion_Bike] 

Since cost of bike 

is inversely pro-

portional and cus-

tomer awareness, 

government initia-

tives and infra-

structure expan-

sion are directly 

proportional 

EOL_BIKE 

 

EOL_BIKE=[BIKES]/(15) Because it takes 15 

years on an aver-

age for a bike to be 

decommissioned. 

 

BIKES_EMIS-

SION 

 

Bikes_Emission=[BIKES]*[Annual_Mileage_Bike] 

*[GHG_Bike] 

Function of GHG 

of each bike and 

annual mileage of 

a bike and total 

number of bikes. 

 

Table 10 Equations for Bikes stock 
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3.7.2.6 GASOLINE VEHICLES STOCK 

 

Figure 34 Gasoline stock and its variables effecting it. 

In this section of the model, we analyse gasoline vehicles. Gasoline vehicles are created as a stock 

because the number vehicles increase over time. Here we take a sample input of cumulative total 

number of vehicles for a particular period of time. Since the temporal boundary of our model is 25 

years, we take it as at time t=0 for 1999, the total number of vehicles was 37751000. And at time 

t=25 for the year 2024, the cumulative total number of vehicles is taken as 634000000. We have 

derived the value of stock at 2024 through cumulative sales of vehicles during this period due to 

lack of yearly based data. Increment_GV is the inflow that drives the gasoline vehicles and 

EOL_GV is the outflow called end of life of gasoline vehicles which reduces the vehicles over 

time through decommissioning. GV_lifespan is an average life of a gasoline vehicle which is 15 

years.  

The factors that drive the gasoline vehicles stock are represented by green hexagons. They are 

called converters. In InsightMaker, converters are not set values; they may shift over time in re-

sponse to changing real-world conditions. A converter might assume several values at different 

times, like to a time series or a lookup table, rather than being an individual constant number. This 

helps the model to detect changes in factors such as Government_Initiatives_GV FuelPrice_GV, 
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Cost_GV, Infrastructure_GV, Customer_Awareness_GV as they progress throughout the simula-

tion. This makes the results of the simulation more realistic.  

By decreasing the fuel price for a gasoline vehicle over time, we can expect the number of gasoline 

vehicle users increasing. Hence the adoption of gasoline vehicles increases over time. So, they are 

represented with a negative relationship with the Increment_GV. Similarly, by reducing cost of 

gasoline vehicle, more customers would be keen on purchasing these types of vehicles. So, the 

adoption of gasoline vehicles increases and hence they have a negative relationship with the incre-

ment.  

For Government_Initiatives_GV, if government decides to provide better incentives, rebates, dis-

counts, help in the overall development of infrastructure and technology through research funding, 

more customers would be willing to adopt gasoline vehicles. Hence, gasoline vehicles increase 

over time. So, it has a positive relationship with the increment flow.  

If Customer_Awareness_GV increases by more positive perception among the people for using 

gasoline vehicles, understanding the benefits and drawbacks, this improves the adoption of gaso-

line vehicles over time. Hence this increases the number of gasoline vehicles.  So, they have a 

positive relationship with the increment flow.  

If government puts increasing effort in reducing the price of fuel and cost of vehicle and rapidly 

scales up on the investments and research required in improving the infrastructure and customer 

adoption, hence the relationship between the cost of vehicle and fuel price is negative, and with 

infrastructure developments and customer awareness, the relationship is positive.  

Customer_Dissatisfaction of gasoline is taken as an additional variable for gasoline vehicle stock. 

By government deciding not to spend on customer awareness, to create positive impact about these 

vehicles through news and media, educating the people. This eventually reduces the customer 

awareness and interest over time, and increases the dissatisfaction among customers. If govern-

ment deciding to not reduce the cost of fuel and vehicles, this brings a shift in customers wanting 

to choose gasoline vehicles. Hence the customer dissatisfaction of gasoline increases.  

From understanding articles, reports, surveys, newsletters, government of Canada websites, and 

blogs we have taken estimation of qualitative data. We have taken input values for 
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Government_Initiatives_GV and Customer_Awareness_GV, on a scale from 0-3. The meaning of 

converter value inputs on a 0–3 scale is like assigning a relative strength or influence to these 

factors where 0 represents no effect, 1 represents a national average, 2 represents a moderate effect 

and 3 represents the maximum effect. This normalized scale makes it easier to compare different 

factors and understand their influence on the model's behavior.  

Converter Input Units 

Government_Initiatives_GV 1 (t=0), 1 (t=25) No units 

Customer_Awareness_GV 1 (t=0), 1(t=25) No units 

FuelPrice_GV 1.52 (t=0), 3.25 (t=25) $/L 

Cost_GV 15000 (t=0), 67000 (t=25) $ 

Table 11 Input values of factors affecting Gasoline Vehicles [34]. 

GHG_GV is the emission produced by a single gasoline vehicle. It is taken as a converter due to 

the technological improvements in engines and fuel to reduce the emissions in the future. Here 

between 1999-2024, it is taken as 26 MTCO2. Gasoline_Vehicles_Emissions is the total emissions 

from all the gasoline vehicles over time. The more gasoline vehicles, the emissions produced will 

also be higher. The annual mileage of a car in Canada is 15,000 km/year.  

Table 12 shows equations used for Gasoline Vehicles stock. 
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NAME FORMULA DESCRIPTION 

INCRE-

MENT_GV 

 

INCREMENT_GV=(1/[Cost_GV]) 

*(1/[FuelPrice_GV]) *[Customer_Awareness_GV] 

*[Government_Initiatives_GV] 

 

Since cost and fuel 

price are inversely 

proportional and 

customer aware-

ness, government 

initiatives are di-

rectly proportional 

EOL_GV 

 

INCRE-

MENT_GV=(1/[Cost_GV])*(1/[FuelPrice_GV])*[C

ustomer_Awareness_GV]*[Government_Initia-

tives_GV] 

 

Because it takes 15 

years on an aver-

age for a vehicle to 

be decommis-

sioned. 

 

CUS-

TOMER_DIS-

SATISFAC-

TION_GV 

 

Customer_Dissatisfaction_GV=(1/[Cus-

tomer_Aware-

ness_GV])*([FuelPrice_GV])*([Cost_GV])*(1/[Gov

ernment_Initiatives_GV]) 

Dissatisfaction of a 

customer is indi-

rectly proportional 

to government ini-

tiatives and cus-

tomer awareness 

and its directly pro-

portional to fuel 

price and cost of 

vehicle. 

GASOLINE_VE-

HICLES_EMIS-

SIONS  

 

Gasoline_Vehicles_Emissions=[GASOLINE VEHI-

CLES]*[Annual_Mileage_Vehicles]*[GHG_GV] 

Function of GHG 

of each gasoline 

vehicle and annual 

mileage and total 

number of gasoline 

vehicles. 

 

Table 12 Equations for Gasoline Vehicles stock. 
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3.7.2.7 PUBLIC BUSES STOCK 

  

Figure 35 Public_Buses stock and its variables effecting it. 

In this portion of the model, we discuss about public buses stock. The public buses are taken as a 

stock because the number public buses increase over time. Here we take a sample input of cumu-

lative total number of buses for a specific period of time. Since the temporal boundary of our model 

is 25 years, we take it as at time t=0 for 1999, the total number of public buses was found to be 

73174. And at time t=25 for the year 2024, the cumulative total number of vehicles is taken as 

84199. We have derived the value of stock at 2024 through cumulative sales of public buses during 

this period due to lack of yearly based data. There are two types of flows that interact with the 

stock, one is Increment_PB which is in the increase in adoption of public buses. This increases the 

value of stock. We have EOL_PB which is end of life of public bus or decommissioning of a public 

bus. It takes 20 years for a public bus to retire. This outflow decreases the value of stock over time.  

The main factors that increase the growth of public buses are represented by green hexagons. They 

are called converters. In InsightMaker, converters are not set values; they may shift over time in 

response to changing real-world conditions. A converter might assume several values at different 

times, like to a time series or a lookup table, rather than being an individual constant number. This 

enables the model to detect changes in factors such as Government_Initiatives_Public_Bus, 

Fare_Public_Bus, Expansion_Infrastructure_Public_Bus, Customer_Awareness_Public_Bus as 

they progress throughout the simulation. This makes the results of the simulation more realistic.  
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By decreasing the cost of a ticket for public bus, we can expect the number of people willing to 

use public buses increase over time. So, the public buses will also increase.  

If Government_Initiatives_Public_Bus increases, for example if government initiatives, funding 

to develop, expand and research about the development of public transportation and buses, invest 

in creating awareness among users to adopt to traveling in public buses, then eventually more 

customers will be willing to switch to public transportation so Fare_Public_Bus decreases.  

And, if Expansion_Infrastructure_Public_Bus, Customer_Awareness_Public_Bus increases over 

time due to improving the bus routes, increasing the frequency of buses, improving infrastructure 

of bus stops and navigation, a shift in public perception towards sustainable transportation, benefits 

of using public transportation and buses for reducing the emissions. This increases the adoption of 

public buses and hence increases the number of public buses over time.  

We have taken input values for Government_Iniiatives_Public_Bus, Expansion_Public_Bus and 

Customer_Awareness_Public_Bus, on a scale from 0-3. Through analysing articles, reports, sur-

veys, newsletters, government of Canada websites, and blogs we have taken estimation of quali-

tative data. The meaning of converter value inputs on a 0–3 scale is like assigning a relative 

strength or influence to these factors where 0 represents no effect, 1 represents a national average, 

2 represents a moderate effect and 3 represents maximum effect. This normalized scale makes it 

easier to compare different factors and understand their influence on the model's behavior. 

Converter Input Units 

Government_Initiatives_Public_Bus 0.1 (t=0), 0.7 (t=25) No units 

Expansion_Infrastructure_Public_Bus 0.1 (t=0), 0.7 (t=25) No units 

Customer_Awareness_ Public_Bus 0.1 (t=0), 0.7 (t=25) No units 

Fare_Public_Bus 6 (t=0), 4 (t=25) $ 

Table 13 Input values of factors affecting public buses [34]. 

GHG_PB which is emission of a public bus is taken as converter because with technological im-

provements in fuel and engines, it can reduce over time. For the period between 1999-2024, it is 

taken as 2 MTCO2. Annual_Mileage_PB is average distance a public bus travels in a year, which 

is taken as 61,049.71 km/year. Public_Buses_Emissions is taken as a variable and this represents 
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the overall emissions of all the public buses. If GHG of a public bus increase, then Pub-

lic_Buses_Emissions also increase.  

Table 14 shows equations used for public buses stock. 

NAME FORMULA DESCRIPTION 

INCREMENT_PB 

 

INCREMENT_PB=(1/[Fare_Public_Bus])*[Cus-

tomer_Awareness_Public_Bus]*[Government_Initia-

tives_Public_Bus]) *[Infrastructure_Expansion_Pub-

lic_Bus]  

 

Since cost of 

ticket is inversely 

proportional and 

customer aware-

ness, government 

initiatives and in-

frastructure ex-

pansion are di-

rectly propor-

tional. 

EOL_PB 

 

EOL_PB= [PUBLIC BUSES]/(20) Because it takes 

20 years on an av-

erage for a public 

bus to be decom-

missioned. 

 

PUB-

LIC_BUSES_EMIS-

SION 

Public_Buses_Emission = [PUBLIC BUSES]*[An-

nual_Mileage_PB]*[GHG_PB] 

 

Function of GHG 

of each public bus 

and annual mile-

age of a bus and 

total number of 

public buses. 

Table 14 Equations for Public Buses stock 
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3.7.2.8 TOTAL GHG EMISSIONS STOCK 

 

Figure 36 Total GHG Emissions stock. 

The total GHG Emissions of this model is the total of all the emissions produced by all the vehicles. 

Inflow is the increment or increase in GHG emissions and the outflow here is the decrease in GHG 

emissions due to carbon sequestration.  

The inflow of the stock is INCREMENT_TOTAL_GHG= [Emission_Hydrogen_Vehicles] +[Bio-

fuel_Vehicles_Emission] +[Bikes_Emission] +[EV_Emission] +[Gasoline_Vehicles_Emissions] 

+[Public_Buses_Emission] 

And the outflow of the stock is DECREMENT_NATURAL_PROCESS = [TOTAL GHG EMIS 

SIONS]/40. Through carbon sequestration method, it takes 40 years for tree to absorb carbon. 
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CHAPTER 4  

NUMERICAL APPLICATION OF THE MODEL 

4.1 MODEL VALIDATION 

From Figure 18 we know the next step after formulation of the model is to validate the created 

model. Model validation in simulation is the procedure of verifying that a simulation model accu-

rately reflects the real-world system it aims to replicate. This procedure is essential for establishing 

credibility in the model's predictions and its relevance for decision-making. Validation is compar-

ing simulation results with real-world information or recognized benchmarks to evaluate the mod-

el's authenticity.  

The input data is collected from various sources like open-source government of Canada websites, 

vehicle inventory websites, blogs, polls, articles and various fuel price websites (DataSourceThe-

sis, 2025.). Due to limitations of yearly based data, the cumulative inputs for the parameters in the 

model are taken for 1999 and 2024. Due to some parameters representing qualitative data, a cal-

culated estimate has been taken from surveys and articles online. From a scale of 0-3, where 0 

being no effect, 1 being average effect, 2 having moderate effect and 3 having the highest effect. 

Some input parameters have been taken as assumptions due to lack of data.  

The temporal boundary of this model is 25 years. We will run the simulation from 1999-2024 to 

verify the outputs generated by the model. The results of the simulation are compared with the 

historical data found to verify the model. The outputs of the model are the stocks EV Vehicles, 

biofuel vehicles, hydrogen vehicles, gasoline vehicles, public buses, bikes and total GHG emis-

sion.  

There was no record of commercial EV vehicles sold in Canada in 1999. The prices of electricity 

to power the electric grid for charging EV was found to be 0.19 $/kwh and 0.18 $/kwh for the year 

1999 and 2024. The cost of an EV from conceptual vehicles and experimental technologies was 

found to be $112934 in 1999 and is currently $53,990 in 2024. All the costs are adjusted to infla-

tion. Since Charging_infrastructure_EV, Government_initiatives_EV, Customer_awareness_EV 

are a type of qualitative data, a value between 0-3 has been taken. The GHG_EV signifies 
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emissions produced by the electric grid to charge vehicles. Although EV vehicles do not have 

tailpipe emissions, the electric grid releases a certain amount of GHG and it is found to be 1236 

kgco2. Average distance a car travels in Canada is approximately 15000 km/year and this has been 

taken as input for Annual_Mileage_Vehicle. Table 15 shows the input data taken for EV vehicles 

to perform validation. 

Name Input Unit 

EV Vehicles 0 (1999) Units 

FuelPrice_EV 0.19 (1999), 0.18(2024) $/KWH 

Cost_EV 112934(1999), 53,990(2024) $ 

Charging_Infrastructure_EV 0 (1999), 1 (2024) No units 

Government_Initiatives_EV 0.1 (1999), 0.7 (2024) No units 

Customer_Awareness_EV 0 (1999), 0.7 (2024) No units 

GHG_EV 1236 (1999) KgCo2 

Annual_Mileage_Vehicles 15000 Km/year 

Table 15 EV Vehicles input data for validation. [34] 

Since, there was no record of biofuel used in commercial vehicles in Canada during 1999. The 

cost of production of biofuels which are essentially blends that are used with gasoline was found 

to be $2  and $0.99 for the year 1999 and 2024. The cost of a conceptual vehicles and initial release 

models that can run on biofuels was found to be $34407 in 1999 and is $22900 in 2024. All the 

costs are adjusted to inflation. Since Infrastructure_BV, Government_initiatives_BV, Cus-

tomer_awareness_BV are a type of qualitative data, a value between 0-3 has been taken as an 

estimate. The GHG_BV signifies emissions that are produced by a vehicle that uses biofuel which 

was found to be 1680 kgco2. On an average in Canada, a vehicle travels a distance of approxi-

mately 15000 km/year and this has been taken as input for Annual_Mileage_Vehicle. Table 16 

shows the input data taken for biofuel vehicles to perform validation. 

Name Input Units 

Biofuel Vehicles 0 (1999) Units 
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Government_Initiatives_BV 0 (1999), 0.3 (2024) No units 

Infrastructure_BV 0 (1999), 0.5 (2024) No units 

Customer_Awareness_BV 0 (1999), 0.5 (2024) No units 

FuelPrice_BV 2.00 (1999), 0.99 (2024) $/L 

Cost_BV 34,407 (1999), 22900 (2024) $ 

GHG_BV 1680 (1999) KgCo2 

Annual_Mileage_Vehicles 15000 Km/year 

Table 16 Biofuel Vehicles input data used for validation. [34] 

For hydrogen vehicles, there was no record of commercial vehicle sold in Canada in 1999 so the 

input is taken as 0. The cost of hydrogen fuel produced for vehicles was found to be 28.28$/L in 

1999 and it decreased to 5.7$/L in 2024. Since these vehicles were not mainstream back in 1999, 

the cost of hydrogen vehicle was expensive approximatey $100,000 and is $54350 in 2024. All 

the costs are adjusted to inflation. Since, Infrastructure_Hydrogen_Vehicle, Government_Initia-

tives_Hydrogen_Vehicle, Customer_Awareness_Hydrogen_Vehicle are qualitative data, a value 

between 0-3 has been assumed. The GHG_HV signifies emissions produced by hydrogen vehicles. 

Since they do not produce any emissions, it is taken as 0 kgco2. Average distance a car travels in 

Canada is approximately 15000 km/year and this has been taken as input for Annual_Mileage_Ve-

hicle. Table 17 shows the input data taken for hydrogen vehicles to perform validation. 

Name Input Units 

Hydrogen Vehicles 0 (1999) Units 

Government_Initiatives_Hydrogen_Vehicle 0.1 (1999), 0.3 (2024) No units 

Infrastructure_Hydrogen_Vehicle 0 (1999), 1 (2024) No units 

Customer_Awareness_Hydrogen_Vehicle 0.1 (1999), 1 (2024) No units 

FuelPrice_Hydrogen_Vehicle 28.28 (1999), 5.7 (2024) $/L 

Cost_Hydrogen_Vehicle 100,000(1999), 54350 (2024) $ 

GHG_HV 0 KgC02 

Annual_Mileage_Vehicles 15000 Km/year 

Table 17 Hydrogen Vehicles input data for validation. [34] 
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Table 18 offers input data of bikes for model validation.  The table show that there were recorded 

388,000 bikes overall in 1999, so providing a baseline for bicycle existence. Given Infrastruc-

ture_Expansion_Bike, Government_initiatives_Bike, Customer_awareness_ Bike are qualitative 

data; hence, a value between 0-3 has been estimated. On the other hand, the cost associated with 

bikes, represented by Cost_Bike, shows a clear rise from $360 in 1999 to $1000 in 2024, maybe 

due to changes in market and inflationary.  Furthermore, GHG_Bikes stays at 0 KgCO2, and it has 

positive environmental impact and zero-emission nature of transportation. Additionally specified 

in the table is an annual mileage of 3000 kilometers per bike which is average distance a biker 

covers in a year. 

Name Input Units 

Bikes 388000 (1999) Units 

Government_Initiatives_Bike 1 (1999), 1 (2024) No units 

Infrastructure_Expansion_Bike 0.3 (1999), 0.6 (2024) No units 

Customer_Awareness_Bike 1 (1999), 1 (2024) No units 

Cost_Bike 360 (1999), 1000 (2024) $ 

GHG_Bikes 0 KgC02 

Annual_Mileage_Bike 3000 Km/year 

Table 18 Bikes input data for validation. [34] 

Table 19 offers a complete picture of the data used for validation of the model for public buses. It 

starts by stating the initial size of the bus fleet was 73,174 units in 1999. As Expansion_Infrastruc-

ture_Public_Bus, Government_Initiatives_Public_Bus, Customer_awareness_Public_Bus are 

qualitative data, a value between 0-3 has been assumed. The Fare for Public Bus services was 

observed to be $6 in 1999 and reduced to $4 in 2024, a change that is maybe due increase in 

ridership. Furthermore, the table also offers GHG_PB, which is calculated at 2 MTCo2 and denotes 

the greenhouse gas emissions connected to the public bus network. At 61,049.71km/year, the An-

nual Mileage for Public Buses is finally noted. 

Name Input Units 

Public Buses 73174 (1999) Units 



 

88 

 

Government_Initiatives_Public_Bus 0.1 (1999), 0.7 (2024) No units 

Expansion_Infrastructure_Public_Bus 0.1 (1999), 0.7 (2024) No units 

Customer_Awareness_ Public_Bus 0.1 (1999), 0.7 (2024) No units 

Fare_Public_Bus 6 (1999), 4 (2024) $ 

GHG_PB 2  MTCo2 

Annual_Mileage_PB 61,049.71  km/yr 

Table 19 Public buses input data for validation. [34] 

Table 20 offers a quantitative and qualitative data of gasoline vehicles used for model validation. 

In 1999 there were 37,751,000 gasoline vehicles establishing a baseline for vehicle usage. Fuel 

price for gasoline vehicles rises from $1.52 per liter in 1999 to $3.25 per liter in 2024. Simultane-

ously, the cost of gasoline vehicles rises from $15,000 in 1999 to $67,000 in 2024, maybe due to 

a change in market conditions. Since Government_initiatives_GV, Customer_awareness_BV are 

a type of qualitative data, a value between 0-3 has been taken as an estimate. The greenhouse gas 

emissions which are found to be 26 MTCO2 and the gasoline vehicle lifespan is set at 15 years, 

providing information on longevity of the vehicles. Assuming an annual mileage of 15,000 kilo-

meters per vehicle in Canada.  

Name Input Units 

Gasoline Vehicles 37751000 (1999) Units 

Government_Initiatives_GV 1 (1999), 1 (2024) No units 

Customer_Awareness_GV 1 (1999), 1(2024) No units 

FuelPrice_GV 1.52 (1999), 3.25 (2024) $/L 

Cost_GV 15000 (1999), 67000 (2024) $ 

GHG_GV 26 MTCo2 

Annual_Mileage_Vehicles 15000 Km/year 

GV_Lifespan 15  Years 

Table 20 Gasoline Vehicles input data for validation [34]. 

Table 21 presents a key metric used for environmental impact; it was found that total greenhouse 

gas emission for the year 1999 was 6572 Co2MT.  
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Name Input Units 

Total GHG Emission 6572 (1999) Co2MT 

Table 21 Total GHG Emissions input data for validation. [34] 

After taking the input values for all the parameters from the above data we run the simulation for 

a time of 25 years and timestep 0.1 for better accuracy. Next, we generated the output for the stocks 

EV vehicles, gasoline vehicles, hydrogen vehicles, biofuel vehicles, public buses, bikes and Total 

GHG Emissions and time series graphs were plotted. 

Figure 37 shows the change in total GHG emissions from 1999 to 2024. It is shown to gradually 

increase from 6572 CO2MT to approximately 25000 CO2MT by the end of 2024.  

 

Figure 37 Time series graph of the stock Total GHG Emission from 1999 to 2024 in validated model 

The following graph in Figure 38 shows the time series analysis of EV Vehicles, public buses, 

bikes, biofuel vehicles, hydrogen vehicles change from 1999 to 2025. It is shown to increase stead-

ily with EV vehicles having the highest growth by the end of 2024 and hydrogen vehicles having 

the least growth.  

Total GHG emissions from 1999-2024 
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Figure 38 Time series graph of different sustainable transportation options used in the validated model from 1999-

2024 

The following graph in Figure 39 shows the growth of gasoline vehicles from 1999 to 2024. The 

vehicles have increased steadily from 37751000 vehicles in 1999 initially to a nearly 646 million 

vehicles by the end of 2024 due to increase in popularity and demand.  

 

Figure 39 Time series graph of gasoline vehicles from 1999-2024 for validated model 

Figure 40 shows the output table generated in Insightmaker software that was benefitial to under-

stand the precise numbers of the vehicles and total GHG emission by 2025.  

Comparison of EV, Public buses, Bikes, Biofuel Vehicles, Hydrogen 

Vehicles from 1999-2024 

Gasoline vehicles from 1999-2024 
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Figure 40 Table in Insightmaker tool for the output of model validation. 

Name Historical Data Output 

(2024)  

Model Output 

(2024) 

Error % Unit 

Gasoline Vehicles 634000000  637714633 0.59% Units 

EV Vehicles 1978449  1974832 0.18% Units 

Biofuel Vehicles 908100  908112 0.0013% Units 

Hydrogen Vehicles 1040  1044 0.38% Units 

Bikes 811000  811893 0.11% Units 

Public Buses 84199  84354 0.18% Units 

Total GHG Emission 24982  24782 0.80% MTCO2 

Table 22 Comparison of Historical data to model output for validation [34]. 

The output generated by the model was then compared to the historical data according to Table 

22. After calculating the error margin in percentage, it was found to be less than 1% which is 

negligible. Therefore, the model created is successfully validated.  

4.2 WHAT-IF SCENARIO ANALYSIS 
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From figure 18 of the process of simulation, the next step after model validation is to implement 

scenario analysis. In the setting of a stock-flow model, what-if scenario analysis requires system-

atic adjustments of key parameters or assumptions in order to explore the ways in which various 

conditions influence the behavior of the system over time. This strategy is useful for gaining an 

awareness of uncertainty and determining the degree to which your model's predictions provide 

precise outcomes.  

The steps to perform a scenario analysis include creating a baseline scenario. This baseline serves 

as the reference point for all subsequent comparisons. Subsequently, we create two futuristic sce-

narios where in first scenario EV’s and biofuel vehicles are projected to grow and in second sce-

nario hydrogen vehicles continue to grow and compare the results.  

4.2.1 BASELINE SCENARIO 

Baseline scenario is also called business as usual scenario where the future predictions would fol-

low as per the historical data (Roberts et al., 2018). The values for the baseline scenario between 

2024–2050 were selected based on historical data trends and projections.  

Table 23 shows the inputs taken that can be used to predict the EV Vehicles by the end of 2050. 

By comparing the trends in the previous historic data, we assume a projected 2% drop in fuel price 

from $0.18 per kWh in 2024 to $0.11 per kWh in 2050 and a corresponding 2% decrease in vehicle 

cost from $53,990 to $32,581by 2050. EV vehicles for the year 2024 is taken as 1,978,449 units. 

While Government_Initiatives_EV and Customer_Awareness_EV are expected to rise from 0.7 to 

1.15 which is a 2% growth from the previous trends, and Charging_Infrastructure_EV is assumed 

to expand by 2% growth annually, from 1 to 1.6. With an annual mileage of 15,000 km per vehicle 

assumed and recorded greenhouse gas emissions linked with EVs at 1236 KgCO₂, by assuming 

that the energy efficiency of electric grids have not improved significantly. 

Name Input Unit 

EV Vehicles 1978449 (2024) Units 

FuelPrice_EV 0.18 (2024), 0.11 (2050) $/KWH 

Cost_EV 53990 (2024), 32581(2050) $ 

Charging_Infrastructure_EV 1 (2024), 1.6 (2050) No units 
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Government_Initiatives_EV 0.7 (2024), 1.15(2050) No units 

Customer_Awareness_EV 0.7 (2024), 1.15(2050) No units 

GHG_EV 1236 (2024) KgCo2 

Annual_Mileage_Vehicles 15000 Km/year 

Table 23 Input data of EV vehicles parameters for baseline scenario [34]. 

Table 24 summarizes input variables of the Biofuel vehicles for baseline scenario for the years 

2024 and 2050. By following previous historical data trends, Government_Initiatives_BV are ex-

pected to increase from 0.3 to 0.5 by 2% growth annually, and both Infrastructure_BV and Cus-

tomer_Awareness_BV are projected to improve from 0.5 to 0.8 by a 2% growth annually as well.  

FuelPrice_BV is set to reduce from $0.99 per liter in 2024 to $0.60 in 2050, while the Cost_BV is 

expected to reduce from $22,900 to $13819 over the same period. Both are decreased by a 2% 

annual growth from previous projections in the market. Additionally, the greenhouse gas emissions 

associated with BV which is GHG_BV are assumed to be 1680 KgCO₂ for 2024 and assumed to 

be unchanged, and the model uses a constant annual mileage of 15,000 Km per vehicle. 

Name Input Units 

Biofuel Vehicles 908100 (2024) Units 

Government_Initiatives_BV 0.3 (2024),0.5 (2050) No units 

Infrastructure_BV 0.5 (2024), 0.8 (2050) No units 

Customer_Awareness_BV 0.5 (2024), 0.8 (2050) No units 

FuelPrice_BV 0.99 (2024), 0.60 (2050) $/L 

Cost_BV 22900 (2024), 13819(2050) $ 

GHG_BV 1680 (2024) KgCo2 

Annual_Mileage_Vehicles 15000 Km/year 

Table 24 Input data of Biofuel Vehicles parameters for baseline scenario [34]. 

Table 25 illustrates the input related to hydrogen vehicles, comparing projected values for 2024 

and 2050. Government_Initiatives_Hydrogen_Vehicle increase from 0.3 to 0.49 with a growth of 

2% annually, while both the Infrastructure_Hydrogen_Vehicle and 
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Customer_Awareness_Hydrogen_Vehicle have been assumed to grow from 1 to 1.64 with a sim-

ilar 2% increase annually according to the trends from previous historic data. Fuel prices are ex-

pected to decline from $5.7 per liter to $3.44 per liter, and the cost of hydrogen vehicles decreases 

from $54,350 to $32,798, with the same assumption of 2 % annual decrease. The greenhouse gas 

emissions GHG_HV of hydrogen vehicles are listed as 0 KgCO₂, and the annual mileage per ve-

hicle is taken as 15,000 km.  

Name Input Units 

Hydrogen Vehicles 1040 (2024) Units 

Government_Initiatives_Hydrogen_Vehicle 0.3 (2024), 0.49(2050) No units 

Infrastructure_Hydrogen_Vehicle 1 (2024),1.64 (2050) No units 

Customer_Awareness_Hydrogen_Vehicle 1 (2024), 1.64(2050) No units 

FuelPrice_Hydrogen_Vehicle 5.7 (2024),3.44 (2050) $/L 

Cost_Hydrogen_Vehicle 54350 (2024), 32798(2050) $ 

GHG_HV 0  KgC02 

Annual_Mileage_Vehicles 15000 Km/year 

Table 25 Input data of Hydrogen Vehicles parameters for baseline scenario [34]. 

Table 26 presents key inputs related to bikes. For Government_Initiatives_Bike, Infrastruc-

ture_Expansion_Bike, and Customer_Awareness_Bike from 2024 to 2050 values rise from 1 to 

1.64 and from 0.6 to 0.98, respectively due to 2% annual growth previous trends. At the same time, 

the cost of bikes is assumed to decrease from $1000 in 2024 to $600 in 2050, with a consistent 2% 

decrease in growth annually. The greenhouse gas emissions, GHG_Bikes remain the same at 0 

KgCO₂, while the Annual_Mileage_Bike is at 3000 Km/year. 

Name Input Units 

Bikes 811000 (2024) Units 

Government_Initiatives_Bike 1 (2024), 1.64 (2050) No units 

Infrastructure_Expansion_Bike 0.6 (2024), 0.98 (2050) No units 

Customer_Awareness_Bike 1 (2024), 1.64 (2050) No units 

Cost_Bike 1000 (2024), 600(2050) $ 
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GHG_Bikes 0 KgC02 

Annual_Mileage_Bike 3000 Km/year 

Table 26 Input data of Bikes parameters for baseline scenario [34]. 

Table 27 outlines inputs to the baseline scenario for public buses from 2024 to 2050. From 0.7 to 

1.15 Government_Initiatives_Public_Bus, Expansion_Infrastructure_Public_Bus and Cus-

tomer_Awareness_ Public_Bus all show a progressive increase by 2% growth annually from past 

trends. Simultaneously, public bus fares assume to drop from $4 in 2024 to $2.42 in 2050, a de-

crease in 2% annually. A consistent greenhouse gas emission level GHG_PB of 2 MTCO₂ is as-

sumed and an annual mileage Annual_Mileage_PB of 61,049.71km/year per bus. 

Name Input Units 

Public Buses 84199 (2024) Units 

Government_Initiatives_Public_Bus 0.7 (2024), 1.15 (2050) No units 

Expansion_Infrastructure_Public_Bus 0.7 (2024), 1.15 (2050) No units 

Customer_Awareness_ Public_Bus 0.7 (2024), 1.15 (2050) No units 

Fare_Public_Bus 4 (2024), 2.42 (2050) $ 

GHG_PB 2  MTCo2 

Annual_Mileage_PB 61,049.71  km/yr 

Table 27 Input data of public buses parameters for baseline scenario [34]. 

Table 28 illustrates the parameters for gasoline vehicles. In 2024, there are 634 million gasoline 

vehicles, and both Government_Initiatives_GV and Customer_Awareness_GV are assumed at a 

constant level of 1 from 2024 through 2050 from previous trends. FuelPrice_GV are assumed to 

decrease from $3.25 per liter in 2024 to $1.96 per liter by 2050, while the purchase cost of gasoline 

vehicles Cost_GV is assumed to reduce from $67,000 in 2024 to $40,432 in 2050. Both have a 2% 

annual decrease in growth. The table also shows greenhouse gas emissions GHG_GV at 26 

MTCo2 and is maintained the same throughout till 2050. It is also assumed an annual mileage of 

15,000 kilometers and a vehicle lifespan of 15 years till 2050.  

Name Input Units 
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Gasoline Vehicles 634000000 (2024) Units 

Government_Initiatives_GV 1 (2024), 1 (2050) No units 

Customer_Awareness_GV 1 (2024), 1 (2050) No units 

FuelPrice_GV 3.25 (2024), 1.96 (2050) $/L 

Cost_GV 67000 (2024), 40432 (2050) $ 

GHG_GV 26  MTCo2 

Annual_Mileage_Vehicles 15000 Km/year 

GV_Lifespan 15  Years 

Table 28 Input data of Gasoline Vehicles parameters for baseline scenario [34].  

For Total GHG emission, the input data for baseline scenario is taken as the current 2024 emis-

sions.  

Name Input Units 

Total GHG Emission 24982 (2024) Co2MT 

Table 29 Input data of Total GHG emission parameters for baseline scenario [34]. 

We run this model for a timeline of 25 years from 2024-2050 to analyse how the model behaves 

over time and what would be the future for transportation in Canada without significantly improv-

ing and integrating alternative fuels and sustainable transportation into the current system. We 

simulate and find the output for alternative fuel-based vehicles, gasoline vehicles, public buses and 

bikes change over time. And we also find the Total GHG emissions by the year 2050.  

4.2.2 SCENARIO 1 (EV’S HIGHEST BY 2050) 

The values of the inputs for the EV vehicles are set for 2024 and assumed for 2050. In Scenario 1, 

EV Vehicles are emphasized to grow due to their present degree of maturity and supporting infra-

structure and popularity. Biofuel vehicles use renewable fuels in current engines, offering an in-

stantaneous and practical approach towards cleaner transportation. EV’s are shown to reduce GHG 

reductions with expansion of current charging infrastructure. Hence, the parameters are scaled 

rapidly for EV’s and Biofuel vehicles. Given their high emissions and not aligning with decarbon-

ization goals, gasoline vehicles are almost completely phased out in this scenario. While the cost 
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of EVs is assumed to fall from $53,990 to $15,000 over the same period, which reflects a 4.81% 

annual decrease, fuel price for EVs is assumed to drop from $0.18/kWh to $0.05/kWh, correspond-

ing to an approximately annual decrease of 4.81%. By contrast, charging infrastructure for EV’s 

is assumed to grow annually by roughly 4.32% from 1 to 3 units by 2050. Customer awareness for 

EV’s is predicted to rise from 0.7 to 2, or roughly 4.12% annually and government initiatives for 

EV’s are assumed to rise from 0.7 to 3, an annual increase of roughly 5.75%. While annual vehicle 

mileage stays the same at 15,000 km/year, GHG emissions for EVs are expected to drop drastically 

from 1,260 kg CO₂ to 50 kg CO₂, assuming rapid technological developments in making the elec-

tric grids used for charging the vehicle greener, so that equates to an annual decrease of almost 

11.6%. Table 30 shows the inputs taken for performing this scenario. 

Name Input Unit 

EV Vehicles 1978449 (2024) Units 

FuelPrice_EV 0.18 (2024), 0.05 (2050) $/KWH 

Cost_EV 53,990 (2024), 15000 (2050) $ 

Charging_Infrastructure_EV 1 (2024), 3 (2050) No units 

Government_Initiatives_EV 0.7 (2024), 3 (2050) No units 

Customer_Awareness_EV 0.7 (2024), 2 (2050) No units 

GHG_EV 1236 (2024), 50 (2050) KgCo2 

Annual_Mileage_Vehicles 15000 Km/year 

Table 30 Input data of EV vehicles parameters for Scenario 1 [34]. 

For biofuel vehicles, the input for 2024 is 908,101 units. It is assumed to rise from 0.3 to 2 between 

2024 and 2050, government initiatives for biofuel vehicles match an annual growth rate of roughly 

7.6%. While customer awareness factor is expected to double from 0.5 to 1 (about 2.7% annually), 

infrastructure developments and investment for biofuel is assumed to rise from 0.5 to 2 (about 

5.5% annual). Fuel prices are assumed to drop from $0.99/L to $0.30/L, reflecting an annual de-

cline of roughly 4.5%; the cost per vehicle is projected to drop from $22,900 to $10,000, a change 

of roughly 3.1% annually from 2024 to 2050. While annual mileage remains constant at 15,000 

km/year, by assuming improvements in biofuel blending technology and the production of higher 

quality blends that can reduce greenhouse gas emissions it is anticipated to drop from 1,680 kg 
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CO₂ to 300 kg CO₂, corresponding with an annual drop of roughly 6.4%. Table 31 summarizes the 

input data taken for this scenario.  

Name Input Units 

Biofuel Vehicles 908100 (2024) Units 

Government_Initiatives_BV 0.3 (2024), 2 (2050) No units 

Infrastructure_BV 0.5 (2024), 2 (2050) No units 

Customer_Awareness_BV 0.5 (2024), 1 (2050) No units 

FuelPrice_BV 0.99 (2024), 0.30 (2050) $/L 

Cost_BV 22900 (2024), 10000 (2050) $ 

GHG_BV 1680 (2024), 300 (2050) KgCo2 

Annual_Mileage_Vehicles 15000 Km/year 

Table 31 Input data of Biofuel Vehicles parameters for Scenario 1 [34]. 

In this scenario, hydrogen vehicles are 1,040 units in 2024. Reflecting an average annual growth 

rate of 7.6%, government initiatives for hydrogen vehicles are assumed to rise from 0.3 to 2 be-

tween 2024 and 2050. Infrastructure developments for hydrogen vehicles are expected to rise from 

1 to 3 over the same period which is an annual increase of roughly 4.3%. Customer awareness is 

assumed to be 1. From $5.70 to $1 per liter, fuel prices are assumed to drop roughly 6.5% annually; 

the cost per hydrogen vehicle is expected to decrease from $54,000 to $25,000, a 2.9% annual 

drop. Greenhouse gas emissions remain zero because of hydrogen fuel known to produce no emis-

sion, and annual mileage is set at 15,000 km/year. Table 32 summarizes the input data of hydrogen 

vehicles. 

Name Input Units 

Hydrogen Vehicles 1040 (2024) Units 

Government_Initiatives_Hydrogen_Vehicle 0.3 (2024), 2 (2050) No units 

Infrastructure_Hydrogen_Vehicle 1 (2024), 3 (2050) No units 

Customer_Awareness_Hydrogen_Vehicle 1 (2024), 1 (2050) No units 

FuelPrice_Hydrogen_Vehicle 5.7 (2024), 1 (2050) $/L 
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Cost_Hydrogen_Vehicle 54000(2024), 25000 (2050) $ 

GHG_HV 0  KgC02 

Annual_Mileage_Vehicles 15000 Km/year 

Table 32 Input data of Hydrogen Vehicles parameters for Scenario 1 [34]. 

Under this scenario, bikes in 2024 are 811,000 units. It is assumed to double from 1 to 2 by 2050, 

government initiatives reflect an annual growth rate of almost 2.67%. Over the same period, infra-

structure development is expected to rise from 0.6 to 2, corresponding to an annual increase of 

roughly 4.74%. Customer awareness is also assumed to double between 1 and 2, suggesting a 

similar annual rise of almost 2.67%. But in contrast, the cost per bike is assumed to drop from 

$1,000 in 2024 to $400 in 2050, which results in an average annual drop of almost 3.5%. The 

annual mileage is constant at 3,000 km/year while greenhouse gas emissions stay zero. These 

trends point to the possibility of higher bike adoption rates over the long run depending on more 

government support, better infrastructure, and more customer awareness together with declining 

costs. Table 33 shows the input data taken for bikes. 

Name Input Units 

Bikes 811000 (2024) Units 

Government_Initiatives_Bike 1 (2024), 2 (2050) No units 

Infrastructure_Expansion_Bike 0.6 (2024), 2 (2050) No units 

Customer_Awareness_Bike 1 (2024), 2 (2050) No units 

Cost_Bike 1000 (2024), 400 (2050) $ 

GHG_Bikes 0 KgC02 

Annual_Mileage_Bike 3000 Km/year 

Table 33 Input data of Bikes parameters for Scenario 1 [34]. 

Public buses are taken 84,199 units in 2024. Government initiatives, infrastructure development, 

and customer awareness each assume to rise from 0.7 to 2, reflecting an estimated annual growth 

rate of 4.1%, between 2024 and 2050. For public buses, the fare drops from $4 to $1, or roughly 

5.2%, annually. Meanwhile, annual mileage per bus is kept at 61,049.71km/year and greenhouse 

gas emissions at 2 MTCO₂ remain constant. Table 34 shows the input data taken for public buses. 
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Name Input Units 

Public Buses 84199 (2024) Units 

Government_Initiatives_Public_Bus 0.7 (2024), 2 (2050) No units 

Expansion_Infrastructure_Public_Bus 0.7 (2024), 2 (2050) No units 

Customer_Awareness_ Public_Bus 0.7 (2024), 2 (2050) No units 

Fare_Public_Bus 4 (2024), 1 (2050) $ 

GHG_PB 2  MTCo2 

Annual_Mileage_PB 61,049.71  km/yr 

Table 34 Input data of public buses parameters for Scenario 1 [34]. 

The gasoline vehicles in 2024 are 634 million units. While customer awareness assumes to fall 

from 1 to 0.0003 an annual drop of roughly 26.8%, government initiatives is expected to drop from 

a normalized value of 1 to 0.002 an approximate annual decrease of 21.2%. Meanwhile, vehicle 

prices rise from $67,000 to $185,000 and fuel prices go from $3.25 per liter to $9 per liter, both of 

which reflect an annual growth rate of about 4%. Greenhouse gas emissions (26 MTCo2), annual 

mileage (15,000km/year), and vehicle lifespan (15 years) remain constant throughout. Table 35 

shows the input data taken for gasoline vehicles. 

Name Input Units 

Gasoline Vehicles 634000000 (2024) Units 

Government_Initiatives_GV 1 (2024), 0.002 (2050) No units 

Customer_Awareness_GV 1 (2024), 0.0003 (2050) No units 

FuelPrice_GV 3.25 (2024), 9 (2050) $/L 

Cost_GV 67000 (2024), 185000 (2050) $ 

GHG_GV 26  MTCo2 

Annual_Mileage_Vehicles 15000 Km/year 

GV_Lifespan 15  Years 

Table 35 Input data of Gasoline Vehicles parameters for Scenario 1 [34].  

For Total GHG emission, the input data for baseline scenario is taken as the current 2024 emis-

sions.  
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Name Input Units 

Total GHG Emission 24982 (2024) Co2MT 

Table 36 Input data of Total GHG emission parameters for Scenario 1 [34]. 

4.2.3 SCENARIO 2 (HYDROGEN VEHICLES HIGHEST BY 2050) 

In Scenario 2, strategic emphasis is on zero tailpipe emissions of hydrogen vehicles and bikes. 

Given their ability to provide really clean energy as well as advantages like faster refueling and 

longer range which are essential. Bikes enhance this goal by providing an ultra-low emission 

choice meant to reduce urban congestion and pollution. Gasoline vehicles are assumed to almost 

phase out due to high greenhouse gas emissions. 

While the cost of EVs is expected to drop from $53,990 to $20,000, corresponding with an annual 

reduction of roughly 3.75%, fuel prices for EVs are assumed to drop from $0.18/kWh to 

$0.10/kWh, an annual decrease of about 2.2%. Projected to double over the period, charging in-

frastructure reflects an annual increase rate of about 2.7%. Furthermore, government programs and 

consumer awareness are expected to rise from 0.7 to 2, with an annual increase of roughly 4.1% 

each that could greatly influence acceptance. Especially, GHG emissions per EV are expected to 

drop from 1236 kgCO₂ to 50 kgCO₂ an annual decline almost 11.6% indicating environmental 

performance improvement. For these estimates, annual mileage stays constant at 15,000 km/year. 

Table 37 shows the input data taken for EV’s. 

Name Input Unit 

EV Vehicles 1978449 (2024) Units 

FuelPrice_EV 0.18 (2024), 0.10 (2050) $/KWH 

Cost_EV 53,990 (2024), 20000 (2050) $ 

Charging_Infrastructure_EV 1 (2024), 2 (2050) No units 

Government_Initiatives_EV 0.7 (2024), 2 (2050) No units 

Customer_Awareness_EV 0.7 (2024), 2 (2050) No units 

GHG_EV 1236 (2024), 50 (2050) KgCo2 
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Annual_Mileage_Vehicles 15000 Km/year 

Table 37 Input data of EV vehicles parameters for Scenario 2 [34]. 

For biofuel vehicles, while infrastructure improvements are expected to rise from 0.5 to 2 a growth 

rate of roughly 5.5% annually, government initiatives are expected to grow from 0.3 to 1, corre-

sponding with an annual increase of roughly 4.7%. Reflecting an annual increase to nearly 4.3%, 

customer awareness is expected to rise from 0.5 to 1.5. Fuel prices are expected to drop from $0.99 

to $0.50 per liter, an approximate annual drop of 2.6%, and the cost of biofuel vehicles is assumed 

to drop from $22,900 to $12,000, so reducing roughly 2.5% annually. While the annual mileage 

per vehicle stays constant at 15,000 km/year, greenhouse gas emissions are expected to drop dras-

tically from 1,680 kgCO₂ to 300 kgCO₂, so reflecting an annual decrease of roughly 6.4%. Table 

38 shows the input data taken for biofuel vehicles. 

Name Input Units 

Biofuel Vehicles 908100 (2024) Units 

Government_Initiatives_BV 0.3 (2024), 1 (2050) No units 

Infrastructure_BV 0.5 (2024), 2 (2050) No units 

Customer_Awareness_BV 0.5 (2024), 1.5 (2050) No units 

FuelPrice_BV 0.99 (2024), 0.50 (2050) $/L 

Cost_BV 22900 (2024), 12000 (2050) $ 

GHG_BV 1680 (2024), 300 (2050) KgCo2 

Annual_Mileage_Vehicles 15000 Km/year 

Table 38 Input data of Biofuel Vehicles parameters for Scenario 2 [34]. 

The number of hydrogen vehicles in 2024 is 1,040. While both infrastructure and customer aware-

ness indices are assumed to rise from 1 to 3, equating to roughly a 4.3% annual growth, govern-

ment initiatives are projected to grow from 0.3 to 3, reflecting an approximate annual increase of 

9.3%. Fuel prices are expected to drop from $5.70 per liter to $0.50 per liter, so representing an 

annual decrease of roughly 8.9%; the cost of hydrogen vehicles is assumed to drop from $54,000 

to $10,000, so corresponding to an annual reduction of roughly 6.3%. At 15,000 km/year, the 
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annual mileage per vehicle stays the same; greenhouse gas emissions are kept at 0 kgCO2. Table 

39 shows the input data taken for hydrogen vehicles. 

Name Input Units 

Hydrogen Vehicles 1040 (2024) Units 

Government_Initiatives_Hydrogen_Vehicle 0.3 (2024), 3 (2050) No units 

Infrastructure_Hydrogen_Vehicle 1 (2024), 3 (2050) No units 

Customer_Awareness_Hydrogen_Vehicle 1 (2024), 3 (2050) No units 

FuelPrice_Hydrogen_Vehicle 5.7 (2024), 0.5 (2050) $/L 

Cost_Hydrogen_Vehicle 54000(2024), 10000 (2050) $ 

GHG_HV 0  KgC02 

Annual_Mileage_Vehicles 15000 Km/year 

Table 39 Input data of Hydrogen Vehicles parameters for Scenario 2 [34]. 

For bikes, government programs are expected to rise from a value of 1 to 3, reflecting an approx-

imate annual growth rate of 4.3%; customer awareness with a similar annual increase. From 0.6 to 

3, infrastructure expansion shows a clearer increase corresponding to an expected annual growth 

rate of roughly 6.4%. Meanwhile, the cost per bike is assumed to drop from $1000 to $250, so 

saving almost 5.2% annually. Annual mileage is consistent at 3000 km per year while greenhouse 

gas emissions remain constant at 0 kg CO₂. Table 40 shows the input data taken for bikes. 

Name Input Units 

Bikes 811000 (2024) Units 

Government_Initiatives_Bike 1 (2024), 3 (2050) No units 

Infrastructure_Expansion_Bike 0.6 (2024), 3 (2050) No units 

Customer_Awareness_Bike 1 (2024), 3 (2050) No units 

Cost_Bike 1000 (2024), 250 (2050) $ 

GHG_Bikes 0 KgC02 

Annual_Mileage_Bike 3000 Km/year 

Table 40 Input data of Bikes parameters for Scenario 2 [34]. 
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The public bus data for scenario 2 shows government initiatives and expansion of infrastructure 

that are expected to rise from 0.7 to 3, with an average annual growth rate of 5.8%. Customer 

awareness is assumed to rise from 0.7 to 2, or roughly a 4.1% annual rise as well. By contrast, the 

Fare for public buses is expected to drop dramatically from $4 to $0.4, reflecting an approximate 

annual drop of 8.5%. Over this time, GHG emissions (2 MTCO₂), and Annual Mileage 

(61,049.71km/yr) remain constant. Table 41 shows the input data taken for public buses. 

Name Input Units 

Public Buses 84199 (2024) Units 

Government_Initiatives_Public_Bus 0.7 (2024), 3 (2050) No units 

Expansion_Infrastructure_Public_Bus 0.7 (2024), 3 (2050) No units 

Customer_Awareness_ Public_Bus 0.7 (2024), 2 (2050) No units 

Fare_Public_Bus 4 (2024), 0.4 (2050) $ 

GHG_PB 2  MTCo2 

Annual_Mileage_PB 61,049.71  km/yr 

Table 41 Input data of public buses parameters for Scenario 2 [34]. 

In Gasoline vehicles the parameters like customer awareness falls from 1 to 0.0003 (a drop of 

roughly 99.8%), while government initiatives drop from 1 to 0.002 (a decrease of roughly 99.8%). 

While the cost of gasoline vehicles expected to rise from $67,000 to $185,000 nearly a 176% 

increase and fuel prices are expected to rise from $3.25 to $9 per liter an increase of roughly 177%. 

Annual mileage (15,000 km/year), vehicle lifespan (15 years), and greenhouse gas emissions (26 

MTCO₂) are kept constant. Table 42 shows the input data taken for gasoline vehicles. 

Name Input Units 

Gasoline Vehicles 634000000 (2024) Units 

Government_Initiatives_GV 1 (2024), 0.002 (2050) No units 

Customer_Awareness_GV 1 (2024), 0.0003 (2050) No units 

FuelPrice_GV 3.25 (2024), 9 (2050) $/L 

Cost_GV 67000 (2024), 185000 (2050) $ 

GHG_GV 26  MTCo2 
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Annual_Mileage_Vehicles 15000 Km/year 

GV_Lifespan 15  Years 

Table 42 Input data of Gasoline Vehicles parameters for Scenario 2 [34].  

For Total GHG emission, the input data for baseline scenario is taken as the current 2024 emis-

sions.  

Name Input Units 

Total GHG Emission 24982 (2024) Co2MT 

Table 43 Input data of Total GHG emission parameters for Scenario 2 [34]. 

4.3 IDENTIFICATION OF THE MOST INFLUENTIAL PARAMETER: A SENSITIVITY 

ANALYSIS APPROACH 

In system dynamics simulations, sensitivity analysis is an analytical approach used to evaluate 

how change in input parameters affects the output behavior of a model. In the overall picture of 

dynamic systems, it verifies the robustness of the simulation and the most significant factors for 

the performance of the system. We have used the one-at-a-time (OAT) sensitivity analysis method 

which modifies one parameter at a time while keeping all other parameters unchanged (Reinhard 

et al., 2021). This method classifies the impact of each parameter on the result so allowing us to 

determine the minor effect of one parameter on the model output. It helps us find the crucial factors 

that show the most notable changes.  

Sensitivity analysis is performed in Insightmaker tool, for timeline of 25 years. The number of 

runs is taken 50 and the graphs are analysed for 95% confidence interval region. The 95% confi-

dence range is commonly used in statistics and sensitivity analysis because of its precise and robust 

results (Hespanhol et al., 2018).  The Upper bound, lower bound and the median values are gen-

erated by the output graph. The difference in the upper and the lower bound for 95% confidence 

are compared with all the parameters to conclude the most impactful factor. 95% confidence range 

intervals give us the best results because of its stability and better accuracy. We assume the initial 

data of the model, the same used for model validation.  A minimum and a maximum value is taken 

for each parameter separately. The sensitivity analysis of EV Vehicles, Public Buses, Bikes and 
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Gasoline Vehicles are analysed. Due to EV Vehicles, Biofuel Vehicles, and Hydrogen Vehicles 

having the same parameters affecting the growth of vehicles, only EV vehicles are considered for 

convenience.  

4.3.1 SENSITIVITY ANALYSIS FOR ALTERNATIVE-FUEL VEHICLE  

Sensitivity analysis for all the parameters like Cost_EV, Fuelcost_EV, Government_Initia-

tives_EV, Customer_Awareness_EV and Charging_Infrastructure_EV are assessed and com-

pared. In this section. 

COST_EV PARAMETER 

Figure 41 shows the outcomes of a 95% confidence interval sensitivity analysis with a focus to-

ward changes in cost of EV that affect the output of the model. At time 0, the changes in cost have 

little to no impact. But starting about time 2 and forward, the model output starts to climb, reflect-

ing a growing effect of EV cost on the system. One important characteristic is the widening dif-

ference between the 95% Lower and Upper bounds as time goes on, which highlights increasing 

model output uncertainty when the parameter cost changes. At time =10 and by time= 25 the var-

iation in the lower and upper bounds widens, this suggests system sensitivity to cost parameter 

since it implies that minor changes in EV cost assumptions can produce a different result. 

The Median is located between the 95% Lower and Upper bounds in the graph, trajectory shows 

constant increase over the time. This suggests that the model still shows a notable rise in EV adop-

tion. We have assumed the maximum and the minimum value for the cost of EV vehicle to be 

200000 and 10000 respectively for calculating sensitivity analysis.  
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Figure 41 Sensitivity Analysis graph of Cost_EV parameter affecting the EV stock. 

Table 44 shows the outputs of EV Vehicles at upperbound and lowerbound at time t=25 for 

Cost_EV. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

261464393000 

 

328519521000 200000-10000 67055128000 

Table 44 Output of sensitivity analysis of 95% confidence range for time t=25 for Cost_EV. 

FUELPRICE_EV PARAMETER 

The output of the model is analysed over time 0 to 25 while the fuel cost for electric vehicles (EVs) 

is changed within a designated range in this sensitivity study.  

Every time step reports three values: the median, the 95% lower bound, and the 95% upper bound.  

The confidence interval is first quite small and stays close to zero until time 0.2, so indicating little 

short-term influence. But with time, the lower and upper limits grow fast. This widening interval 
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points to higher sensitivity of the model's output to fluctuations in fuel cost and also increasing 

uncertainty of the output. The difference between the lower and upper bounds becomes more wider 

by time 10 to 15 indicating that even smaller changes in fuel cost can generate different results.  

Under the median trajectory it always rises over the time. Figure 42 shows the sensitivity analysis 

and the confidence level and median of cost of fuel for EV affecting EV vehicles. 

 

Figure 42 Sensitivity Analysis graph of FuelPrice_EV parameter affecting the EV stock. 

Table 45 shows the outputs of EV Vehicles at upperbound and lowerbound at time t=25 for 

fuelcost_EV parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

13122779.7 15837171.1 0.5-10 2,714,391.4 

Table 45 Output of sensitivity analysis of 95% confidence range for time t=25 for FuelPrice_EV. 

CUSTOMER_AWARENESS_EV PARAMETER 
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Figure 43, at time 0 to 25, the Customer_Awareness_EV value shows a fast 95% widening confi-

dence interval. Both the lower and upper bounds remain close to zero in the early time steps at 

time 0 to 0.2, suggesting little effect on the system. But by time 1, the limits change drastically, 

implying that differences in consumer awareness might cause progressively different EV vehi-

cles. 

At time 25, the median values rise from almost zero to over four million vehicles; the upper 

bound exceeds four million and the lower bound is three-million. This significant spread sug-

gests that the output of the model is influenced by uncertainty in customer awareness.  

These findings highlight the larger sensitivity of the system to the Customer_Awareness_EV 

value. The projections of the model outputs can be much changed by even slight changes in cus-

tomer opinion.  

 

Figure 43 Sensitivity Analysis graph of CUSTOMER_AWARENESS_EV parameter affecting the EV stock. 

Table 46 shows the outputs of EV Vehicles at upperbound and lowerbound at time t=25 for CUS-

TOMER_AWARENESS_EV parameter. 
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95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

3829070.86 4720443.39 0-3 891372.53 

Table 46 Output of sensitivity analysis of 95% confidence range for time t=25 for CUSTOMER_AWARE-

NESS_EV 

GOVERNMENT_INITIATIATIVES_EV PARAMETER 

Figure 44 shows the lower bound, upper bound, and median outputs over time that offer insight 

on how changes in government initiatives might greatly influence outcome of the model which is 

EV Vehicles. From time 0 to 25, the median output increases significantly from almost zero to 

more than four million, suggesting the increasing impact of the factor on simulation runs. At time 

0–1, the small intervals show almost no sensitivity. The 95% intervals widens greatly when the 

model enters around time t=15. This widening implies that variations in the parameter government 

initiatives gives different EV vehicle values. The increasing confidence intervals suggest that the 

system is quite sensitive to the parameter. By the end of the simulation period, even little changes 

in government initiatives for EV vehicles can cause significant variations in EV adoption.  

 

SENSITIVTY ANALYSIS OF GOVERNMENT_IN-

ITIATIVES_EV PARAMETER 
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Figure 44 Sensitivity Analysis of Government_Initiatives_EV parameter affecting the EV stock. 

Table 47 shows the outputs of EV Vehicles at upperbound and lowerbound at time t=25 for Gov-

ernment_Initiatives_EV parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

3711817.28 4689486.18 0-3 977668.9 

Table 47 Output of sensitivity analysis of 95% confidence range for time t=25 for Government_Initiatives_EV. 

CHARGING_INFRASTRUCTURE_EV PARAMETER 

Figure 45 displays the outcomes of a 95% confidence interval sensitivity analysis. The output 

shows a clear upward projection in its Median values over time, if the charging infrastructure pa-

rameter changes, the model's projected outcome then total EV stock increases significantly. The 

increase in difference between the 95% Lower and 95% Upper bounds emphasizes increasing un-

certainty over time. The model output difference between the lower and upper bounds becomes 

clear at mid and later time period. This shows that minor changes in charging infrastructure as-

sumptions can result in different EV adoption outcomes. Based on both the growing median and 

the increase in wide confidence intervals in later time periods, charging infrastructure are probably 

going to have a significant impact on accelerating EV vehicles. 
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Figure 45 Sensitivity Analysis of Charging_Infrastructure_EV parameter affecting the EV stock. 

Table 48 shows the outputs of EV Vehicles at upperbound and lowerbound at time t=25 for Charg-

ing_Infrastructure_EV parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

3724279.44 4740091.97 0-3 1015812.53 

Table 48 Output of sensitivity analysis of 95% confidence range for time t=25 for Charging_Infrastructure_EV. 

COMPARISON OF EV PARAMETERS 

The sensitivity analysis for EV Vehicles parameters reveals that the Cost_EV parameter exhibits 

the widest confidence interval, indicating a high sensitivity to input variations and a significant 

impact on EV adoption. Hence, Cost_EV is the most influential factor driving the highest number 

of EV vehicles. Based on these findings, the factors can be ranked in descending order of im-

portance as follows: Cost_EV, FuelPrice_EV, Charging_Infrastructure_EV, Government_Initia-

tives_EV, and Customer_awareness_EV. 

SENSITIVTY ANALYSIS OF CHARGING_INFRA-

STRUCTURE_EV PARAMETER 
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4.3.2 SENSITIVITY ANALYSIS FOR BIKES 

Sensitivity analysis for all the parameters like Cost_Bike, Government_Initiatives_Bike, Cus-

tomer_Awareness_Bike and Infrastructure_Expansion_EV are assessed and compared in this sec-

tion. 

GOVERNMENT_INITIATIATIVES_BIKE PARAMETER 

With the 95% confidence interval the results show a consistent upward trend in the output of the 

model which is increasing from roughly 388,000 at the time 0 to over one million by time 25. 

Though the upper and lower bounds differ, the difference is not very significant when compared 

to the median, so the changes in the GOVERNMENT_INITIATIVE_BIKE parameter do not have 

a huge effect on the number of bikes. The system exhibits a consistent growth pattern with only 

moderate uncertainty and the model stays constant and is not highly sensitive to changes in param-

eters. Figure 46 shows the graph of output of sensitivity analysis for parameter Government_Ini-

tiative_Bike.  

 

Figure 46 Sensitivity Analysis of Government_Initiatives_Bike parameter affecting the Bikes stock. 

SENSITIVTY ANALYSIS OF GOVERN-

MENT_INITIATIVES_BIKE PARAMETER 
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Table 49 shows the outputs of bikes at upperbound and lowerbound at time t=25 for GOVERN-

MENT_INITIATIVES_BIKE parameter. 

95% lower bound 95% upper bound One-at-a-time 

sensitivity analysis 

Difference 

1042728.99 1133705.68 0-3 90976.69 

Table 49 Output of sensitivity analysis of 95% confidence range for time t=25 for GOVERNMENT_INITIA-

TIVES_BIKE 

CUSTOMER_AWARENESS_BIKE PARAMETER 

Starting at about 388,000, the median outcome for the CUSTOMER_AWARENESS_BIKE pa-

rameter increases over time till the end of the simulation period at t =25 it exceeds one million. 

The 95% confidence intervals widen somewhat as the model advances. Still, the difference be-

tween the lower and upper bounds is smaller, implying that it does not cause great influence in the 

stock. Figure 47 shows the graph of output of sensitivity analysis for parameter CUS-

TOMER_AWARENESS_BIKE. 

 

Figure 47 Sensitivity Analysis of Customer_Awareness_Bike parameter affecting the Bikes stock. 

SENSITIVTY ANALYSIS OF CUS-

TOMER_AWARENESS_BIKE PARAMETER 
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Table 50 shows the outputs of bikes at upperbound and lowerbound at time t=25 for Cus-

tomer_Awareness_Bike parameter. 

95% lower bound 95% upper bound One-at-a-time 

sensitivity analysis 

Difference 

1029295.46 1157632.95 0-3 128337.49 

Table 50 Output of sensitivity analysis of 95% confidence range for time t=25 for Customer_Awareness_Bike. 

INFRASTRUCTURE_EXPANSION_BIKE PARAMETER 

The results show that while the INFRASTRUCTURE_EXPANSION_BIKE parameter does have 

an influence in the model’s output and the median increases from approximately 388,000 at time 

0 to 1.07 million by time 25. The 95% confidence bounds remain relatively narrow throughout the 

simulation. This indicates that variations in the parameter are impactful but do not lead to extreme 

outcomes of bikes compared to parameters with wider confidence intervals. The relatively narrow 

gap between the lower and upper bounds suggests a small degree of uncertainty. Figure 48 shows 

the graph of output of sensitivity analysis for parameter INFRASTRUCTURE_EXPAN-

SION_BIKE PARAMETER. 

 

SENSITIVTY ANALYSIS OF INFRA-

STRUCTURE_EXPANSION_BIKE PA-

RAMETER 
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Figure 48 Sensitivity Analysis of Infrastructure_Expansion_Bike parameter affecting the Bikes stock. 

Table 51 shows the outputs of bikes at upperbound and lowerbound at time t=25 for Infrastruc-

ture_Expansion_Bike parameter. 

95% lower bound 95% upper bound One-at-a-time 

sensitivity analysis 

Difference 

1028013.91 1125028.1 0-3 97014.19 

Table 51 Output of sensitivity analysis of 95% confidence range for time t=25 for Infrastructure_Expansion_Bike. 

COST_BIKE PARAMETER 

With the 95% confidence intervals widening as time progresses, the model output shows a clear 

upward trend in response to changes in the Cost_Bike parameter over the simulation horizon. The 

output is fixed at a single value 388,000 bikes first at time 0, but by 0.1 the lower and upper bounds 

already vary greatly from about 1.96 million to 15.61 million, so reflecting increased sensitivity 

even in early stages. While the difference between the lower and upper limits also widens, the 

median keeps increasing steadily and will reach over one billion at the end of the period. Figure 

49 shows the graph of output of sensitivity analysis for parameter Cost_Bike parameter. 

 

SENSITIVTY ANALYSIS OF COST_BIKE 

PARAMETER 
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Figure 49 Sensitivity Analysis of Cost_Bike parameter affecting the Bikes stock. 

Table  52 shows the outputs of bikes at upperbound and lowerbound at time t=25 for Cost_Bike 

parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

1291665870 1501832660 200,5000 210166790 

Table 52 Output of sensitivity analysis of 95% confidence range for time t=25 for Cost _Bike. 

COMPARISON OF PARAMETERS FOR BIKES 

The sensitivity analysis for bikes parameters reveals that the Cost_Bike parameter exhibits the 

widest confidence interval, indicating a high sensitivity to input variations and a significant impact 

on bikes adoption. Consequently, Customer_Awareness_Bike is the next most influential factor 

driving the highest number of bikes. Based on these findings, the factors can be ranked in descend-

ing order of importance as follows: Cost_Bike, Customer_Awareness_Bike, Infrastructure_Ex-

pansion_Bike, and Government_Initiatives_Bike. 

4.3.3 SENSITIVITY ANALYSIS FOR PUBLIC BUSES  

Sensitivity analysis for all the parameters like Fare_Public_Bus, Government_Initiatives_Pub-

lic_Bus, Customer_Awareness_Public_Bus and Infrastructure_Expansion_Public_Bus are as-

sessed and compared in this section. 

CUSTOMER_AWARENESS_PUBLIC_BUS PARAMETER 

The initial value for the Customer_Awareness_Public_Bus parameter in this sensitivity analysis is 

roughly 73,174 at time 0 and increases to a median of roughly 89,975 by time 25. In the 95% 

interval small changes are observed throughout the simulation, suggesting that although modifica-

tions in customer awareness do influence the result, the general influence of the parameter is mod-

est in comparison to those of parameters with more wide intervals. Figure 50 shows the graph of 

output of sensitivity analysis for parameter Customer_Awareness_Public_Bus parameter. 
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Figure 50 Sensitivity Analysis of Customer_Awareness_Public_Bus parameter affecting the Public Buses stock. 

Table 53 shows the outputs of public buses at upperbound and lowerbound at time t=25 for Cus-

tomer_Awareness_Public_Bus parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

88645.0896 91908.9523 0-3 3263.8627 

Table 53 Output of sensitivity analysis of 95% confidence range for time t=25 for Customer_Awareness_Pub-

lic_Bus Parameter. 

GOVERNMENT_INITIATIVES_PUBLIC_BUS PARAMETER 

Over the 95% confidence interval for GOVERNMENT_INITIATIVES_PUBLIC_BUS it is nar-

row, and changes in this parameter produce little difference in the output of the model. The general 

spread between the lower and upper bounds only slightly changes. Hence, the government initia-

tives have smaller impact on the system compared to parameters with much wider confidence 

intervals. The median value gradually increases from around 73,174 at the start to approximately 

89,813 by the end time of 25. The consistent upward trend of the median shows that the 

SENSITIVTY ANALYSIS OF CUSTOMER_AWARE-

NESS_PUBLIC_BUS PARAMETER 
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GOVERNMENT_INITIATIVES_PUBLIC_BUS help to increase the number of pubic buses but 

is less sensitive than other factors. Figure 51 shows the graph of output of sensitivity analysis for 

parameter GOVERNMENT_INITIATIVES_PUBLIC_BUS parameter. 

 

 Figure 51 Sensitivity Analysis of Government_Initiatives_Public_Bus parameter affecting the Public Buses stock. 

Table 54 shows the outputs of public buses s at upperbound and lowerbound at time t=25 for 

Government_Initiatives_Public_Bus parameter. 

95% lower bound 95% upper bound One-at-a-time  

sensitivity analysis 

Difference 

88460.6303 91853.2176 

 

0-3 3392.5873 

Table 54 Output of sensitivity analysis of 95% confidence range for time t=25 for GOVERNMENT_INITIA-

TIVES_PUBLIC_BUS Parameter. 

INFRASTRUCTURE_EXPANSION_PUBLIC_BUS PARAMETER 

SENSITIVTY ANALYSIS OF GOVERN-

MENT_INITIATIVES_PUBLIC_BUS PARAME-

TER 
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The 95% confidence interval in this sensitivity analysis for the parameter has small effect over 

time, suggesting that changes in this parameter have a modest but continuous effect on the system. 

Starting near 73,174, the median output rises over time to approximately 89,823. Although the 

lower and upper bounds both increase upward but their small spread indicates the growth of public 

buses in the model does not increase greatly. Figure 52 shows the graph of output of sensitivity 

analysis for parameter Infrastructure_Expansion_Public_Bus parameter. 

 

Figure 52 Sensitivity Analysis of Infrastructure_Expansion_Public_Bus parameter affecting the Public Buses stock. 

Table 55 shows the outputs of public buses at upperbound and lowerbound at time t=25 for Infra-

structure_Expansion_Public_Bus parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

88372.4671 91684.913  0-3 3312.4459 

Table 55 Output of sensitivity analysis of 95% confidence range for time t=25 for INFRASTRUCTURE_EXPAN-

SION_PUBLIC_BUS Parameter. 

FARE_PUBLIC_BUS PARAMETER 

SENSITIVTY ANALYSIS OF INFRASTRUC-

TURE_EXPANSION_PUBLIC_BUS PARAMETER 
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The 95% confidence interval results for changes in the FARE _PUBLIC_BUS parameter from 

time 0 to 25 are shown in this figure. The lower and upper limits remain narrow and, the median 

fare price rises somewhat from roughly 73,000 to 134,000. The slow widening implies that the 

output of the system which is number of public buses increase over time but has limited influence 

in fare pricing. This suggests that, while fare price has moderate effect, the model is less sensitive 

to this factor over time. Figure 53 shows the graph of output of sensitivity analysis for parameter 

Fare_Public_Bus parameter. 

 

Figure 53 Sensitivity Analysis of Fare_Public_Bus parameter affecting the Public Buses stock. 

Table 56 shows the outputs of public buses at upperbound and lowerbound at time t=25 for 

Fare_Public_Bus parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analysis Difference 

130535.682 139642.596 0-3 9106.914 

Table 56 Output of sensitivity analysis of 95% confidence range for time t=25 for Fare_Public_Bus Parameter. 

COMPARISON OF PARAMETERS FOR PUBLIC BUSES 

SENSITIVTY ANALYSIS OF FARE_PUBLIC_BUS 

PARAMETER 
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The sensitivity analysis for public buses parameters reveals that the Fare_Public_Bus parameter 

exhibits the widest confidence interval, indicating a high sensitivity to input variations and a sig-

nificant impact on pubic bus adoption. Consequently, Government_Initiatives_Public_Bus is the 

most influential factor driving the highest number of public buses. Based on these findings, the 

factors can be ranked in descending order of importance as follows: Fare_Public_Bus, Govern-

ment_Initiatives_Public_Bus, Infrastructure_Expansion_Public_Bus, and Customer_Aware-

ness_Public_Bus. 

4.3.4 SENSITIVITY ANALYSIS OF GASOLINE VEHICLE 

Sensitivity analysis for all the parameters like Cost_GV, Fuelcost_GV, Government_Initia-

tives_GV, Customer_Awareness_GV are assessed and compared.  

CUSTOMER_AWARENESS_GV PARAMETER 

The 95% confidence interval for customer awareness factor of gasoline vehicles shows consistent 

increase and a considerable widening. At time 0, the lower, upper, and median values are aligned 

together, but by time 25, the interval widens to roughly 30,900 billion. This increasing trend em-

phasizes how significantly consumer awareness influences the gasoline vehicles adoption. Figure 

54 shows the graph of output of sensitivity analysis for parameter CUSTOMER_AWARE-

NESS_GV parameter.  
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Figure 54 Sensitivity Analysis of Customer_Awareness_GV parameter affecting the Gasoline Vehicles stock. 

The following table shows the outputs of gasoline vehicles at upperbound and lowerbound at time 

t=25 for Customer_Awareness_GV parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity anal-

ysis 

Difference 

30938939200000 36129493800000 0-3 5190554600000 

Table 57 Output of sensitivity analysis of 95% confidence range for time t=25 for Customer_Awareness_GV Pa-

rameter. 

GOVERNMENT_INITIATIVES_GV 

The model output gasoline vehicles for the government initiatives parameter for gasoline vehicles 

increases between time 0 and 0.1 indicating a strong initial impact of this parameter on the system. 

Although the difference between the lower and upper bounds lesser somewhat in later periods, the 

median and both confidence limits steadily rise over the whole simulation from time 0 to time 25. 

This trend implies that although government initiatives continue to be a major driver throughout 

the simulation, their effect on the gasoline vehicles becomes more predictable as time goes by. 

SENSITIVTY ANALYSIS OF CUS-

TOMER_AWARENESS_GV PA-

RAMETER 
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Figure 55 shows the graph of output of sensitivity analysis for parameter Government_Initia-

tives_GV parameter.  

  

Figure 55 Sensitivity Analysis of Government_Initiatives_GV parameter affecting the Gasoline Vehicles stock. 

Table 58  shows the outputs of gasoline vehicles at upperbound and lowerbound at time t=25 for 

Government_Initiatives_GV parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity anal-

ysis 

Difference 

30682539200000 35578251100000 0-3 4895711900000 

Table 58 Output of sensitivity analysis of 95% confidence range for time t=25 for Government_Initiatives_GV Pa-

rameter. 

FUELPRICE_GV 

From time 0 through time 25 the 95% confidence intervals for the FUELPRICE_GV parameter 

shows an increase but consistent trend in the gasoline vehicles. Initially the lower, median, and 

upper bounds show that variations in gasoline fuel cost significantly influence the number of gas-

oline vehicles. Although the difference between the lower and upper limits widens over time 

SENSITIVTY ANALYSIS OF GOVERNMENT_IN-

ITIATIVES_GV PARAMETER 
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showing increasing uncertainty, its difference may not produce the same magnitude of impact as 

parameters with larger or more sensitive confidence intervals. Figure 56 shows the graph of output 

of sensitivity analysis for parameter FUELPRICE_GV. 

 

Figure 56 Sensitivity Analysis of FuelPrice_GV parameter affecting the Gasoline Vehicles stock. 

Table 59 shows the outputs of gasoline vehicles at upperbound and lowerbound at time t=25 for 

FuelPrice_GV parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

5875782910 6692283020 0.5-20 816500110 

Table 59 Output of sensitivity analysis of 95% confidence range for time t=25 for FuelPrice_GV Parameter. 

COST_GV 

Rising values of the 95% lower and upper bounds as well as the median show how significantly 

the cost of gasoline vehicles parameter influences the output of the model over the simulation. 

Starting at a rather low level the output that is gasoline vehicles increases gradually by time 25. 

SENSITIVTY ANALYSIS OF 

FUELPRICE_GV PARAMETER 
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Although the spread between the lower and upper bounds remains limited compared to more un-

certain parameters, this development in the confidence interval emphasizes the increasing influ-

ence of the parameter over time. Figure 57 shows the graph of output of sensitivity analysis for 

parameter COST_GV. 

 

Figure 57 Sensitivity Analysis of Cost_GV parameter affecting the Gasoline Vehicles stock. 

Table 60 shows the outputs of gasoline vehicles at upperbound and lowerbound at time t=25 for 

Cost_GV parameter. 

95% lower bound 95% upper bound One-at-a-time sensitivity analy-

sis 

Difference 

31016759000000 36551004200000 10,000-100,000 5534245200000 

Table 60 Output of sensitivity analysis of 95% confidence range for time t=25 for Cost_GV Parameter. 

COMPARISON OF PARAMETERS FOR GASOLINE VEHICLES 

The sensitivity analysis for gasoline vehicles parameters reveals that the Cost_GV parameter ex-

hibits the widest confidence interval, indicating a high sensitivity to input variations and a 

SENSITIVTY ANALYSIS OF 

COST_GV PARAMETER 
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significant impact on gasoline adoption. Consequently, Customer_Awareness_GV is the most in-

fluential factor driving the highest number of public buses. Based on these findings, the factors 

can be ranked in descending order of importance as follows: Cost_GV, Customer_Awareness_GV, 

Government_Initiatives_GV, and FuelPrice_GV.  

4.3.5 SUMMARY OF RESULTS OF SENSITIVITY ANALYSIS 

It is found that cost of a vehicle, cost of bike and fare cost of a public bus has the highest impact 

on the adoption of these vehicles and transit options. Table 61 summarizes the sensitivity analysis 

results of parameters.  

NAME CUSTOMER 

AWARENESS 

GOVERNMENT 

INITIATIVES 

COST OF VE-

HICLE/BIKE 

FUEL COST OF 

VEHICLE 

FARE OF PUBLIC 

BUSES 

INFRASTRUCTURE 

DEVELOPMENTS 

EV 5 4 1 2 - 3 

BIOFUEL 

VEHICLES 

5 4 1 2 - 3 

HYDROGEN 

VEHICLES 

5 4 1 2 - 
3 

GASOLINE 

VEHICLES 

2 3 1 4 - - 

BIKES 2 4 1 - - 3 

PUBLIC 

BUSES 

4 2 - - 1 3 

Table 61 Summary of sensitivity analysis of various factors. 
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CHAPTER 5  

RESULTS AND DISCUSSIONS 

5.1 OUTPUT OF BASELINE SCENARIO 

From Figure 58, we observe that the number of gasoline vehicles increases exponentially. And the 

rest of vehicles increase according to steady but not fast growth in the parameters or factors that 

affect the increment of vehicles like customer awareness, expansion of infrastructure, government 

initiatives and the cost. By the next 15 years it increased to 711 million vehicles and by the end of 

2050 we see the total number of gasoline vehicles has increased to 802 million from 644 million 

in 2024 initially.  

Figure 58 Time series graph showing the increase in gasoline vehicles from 2024 to 2050 in a baseline scenario. 

Figure 59 illustrates the graphical representation of outputs of baseline scenario of 2024 to 2050 

of alternative fuel-based technology and sustainable transportation option, EV vehicles increased 

from 1978449 in 2024 to 3929546 vehicles, biofuel vehicles increased from 908100 vehicles to 

1292017 units, hydrogen vehicles increased from 1040 vehicles in 2024 to 18188, bikes increased 

from 811000 units in 2024 to 1207123 bikes by 2050.  And, public buses increased from 84199 

units in 2024 to 98,400 by 2050. There has been growth in adopting alternative fuel vehicles and 

Gasoline Vehicles from 2024-2050 
for baseline scenario 
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an increased usage of bikes and public buses. But the growth has not been significantly high due 

to the model following the previous trends. 

 

Figure 59 Time series graph showing the increase in alternative fuel vehicles and sustainable transportation options 

from 2024 to 2050 in a baseline scenario. 

Figure 60 shows total GHG Emission generated by all the parameters of the model for a baseline 

scenario. In terms of emissions, it increased to 61,443 MTCO2 by the end of 25 years. The initial 

GHG emissions in 2024 was 24,982 MTCO2. In the business-as-usual scenario, the GHG emis-

sions continue to increase over time.  

 

Total GHG Emissions from 2024-2050 for baseline scenario 

Comparison of EV, Biofuel Vehicles, Hydrogen Vehicles, Public 

buses and Bikes from 2024-2050 for baseline scenario 
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Figure 60 Time series graph showing the increase in GHG Emissions from 2024 to 2050 in a baseline scenario. 

Figure 61 shows the output of the table generated in Insightmaker. It gives us a better and a precise 

value of the output. The final output at year 25 has been highlighted.  

 

Figure 61 Table in Insightmaker for outputs generated for baseline scenario. 

Name 2024 (Input) 2050 (Output) Unit 

EV Vehicles 1978449 3929546 Units 

Biofuel Vehicles 908100 1292017 Units 

Hydrogen vehicles 1040 18188 Units 

Gasoline Vehicles 634000000 801995561 Units 

Public Buses 84199 98408 Units 

Bikes 811000 1207123 Units 

Total GHG Emission 24982 61443 MTC02 

Table 62 Summary of inputs and outputs in baseline scenario [34]. 
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5.2 OUTPUT OF SCENARIO-1 (EV’S HIGHEST BY 2050) 

We looked at the output concerning the change in gasoline vehicles for this scenario. Figure 62 

shows the declining gasoline vehicle time series graphical depiction over a 25-year span. Five 

years later, gasoline vehicle count dropped to 114,791,000 units. Ten years later the total dropped 

to 5,180,390 vehicles. Fifteen years later, gasoline vehicle count dropped to 211,000 units. Gaso-

line cars show to almost be extinct at the end of 25 years. This change emphasizes how alternative 

fuels mostly EVs and other developing technologies are progressively replacing conventional in-

ternal combustion engines (ICE) vehicles. 

 

Figure 62 Time series graph showing the decrease in gasoline vehicles from 2024 to 2050 in Scenario 1. 

Figure 63 shows the time series graph of various alternative fuel vehicles and sustainable trans-

portation option like public buses and bikes. There are 1978449 EVs in use at t=0; this number 

increases to 50153921 units by t=25. Due to rising consumer acceptance, improving technology, 

and supporting government measures, this accelerating adoption rate. This consistent increasing 

trend suggests that over the simulation period EVs start to account for a sizable share of the total 

vehicle fleet. Starting at roughly 908100 units at t = 0, biofuel vehicles expand to almost 28972747 

units. Though this increase is noteworthy, the fast spread of electric vehicles somewhat offsets it. 

According to the trend, biofuel technologies acquire popularity but do not rule the market as much 

as electric vehicles do.  

Gasoline Vehicles from 2024-2050 for Scenario 1 
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Starting at about 811000 units, bicycles show modest but consistent increase to reach about 

1113925 units by t=25. This consistent rise may point to a continuous interest in low-cost, low-

impact personal mobility. Starting at almost 84,200 at t=0, public bus numbers rise to almost 

293,900 by 25 t=25. This growth shows a continuous investment in public transportation infra-

structure, implying that government might be supporting bus systems as component of more public 

transportation and environmental concerns. Starting at just over 1,000 units at t=0, hydrogen-pow-

ered vehicles climb to almost 3367070 units by t=25. Although this increase is rather large, the 

total size stays less than that of EVs. Still, the trend shows that hydrogen fuel cell technology is 

progressively getting popular. 

 

Figure 63 Time series graph showing the increase in alternative fuel vehicles and sustainable transportation options 

from 2024 to 2050 in Scenario 1. 

From almost 25,000 units at t=0 to roughly 4,800 by t=25, overall greenhouse gas (GHG) emis-

sions drop over the years. This significant cut matches the decline in gasoline-powered cars and 

the increase in greener alternative fuel-based vehicles. It implies that over the simulation timeline, 

switching from conventional ICE vehicles toward EVs, biofuel, and hydrogen alternatives greatly 

reduces transportation-related carbon emissions. Figure 64 illustrates the time series graph of GHG 

emissions over 25 years from 2024 to 2050. 

Comparison of EV, Biofuel Vehicles, Hydrogen Vehicles, 

Public buses and Bikes from 2024-2050 for Scenario 1 
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Figure 64 Time series graph showing the decrease in GHG Emissions from 2024 to 2050 in Scenario 1. 

Figure 65 depicts the output generated in tabular form in Insightmaker tool. 

 

Figure 65 Table in Insightmaker for outputs generated for Scenario 1. 

 

 

Total GHG Emissions from 2024-2050 in Scenario 1 
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Name 2024 (Input) 2050 (Output) Unit 

EV Vehicles 1978449 50153921 Units 

Biofuel Vehicles 908100 28972747 Units 

Hydrogen vehicles 1040 3367070 Units 

Gasoline Vehicles 634000000 0 Units 

Public Buses 84199 293938 Units 

Bikes 811000 1113925 Units 

Total GHG Emission 24982 4783 MTC02 

Table 63 Summary of inputs and outputs in Scenario 1 [34]. 

Table 63 shows the summary of comparison of inputs taken for 2024 and the outputs generated by 

the simulation for 2050. 

5.3 OUTPUT OF SCENARIO-2 (HYDROGEN VEHICLES HIGHEST BY 2050) 

With almost 634 million units at time 0, gasoline vehicles rule the market. But their population 

collapses to almost zero over the 25-year simulation by the end of 2050. This rapid drop points to 

a clear shift away from conventional internal combustion engines, most likely resulting from 

changing consumer preference for greener alternatives, stricter policy against gasoline usage, and 

technical changes. Figure 66 depicts the time series graph of gasoline vehicles decrease over time. 

 

Gasoline Vehicles from 2024-2050 for Scenario 2 
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Figure 66 Time series graph showing the decrease in gasoline vehicles from 2024 to 2050 in Scenario 2. 

Figure 67 shows comparison of EV, biofuel vehicles, hydrogen vehicles public buses and bikes. 

They are all a part of sustainable transportation system. From 1,000 units at time 0 to almost 74 

million by time 25, hydrogen vehicles show the most exponential increase. Under favorable as-

sumptions that is, declining production costs, better infrastructure, and strong government support 

this surge suggests that hydrogen can become a major actor in the future transportation scene, 

maybe surpassing other low-emission vehicles. EVs start at 1978449 units and grow to over 

5832253 vehicles by time 25. While this represents a substantial increase, it remains modest com-

pared to the initial dominance of gasoline vehicles. The upward trend indicates ongoing improve-

ments in EV technology, cost reductions, and supportive policies. Starting at roughly 908100 units, 

biofuel cars grow to reach roughly 2558810 vehicles by the end of the simulation. Though this 

expansion is noteworthy, other developing technologies especially hydrogen outpace it. According 

to the trajectory, biofuels seem to take front stage as the main substitute for gasoline. Over the 

simulation period, bicycles range in count from 811000 to 5497933 units. According to the trend, 

active transportation like biking stays a crucial part of a diversified and sustainable transportation 

system. Public bus use increases from about 84199 to 1059204 units over 25 years. This growth 

reflects ongoing investments in transit infrastructure and policies encouraging public transporta-

tion for lowering emissions. 

 

Figure 67 Time series graph showing the increase in alternative fuel vehicles and sustainable transportation options 

from 2024 to 2050 in Scenario 2. 

Comparison of EV, Biofuel Vehicles, Hydrogen Vehicles, Public buses and 

Bikes from 2024-2050 for Scenario 2 
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From almost 24,982 units at time 0 to roughly 2,321 by time 25, greenhouse gas emissions fall 

dramatically. Along with the modest but significant increases in bike and public bus use, this de-

cline corresponds with the sharp drop in gasoline vehicles and the concurrent rise in cleaner alter-

natives including EVs, hydrogen vehicles, and biofuels. The total change emphasizes the possibil-

ity for significant emissions reductions when several low-emission technologies and transportation 

choices become popular together. Figure 68 shows the greenhouse gas emissions for the next 25 

years for scenario 2.  

 

Figure 68 Time series graph showing the decrease in GHG Emissions from 2024 to 2050 in Scenario 2. 

Figure 69 shows the tabular output in Insightmaker tool. 

Total GHG Emissions from 2024-2050 in Scenario 2 
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Figure 69 Table in Insightmaker for outputs generated for Scenario 2. 

Name 2024 (Input) 2050 (Output) Unit 

EV Vehicles 1978449 5832253 Units 

Biofuel Vehicles 908100 2558810 Units 

Hydrogen vehicles 1040 73869204 Units 

Gasoline Vehicles 634000000 0 Units 

Public Buses 84199 1059204 Units 

Bikes 811000 5497933 Units 

Total GHG Emission 24982 2320 MTCO2 

Table 64 Summary of inputs and outputs in Scenario 2 [34]. 

Table 64 shows the inputs taken for 2024 and the outputs generated by the model. It gives us a 

summary of the vehicles by the end of 2050. 
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5.4 LIMITATIONS 

● The model relies on historical data and assumptions, which may not be able to accurately 

represent future technological developments, government initiatives, or market dynamics. 

Despite the fact that three scenarios were developed a baseline scenario, one with increas-

ing adoption of electric vehicles and biofuel vehicles, and one where hydrogen vehicles 

and bicycles are prioritized, these scenarios are based on projected rates of adoption and 

infrastructure investments that may differ from reality. 

● All the parameters considered in the model has been assumed to change linearly.  

● The model also analyses data at a national level, which may not depict differences in re-

gions within Canada in terms of infrastructures, population growth, and financial aspects. 

● External influences or unforeseen circumstances such as recessions, pandemics, tariffs, or 

rapid policy changes that could severely affect the transportation sector are another weak-

ness of the model. It is possible that the model does not properly represent these types of 

events that cause disruption. 

● The outcomes of the simulation must be regarded with caution due to the existence of data 

restrictions and the difficulties associated with quantifying qualitative inputs such as the 

perception of customers, success of government initiatives, and infrastructure improve-

ments.  

● The model does not fully incorporate the specific transportation requirements, cultural im-

plications, and social and economic differences in population. 

● Practical implications could differ from scenario analysis. 

5.5 DISCUSSION 

In the discussion section of the thesis, the effects of the three scenarios in terms of the future 

greenhouse gas emissions profile of Canada are addressed. These scenarios include the baseline 

scenario, higher electric vehicles and biofuel vehicles, and increased hydrogen and bike usage. 

Influenced by historical data trends, the baseline scenario shows the transportation sector mostly 

dependent on gasoline vehicles, hence produces higher greenhouse gas (GHG) emissions. Though 
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other alternative fuel-based vehicles that include electric vehicles (EVs), public buses, bikes, bio-

fuel vehicles, and hydrogen vehicles also show increase in growth, their total integration into the 

current transportation system is still rather low. This result emphasizes the slow progress of current 

infrastructure and customer awareness when government support or technological changes are not 

implemented drastically.  

Driven by EVs' increasing popularity and the viability of replacing gasoline with biofuels, Scenario 

1 emphasises a move towards electric and biofuel vehicles. Rapid decarbonization policies show 

great promise as seen by the significant reduction in GHG emissions when gasoline vehicles al-

most totally disappear by 2050. Though at a slower rate than EVs and biofuels, bikes, public trans-

portation, and hydrogen vehicles also see growing interest and acceptance. This situation under-

lines how much coordinated government policy measures, technological developments, and grow-

ing consumer awareness can change market dynamics.  

Emphasizing hydrogen and bikes in scenario 2 increases the shift to zero-emission technologies 

faster. While the strong increase of bikes highlights the attractiveness of zero pollution, low-cost 

mobility, and health benefits, hydrogen vehicles fast growth supports fuel cell invention and infra-

structure expansion. EV’s, biofuel vehicles and public buses also saw a significant growth. Gaso-

line vehicles are again limited to almost zero. From personal mobility to public transportation, this 

scenario emphasizes the transforming power of methodically supporting several low-emission so-

lutions. Sensitivity studies across several contexts show that adoption is driven mostly by cost 

considerations. The most important factors for EVs, biofuel, and hydrogen vehicles are their initial 

cost as well as their running fuel consumption. Regarding public buses and bikes, respectively, the 

cost of fare and bicycle rates show great influence for user acceptance and thus increasing the 

growth and demand. Though they are phased out in the later scenarios, gasoline vehicles remain 

extremely sensitive to vehicle cost and consumer awareness. These results show how strongly 

taxes, subsidies, general market incentives can affect consumer decisions. All together, the find-

ings show that cost reductions, technological developments, and strong government policy inter-

ventions can greatly reduce GHG emissions and rebuild the transportation sector toward sustaina-

ble modes. The great cost sensitivity of all vehicle types emphasizes the need of financial levers 

as accelerators for vehicle adoption such as high taxes on gasoline-fueled cars and targeted subsi-

dies and rebates for alternative fuel vehicles. In the end, these situations highlight the need of 
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inclusive plans combining consumer involvement, government policy frameworks, and technolog-

ical advancement to accelerate the change to low carbon transportation system. 
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CHAPTER 6  

CONCLUSION AND FUTURE WORKS 

6.1 CONCLUSION 

The findings of the system dynamic model play a huge role in shaping the transportation sector for 

the future. The results from the scenario analysis indicate that significantly increasing the customer 

perception, government initiatives and initiatives, enhancing and improving the infrastructure, re-

ducing the cost to fuel the vehicles and also the cost to purchase alternative fuel-based vehicles 

can drive the growth of such vehicles. Due to their advantage of producing low greenhouse gas 

emissions, this in turn helps in reducing the greenhouse gas emissions. By following through his-

torical trends and gasoline vehicles that have been benefitted from ease of availability of fuel, well 

developed infrastructure, abundant options for vehicles and they thrived in the market which even-

tually increased its adoption. This scenario depicted how the number of vehicles increased to al-

most 802 million by the end of 2050. This also had a negative consequence on the total green 

house gas emissions as it increased to 61,443 MTCO2. Therefore, two future scenarios were cre-

ated with an intention to integrate alternative fuel-based vehicles into the current system, to com-

pletely make the gasoline cars extinct, increase awareness for using public transportation such as 

buses and adopt more biking that also helps in overall health. In a scenario with exponential growth 

of EV’s and biofuel vehicles were created to analyse how various factors affect the growth of 

vehicles. Due to EV’s increasing to more than 50 million by the end of 2050 and biofuel vehicles 

increased to almost 29 million, the total GHG of the system saw a significant decrease to 

4783MTCO2. Other modes of transportation and alternative vehicles also saw a growth slow and 

a steady growth. Even ambitious scenario to reduce the GHG emissions further to was created. In 

this scenario hydrogen vehicles were shown to dominate the markets by 2050 exponentially to 

almost 74 million vehicles by the end of 2050. Despite the fact that every option has its own set of 

advantages, the analysis reveals that the overall effectiveness in lowering emissions will be de-

pendent on a mix of technology developments, laws and government initiatives that are supportive 

of the effort, and significant investment in infrastructure.  From sensitivity testing it was also found 

that, the most influential key driver among all the factors is cost of vehicles, cost of fuels, cost of 
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a bike and cost of a fare for a public bus. Emphasizing these elements will enable Canada to quickly 

reach its net zero target and help accelerate the acceptance of new alternative fuel technologies.  

6.2 FUTURE WORKS 

● Future projects should prioritize the gathering of deeper, province-specific data like for 

Alberta which is dependent on fossil fuels to more accurately reflect the diversity of trans-

portation requirements and behaviors throughout Canada. This involves improving the as-

sumptions regarding urban and rural dynamics and incorporating specific economic and 

demographic shifts. 

● Considering that the existing model is based on assumed qualitative evidence, the most 

important goal for future projects is to acquire empirical data via extensive surveys and 

targeted research. These surveys should seek to determine consumer views of electric ve-

hicles, biofuel vehicles, and sustainable transportation alternatives, while also collecting 

insights on government initiatives and infrastructure development. This data will provide 

more precise modeling of the simulation and minimize uncertainty. 

● It is essential to address the existing shortcomings in research involving Indigenous com-

munities. Subsequent research needs to collaborate directly with indigenous communities 

to integrate traditional knowledge, cultural concerns, and particular mobility constraints. 

Such collaborations can facilitate the development of specific models that more accurately 

depict the transportation context and environmental requirements of these communities. 

● Investigating upcoming technologies such as driverless vehicles, enhanced battery storage 

systems, and developments in smart grids to evaluate their possible effects. 

● Integrating more sophisticated behavioral models and adaptive policy responses will en-

hance the simulation's forecasting precision. As technological developments occur and new 

policies are enacted, it is essential to revise the simulation settings. Future research should 

explore adaptive models capable of integrating real-time data and new patterns, thus ena-

bling policymakers to dynamically modify strategy. 
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● Future work could apply Monte Carlo simulation to explore a wide range of input uncer-

tainties for multiple scenarios. This would enable outcomes in a probabilistic way, offering 

more robust insights. 

● Future research should focus on electricity availability for EVs in Canada and model sce-

narios for implementing clean energy to support sustainable grid growth. 

● Future research could include more vital issues, like public health, economic cost-benefit 

assessments, and social equality, beyond greenhouse gas emissions. This comprehensive 

approach allows for more informed decision-making that matches with environmental sus-

tainability and helping the community. 
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