Economic, Environmental, and Health
| mpact Analysis ofDeveloping

Hydrogen Economy in Canada

by

Hamidreza Shamsi

A thesis
presented to theniversity of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Mechanicaland MechatronicEngineering
Waterloo, Ontario, Canadag2?

© Hamidreza Sham&022



Examining Committee

The following served on the Examining Committee for this thesis. The decision of the

Examining Committee is by majority vote.

External Examiner Dr. Hossam Gaber
Professor

Supervisor Dr. Michael Fowler
Professor

Internal Member Dr. Roydon Faser
Professor

Internal Member Dr. John Wen
Professor

Internatexternal Member Dr. Rebecca Saari

Assistant Professor



Aut hor 6s Decl arati on

This thesis consists of material all which | authored or cauthored: see Statement of
Contribution included in the thesis. This is a true copy of the thesis, including any required

final revisions, as accepted by my examiners.

| understand that my thesis may be melgetronically available to the public



Statement of Contributions

The body of this thesis is based on a combination of published work. Various sections are
adapted from théollowing list of publications:
Chapter 3
Shamsi, H., Haghi, E., Raahemifar, K., & Fowler, M. (2019). fyiear technology selection
optimization to achieve specifi€O, emission reduction targetsiternational Journal of
Hydrogen Energy44(7), 39663984.
Dr. Haghi and developed theenergysystem optimizatiomodel Dr. Haghi and |
analyzed the results and worked on different scenarios. | wrote the final manuscript.

Dr. Raahemifar and Dr. Fowler reviewed the manuscript.

Chapter 4
Shamsi, H., Tran, M. K., Akbarpour, S., Maroufmashat, A., & Fowler, M. (2021). Macro
Level optimization of hydrogen infrastructure and supply chain for-eemigsion vehicles

on aCanadian corridorJournal of Cleaner Productiqr289 125163.

| developed hie modeling frameworkDr. Maroufmashaassisted witlthe computer
simulation and Dr. Fowler was the advisor for model development and results
generation| prepard all the results antr. Tran and lwrote thefinal manuscript.
Ms. Akbarpourprepared the maps. Dr. Fowler and Dr. Maroufmasiaewed the

manuscript.



Chapter 5

Shamsi, H., Munshed, M., Tran, M. K., Lee, Y., Walker, Bhe, J.,Raahemifar, K., &
Fowler, M. (2021). Health Cost Estimation of TrafRelated Air Pollution and Asssing
the Pollution Reduction Potential of Zefmission Vehicles in  Toronto,

CanadaEnergies 14(16), 4956.

Mr. Munshed and | developed the air pollution simulation model and Dr. The
assisted with computer simulatio®r. Walker and | developed the eni@s

calculation modell developed the risk analysis model and health cost calculation.
Mr. Tran, Mr. Lee and | wrote the final manuscript. Dr. Fowler and Dr. Raahemifar

reviewed the manuscript.



Abstract

The greatest challenge to the development of a cleaner energy system is economic
issues. However, if thenvironmental and health externalitiglsthe current energy system
is considered other energy alternatives become economically competitive. Therefore
hydrogen can become an option in different energy sedsran energy vector, hydrogen
can be represented as the missing link between clean energy sources and energy consumers.
The real cost of an energy system includes environmental and-redatédhidden costs
The current energy system imposes lots of critical damages to the environment and human
lives. All these damages are avoidable if governments follow the prevention policy instead
of the cure policy. In other words, governments can supportlal@ng clean energy
solutions by incentivizing them. In this regard, the government should be aware of the
hidden coss of energy for both fossiuel-basedand hydrogetbased energy systems
Therefore, in this worka comprehensive cost calculatigroonducted for using hydrogen in
different energy sectorm this work The result from this work shows that the idea of
Hydrogen Economy is economically competitive with the current energy system, if the
hidden cost of environmental and health effects &ken into account.

The first study is focused on developing a fiyear mathematical model for finding
the optimal sizing of renewable energy technologies for achiespegific CO, emission
reduction targets. w industrial manufacturingacility that uses CHP for electricity
generation and natural gas for heating is considered the base case in thi$heotkiP

capacity is 4500 kW and the furnace is operated 8 AM to 4 PM with a natural gas
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consumption of 4000 #h. Different renewable energy technolagiareassumed to be
developed each year to achieve a 4.53% an@@alemission reduction target. The results
of this study show that wind power is the most edftctive technology for reducing
emissions in the first and second ygavith a cost of 44 ah 69 CAD per tonne o€Oy,
respectively.On the other hand, hydrogeés more coseffective than wind power in
reducingCO, emissions from the third year ward The cost ofCO, emission reduction
with hydrogen doesn't change drastically from the first yedhe fifth year (107 and 130
CAD per tonne ofCOy). Solar power is a more expensive technology than wind power for
reducing CO, emissions in all years due to lower capacity factor (in Ontario), more
intermittency (requiring mores storage capacity), &igher investment cost. A hybrid
wind/battery/hydrogen energy system has the lowest emission reduction cost over five years.
The emission reduction cost of sualmybrid system increases from 44 CAD per tonne of
CQz in the first year to 156 CAD per tonne G0 in the fifth year. The developed model
can be used for loagerm planning of energy systent achieve GHG emission targets in
regions/countries witfossil fuetbased electricity and heat generation infractte.

The second studglevelops a mukobjective model to determine the optimal sizes
and locations of the hydrogen infrastructure needed to generate and distribute hydrogen for
the critical Highway Corridor (HWY 401) in Ontario. The model is used u thie early
stage transition plan faonvertingconventional vehicles to FCEVs in Ontario by proposing
a feasible solution to the infrastructure dilemma posed by the initial adoption of hydrogen as
fuel in the general market. The health benefit from tlkipon reduction is also determined

to show the potential social and economic incentives of using FCEVs. The results show that
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hydrogen production and delivery cost can reduce from $22.7/kg H2 in a 0.1% market share
scenario to $14.7/kg H2 in a 1% marlgttare scenario. The environmental and health
benefit of developing hydrogen refueling infrastructure for hehwy vehicles is 1.63
million dollar per year and 1.45 million dollars per year, respectively. Also, every kilogram
of H2 can avoid 11.09 kGO from entering the atmosphere. In a 1% market share scenario,
theproposed hydrogen network avoids more than 37,000 t@ir&S, per year.

The third studyaims to determine the economic burden of environmental and health
impacts caused by Highway 40&ffic. Due to the high volume of vehicles driving on the
Toronto Highway 401 corridor, there is an annual release of 3771 tonnes of carbon dioxide
equivalent COze). These emissions are mainly emitted onsite through the combustion of
gasoline and diesel &1 The integration of electric and hydrogen vehicles shows maximum
reductions of 406476 g CO.e per vehiclekilometer. Besides these carbon dioxide
emissions, there is also a largeimber of hazardous air pollutantsThe mass and
concentrations of criteai pollutants ofPM2.5 and NOx emitted by passenger vehicles and
commercial trucks on Highway 401 were determined using the MOVES2014b software
examine the impact of air pollution on human healihhen, an air dispersion model
(AERMOD) was used to findhte concentration of di fferent
location. The increased risk of health issues was calculated using hazard ratios from
literature. Finally, the health cost of air pollution from Highway 401 traffic was estimated to
be CAD 416 milion per year using the value of statistical life, which is significantly higher

than the climate change costs of CAD 55 million per year due to air pollution.
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The fourth study discovers the health benefit of reducing fassdlilvehicle market
share anditilizing more ZereEmission Vehias (ZEVS). A historical dataset from 2015
2017 is used to learn a Long Shedrm Memory (LSTM) modethat can predict future
NOx concentration basednotraffic volume, weather condition, time, and pa$Dy
concentration. The developed model is used in a modified manner to predt
concentration inthe long term. Then, the developed model is utilized to predict annual
average\N Oy reductionin four different scenarios. Interpolation methods are used to predict
pollution reduction in all Dssemination Areas (DA) of Toronto. Finally, a health cost
assessment is conducted to estimate the health benefit from different scenarios. The results
show that the western areas of Toronto experience MOkeconcentration reduction iall
scenarios, which is the result @stronger correlation between traffic volume and pollution
in those areas. Also, by 10% reduction in fefsdl traffic volume, 70 deaths can be
prevented annuallequivalent to CAD 560 million health benglier year.

There are plenty of opportunities for future work in this area to make more robust
energy models which can take all aspects of implementing the idea of Hydrogen Economy.
First, the impact of using different types of hydrogen storage can be investigttausiof
cost. Also, a comprehensive hydrogsased energy model can be optimized if the-cost
benefit analysis is conducted in all energy sectors. Firgiffgrent objective functions such
as energy, environmental, health, and social cests be optimied to reach an optimal

sustainable energy system for Ontario.
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1. Introduction

1.1 Overview and Objectives

In 1987, The United Nations (the UN) defingslistainability  f@meeting the needs
of the present without compromising the ability of futgenerations to meet their own
needs[l]. Todayod6s energy system, however, does |
The current energy systemo mpr omi ses f ut ur e haygmamyeadvarsei ons 0
effects onliving human beings. Tweignificantproblens with the global energy systeane
environmental issues and health issues.

According to the International Energy Agency, the world energy demand in 2040 will
be 50% more than 2013]. Fossil fuels will be the dominant source to meet this additional
amount of global energy demand. On the other hand, atmos@@riwoncentration is 30%
more than preéndustrial levelg3]. Previous research estimates the Social Cost of Carbon
(SCC) to be $31 per ton &fO; in 2010 USH4]. However, recerstudes show that global
SCC is US$417 per toe of CO,, which results in a $250 billion financial loss just for the
U.S.[5].

According tothe International Energgkgency dés (I EA) Executive |
of worldwide energy investments drem governmental sourcé§. Thefessage is clear
ithe worl dés energy destiny | ies wélthotsgoverr
of efforts have been made to guarantee that the -@Eed global temperature increase
will stop by 2050.The Kyoto Protocol and Paragreement are the most known global

agreement on GHG emission reduction, which have not been succeéssfalding to



World Energy Outlook 2018, in a sustainable development scenario, the current 32
Gtomeéyear of energyelatedCO, emissios could redoe toless than 20 Gtowgyear in
2040[7]. However, pursuing current policies could result in 36 Gton of erretgiedCO,
emission in 204(7]. This shows that governments havecrucial role in developing a
sustainable global energy system.

The other major problem witthe current energy system is health effects. According
to [8], the fifth-ranking mortality risk factor in 2015 is relatedRd/2.5. PM2s caused more
than 4 million deaths (more than 7% of total global deaths) and 100 million disability
adjusted lifeyears (DALYSs) in 20158]. The PM2srelated deaths in 201&re 20% more
thanin 1990 [8]. These statistics become worse when ozetaed health impacts are
considered. More than 250000 annual deaths and 4 million DAlr¥selated to ozone
pollution [8]. In total, air pollution is responsible for around 8 million deaths each[9kar
Air pollution-related health cost in 201asUSD 21 billion ands anticipated to increase to
USD 176 billion by 206Q9]. The market cost of air pollution will reach 1% of global GDP
by 2060[9].

One of the biggest challenges with energy systehusfferent size aroundthe world
is providing enough storage capacity required to cover the intermittent behavior of
renewable energy sources. Renewable energy sources are the most recent alteynatives
fossil fuel sources. Daily, monthly, and yearly intermittency of renewableces ha
increased the need for higher storage capaéitgctricity as the most common energy

vector is not capable of being stored easily in its form. Lots of researchers around the world



are working on the development of batteries. However, stolaagrieity in large scales and
for long times seems to be unachievable using batteries.

GHG emissiosand air pollution are the most significant negative consequences of the
current energy system. The scarcity of energy resourcesharongenous distribign of
energy resources, and intermittency @fisting alternative energy sources are other
dr awbacks of the current @ neichgas firstdefinedanm. nHYy
the 1970s, could bermtuil solution for worldwide energy system probleifise hydrogen
economy can amend all energy sectors through different pashwagusehold, industry,
and transportation. However, the biggest obstacle against the idea of a hyohegdn
energy system is economic barriers. Based on economic assessneeioisa tbf rebuilding
the global energy system is not logical. However, it might change everything if the adverse
side effects of the current energy syse@taken into consideration.

The optimal energy system parameters would change if total- ¢ost only direct
costs is consideredFor instance, in the transportation sector, governmeotklwide can
incentivize ZereEmission Vehicles (ZEVs) to make more money out of fewer heatthca
costs. Based on estimations, people around the world are willing to pay USD 3 trillion to
reduce the risk of air pollutierelated premature deat[#. In all energy sectors, renewable
alternativescan reduce GHG emissions andtigate air pollutions. Reduction in GHG
emissiors and airpollution canlower thesocial cost of carbon argdemature deaths.

As an energy vector and in integration with other clean energy sources, Hydemgen
present a new energy system with fewer consequences for people around thd wsrld.

work will study the possibility of different hydrogen pathways using economic,



environmentaland health impact analysi8lso, optimal sizing and planning of hydrogen
based energy systems will be presented in different energy sectors.

As the most significant fossil fuglependent energy sector, the transportation sector is
the greatest challenge for government in teafnemission and pollution. Spending money
in the transportation sector to reduce the side effects of using fossil fuels is unavoidable. The
unanswered quéens are the amount of incentives thg government and incentive policies.

A slight reduction in GHG emissi@and air pollution in the transportation sector needs less
investment. As reduction targets become more ambitious, the marginal cost ofwiompoll
reduction becomes higher. That is why the optimum amount of investment has to be found.

The industrial sector in Ontario can benefit from the surplus amount of electricity
generation. Now, Ontario is selling its surplus electricity at low prices.gtlvernment of
Ontario can sell the surplus electricity to the manufacturing compahiesver prices to
encourage them to reduce their GHG emissions. Additionally, manufacturing companies
need to reduce their GHG emissions to meet their emission realuetigets. Moving
toward a cleaner future, those companies requiseepby-step plan. The optimum plan
must be designed for every individual facility.

Seasonal changes in energy supply and demand are relatively high in Ontario.
Hydrogen is a great stagya solution for significant amounts of energy for long periods.
Storage sizing and planning at the province level needs a comprehensive optimization
process that can lead to the most logical decisions.

All in all, a comprehensive model is required to prsg@n optimal energy system

benefitting from clean energy sources, sustainable energy veatatsstorage media. To



find the optimum sizing and planning of a sustainable energy system, environmental and
healthrelated costs must be taken into account.aAsesult, an energy model based on
different energy options in different sectors needed to be developed to find the best energy

decisions for a sustainable future.

1.2 Thesis Layout

This thesis includes 7 chapters wherein chapter 1 depicts the motivatiobjectives
of the overall studies along with the thesis layout. Chapter 2 reviews the background
information used in the next chapte@hapters 3 t& consists of papers all of which o
authored as principal lead author (Please refer to the statement of contributions included in
the thesis).

Chapter 3 presenfg/e-year technology selection optimization to achieve speCifie
emission reduction taegs published by Shamsi et 4l0]. In this study, the optimal sizing
and scheduling of an industrial facility is analyzed in different scenarios including a
hydrogenbased system scenario.

Chapter 4 introducesnacralevel optimization ofhydrogeninfrastructure andupply
chain forzero-emissionvehicles on a Canadian Corridaublished by Shamsi et glL1]. In
this study, the optimal location and sizing of hydrogen refueling stations along Highway 401
is investigated. It is assumed thia¢ demand of the different shares of heduty trucks are
met using a network of hydrogen refing statiors.

Chapter 5studies lealth cost estimation oftraffic-relatedair pollution andassessing

the pollution reductionpotential ofzero-emissionvehicles in Toronto, Canagmublished by



Shamsi et al.[12]. In this study, an integrated model is developed to assess the
environmental and health cost of traffelated emission from Highway 40The study
utilizes MOVES, AERMOD, and GREET as well as Concentration Response Function
(CRF) for calculation the increased risk of mortality.

Chapter 6 discusselraffic air pollution prediction and health cost estimation using
machine learning: A caseusly of Toronto, Canadan this study, Machine Learning (ML)
techniques are used to estimate the impattaffic volume on the air pollution in Toronto.

Then, different scenarios are defined to assess the impact of lower share efuébssil
vehiclesomhumandés health in term of mortality and

Chapter 7 summarizes the conclusions and provides recommendations for future work.



2. Background

2.1 Hydrogen as an energy carrier

Since the 1920s, ammonia replaced saltpeter for explosivefeatiidzer purposes. So,
hydrogen has been used to produce ammonia for almost a c@jturizen, until the 1960s,
many countries usekydrogen to produce town gas, which was a mixture of H2, CO, and
CH4. This mixture was used for residential purposes as well as street lifjtifigpday,

total hydrogen production is around 700 billiomN enough to fuel more than 600 million
FCEVs and around 50% of total hydrogen consumption is for ammonia prodygiion
More than 90% of total hydrogen production comes from fossil fuesound half from

natural gas and ortéird from oil and just 4% comes from electricid3].

2.2 Hydrogen: from production to consumption
In this section, a brief description of the jdurney from production to consumption is

presented.

2.2.1 Hydrogen production

Hydrogen can be produced from different sources. Common hydrogen production methods
are listed below

A Steam Methane Reforming (SMR)

A Gasification

A Electrolysis



A Hydrogen from biomass
A Hydrogen from nuclear energy

Below, each production method is described briefly.

2.2.1.1 Steam Methane Reforming (SMR)

In SMR natural gas reacts with water in the presence of a catalyst to produce 6@,and

The amount of hydrogen produced in the SMR process is arourtb%8(14]. As
mentioned in the previous sem, natural gas reforming produces around half the total
hydrogen production. However, this process is not a key process in a sustainable energy
system because it needs natural gas as feed, which is scarce and heterogeneously distributed
around the worldAdditionally, without a carbon capture system, SMR produces as much

CQ as burning natural gas.

2.2.1.2 Gasification
Gasification can produce H2 and CO from coal, heavy residual oils, arcbloe refinery
production in a less than stoichiometric ratio reactibhe reaction temperature in this

process is around 1200 OC to 1400[04].

2.2.1.3 Electrolysis

In the electrtysis process, water molecules are directly split into hydrogen and oxygen
molecules using electricity. Two common electrolyzers are PEM and alkaline. PEM
electrolyzers utilize solid polymer membrane electrolyfg#4]. Alkaline electrolyzers

employ potassium hydroxide electrolytes.



Electrolysis would play a key role in future energy systems, as it can bege between
intermittent renewable sources aii@ energy storage sector. One of the biggest problems
with this technology is its high cost. Therefore, the application of this technology is limited

to low scales and it produces less than 5% of total lgyar@roductionfl14].

2.2.1.4 Hydrogen from biomass

In this method, hydrogen can be produced by thermochemical processes at high
temperatures. In this process, syngasich is a mixture of H2 and G@an be achieved by
gasification or pyrolysis. As this process is less dependent on insecure fossiltfigls, i
identified as a more sustainable way of hydrogen production than SMR and coal gasification
[ref]. Additionally, this process can lead to other useful products such as polymers,

fertilizers, ethanol, methanol, efdé4].

2.2.1.5 Hydrogen from nuclear energy

As stated before, the cleanest hydrogen production method is water electrolysis using
renewable sources, however, the cost of such a system is high. One of the solutions to this
problem is to use nuclear energy instead of renewable energies. Althougdr enery is a
nonrenewable energy source, it has a low-tijele CO, emission. However, there are
many environmental concerns abthwmining and processing of uranium.

Figure2-1 shows different methods of producing hydrogen.
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Figure 2-1 - Hydrogen production from different energy sourceq15]

Fossil Fuel

2.2.2 Hydrogen Storage

One of the greatest challenges facing a hydrdmpsed energy system is hydrogen storage.
Because of low volumetric energy ddgsihydrogen storage tanks require large volumes.
This would be the greatest problem with storing energy in hydrogen molecules, especially in
the transportation sector. To overcome this problem, different methods are emplgvesl.

2-2 shows some of these methods.
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Figure 2-2 - Different hydrogen storage methodg$14]

2.2.3 Hydrogen consumption

There are three major energy demands which can be met using hydrogen
A Transportation

A Residential

A Industry

In this sectionhydrogen application in these three sectors is explained.
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2.2.3.1 Hydrogen in Transportation

The transportation sector accounts for around 20% of total energy consumption around the
world. Moreover, transport is responsible for almost a quarter of global ergatgd CO,
emissiong16]. Furthermore, fossiiuel vehcles are estimated to be the caok6.5 million

premature deaths in 20126]. Hydrogen can be the substitute for diesel and petrol in the

future energy system, as it emits I€X3,, even if it is produced by the SMR processtha

case of using clean electricity for hydrogen production by electrolysisV&QEuel Cell

El ectric Vehicles) can be categorized as ZE
Hyundai 6s Tuscan FCEV, and Honda's Clarity I
which are released in the last 5 yeft6]. A McKinsey analysis anticipates that total
ownership cost for the differengges of vehicles will decrease after 2025, due to learning

and economies of scdl&6].

2.2.3.2 Hydrogen in the residential sector

The residential sector accounts for about 40% of global energy consumption in building and
industry. There are lots of alternatives to replace current hydrocarbon fuels used for heat
geneation with lowcarbon energy carriers to meet climate change mitigation targets by
2050. Air and groungource heat pumps, solar heating and biomass are of the residential
energy solution. However, these options are costly, due to high capital expeaddune
alternative function in periods of low heat demand, especially for countries closer to the

poles[16]. So, hydrogen, as a new solution was identified in recent publications. Existing

12



natural gas networks could be utilized to transport hydrogen instead of natural gas. Then,

heat could be produced usihgdrogen boilers or mick@HP fuel cells.

2.2.3.3 Hydrogen in industry

Today, most of the hydrogen demand is related to the industry sector. 53% of hydrogen is
used by ammonia production, 40% by the oil industry and methanol synthesis, and 7% by
polymer andresin production. Hydrogen can be utilized for refining crude oil via
hydrocracking and hydrotreating to eliminate psuk from transportation fuels. The

hydrogen demand in the oil industry is increasing, as the decline in light crude oils.

2.3 Hydrogen Econony: History and Definition

After the olil crisis in the 1970s, the term "Hydrogen Economvgs first brought up by
General Motors in connection with the future fuel supply in the transport sector. The idea of
the hydrogen economy is constructed on a hydrigesed energy system, in which,
hydrogen, as an energy vector, plays the key role to connect different energy networks
together.Figure 2-3 shows the idea of the hydrogen economs.itAcan be seen ifigure

2-3, hydrogen is a communication tdzetween the heat network, electricity grid, and fuel

network.

13



Heat Network

Electricity Grid

Liquid and Gaseous Fuels

Figure 2-3 - Hydrogen connects different energy networks in the future energy system

2.4 Hydrogen Pathways
There are three major pathways Ffydrogen in a large energy systewhich are shown in

Figure2-4. These pathways are described in this section.
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Figure 2-4 - Hydrogen pathways[17]

2.4.1 Power-to-Gas (P2G)

In this pathway, electricity is the source fmmoducing hydrogen through the electrolysis
process. The produced hydrogen in the P2G pathway can be blended with natural gas or go
through the methanation process. HENG (Hydrogen Enriched Natural Gas) has less energy
density rather than natural gas, hoee it could be a method to decre&@@, emission.
Different countries around the world have different limitations for adding hydrogen to the
natural gas pipeling=zigure 2-5 shows the limitation on hydrogen injection into the natural

gas network for some European countries.
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Figure 2-5 - Hydrogen limit in different national gas networks [18]
One of the greatest advantages of the hydrogen economy is that hydrogen can utilize the
current natural gas network systentwsome modifications. HENG would be a step toward
moving from natural gas to hydrogen.
Methanation is the process of combini@@. and H2 in a highemperature reactor in the
presence of a catalyst. If &0, in the methanation process comes from a CCS (Carbon

Capturing System), it could result@O, reduction emission.

2.4.2 Power-to-Power (P2P)

P2P is the key pathway of the hydrogen economy, as in this process surplus power could
convert to hydrogen by electrolgs Then, the produced hydrogen could be stored in large
amount for long periods of time. Using fuel cells, stored hydrogen could produce power
again. This pathway is important because, in the future energy system, there would be lots of
intermittent energ resources. In other words, the different pattern of power production and

consumption could match using P2P. Moreover, the produces hydrogen can be utilized in

16



FCEVs to meet the transportation demand. So, PtwEuel (P2F) is categorized under

P2P pathway.

2.4.3 Gasto-Gas (G2G)

To decarbonize natural gas, SMR process can be combined with CCS. In this case, methane
could be converted to hydrogen without anydsgduct.

Figure 2-6 shows the overall efficiency for different hydrogen economy pathways. Low
overall efficiency can be expressed as one of the major barriers against hydrogen economy.
For instance, P2F efficiepds less than 30%, which is too low in comparison with that of

BEVs.

Power-to-Power

Power-to-Gas (methanation)

Figure 2-6 - Hydrogen pathways overall efficiency{19]
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3. Five-year technology selection optimization to achieve specific

CO:2 emission reduction targets

3.1 Introduction

Greenhouse Gas (GHG) emiss@ndthe climate change challengbey may cause
arethe concern of many governments around the world. Despitedhisern, worldwide
emissions have increased more than 93% from 1970 to [20]2In 2013, Caada was
among the top 10CO:; emitting countries in the worldwith emissios of about 517
megatonnes d£ O, [21]. In that yeailCanada contributed to 1.6% of global GHG emissions
[22]. The povince of Ontario had the highest GHG emissions among all provinces in
Canada in 2016@nly after Albertg23].

Figure3-1 shows the GHG emission by sector in Ontario in 2013shsan in Figure
3-1, the transportation, industry, and building sectors are fhéhtee emitting sectors and

accounted for 36%, 28%, and 19% of GHG emissions in Ontario in 2013, respectively.

Agriculture
| 6%
Electricity
6%

Figure 3-1. GHG emission by sector in Ontario in 201324]
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Replacement of conventional energy sources with renewables is a challenging task.
Lower prices of fossil fuels compared to renewable sources of energy, ease of transport and
storageand the already developed infrastructuretheemain factors for the widespread use
of fossil fuels.

Despite these challenges, there has been a tendency toward investment in renewable
energy technologies as reducing the share of fossil fuel generation in the electricity sector is
essential for adéssing the climate change challefig®g]. There seems to be a consensus on
the role of renewable electricity generation capacity in reducing GHG emissions in the
literature. Roblno-Lopez et al[26] stated that an increased share of renewable energies
would lead toCO, emission control while maintaining economic development. Bassi and
Baer[27] nated that the development of renewable enertpeeplacefossil fuels in the
energy sector is essential for letegm GHG emission redttion.

High investment cost and intermittency are the drawbatkke high penetration of
renewable energies in energy systems. The intermittency of these systems may impose
technical and economic challenges to the {#&]. Stamford and Azapag[29] stated that
a mix of wind, solar, and nuclear electricity generation is not feasible due to the
intermittency of wind and solar antthe low flexibility of nuclear. To address these
challenges, mthematical models for finding the optimum configuration of hybrid renewable
systems have been developed. Different combination of technologies has been investigated
in this stream of literature. Haghi et 0], for instance, investigated the feasibility of a
small hydropower/PV hybrid system for meeting the electricity demand of -@@nmitected

area in northern Iran. The authors developed an optimization model to determine the
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system's configuratiothat leads to the West cost for the consumer. Agarwal et[all]
developed a mulbbjective optimization model to find the optimal size of a sdlase}
battery hybrid system. The hybrid system was supposbd tsed in a remote village, and
the objectives were lifecycle cost aB®, emissions. Bala and Siddiq{&2] developed an
optimization modeto design and contral solardiesetbattery hybrid system for an isolated
island in Bangladesh. The outputs of the models determinedsybiem's optimized
configuration and operation schedule

Similarly, Hrayshat[33] performed a simdr analysis to investigate the techno
economic performance of a photovoltgiesetbattery hybrid system for a remote area in
Jordan. Belmili et al[34] investigated the techreconomic performance of a staalbne
wind/solar hybrid sym by developing a model for optimglstem sizing In that sense,
grid-scale storage and demaside management can provide options forghd's stability
Kaabeche and Ibtioueri35] developed an optimization model for determining the
configuration of a wind/solar/diesel/battery hybrid system for meeting the electricity
demand in a site in feria. Their analysis showed that such a hybrid system is more cost
effective than a diesel generator only. Ma e{26] used HOMER software to investigate
the feasibility of using a wind/solar/battery hybrid system for meeting electdeityandn
a remote island. @zélez et al[37] developed a model for optimal sizing of a grid
connected wind/solar hybrid system. Tim@del's objectivevasto minimize the system's
lifecycle costwith a demand of matching a locedal.

Despite the number of models developed for modeling wind/solar/battery hybrid

systems, these are still among the most popular systmgare still a topic of interest in
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the area of energy system optimization. The reason for the popularity of these technologies
is their untapped potential, declining cost, available technology, and low environmental
impacts.

Another topic of interest in tharea of renewable energy systems is the design and
optimization of energy storage systems. Energy storage systems have been noted in recent
years to address the intermittency of renewable energy systems. AndreqS&it sthted
that the cost efficiecy of energy storage systems is critical to realizing the potential and
advantages of wind and solar energy generation systems. Energy storage systems can
increase the security of supply in energy systems with a high share of renewable energies.
Beaudin & al. [28] stated that inthe high penetration of renewable energies, the
development of storage systems might be of higher priority than investimentew
generation capacity. Batteries, compressed air, flywheels, pumped hydro and hydrogen are
among the known energy storage technolodgB®. Due to its unique characteristics,
hydrogen energy storage development has been recognizectidsahstorage technology
for movement toward 100% clean energy systems.

Hydrogen is anmergy carrier that can be uskxstore energy and has applications in
generating heat, power, afigkl in the transportation sector. More investmentenewable
energy and producing green power at lower prices makes a great opportunity for low
emission poduction of hydrogena clean alternative for fossil fupd®]. While fossil fuel
based technologies adominant for producing hydrogen [40], electrolysis is noted as a
technology for using renewable power to genehgtdrogen. Andress et dB8] suggested

that wind and solar systems are suitable options for producing hydrogen in developing
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countries. Hydrogen production with solar and nuclear power pathways also have the lowest
GHG emissions among all hydrogen production pathWa8 Hydrogen can be used

store large amounts of power for long durations of tifid. In that sensejydrogen is an
interesting option to be used in renewable energy hybrid syg&hsHydrogen has also

been suggested as a balancing elérf@rwind and solar electricity systerf#s3].

Hydrogen can replace fossil fuels in the transportation sector, may be used to generate
electricity, and can also be blended with natural gas to form Hydr&geiched Natural Gas
(HENG) used in natural gas applications with lower emissions. Hydrogen energgigsr
the option to use it where we want it, how we waraiid when we want it. This concept is

explained in the idea of Powtr-Gas shown irfrigure3-2.
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Figure 3-2. Power-to-Gas block diagram[44]

In a Poweitto-Gas system, hydrogen is generated using surplus grid power or
renewable energy. The produced hydrogen is then stored and can be blended with natural
gas to form HENG or can be directed to direct hydrogen applications such as fuel cell
vehicles. Analysis done by Ameli et al45] showed that Powen-Gas systems are
promising options for providing stability to the electricity grid and acting as a link between
the natural gas and electricity systems. In that sense, the authors stated thabi®&asger

could reduce the operating costs of the gas and electricity systems if the capital cost reaches
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a threshold of £0.5 million/MW. Hydrogen CHPs are also recognized as promising
alternatives for natural gas CHPs for meeting heat and electricity dentaledraducing

GHG emissions[46]. While research and support policies have been focused on the
electricity sector, hydrogen can provide options for reducing GHG emissions in the natural
gas sectof46]. Hydrogen has been recognized as a viable alternative for natural gas,
particularly in regions withthe widespread use ohatural gaswhich benefit from a
developed natural gas infrastruct{#é].

As already mentioned, hydrogen is a good matchtlier wind and solar energy
systens. Numerous models can be found in the literatdegeloped to optimize the
configuration of hybrid energy systems thiae hydrgen as the storage technology. Smaoui
et al. [47] developed a mathematical model to find the optimum configuration of a
wind/solar/hydrogen hybrid system. The hybrid system is designed to supply the power
demand of a desalination unit in Tuniskdydrogen was used as a storage technology to
control the variations of wind and solar technologies. Kalinci ef48l. used HOMER to
find the optimal configuration of a wind/solar/hydesghybrid system for supplying the
power demand of an island in Turkey. The optimum configuration of the system was
determined using net present cost criteria. Chen ef49]. developed a multiobjective
optimizaion framework of a wind/solar/hydrogen/battery hybrid system. The objectives
considered were cost, electricity efficienaynd energy supply reliability.

The literaturecompareghe cost of battery and hydrogen storage systbmsever,it
shows a lowercost for a hybrid systerthat uses battery storage. -Sharafi et al.[50]

investigated the techmeconomic performance of different wind/solar hybrid systems.
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Batteries and hydrogen were used as storage to alleviate the intermittency of wind and solar.
The results showed that using hydrogen storage instead of battevieles thd_evelized

Cost of Electricity (LCOE) generation. Maleki and Askarzadghl] investigated and
compared the economic aspects of a wind/solar/battery with a wind/solar/hydrogen hybrid
systems for electrification. The authorso
costeffective for electricity generation. Haghi et §2] suggested hydrogen and battery
storage as complementary technologies in reducing GHG emissions. Mohsin[5§] al
conducted a amplete feasibility study for hydrogen production using wind energy. They
showed that it is commercially viable to produce hydrogen from wind energy in different
sites. Khanmohammadi et. 4b4] usedthe genetic algorithm to optimize a solaased
hydrogen production system. They used exergy efficiency and hydrogen production cost to
find the Pareto frontier for such a system. Ishaq e{%6] modeled a cogeneration system
based on producing electricityon wind and hydrogen production. They designed an
energy systerthatcan meet the electricity and heat demand for a community of households.
An electrolyzer is designed to convert the excess energy into hydrogen which is capable of
storing energy for a lager time.

Multiple applications of hydrogen are an essential feature that is tended to be
neglected in such analysis. Hydrogen is consideradans for storing power only; meaning
surplus power is used to produce hydrogen stored in a tankhandused d generate
electricity via a fuel cell. However, the application of hydrogen is not limited to storing
electricity. Hydrogen can be used as hydregeriched natural gas (HENG) and fuel for

hydrogen vehicles. Hydrogen is particularly suitable for Ontasidat has available surplus
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power ade xt ended natur al gas transmission infr

power is exported or even curtailed at multiple hours in a jp&dr A report by the Office

of the Auditor General of Ontario estimated that aroRAdVh was curtded in Ontario in
2016[57]. Walker et al[58] analyzed using Hydrogen Enriched Natural Gas (HENG) as a
way of GHG emission reduction in Ontario. They showed that income generated using
HENG is between $100000 to $546000 per year for Ontario. However thatburrent
capital cost for electrolyzers, susystems are not profitable without governmental help and
incentives.

Reviewing the literature concerning the optimal sizing of wind and solar systems
shows that the work is focused on finding the optimal configuration of systems for
supplying a specifi demand. However, the literature lacks work focused on finding the
optimal configuration of such systems for reducing GHG emissions. Reviewing the
literature on hydrogen energy systems also shows more work is needed for investigating the
potential of hydogen in storing energy and reducing GHG emis$#fijb9]. Another
critical gap in the literaturen energy system optimizah topic is the period of modeling.

All the reviewed literaturdnas used limited time periods (usually one year) to andhae
system. In other words, models are developed to findsyseem's optimum configuration
based on the system's operatioroneyear. However, this type of analysgives minimal
insight into the longerm effect of renewable energy development. The developed models
found in the literature can provide us with the optimum investment level of hybrid energy
systems in the base yearowever, if a decisiomaker intends to investigate the optimum

level of investment in years after the base year, these models will not be helpful anymore. A
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configuration optimal for a ongear analysis span may not be optimal anymore if we intend
to planthe system for the next 10 or 20 years. A more appropriate model would consider the
upcoming years when more and more felsl-based technologies are replaced with
renewable technologieand GHG emissions reduction targets are more ambitious each year.
In this work, we are developing a mathematical model for finding the optimal
configuration of an energy system for reducing GHG emissions in a manufacturing facility.
The manufacturing facility uses a natural gas GéiReet its electricity demand anges a
natural gas burner for its industrial heating demand. Wind, solar, battery, and hydrogen
technologies are considered in different scenarios to analyze theffeasiveness of
renewable technologies in reducing emissions. Considering féodity's energy
consumption wind and solar power can replace fossil foated electricity generation. A
battery storage systemssippogd to balance the intermittency of these technologies. Wind
and solarpoweand Ontari od6s surplus powe whicmeag be u:
be used as HENG or to generate electricity via a fuel cell.
A multi-period optimization model is developed to find the optimum configuration of
the system in each period for achievimgpecific amount o€0, emission reduction. The
new capacity of each technology added in each period depends on the capacity of
technologies in the previous periodsdahe emission reduction target for future periods.
Different scenarios are considertedevaluate the cosfficiency of technologies in reducing
CO; emissions. The rest of the chapter is organizefblasvs: Section two describes the

model and scenarios developed in tigrk; Section three presents the results from each

27



scenarig Section four presents a discussion of the results of different scenarios and

compares them. Conclusion and references are presented insiati@amd Six.

3.2 Model description

This section explains the mathematical model used in developing the optimization

model Scenarios considered in this wok are also described in this section.

3.2.1 Mathematical Modeling
In this section, the mathematical modeling of the system is described. A detailed
linear programming model is implemented to minimize the total cost of the sysdtéen

meeting the constraints.

3.2.1.1 Objective Function:

The objective function of this problem tis minimize the system's total cosiver the
periods of planning. Thenodel's outputsvould be technology size that leads to the lowest
emission reduction coswer all periods of the analysis. The total cost is the sum of capital
cost and operation and maintenance (O&M) cost. The capital cost is first distributed through
each technologybds | ifespan. Subsequentl vy,
cost is calculated using cash flow relatiofi$ie dscount rate and the inflation rate for the
cash flow calculations are assumed to be 6% and 2%, respectively. O&M cost includes

natural gaselectricity, and operation cosifdifferent technologies.

YO G € O 0 QUKD 6 VB EG 7 6O Va'QOO B KX USBE 6 (3-1)
h
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whereE n e w.e i@ the new capacity of technology m added in ye&ra,@ otg is the

cost of technology m in year t in the form of CAD/KW (which is showTable 3-2),
C He,, is capital recovery factor for technology m and yedt It, e ¢ tCrai i< thet total
cost of electricity andN GC otss the total cost of natural gaBhe @pital recovery factor

distributesthe capital cost througtihelifetime of newy added capacity.

3.2.1.2 Constraints
different constraints considered in this work are presented in this section. The first
constraint is the demand constraint. Heat and electricity demands must be met through
varioust echnol ogi es. The demand, howeverhe doesr
new capacity. In other words, renewable technologies are added to the -bludbdy
technology capacityo redue GHG emissions. The constraint for supplying the electricity
demand is showhelow.
Of®d pn OE® i OL® i Of@atiher PO AR (3-2)
whereE otglyp , E OIMi n,anE Otdo 11, an@NdE Oy, ¢ +nedr§ theoutput ofelectricity from
CHP, wind, solar, fuel cell, and battery technologies in year t and hour h, respedétise)y.
De | e ¢ tig the electyicity demaniah year t and hour h.
The constraint for supplying the heat demanchisulated usinghe equation bkw.
VD { g OO0 7w O fn (3-3)
whereH otdyp, n@NAdHQtHLp . 1 E &€ thepoutput heat from the CHP using natural gas
and HENG in year t and hour h, respectivédy., , (IS thejindustrial heat demand of the

facility in year t and hour h.
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The emission reduction is calculated as the aggregate of the reduction fromngupply
electricity and heat demand. In other words, although supplying both heat and electricity
demand leads to GHG emissions, the reduction may happen only in one of them or a
combination of bothdepending on the cost and characteristics of the technslogie

Each technology has a capacity constrtiat keepsts outletless than its capacity.

The capacity constraint equation is shdvetow.

O pp -  OWPs (3-4)
whereE n,, .is the input of the technology m in year t and hour hjs the efficiency of
technology m whilee CPR. is the maximum output capacity of techmgy m in year t.
Table3-1 shows the input and output for each technology.

Table 3-1. Inputs and outputs of technologies

Technology Input Output
CHP Natural gas | Electricity
Furnace Natural gas Heat

Wind turbine Wind flow Electricity

Solar PV pane| Solarradiation| Electricity

Electrolyzer Electricity Hydrogen

Fuel cell Hydrogen Electricity

Hydrogen tank| Hydrogen Hydrogen

Battery Electricity Electricity

As our model is optimizing the configuration over more than one period, the capacity

of each technology can change every yasishowrbelow.
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[OJA AT O YAt AT 0¢ QNG (3-5)
where E CPR. js the capacity of technology m in year H.cpg 4 is the capacity of
technology m in year-1, andO ¢ ‘Q UfcxGis the new capacity of taonology m added in
year t.

The amount of stored energy in storage technology can be calculated using the
formulabelow.

Yi 0RiFQ Y 00i5Q YQF QQQY0R i WEQY (3-6)
whereS s tdg rissthe stored electricity or hydrogen in storage technology s in year t and
hour h,S's tdg 1, & the stored electricity or hydrogen in battery or hydrogen tank in year
h and hour-,Smg s the input hydrogen or electricity to storage in year t and hour h,
QQQYoQ is thefficiency of storage s, aBdotu js the ouput electricity or hydrogen
from storage in year t and hour h.

It should be mentioned that the stored hydrogen or electricity in year t can be used in
the next years as well.

The capacity constraint of storage technology is shoslow.

Y e Y (37)

whereS cpglisf the capacity of storage technology s in year t. 8760 is the number of hours in

a year.
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It is assumed that hydrogen can be mixed with naturaltgderm HENG. As a
technical constraint, the maximum amount of hydrogen that can be added to natural gas is
limited to a volume percentage. This constraint is shiogiow.

VL EaQg OO0 00 Q6 VO ¢ NGH (3-8)
whereH,v o | ey mis the volume of hydrogen added to tieural gas input in technology
m, year fand hour hi{ Gv o Byu ymH,E N G is the téchnical limit of the percentage of
hydrogen in HENG. The value @0 0 "Od iQéas%umed to be 5% in this wpdnd only up
to 5% of the HENG volume can be hgden.

The GHG emission from the facility has to be reduced undpeaeificlimit each year
as showrbelow.

Cd  Oa WwQ (3-9)
whereEm, is the total emission of the facility in year t dadn Lmj is the limit of emission
in year t.in this work, we asumethat theemissionshould reduce 4.53% each year.

As already mentioned, wind, solar, fuel cell, and battery storage technologies are
consideredio reduce GHG emissions frothe electricity generation section. To achieve
GHG emission reduction limit, a share of the electricity demand has to be supptreeséy
technologies instead of the CHP. However, this share may change at different hours based
on the optimal operation of the system. This change leads to a variation in the electricity
generation output of the CHP. However, the output of the CHP systemdéct i ncrease
decrease more thanspecificlimit compared to the previous hour. €onsiderthe rampup

constraint of CHP, the constraint shob&lowis added to the model.
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Oe® pp OED jf Yo no Q (3-10)
Whereln E Q dayyp, @andE otglyp 1 arg the electricity output from CHP in year t and

hour h and year t and houlh respectivelyAlso, R u pnhe |y gs the rampup limit for CHP.
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3.2.2 Scenarios

This section describes all scenarios modeled and analyzed in this work

3.2.2.1 Base Case scenario
In this scenario, the industrial manufacturing facility uses a CHP for supplying the
electricity demand. Moreover, natural gas is used in a burner to meet the industrial heat

demandFigure3-3 shows the schematic ftite Base Case scenario.

Supply Energy conversion | ‘ Primary end user ‘

and storage
Electricity
demand

CHP unit

Natural Gas pipeline

Industrial heat
demand

Figure 3-3. Base Case scenario system configuration

The hourly electricity demand of the facility is shownHFigure 3-4. The furnace is
assumed to be working from 8 AM to 4 PM wahnatural gagonsumption rate of 4000

m3/hr. The CHP has an output capacity of 4500 kW aradrgup rate of 2250kW/hr.
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Figure 3-4. Electricity demand of the facility

3.2.2.2 Scenario 1: Hydrogen

In this scenariodifferent hydrogen pathways are comdminto achieve the annual
GHG emission reduction target.

An electrolyzer isusedto produce hydrogen using grid power. Produced hydrogen can
be added to natural gas to form HENG or go throadbel cell to generate electricity.

Storage tanks are employtmi store the generated hydrogen. Blgstem's configuratiom

this scenario is shown Figure3-5.
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grid

Hydrogen
storage tank

l CHP unit

NG gate g SRR

station —l Industrial
heat

Natural Gas demand
pipeline

Figure 3-5. Senario 1: Hydrogen system configuration

As can be seen, emission reduction can be achieved by rep@eiRgwith fuel cell

electricity and replacing natural gas in the burner with HENG or a combination of these two.

3.2.2.3 Scenario 2: Wind Power

In this scenaripGHG emissions ardecreased by replacing a part of CHP electricity
generation with wind power. A battery for electricity storage may also be used in the system.
In this scenariothe natural gas pipeline supplies all the natural gas denkégure 3-6

shows the system configuration for Scenario 2: Wind Power configuration.
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demand

Natural Gas
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Figure 3-6. Scenario 2: Wind Powersystem configuration

3.2.2.4 Scenario 3: Solar power

In this scenarioGHG emissions ardecreased by replacing a part of CHP electricity
generation with solar power. A battery for electricity storage may also be used in the system.
In this scenariothe natural gs pipeline supplies all the natural gas demdiglure 3-7

shows the system configuration for Scenario 3: Solar power.
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Supply Energy conversion
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Solar Electricity
farm demand
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Natural Gas
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Figure 3-7. Scenario 3: Solar power system configuration

3.2.2.5 Scenario 4. Wind and Solar power

In this scenario, a combination of solar and wind endepreases GHG emissiog
replacing a part of CHP output power with renewable power. A battery competisate

intermittency of wind and solar energligure 3-8 shows the system configuration for

Scenario 4: Wind and Solar power.
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Natural Gas
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Figure 3-8. Scenario 4: Wind and Solar power system configuration

3.2.2.6 Scenario 5: Wind, Solar, and Hydrogen

In this scenario, the electricity from CHP is replaced by the electricity from solar
panels, wind turbinesr fuel cells. Additiondy, electricity can be bought from the grid at
HOEP for hydrogen production via electrolyzer. The produced hydrogen can be sent to
storage tanks, added to natural gas to form HENG, and used in a fuel cell to generate power.
The electricity produced by wintirbines or solar PV can be stored in a battErgure 3-9

shows the system configuration for Scenario 5: Wind, Solar, and Hydrogen.
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Figure 3-9. Scenario 5: Wind, Solar, and Hydrogen system configuration

-

3.2.2.7 Scenario 6: Wind power and grid

In this scenario, it is assumed that electricity from the grid can also replace CHP
electricity. However, the global adjustment fege also considered the electricity price

calculation.Figure 3-10 shows the system configuration for ScenarioABnd power and

grid.
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Figure 3-10. Scenario 6: Wind power and grid system configuration
It is assumed that in all scenarios, the equipment and machines used in the base
scenario are already paid for, and their price is not considered in the cestission

reduction.
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3.2.3 Inputs to the model

Table 3-2 shows the cost of technologies considered in this work. All values are in

2017 CAD.
Table 3-2. Cost of technologies
Technology Capital cost (2017 CAD) Annual O&M cost
Alkaline Electrolyzer (CAD/KW) 1076[60] Assumed to be% of capital cost

Already included irelectrolyzer
Electrolyzer stack replacement 30% ofelectrolyzercapital cost
operation andanaintenance cost

Wind turbine (CAD/kW) 1475[61] 95 CAD/kW[61]
Solar panel (CAD/Wac) 1.74[62] 24 CAD/kKW [62]
Fuel cell 4058[60] 68[60]
Battery(CAD/ kWh) 723[63] Assumed to be 1% of capital cost
Underground storagereparation
0.38[60] 0
cost (CADM?Hydrogen)
5160Bapacity,2%&
Compressor Assumed to be 4% of capital cost
[64]
Hydrogen storage tank 1200 per kg of KH[64] Assumed to be 4% of capliteost

A typical wind data for southwest Ontario is considered for calculating the output of
the wind system. The capacity factor of wind paowemsidering th availabledatg was
estimated to be about 30%. Solar radiation dataDetroit [64] was usetb modelthe solar
PV system. The capacity factor of wind power considering that data was calculated to be
about 16%. Electricity price is considered in this work has two elements: Hourly Ontario

electricity price (HOEP) and global adjustment (GA). DalaHOEP and GA is from the
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IESO website[65][66]. The ratural gas price is assumed to be 19 certéased on the

values available ifi67]. The CO, emission factor for natural gasdsnsideed to be 0.056

kg/MJ [68].

3.3 Results and discussion

This section provides the results of all scenarios and a comprehensive discussion

3.3.1.1 Results for Scenario 1: Hydrogen
Figure 3-11shows the capacity of energy conversion technologies in each year
required in Sceario 1: Hydrogen to achieve the emission reduction target each year.
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Base year 1styear 2ndyear 3rdyear 4thyear 5thyear

Figure 3-11. Energy conversion technology capacity for Scenario 1: Hydrogen
As shown inFigure 3-11, the capacity of both electrolyzer and fuel cell technology
increases each year as the emission cap increases. In Scenario 1: Hydrogen, a combination
of fuel cell power (to replace CHP poweshd HENGareused for reducing GHG emissions.
It should be noted that-8% of generated hydrogen is added to natural gas eachayelar

the rest is used in the fuel cell.
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Figure 3-12 shows the capacity of energy storage technology (hydrogen storage) in
each year required in Scenario 1. Hydrogen to achieve the emission reduction target each

year.
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Figure 3-12. Energy staage technology capacity for Scenario 1: Hydrogen

Figure3-12illustrates the required storage capacity built each year it‘tseenario.
As hydrogen storage is mooesteffective and more efficient, it is preferredmpared to
batteres

Table 3-3 shows the emission reduction cost in each year for Scenario 1: Hydrogen.
As shown in Table3-3, theems si on reduction cost doesnot
year to the5" year (an increase of 22%). The reason for this small increase is the high
potential for using HENG and fuel cell power for replacing CHP output. In other words, the
natural gas consoption is so high that replacing each percentage of it with clean power
from a fuel cell or HENG needs the same amount of investment. This observation will not
exist for wind and solar power generation scenassthe potential for replacing CHP
power ouput will be limited and needs high energy storage investment. This issue is

explained in the following for other scenarios.
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The reason for the cost increase in each year in Scenario 1: Hydrogen is then only
attributable to the electricity purchase cost.thes need for hydrogen increases, the system
need to buy more powereadingto power purchase at hours with higher prices.

Table 3-3. Emission reduction cost in each year for Scenario 1: Hydrogen

Year | Emission reduction cost
(2017 CAD/ tonne ofCOy)
1 107
2 115
3 120
4 125
5 130

Figure3-13 shows the annual energy cost of the facility in Scenario 1. Hydrogen. The
capital cost of the CHP unit is excluded as it is assumed to be built before the study period.
It should be mentionetthat the costs are in the future vafeem, which means annual costs
are calculated assuming a discount rate of Bfgure 3-13 shows that the fuel cell and
electrolyzer are the main contribs to the facility's cosand hydrogen storage has a
negligible effect. The utility cost of the facility (electricity and natural gas) has remained
constant for the facility over the five years. This means the cost of elecpioithased for
producing hydrogen has covered the saved cost from lower natural gas consumption.
Comparing Scenario 1: Hydrogen with the base scenario (assuming no capacity addition and
an inflation rate of 2%) shows th#te total annual cost of the fatty increases 5.16%,

10.14%, 14.84%, 19.19%and 23.22% for year one, two, three, four, and five, respectively.
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Figure 3-13. Annual energy cost of the facility in Scenario 1: Hydrogen

3.3.2 Results for Scenario2: Wind Power
Figure 3-14 shows the Wind power capacity each year for Scenario 2: Wind Power.
Figure 3-14 shows that wind power capacity increases with the emission reduction target

increase in each year.
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Figure 3-14. Wind power capacity in each gar for Scenario 2: Wind Power
Another point that can be seenFigure3-14is that the required new capacity in each
year increases with time. In other wsrdo aclieve a 4.53% emission reduction in tHé&"

year, 1003 MW new wind turbine capacity is needetile in the5™" year, this amount
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increases to 1916 MW. The reason for this increase can be related to the wind capacity
factor. We are assuming that the winadfple stays the same. Generating renewable power
to replace CHP power is the only pathway for reducing GHG emissions in this scenario
because no hydrogen is blended with natural gas to rebdacemission from the heating
demand. As the objective functiaf the optimization problem is minimizing the cost, the
developed wind power capacity is large enough to reduce emissions by generating
renewable power at times of high wind speed. However, the emission reduction needs to be
reduced each yeaand the potetial of wind power generation in hours with higheed
wind is already used in previous years. As a result, wind power generation in hours with
low-speed wind is required. Generating the same amount of renewable powersipeledv
wind hours needs more erating capacitghan hours with highspeed wind. As a result,
the need for new generation capacity increases eachajanugh theemission reduction
percentagés unchanged.

Figure 3-15 shows the energy storage (battery) capacity in each year for Scenario 2:
Wind Power. Asshown in Figure3-15, the developed battery capacity in y&hr2, 3, and 4
is very small compared to the electricity demand (average of about 2500 kWh). The
minimum electricity demand of the energy system is around 1300 MW. In the first year, the
required wind capacitys less than the minimum demaiaahd the electricity produced by the
wind turbines at each hour is used to replace CHP output. As the required wind turbine
capacity increases in thé%and 3° years, more storage capacity is added to the system to
storethe surplus electricity in hours when the generated wind power exceeds the demand.

Until the 4" year, the wind power capacity is still lower than the CHP capacity (4.5 MW).
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However, the wind power capacity in year Sigher than the CHP capacity and nmaxm
electricity capacity. As a result, there would be haulienthe generated wind power would
exceed the demand. As a result, there is a drastic increase in the battery storage capacity to

store that electricity to reduce the needed new wind poweritapac
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Figure 3-15. Energy storage (battery) capacity in each year for Scenario 2: Wind Power
Table 3-4 shows the emission reduction cost each year for Scenario 2: Wind Power. As
shown in Table 3-4, the emis®n reduction cost from year 3 to year 4 and from year 4 to
year5 increases 102% and 85%, respectively. Toissideral# increase shows the limited
potential of wind power for reducin@O. emissions at low costs. If the emission reduction
targets are mawith wind power, theprice increases drastically when the system requires

investing in energy storage capacity (ywaand 5 in this case).
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Table 3-4. Emission reduction cost in each year for Scenaria 2Vind Power

Year | Emission reduction cost
(2017 CAD/ tonne ofCOy)
1 44
2 69
3 125
4 253
5 467

Figure 3-16 shows the annual energy cost of the facility in Scenario 2: Wind Power.
Figure3-16 shows tlat battery ®orage costs are minimal compared to wind power cosis
natural cost of the facility decreases each yaashown irFigure3-16. The reason for this
decrease iseplacing CHP power output with wind power. In 8feyear, the facility would
pay 21% less on fuel. Figure 16 show.42%, 4.96%, 9.03%, 15.21%nd 26.82%
increase in annual cost compared to the base year ia g@ayr two, three, four, and five,

respetively.

49



50 r
45 r
40
35
30 |
25 1
20 |
15
10

x 100000

Annual cost (CAD)

® Natural Gas
u Battery
Wind
| ]

Base year 1lstyear 2ndyear 3rdyear 4thyear b5thyear

Figure 3-16. Annual energy cost of the facility in Scenario 2: Wind Power

3.3.3 Results for Scenario 3: Solar power

Figure3-17 shows the solar power capacity in each year for Scenario 3: Solar Power.
As expected, the capacity must be increased to achieve more emission reductiam.b&s
seen, the required new caggdncreases every yeaxcept for thes™" year. The reason for

this observation can be explained udhigure3-18.
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Figure 3-17. Solar power capacity in each year for Scenario 3: Solar Power
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Figure 3-18 shows the energy storage (battery) capacity in eachfge&cenario 3:

Solar Power.
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Figure 3-18. Energy storage (battery) capacity in each year for Scenario 3: Solar Power
In the first two years, the capacity of PV panels is less thamaximum capacity.

Additionally, the maximum demand happens at the same time with maximum solar
irradiation (from 8 AM to 4 PM), so there is a low potential for taking advantage of the
battery. Even in the 3rd year, the optimum capacity of solar PV panels is not much higher
than maximum demand. Therefore, investing in batteriethé3™ year is not rational as
solar PV power output can replace enough CHP power output to meet emission reduction
limits. In the4™ year, however, the emission target dictates renewable powertienéo
be higher than the maximum irradiation. As a result, a largeage capacity is added this
year to store surplus power whitte renewable power generation exceeds the demand. The
same logic exists for th&" year. When the solar system reachesgacity of about nine
MW, adding more PV panels is not necessary. Instead, the priority would be adding more

storage capacity to the system. This can be seleigume3-17 andFigure3-18, where in the
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5 year, a large new storage capacity is added to the system while the added solar PV
capacity is less than the previous year.

Figure 3-17 and Figure 3-18 show that almost no battery storage capacity is developed
before the solar PV capacity has reachedntiagimum demand. However, a large battery
storage capacity is added when the solar capacity reaches the maximum demand. This is
different from what is observed in Scenario 2: Wind power when the large storage capacity
is developed only when the wind poweapacity has exceeded the maximum demand
(Figure3-14 andFigure3-15).

Table3-5 shows the emission reduction cost in each year for Scenario 3: Solar. Pakbler

3-5 shows the emission cost reduction increases of 126%, 54%, and 14% from year 2 to 3, 3
to 4, and 4 to 5, respectively.

Table 3-5. Emission redudion cost in each year for Scenario 3: Solar Power

Year | Emission reduction cost
(2017 CAD!/ tonne ofCO>)
1 132
2 173
3 391
4 602
5 689

Figure 3-19 shows the annual energy cost of the facility in Scenario 3: Solar Power.
Figure 3-19 shows the importare of cost of storage in this scenario. As discussed earlier,

solar energy requires more storage capabigywind as it has more intermittenclyigure
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3-19 shows a 6.9%, 13.6%, 23.4%, 43.180d 64.8% increase in annual cost compared to

the base year for yeaone, two, three, four, and five, respectively.
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Figure 3-19. Annual energy cost of the facility in Scenario 3: Solar Power

3.3.4 Results for Scenario 4: Wind and Solar power

Figure3-20 shows the wind and solpower capacity in different years for Scenario 4:
Wind and Solar power. Ashown in Figure3-20, no solar capacity is developed until #&
year, and all the emission reduction is achieved by replacing CHP output with wind power.
The advantage of wind power over solar power is lower investment cost and higher capacity
factor in Ontario. The results for Scenario 4: Wind and Solar power aitarsionScenario 2:
Wind power in the first three year&s shown in Figure3-21, the developed energy storage
capacity in the first three years is also similar touhklies in Scenario 2: Wind power. In
the 4" year, the optimum capacity of the wind system capacity reaches around 4000 kW,
which is maximum electricity demand. In Scenario 2: Wind pobaitery storage capacity
was developed at this point instead of enarind power capacity. In other words, storing

power in times of surplus renewable power made more economic sense compared to
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developing more generation capacity. When the wind power capacity reaches 4000 kW in
Scenario 4: Wind and Solar power, solar powed battery storage capacity (very small
amount) are developed. This observation shows that the development of the solar capacity to
capture its high potential is more cedfective than developing wind capacity to store

surplus power.
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Figure 3-20. Wind and solar power capacity for Scenario 4: Wind and Solar power
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Figure 3-21. Energy storage (battery) capacity in each year for Scenario 4: Wind and Solar

power

Table 3-6 shows the emission reduction cost in each year for Scenario 4: Wind and

Solar power. The emission reduction cost until year 3 is similar to that of Scenario 2: Wind

power as the technology selection is the same. However, the emission reduction cost for

Scerario 4: Wind and Solar power in ysat and 5 is lower than scenarios when wind only

and solar only technologies were considdieable3-4 andTable3-5).

Table 3-6. Emission reduction cost in each year for Scenario 4: Wind and Solar power

Year | Emission reduction cost
(2017 CAD!/ tonne ofCO>)
1 44
2 69
3 125
4 199
5 283
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Figure3-22 shows the annual energy cost of the facility in Scenario 4. Wind and Solar
power. As already stated, the priority is developing wind capacity in the first three years. In
4™ and 5" year, investment in wind turbines stops and solar PV capacity and dmtieei
added to the system. The increase in annual cost in comparison with the base scenario is
2.4%, 5%, 9%, 14.8%and 22.4% for yearne, two, three, four, and five, respectively.
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—
x 35 |
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15 + Wind
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Base year 1styear 2ndyear 3rdyear 4thyear 5thyear

Annual cost (CAD)

Figure 3-22. Annual energy cost of the facility in Scenario 4: Wind and Solar power

3.3.5 Results for Scenario 5: Wind, Solar, and Hydrogen

Figure 3-23 shows the energy conversion technologyacay for Scenario 5: Wind,

Solar, and Hydrogen.
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Figure 3-23. Energy conversion technology capacity for Scenario 5: Wind, Solar, and
Hydrogen

Figure 3-23 shows that almost no hydrogen energy technology is developed until the
3rd year and a combination of wind turbines and battery storage is utilized for reducing
emissions. In the'™ and 5 years, however, the energy system is a combination of wind
turbines,anelectrolyzer, anafuel cell.

It should be mentioned that it is supposed that the industrial facility is using a subsidy
from the governmento buy electricity at the HOEP to produdsdrogen. The electricity
bought at this rate is not used directly to replace CHP power output.

Figure3-24 shows the storage capacity for Scenario 5: Wind, SoldrHsxrogen. As
it can be seen, a high capacity of hydrogen storage should be added to the system to store the
hydrogen produced at low electricity price. This hydrogen, then, can be converted to
electricity by fuel cells or blended with natural gas to RENG. In the5" year, the

hydrogen storage would have the capacity of storing eight hours dbddll hydrogen
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generation from the electrolyzefFigure 3-24 shows tlat the battery storage capacity is
negligible compared to hydrogen storage capacity. The system prefers storing energy
whether it is inexpensive power from the grid or wind power in the form of hydrogen

instead of electricity in a battery.
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Figure 3-24. Energy storage capacity for Scenario 5: Wind, Solar, and Hydrogen

Table3-7 shows theEmission reduction cost in each year for Scenario 5: Wind, Solar,
and Hydrogen. As shown iRigure 3-23, emission reduction is achieved by wind power
capacity developnm in years 1, 2, and, &nd thus the numbers in Table 7 for years 1, 2,
and 3 are similar to the costs of emission reduction for Scenario 2: Wind power reported in

Table 4 in those years.
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Table 3-7. Emission reduction cost in each year for Scenario 5: Wind, Solar, and Hydrogen

Year | Emission reduction cost
(2017 CAD!/ tonne ofCOy)
1 44
2 69
3 122
4 135
5 156

Figure 3-25 shows the annual energy cost of the facility in Scenario 5: Wind, Solar,
and Hydrogen. Ashown in Figure3-25, wind power has the highest share of the cost. But it
should be noted that no technology is developed until the 3rd year for emission reduction.
To achieve the emission reduction targets in this scenario, annual cost has increased 2.4%,

5%, 9%, 13%%, and 18.1% in yearone, two, three, four, and five compared to the base

year.
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Figure 3-25. Annual energy cost of the facility in Scenario 5: Wind, Solar, and Hydrogen
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3.3.6 Results for Scenario 6: Windpower and grid

Figure 3-26 shows the wind power capacity in Scenario 6: Wind power and grid. In
this scenario, grid electricity can be directly utilized to reducessams. The grid electricity
price is assumed to include global adjustment. Although the facditybuyelectricity from
the grid to replace its CHP output, wind power capacity is developed to generate renewable
power.However, the capacity of wind powgeneratiorincreases only slightly after the 3rd
year staying about 2000 kW. In other words, wind turbines can competéheélectricity
grid up to around 2000 kW. After the wind power capacity heats that peak, buying power
from the grid is a more cosfffective method of reducing GHG emissidhandeveloping
more wind power capacity. No storage capacity is developed in this scenario. The optimum
operational strategy for the facility in this scenario is to generate electricity with wind
turbine and replce CHP electricity with it and buy electricity at low rates from the grid if

there is no wind power available.
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Figure 3-26. Wind power capacity for Scenario 6: Wind power and grid

Table 3-8 shows the emission reduction cost in each year for Scenario 6: Wind power

and grid. Values inTable 3-8 show that purchasing grid power in combination with
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developing wind power capacity is more eeffective in reducing emissionthan
developing storage technologies or hybrid systems.

Table 3-8. Emission reduction cost in each year for Scenario 6: Wind power and grid

Year | Emission reduction cost (2017 CAD/ tonneQiD,)
1 44
2 59
3 74
4 96
5 110

Figure 3-27 shows the annual energy cost of the facility in Scenario 6: Wind power
and grid. Asshown in Figure 3-27, the cost of electricity and natural gas for the facility has
increased every year. This increase is dueegacing CHP power output with grid
electricity. The cost of the facility increases 2%, 4.3%, 6.9%, 9a8fth 13.2% in yearone,

two, three, foy, and five compared to the base case, respectively.
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Figure 3-27. Annual energy cost of the facility in Scenario 6: Wind power and grid

3.3.7 Comparison between different scenarios

This section presentsa@mparison of the results for different scenarkligure 3-28
compares the cost of emission reduction for different scenarios in all years.

Figure 3-28 shows that Scenario 6: Wind power and the grid has the lowest cost
among all scenarios. However, this scenario enables the facility to replace its CHP capacity
with grid power. WHe this replacement may seem beneficial for a single facility,
widespread replacement of CHP plants with grid electricity may not be viable in a region as
it puts too much pressure on the grid and may cause atoesdevelopnew centralized

generation cajuaty.
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Figure 3-28. Emission reduction cost of all scenario

Another point to note is comparing the emission reduction cost for hydrogen and wind
technologies. Although the cost of emission reduction witdrdyen only (Scenario 1:
Hydrogen) is higher than wind power (Scenario 2: Wind Power) in the first two years, its
cost decreases well below the cost of wind power development #i"taed the5" year.

This decrease shows the potential of wind/hydroggirith systems in reducing GHG
emissions in a region.

Figure 3-28 shows that wind power is a more ceéfiective technology for reducing
emissions in Ontario compared to solar power. Higher capacity factor and lower investment
cost have given an advantageniod power over solar power regarding the cost of emission
reduction in Ontario.

Lower required storage capacity is another advantage of wind power systems over

solar power systems. In all scenarios, storage has a negligible effect on the annuaheost of t
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facility except for Scenario 3: Solar power. This means that if a region/country has a grid
thatcan supply the demand and wants to reduce emissions by introducing renewable power
to the grid, adding wind power capacity makes more sense than addingasots capacity.

One of the reasons for the advantage of wind power over solar power in our work is the
higher wind potential of Ontario comparedthe solar potential. This may work the other

way in regions with high solar potential.

Wind power lookslike a promising option for reducing emissgat a low cost
however, this technology loses its potential afedirtg the first emission reduction steps
However, the cost of emission reduction using hydrogen technoldgiee s n 6t change
through eachtsp. This shows the potential of using hybrid energy systems for reducing
GHG emissions. At low emission targewind power is a promising option for reducing
emissions as it can replace fossil fbaeked electricity generatio®n the other hand,
hydrogen needs different technologies (electrolyzer, fuel cell, storage) to doHuatever,
the intermittent nature of wind and solar enemggkes themcostly technologies for
reducing emissia in the long term. Intermittent renewable technologies should be
integrated with technologies that can cover their intermittency. Even when two intermittent
energy sourceare combined (Scenario 4: Wind and Solar powég emission reduction
cost is significantly lower than utilizing single technologies (Scenario 2dWiower and
Scenario 3: Solar Power).

The review of the literature focused on the development of hydrogen energy systems
shows that there is a consensush@need for financial initiatives for the development of

hydrogen energy systeni®9][70][71]. This work showghat hydrogen energy systems are
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costeffective in reducing GHG emissions in Ontario as long as indsista® receive
surplus power at HOEP. In other words, the only incentive hydrogen rsggeisnission to
purchase power at HOEP. It should be noted that the literature has shown that electricity
cost has a significant effect on the cost of hydrogen prahjdti][72][73]. Although some
researchers suggest that the penetration of hydrogen in energy systeirs viable in
2030 [59], our analysigndicates that hydrogen is a viable option for vethg GHGs in
Ontario right now. This result can be extended to countries/rethatndhave an extended
network of natural gas transmission infrastructure surplus emissioffree power. Avital
force in pushing the development of hydrogen technologies is the presence of GHG
emission reduction targefs9].

This result cardraw policy implications for regions witfossil fuetbased electricity
and heat generation infrastructure. If that region is plantongradually reduce GHG
emissions with the least cost, developing wind power plants for the beginning percentages

would be the optimal solution

3.4 Conclusion

In this study, a fiveyear mathematical model for finding the optimal sizing of
renewable energy technologies for achievapgcific CO; emission reduction targets is
developed. The renewable energy technologiesaaseimedo be used in ra industrial
manufactuing facility thatuses CHP for electricity generation and natural gas for heating.
The optimization model is develop#al find the combination of technologies the&d to a

4.53% annuaCO, emission with the lowest cost.
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The results derived from the opiization model show that wind power is the most
costeffective technology for reducing emissions in the first and second, yatr a cost of
44 and 69 CAD per tonne @0, respectively. Hydrogen energy was found to be more
costeffective compared to wehpower from the third year on. The cost@D, emission
reduction doesndédt change drastically from t
107 CAD per tonne a€0O in the first year to 130 CAD per tonne©0: in the fifth year.

Solar poweris found to be a considerably more expensive technology compared to
wind power for reducingCO; emissions in all years. The reasons for higher cost of solar
power are lower capacity factor (in Ontario), more intermittency (requiring more storage
capacity),and higher investment cost. The optimization model showed that a hybrid wind
/battery/hydrogen energy system has the lowest emission reduction cost over five years. The
emission reduction cost of a wind /battery/hydrogen system increases from 44 CAD per
tonne ofCOz in the first year to 156 CAD per tonne©0: in the fifth year.

Although developing hydrogebased energy systems in industry sector can reduce the
environmental externalities, the transportation sector has the highest potential of both
environmental and health externalities. The next chapters focus more on implementing

hydrogen economy in the transportation sector.
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4. Macro-Level Optimization of Hydrogen Infrastructure and
Supply Chain for Zero-emission Vehicles on a Canadian

Corridor

4.1 Introduction

In recent yearswith increased interest, the hydrogen energy storage system has grown
widely [74]. Since the beginning of the 20th century, the rapid growth of the economy and
industrial revolution globally has brought about the need for more energy resources to cope
with the increasing energy demandsignificart portion ofcurrent energy resources comes
from fossil fuels, which are finite and not environmentally friendly. The use of fossil fuels is

a major contributor to climate change, as it causes an excessive increase in anthropogenic
greenhouse gas (GHG) emissidi$]. The global emissions from fossil fuel combustion
haveincreased by 90% since the 1970s, reaching over 36.1 Gt in i2@tdsentingn al-

time high emission levdl76]. In Canada, reducing GHG inventory has become a national
priority, with the target of a 33% reduction in GHG emissions by 2020 and an 80%
reduction by 2050 from 2007 levels. The largesttgoator to Canadian emissions,
accounting for 24%, is the transportation sector. Within this sector, road transportation
accounts for 82.5% of national transportation emissions, mainly due to the consumption of
fossil fuels[77]. GHG emissiond an important issue, but more importantly, the pollution

generated from vehicles caregatively impact human healtbwebugaMukasa et al[78]
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found a correlation between traffic volume and the number of asthma patients at the Peace
Bridge, a USCanada border crossing point. Finkelstein ef7&] used regression to model
mortality from natural causes during 192P01 concerning chronic pulmonary disease,
chronic ischemic heart disease, diabetes, and residence within 50 m of a major urban road or
within 100 m of a highway in Ontario, Canadathis study, it was found the mortality rate
advancement period associated with residence near a major road was 2.5 years, while by
comparison, the rate advancement periods attributable to chronic pulmonary disease, chronic
ischemic heart disease, and digisewere 3.4 years, 3.1 years, and 4.4 years, respectively.
This meant that subjects living close to a major road had an increased risk of mortality. A
more recent study by Brauer et f0] estimated that there are 21,000 premature deaths
attributable to air pollution in Canada ea&ar, nearly nine times higher than the number of
deaths due to motor vehicle collisions. The health impact caused by traffic pollution can also
cost the government and society a significant amount of money.

There are several cleaner alternatives for gnsemyrces such as wind, solar, geothermal,
biomass, and nuclear power. The cost of producing energy from these sources has decreased
significantly, making it viable to usewidely. However, unlike fossil fuels, the energy
produced from these sources woukekd to be stored in a different form than its source.
Batteries and hydrogen Tanks are two promising energy storage systems being focused on
currently [81,82] In the transportation sector, electric vehicles, including battery electric
vehicles (BEVs) and fuel cell electric vehicles (FCEVs), playssentiarole in reducing
emissionsand pollution. With a high powertrain energy efficiency, electric vehicles are a

promising alternative to conventional internal combustion engine veli&384] While
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BEVs are penetrating the market for lighity vehicles with great promise, FCEVs are still

not a familiar concept to many consumg85]. This is largely due to the lack of
infrastructure for FCEVs, even though a study has shown that the infrastructure efficiencies
of both EV types are very similaj86]. Despite the underdevelopment of FCEV
infrastructure, hydrogen fuel cell technologies are promising compared to BEVs, especially
for medium and heavgluty trucks. This is because fuel cell technatsgpresent several
advantages such as high driving range due to the much higher energy density by weight of
hydrogen, very low refueling time, no battery degradation problams the capability of
long-term storage of the hydrogen fuel without the hydnofyesl loss[87]. A large number

of truck body types, weight classes, and vocational usesg@sutlarge potential design
space88]. FCEVs also play aignificant part in the deployment of the hydrogen economy,

a concept that involves the use gidlogen as a low carbon fuel and has been looked into
more recently89,90]

The deployment of the hydrogen supply infrastructures isitacatrstep that must be
addressed for a successful market transition to FCEVs. Not only must hydrogen refueling
infrastructure be constructed, but it must also be commercially viable to encourage the
continued expansion of the vehicle market. Even thaughestimated that, by 2030, there

will be 15 million FCEVs and 15 thousahtydrogenFueling Stations (HFSs) globall{74],

the infrastructure for hydrogamfuelingis currently still facing many challeng¢91]. The
infrastructure dilemma is the classiichicken and egy conundrum. A refueling
infrastructure is required for the mass deployment of FCEVs, but the commercialization of

FCEVs is required for inv@ments to be put irefueling stations[92]. Some studies have
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beenconducted on HFS location éimfrastructure in various countries. Cabukoglu efd]

used a multagent, discrete event simulation for HFSs to estimate the number of stations
required for differentefuelingbehaviours in SwitzerlandBrey et al[94] analyzed the cost

of an initial rollout of FCEVs while considering the perspectives of both the infrastructure
investors and the engsers. The authors performed a case study for Seville, Spain, for an
initial fleet of 30,000 FCEVs, with a centralized production facility and 10 HFSs. Reul} et al.
[95] developed a modéb design and analyze all parts of the supply chain, from hydrogen
production to refilling, on a nationwide scale in Germany for the year 2050, using a spatial
resolution regarding costsprimary energy demandand CO, emissions. The authors
investigated dferent scenarios of 25%, 50%nd 75% penetration of FCEVs while
considering various technologissich ashydrogen production, storage, transmission, and
distribution, to optimize cost and emissions. Liu et [86] conducted an economic
feasibility analysis of FCEVs in the USA, specifically lehgul trucksevaluating the total
ownership cost. The authors found that for approximately 10% fuel cell truck penetration,
they become more competitive @@stand could be economically viable if the vehicle cost
and liquefaction cost are reduced to meet the-tesar fuel cell technology cost targets. Li

et al.[97] conducted a survey on 1072 participants who were asked to select among two
FCEVs and one conventional fuel vehicle to calculate the willingness to pay for FCEVs. A
range of FCEV configurations was presented eochpared to a gasoline vehiclé was

found that the extra value that customers were willing to pay for an FCEV ranged from
20,810 to 95,310 RMB, or approximately 3,000 to 14,000 USD. HarcamdnTal[98]

explored the socieconomic profiles, travel patterns, and attitudes of FCEV buyers and
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compared them to the BEV buyers. It was found thatadopters of BEVs and FCEVs had
similarities in gender, level of education, household income, and travel patterns, while their
main differences were in age, ownership of previous vehicles, attitudes towards
sustainability, and types of home. The resutgygested that FCEVs might appeal to
consumers who live in homes where they cannot recharge a BEV or install their own charger.
Liu et al.[99] studied five scenarios to evaluate the impact of FCEVs on GHG emissions
caused by the vehicle fleet in China. They found that, under thedsstscenario, GHG
emissions generated by the whole fleet would e by 13.9% after introducing FCEVSs,

and GHG emissions from headyty trucks would decrease by nearly Gifig.

The North American Superhighway Corridor (NASCO) is one of the most significant
corridors in terms of CanadaS-Mexico trade. In Canada, tigiay (HWY) 401 going from
Windsor to Montreal, is a branch of this corridor. There have been some studies on the
feasibility of FCEVs in Canadand the logistics of developing hydrogen infrastructures
along HWY 401 and in various other parts of Ontdadcallow FCEV penetration soon.
Hajimiragha et al[100] developed a comprehensive model to deteenrobust optimal
penetration levels of FCEVs into the transport sector. The authors applied the model to the
casestudyof Ontario, Canadarheyfound that more than 170,000 FCVs can be introduced
into Ontariobds tr anspor tthe seehnotogyrtransitipning €o&.5 wh i
Stevens et a[92] developed a general mix@ateger programing model to optimize the
capital cost of hydrogen infrastructure while meeting the demand of a burgeoning hydrogen

vehicle market. A case study was conducted, where the model was implemented to develop
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an infrastructure across HWY 401 spanning Southerar@nand Western Quebec, as the
number of hydrogen vehicles increases from 10 to 100,000.

Infrastructure logisticss vital at the beginning of the FCEV penetration process. Lin et al.
[101] provided a comprehensive review of different HFS location models, inglutie
covering model, the-median model, the-penter model, and the fleimtercepting model,

with each model having different pros and cons. The feasibility of FCEV penetration has
been studied thoroughly, but the study of HFS location moddietill lacking, especially

in the case of Ontario, Canada. Motivated by the absence of hydrogen infrastructure studies,
this work aims to develop a muttbjective model, based on thenpedian model, to
determine the optimal sizing and location of the hydrag&astructures needed to generate

and distribute hydrogen for the HWY 401 corridor in Ontario. Specifically, the Hydrogen
Delivery Scenario Analysis Model (HDSAM) is used in this work to estimate the cost of
hydrogen delivery and dispensing, and the ahauarage daily traffic (AADT) is used to
estimate the fueling demand based on the number of trucks moving along the corridor.
Using the mixednteger linear programming (MILP) tool in GAMS (General Algebraic
Modeling Software), the optimal sizing and looa of hydrogen production plants and
HFSs along HWY 401 can be determined. Some parameters considered in the model include
using electrolyzers as the hydrogen generator, liquid and gaseous hydrogen as fuel, and
levels of FCEV penetration being 0.1%, 0,2063%, 0.4%, and 1% of the total number of
vehicles. The contribution of this chapter is to aid the estdge transition plan for the
conversion of conventional vehicles to hydrogen vehicles in Ontario, particularly along the

NASCO, by providing a feasle solution to the infrastructure dilemma posed by the initial
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adoption of hydrogen as fuel in the general market. The health benefit cost from pollution
reduction is also quantified using MOVES (Motor Vehicle Emission Simulator) to illustrate

the potentl social and economic incentives of the FCEV market penetration.

4.2 Methodology

This chapter develops a mathematical methodology for the primary deployment of a
hydrogen supply chajrincluding hydrogen production plants arefueling stations along
highways. Figure4-1 shows a summary of the methodologies used in this chapter. Our goal
is to develop a model fothe economic optimization of hydrogen infrastructure; this
methodology can be used as a decisiaking tool to help stakeholders and investors in
hydrogenrelated fields. The objective is to minimizgdrogen production and delivery
coststo consumers to determine the optimal locations for hydrogen generadias phd
HFSs. The information input into the model is a set of possible generation plant and
refueling station locations and their capacity levels, variable consumer demand and
corresponding locations, and financial data, including the capital, opetatoadelivery

cost. Since we are building this model for HWY 401 in Ontario, Canada, the hydrogen
demand varies for different locations based on the traffic and the number of velfisles.
explained in the following sections, we estimated the hydrogerads based on the traffic

volume on different parts of HWY 401
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Figure 4-1. Methodology flowchart of the optimization and selection of node number and
locations for hydrogeninfrastructure.
Figure 4-2 presents a very simple overview of the problem. For model development, only
electrolysis systems are considered for hydrogen generati@Q1ih, around 95% of the
Ontario electricity came from nefiossil fuel sourceq102]. Thereis a lot of surplus
electricity in offpeak hours due to the high shaf intermittent energy sources. These two
factors make the electrolysis systems very attractive for hydrogen production. Similarly, all

plantto-station shipments represent compressed hydrogen shipments.
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H2 production plants H2 Refueling stations Consumers

Figure 4-2. Schematic illustration of problem structure.

The e@uation belowpresents the objective function to minimilzgdrogen's delivery and
production costérom generation plants to thefuelingstations and fromefuelingstations

to the consumer

DQ& 0 Qi € Qo BxERERQA QHOT & (4-1)

Hydrogen delivery cost comprises of the cost of delivering hydrogen from the generation
plants to both the station and customers. Hydrogen production cost consists of the capital
costs of hydrogen plants and stations, including the investment for eleetgly

compressors, and storage systems, as shelomw.

0 Qe YA g ) (4-2)

Where X is the hydrogen delivered between plantssahda t i on s , and ¥ and
variables represeng different hydrogen production plants and stations.
There are a set of constraints on capacity and energy balance in the system as follows:

Plant capacity constraint on the delivered hydrogen ftamt to station:
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) O 8 (4-3)

Station capacity constraint on the delivered hydrogen from station to consumers:

& W 8 (4-4)
Energy balance for hydrogen:
) @ (4-5)

Energy demand to be met:

» 0O (4-6)
The mathematical modeling is solved using GAMS with CPLEX solver.

4.2.1 Corridor demand data

The traffic distribution across the corridgignificantly impactghe optimization results. The
traffic volumes on HWY 401 arderived from ProvinciaHighways Traffic Volumes 2016,
which provides the annual average daily traffic (AADT), defined as the average twenty
four-hour, twoway traffic for the period Januad® to December B [103]. Figure 4-3

shows the average traffic distribution for HWY 401 from Windsor to the Ontuigbec
border; the blue curve shows the total traffic, and the orange curve represents all truck

vehicles (Classe7, 8, 9, 10) traffic volume.
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Figure 4-3. Average daily traffic volume distribution via HWY 401.

To appropriately estimate the distribution of fuel demand for HWY 401, the traffic volume

is estimated witim 50 km Therefore, the total 800 km of HWY 401 is divided into- 32
demand zones, each 50 km in length. In other words, the total number of vehicles in each 50
km is aggregated, then the share of heavy trucks is used to estimate the number of trucks in
eath 50km zone. Finally, the fuel demand of every-l6@ zone is estimated usirthe

average fuel economy of heavy trucks. HFSs are assumed to be at accessible places for
drivers on the highway. The ONroute service centers at intervals along HWY 401 are
selet ed as potenti al pl aces for hydrogen pro
Canadian commercial operatianth a 50year contract to operate highway rest areas along
Highway 400 and Highway 401 in the province of Ontario, with service for fuebistati

rest stations and foodservice operations. The optimization model decides where to build the

infrastructure amongst ONroute locations along HWY 401. The company has-gefiong
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contract and is large enough to investhahydrogen economy ithefuture. Ths idea is to
usepri vate companiesd6 i nvest merFigured-4dprdsents t han
the ONroute locations on HWY 401, which are the possibtmations of hydrogen

generation plants anméfuelingstations (ONroute) along the hydrogen corridor.
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Figure 4-4. Possible locations of hydrogen generation plants andfueling stations along the

hydrogen corridor.

4.2.2 Hydrogen production data
The majority of the technical and economic information on hydrogen storage and

transportation &s obtained from various reso@® related to documents and models from
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the Department of Energy (DOE), National Renewable Energy Laboratory (NREL), and
Argonne National Lald04,105] To assess thinancialinformation of hydrogen production

for central and distributed hydrogen plants, we used the Hydrogetud®ian Analysis
model (H2A v3.2018) developed by NRED6]. Based on the hydrogen demands for
trucks, we considedistributed hydrogen production using polymer electrolyte membrane
(PEM) electrolyzers. Three distributed hydrogen production cases based on PEM
electrolyzers were performed using the H2A v3.2018 model. The information regarding
PEM electrolyzers is summaed inTable4-1.

Table 4-1. Technical and economic information of the electrolyzer based on the H2A model.

Parameter Value
Total Uninstalled Capital (2016$/kW) 599
Stack Capital Cost (2016$/kW) 342
Total Electrical Usage (kWh/kg) 55.8
Effective Electricity Price over Life of Plant (2016¢/kWh 7.27
Outlet Pressure from Electrolyser (psi) 300
Plant Life(years) 20
Capacity Factor (%) 97%

The total hydrogen production costs, including capital, operational, and feedstock
costs for different sizes of hydrogen production plants, are summariZeabla 4-2. All
numbers are in the 2016 US dollar. The data extracted from H2A and HDSAM are also in
the 2016 US dollar.

Table 4-2. Total production cost of hydrogen for different capacities.

Plant size(kg Hz per day) 500 | 1000 1500
Capital Costs ($ per kg H2) 0.56| 0.53| 0.52
Fixed O&M ($ per kg H2) 0.91| 0.67 | 0.57

Feedstock Costs ($ per kg H2) | 4.06| 4.06 | 4.06
Other Variable Costs ($ per kg H2)| 0.02| 0.02 | 0.02
Total ($ per kg H2) 5.56| 5.28 | 5.18
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4.2.3 Hydrogen storage, delivery, and dispensing data
Figure 4-5 presentshydrogen delivery and storage pathwdyem hydrogen production

plants torefuelingstations.

Refueling
Station
Gaseous delivery

Tube Tube Tube Cascade
Production Trailer Trailer : Trailer ompresso Storate Demand
Terminal il Vessels 9

Figure 4-5. Schematic of hydrogen delivery, storage, and dispensing to the consumers.

Transportation from
Production to Facility

The hydrogen storage, delivery, and dispensing costs are estimated based on the HDSAM
developed by Argonne National LE07].

Table 4-3 summarizes the key inpund assumptions that define the scenarios in the
HDSAM. Considering tube trailer for hydrogen delivery, cascade storage of gaseous
hydrogen, and dispensing pressure of 700 bar, the total cost of storage, delivery, and
dispense cost is calculated using HIMBA.O for three different cases as showiT able4-4.

Table 4-3. Hydrogen Delivery Scenario Analysis Mode{HDSAM) inputs and assumptions.

Parameter Value
H2 Market Rural
Transmission and Distribution mode TubeTrailer
Storage type Gaseous Storage
Production volume Low
Delivery truck Fuel economy 6 mpg
Useable capacity of individual tube trailer 1042 kg
Number of truck loading compressors 2
Number of storage compressors 2
Tube Maximum Operating Pressure 540 atm
Tube Minimum Pressure 50 atm
Vehicle Service Pressure 700 bar
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Table 4-4. Hydrogen delivery, storage, and dispensing cost calculation by HDSAM for the

capacity ofrefueling stations.

Dispensing Rate (kg H2 per day) 180 350 500
Compressed Gas H2 Terminal $3.51 $3.51 | $3.51
Compressor $2.37 $2.37 | $2.37
Storage $0.64 $0.64 | $0.64
Remainder $0.50 $0.50 | $0.50
Compressed H2 Truck $3.66 $2.92 | $2.50
Capital Cost $3.33 $2.53 | $2.13
Other O&M $0.33 $0.39 | $0.37
Refueling station $4.84 $3.96 | $3.03
Compressor $2.26 $1.83 | $1.50
Storage $0.51 $0.52 | $0.36
Dispenser $0.46 $0.47 | $0.33
Refrigeration $0.53 $0.53 | $0.39
Electrical $0.25 $0.14 | $0.10
Controls/Other $0.82 $0.47 | $0.34
Total $12.01 $10.39| $9.04

Instead of assuming a fixed value for the delivery cost, the delivery costs of hydrogen from
plants to stations are estimated based on the distance using methodology cons[88ted in

as showrbelow.

6 | AEOGheEi 00EO (4-7)
Where the constant component is the totat fromTable4-4 and A is calculated based on

the gas priceand distance traveled as shown below, and 1042 kg H2/per round is the

capacity of a tubdrailer used fohydrogen delivery.

& vIh EOCAEOOT ARAOOED (4-8)
CHEIN Tprt ¢(EMA® O1 A
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4.3 Health benefits analysis

To find an estimation of the health benefits from differsc¢narios, we used MOVES,
which was developed by the Environmental Protection Agency (EBAssess the amount

of emission from omroad and ofroad sourcedrigure4-6 shows the inputs and outputs of

MOVES model.

Emission
Rates

Adjustments

Figure 4-6 7 MOVES inputs and outputs
As can be seen iRigure4-6, the inputs for this model are theaffic data driving patterns
The vehicle speed is assumed to be 100 kiitlle traffic count data is extracted fréfigure
4-3. Also, the default emission rates and fuel composition for New York, US are used
because of the similarity with Toronto weather, fuel, and fleet composilti@nould be
mention that this assumption might be source of error, and its impact can be investigated

future works.
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To find the impact of all trucks moving along HWY 401 during a year, the number of heavy

trucks andthe portion of each clasare provided to the model. The output of this model,

which is the emission of different pollutants, is convettethonetary terms using data from

a study conducted by Transport Canada for Ontario territény.results section will discuss

more details of the health benefits analysis

4.3.1 Assumptions and limitations

Some assumptions and limitations of thethodology are outlined as follows:

)l
T

Seasonal and hourly changes are not considered.

The model is not dynamic enough for multiylear scenarios.

Electricity price is assumed to be constant. The concept of povgas is
based on using surplus electricitylower costs.

Storage planning is not modelled because the model is not hourly based.

The health cost is calculated based on previous pollutant data for all of
Ontario, which is an underestimation of health costs due to pollutants.
Because HWY 401 passenany highpopulated urban and suburban regions,
the health cost would be higher than our considerations.

The vehicles are assumed to move only via HWY 401. This assumption can
be true if these trucks are owned by companies transporting goods along the
ertire HWY 401 corridor.

As the proposed idea is just for early steps, other transmission modes like

liquid H2 and fuel pipeline are not considered.
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1 BEVs are not considered as they are less competent when it comes to heavy

duty vehicles.

4.4 Results and discussn

The optimization model is developed in GAMS. This section includes the output of the
model for different scenarios. The location numbers are showigime4-4. A figure and a

table for production capacity and location are provided for each sceRariall scenarios,
tubetrailers are assumed as the transmission mode. Alsceftieingstations tilize a 700

bar cascade dispensing system. There are three options for plant capacity: 500, 100, and
1500 kg/day. Also, there are three optionsré&duelingstation capacity: 180, 350, and 500

kg/day. The result of the simulation will be presented ftfednt scenarios.

4.4.1 Scenario 1i 0.1% changeover to fuel cell Class 7, 8, 9, 10 Vehicles

This scenario has 0.1% changeover to fuel cell Class 7, 8, 9, and 10 vehicles from internal
engine combustion (ICE) and diesel vehicles. Thus, in this scenariosgumad that 0.1%

of class 710 diesel trucks become hydrogen trucks, which is equivalent to about 8,600
vehiclekilometres per dayrigure4-7 andTable4-5 show the optimal location for scenario

1. According toFigure 4-7 , the output of the optiization model for this scenario shows

that for meeting the demand, one production site must be built at location 14. Also, six small
size stations should be built at locations 1, 4, 7, 10, 14, and 16. The total demand in this
scenario is around 800 kg/daghe dispensing stations are allocated in a way to cover all of
HWY 401 without more than 300 km gaps. Also, the production site is located near the

midway point of HWY 401, close to Toronto. This allocation reduces transportation costs.
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As total demandsi less thamproduction and transportation capacity (due to discrete sizing),
the capacity factor is less than 100%, leadm@ higher overall cost. Alsthe dispensing
capacity in this scenaris much higher than the dispensing demand because of @He"80
driving range. In other words, constraints make the optimal solution to buildrefaeting

stations to cover the entire highway without gapsiore than 300 kilometers.

4.4.2 Scenario 2i 0.2% changeover to fuel cell Class 7, 8, 9, 10 Vehicles

In this <enario, 0.2% of class-70 trucks traveling along HWY 401 become hydrogen
trucks. In other words, around 17,000 vehikilemetres of transportation demand along
HWY 401 depends on hydrogen. Timost significanh difference between this scenario and

the 01% Scenario is the production plant location.shswn in Figure4-7 andTable4-5, to

reduce the transportation cost, it is more economical to build two separate hydrogen
production plants with 1000 kg H2/day capacity at locations 4 and 8 and isfuehng
stations in smihand medium capacities. The hydrogen production capacity factor is equal to
that in Scenario 1. Although, in general, the capacity factor increases with an increase in
demand, it can be constant in some range because the production sizes are distrie® var

It is worth mentioning that theefueling station capacity factor increases drastically, which
reduces the overall cost. Also, utilizing higher station capacity redoosts due to
economies of scale. That is why the overall cost drops drastaaityaredo the previous

scenario.
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4.4.3 Scenario 3i 0.3% changeover to fuel cell Class 7, 8, 9, 10 Vehicles

Figure 4-7 and Table 4-5 show the optimal location for the third scenario, in which it is
assumed 0.3% of trucks become hydrogen trucks, corresponding to 26,000 -vehicle
kilometres of trucks along HWY 401. Two hydrogen productiantd at locations 12 and

16 are required to produce the required hydrogen for this scenario. Also, reéweing
stations are required at locations 1, 3, 6, 9, 12, 14 and 16. The highest capeafiiglofg
stations must be built at location 6. Theaié feature of this scenario is supplying one
station using two production plants. As can be sedfigare4-7, the capacity of west side
production is compensatedtiv some of the other production site capacity. This proves the
importance of weekly, daily, and hourly planning for the energy network. As expected, the
capacity factor increases as the demand increases. In this scenario, both production and
refuelingstaions operate almost in full capacity. In addition, both productionrefueling

stations utilize higher capacities. This results in a lower overall cost than previous scenarios.

4.4.4 Scenario 4i 0.4% changeover to fuel cell Class 7, 8, 9, 10 Vehicles

Figure4-7 and Table4-5 show the results for the scenario in which the target is converting
0.4% of heawyduty trucks, equivalent to around 34,600 vehldlemetres, to hydrogen
trucks. The model shows a requiremémt building three hydrogen electrolysis plants at
locations 1, 8, and 16 in order to meet the demand. Se#eglingstations should be built

at locations 1, 5, 6, 8, 12, 13, and 16, from which six stations have the highest defined
capacity. The optimadlesign of this energy network shows an increase in production and

dispensing capacity because constructing highgacity infrastructures is more economical
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due to economies of scale. Compared to the 0.3% Scenario, the hydrogen production,
transportationand dispensing costs drop by a small margin because the capacity factor does
not change with an increase in capacity (it has reached the maximum value). The only
change in overall cost is due to economies of scale, especially in production; however, the
highest sharef production cost is related to electricity cost and stack cost, both scaled
linearly. In other words, by increasing the capacity, the stack cost and electricity cost per kg
of H2 does not change. The balance of plant (BOP) cost is theesafuitte small change in

the overall cost. That said, increasing the market share does not change the per kg cost of
dispensed hydrogen unless the production volume of components reaches more significant

amounts, which is not achievable in rti@m planniwg.

4.4.5 Scenario 51 1% changeover to fuel cell Class 7, 8, 9, 10 Vehicles

As discussed previously, the change in overall coshp@rogen unidoes not change with

small increases in market share targets. Therefore, some steps were skipped, and a logical
target would be hydrogen trucks reaching 1% of the market shratke developeadnodel,

that means the hydrogen would fulfill 86000 vehikiemetres demand in this scenario.

The results are shown irigure 4-7 and Table 4-5. In this scenario, almost all candidate
locations are selected to befuelingstations because of high demakde 1500kg Hq/day

and one 1008&g H2/day production sites are required to meet the total demand, which is
around 8100 kg H2/day. Also, sixteen 8§ H./day and one 18Rg H»/day refueling
stationmustbe built. This scenario shows close to the maxim@mahd that can be met

using such energy network design. More demand is not feasible with this proposed design
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because with building the highest capacity stations-g0B2/day stations) in all candidate
locations (19 locations), the maximum achievablgelising capacity is 9500 kg-iday.
Therefore, a 2% target is not achievable unkkesnumber of refueling locations or the
maximum refueling station capacity increas€éhe transmission mode must change for
higher dispensing capaciag there are limitains with tubetrailer trucks.

It should be noted that although the tdtmeler is the best transmission mode option in the
first stage of hydrogen economy development, it is not practical in high transmission
capacities. Our work aims to design a systemthe first stage toward establishing a
hydrogen economy, so liquid hydrogen trucks are not considered. Also, in most scenarios,
somerefuelingstations are located on the other side of the highway to the production plant.
Therefore, although the providenodel only considers tudeilers and not pipelines as a
transmission mode, it is likely that implementing a pipeline in such locations would reduce

the overall cost.
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Table 4-5. Summary of results for all scenarios. Scenario 1: 0.1% changeover, Scenario 2: 0.2%

changeover, Scenario 3: 0.3% changeover, Scenario 4: 0.4% changeover, Scenario 5: 1%

changeover
Location | Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

9 0 |2 0 |2 p R 0 |2 P

s Z g &8 & 8 2 8 &

§ & |§ 2 8§ & |§ 2 g &

S &8 § @ 8 & |8 & |8 &
1 180 180 180| 500 500 500
2 500
3 350
4 180| 1000 350 1500 500
5 500 500
6 500 350 500
7 180 180 500
8 1000 180 1500 500 500
9 350 500
10 180 180 500
11 1000 500
12 1000 350 500| 1500 500
13 350 500 500
14 1000 180 350 1500 500
15 1500 500
16 180 350| 1500 350| 1500 500 180
17 500
18
19 1500 500
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Figure 4-7. The model output for all market penetration scenarios of Class 7, 8, 9, and ¥6hicles from 0.1% to 1% market share
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4.4.6 Different scenarios comparison

Comparing all scenarios, it can be concluded #fiatating production plants and refueling
stations depends on the project's madketre goalFor instance, comparing scenarios 1 and

2, one can see that an optimal allocation for the lower mahat (scenario 1) is not an
optimal location for scenario 2. Specifically, location 14 (ONroute Cambridge South) is
optimalfor building the production plant andfuelingstation in scenarid, but it is not an

opti mal option in scenario 2. Hencesharei nvest
can change the optimal allocations. Also, there are some similarities in all scenarios. First,
the optimalsizeis always less than the demandgdalso as high as possible. That is, to meet

a 2500 kg/day demand, the optimal production size would be one 1500 kg/day plant and one
1000 kg/day demand, rather than two 1000 kg/day demand and one 500 kg/day demand. The
second similarity between scerwwiis full coverage of corridor demand by building
multiple refueling stations in all areas from Windsor to Montreal. This is due to the range
constraint that is added to the model. And the last similarity is buil@ifugeling stations

close to all produtn plant stations. This feature will reduce delivery costs.

4.4.7 Total costs analysis

Figure 4-8 shows how the cost of hydrogen production, delivery, and dispensing shange
with increasing market share. As discussed before, with an increase in market share up to
0.3%, the cost of 1 kg H2 reduces drastically because of the increase in capacity factor.
Achieving 0.3% of the market, the system can be designed with almost nmadapacity

factor. Acquiring more market share, the reduction rate decreases. In this share range, the
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reduction happens because of economies of scale. It should be mentioned thatemiong
planning, lower costs would be achievable due to the higheduption volume of
components. However, in the short term, the only possible source of cost reduction is
utilizing surplus power for hydrogen production. Such analysis requires a dynamic-hourly
based optimization mod§glO0].
24
22
20
18

16

Total cost of dispensed hydrogen ($/kg H2)
X

0.0% 0.2% 0.4% 0.6% 0.8% 1.0% 1.2%
Market share of hydrogen fuel cell trucks

Figure 4-8. Cost of hydrogen production, delivery, and transportation for different market
shares.

According t¢108], the future cost of hydrogen production will reduce to less than
$4.5/kg H in future central production plants. However, electricity cost with more than 90%
share in tothproduction cost will remain a barrier to hydrogen economy development.
However, with developing more renewable capacity, there will bmoresideral# cost
reduction potential in miderm energy plantings. The intermittent characteristics of

renewable errgy sources will provide some lewost surplus electricity, which can reduce
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the hydrogen cost by $4/kg-Ht means that the hydrogen costs showRigure4-8 have

the potential to be reduced bysagnificantmargin just by using surplus electricifihere is

surplus electricity in Ontario due to using intermittent renewable energy sources like wind

energy and solar engrgThis surplus electricity igither exportedit a meageprice (close

to zero) or curtailed in some hours during the year. This surplus electricity can be provided

to the hydrogen production plants as an incentive for developing a hydrogen network.
According to Table 4-2, the electricity cost of hydrogen production shown as

feedstock cost is more than $4/kg H2. If the incentivized surplus electricity is provided to

hydrogen produatin plants, the production cost will reduce by $4/kg KMccording to

Figure4-8, the total cost of hydrogen production and transportation in Scenaeadhing

1% market shares $14.7/kg H and a $4/kg bkl cost reduction due to surplus energy use

would decrease the o cost to $0.7/kg H, which is a significant reduction in total cost

4.4.8 Total benefits analysis

Table4-6 shows the emission from classl@ trucks passing along HWA01 during a year.
This data is the output of a model developed in TRAQS, a combined interface for air quality
analysis. TRAQS uses a combination of MOVES and AERMOD to simulate the dispersed

air pollutants coming from mobile sources.
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Table 4-6. Amount of different pollutants emitted from heavy-duty trucks in HWY 401.

Component Emissions
(tonnes/year)
CoO 4194
CQO; Equivalent 3769206
Methane (CH4) 57
Nitrogen Dioxide NO,) 1820
Nitrogen Oxide (NO) 16190
Oxides of NitrogenNOx) 18155
PM10 1865
PM..s 1156
Sulfur Dioxide §O,) 32
Total Gaseous Hydrocarbon 852
Total Organic Gases 959
Volatile Organic Compounds 886

For the current project, only MOVE®as utilized as the goal was to find the amount of
pollutant emission at the source. The cost per tonne of pollutants in Ontario is calculated
using data fronj109], which includes personal health impacts, the burden on the health care
system, and missed work due to illness. Those costs are convertetbtt @ollars and

are presented ihable4-7.

Table 4-7. Cost per tonne of different pollutants in Ontario.

Pollutant Cost per tonne
(2016%/year)
Oxides of NitrogenNOx) 6000
PMa.5 29800
Sulfur Dioxide §O,) 6700
Volatile Organic Compounds 900

Using amounts fromTable 4-6 and Table 4-7, we can estimate the total cost of
pollutants due to heawjuty trucks in a year. This estimation is shownTable 4-8. It

should be noted that the value obtained is a significant underestimation as nunladg in
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4-7 are the estimation for the entire province of @otawhich includes many unpopulated
areas. However, the modeled region is highly populated becaeseiitlesurban and
suburban areas. In other words, the health costs presentablm4-8 are the minimum
amount of health costlue to heawduty trucks traveling along HWY 401.

Table 4-8. Annual health cost from heavyduty trucks traveling in HWY 401.

Pollutant Cost (million $/year)
Oxides of NitrogenNOx) 110
PM..5 34
Sulfur Dioxide §O,) 0.2
Volatile Organic Compounds 0.8
Total 145

Table 4-9 shows the health benefits for all discussed scenafibs. benefits are
calculated assuming linear correlation between the pollution and number of-chégvy
vehicles. In other words, it is smed that replacing 1% of fossilel heavyduty vehicles
with hydrogen trucks will reduce pollution by 1%. This is an underestimation because the
potential trucks for replacement can be chosen amongspbigltion vehicles. Assuming a
linear correlatio betweerthe number of vehicles and pollution, it can be seen that the cost

saving increases with the level of market penetration of FCEVs.
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Table 4-9. Health benefits for different scenariosScenario 1: 0.1% changeover, Scenario 2: 0.2%

changeover, Scenario 3: 0.3% changeover, Scenario 4: 0.4% changeover, Scenario 5: 1%

changeover
Scenario Health benefit (thousand $/year)
Scenario 1 145
Scenario 2 290
Scenario 3 435
Scenario 4 580
Scenario 5 1450

To calculate the amount &0, emitted due to hydrogen production, the annual
average emission factor (AEF) is utilized. In 2018, AEF in Ontae® reported to be 31 g
COeg/kWh [110]. As shown inTable 4-1, the electricity consumption of hydrogen
production is 55.8 kWh/kgH2. Therefore, the hydrogen production emission factor is
estimated to be 1.73 KQO,/kg H2. On the other hand, based on #sults from MOVES,
every kilogram of hydrogen avoids 12.82 €@». In total, the net benefit of such a system
in terms of emission is 11.09 KiO,/kg H2.

Assuming the social cost of carbon (SCC) to be 50$/t@@eequivalent, the total
cost of carbon foheavyduty trucks along HWY 401 is around $163 million. Avoiding 1%
of the emission in Scenario 5 will have a 1630 thousand dollars benefit per year. Comparing
health benefits shown ifiable4-9 and SCC shows that pollution is as important as emission.
In other words, the results show the importance of bringing health cost analysis into account
in order to investigate the drawbacks of current fdssilbased energy systems. Based on

the outputs from MOVES, 94% of PM10, 99% PM.s, and 100% other pollutants are
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emitted from vehiclesd exhaust. Therefor e,

will almost make their pollution equal to zero.

4.5 Conclusions

Hydrogen is considered to be a cleaner type of fuel and an alternative to traditional fossil
fuels and provides energy storage via several ptovgas (P2G) pathways, including
seasonal energy storage. Building some infrastructures for thetroflbaavyduty fuel cell

trucks can act as a catalyst to push the development of the hydrogen economy because
heavyduty trucks have the highest potential amongst other hydrogen applications. Building
FCEVs' refueling infrastructure is tHest step towad the hydrogen economy and can
potentially increase the hydrogen role in the future clean energy system.

This chapter presented a model to optimize the sizes and locations of the hydrogen
infrastructures needed to produce and distribute hydrogen foydnegen corridor highway

(i.e, HWY 401) in Ontario. A novel mathematical modeling and optimization approach has
been usedot applyto other regions/countries. The methodology involusohg the HDSAM

tool developed by the H2A Analysis Group aam optimiation model built using GAMS.
MOVES was also used to quantify the pollution released from conventional vehicles to
assist with health cost and benefit calculations. The results showed that the initial
development of hydrogen economy and FCEWSIad be benécial despite its high capital

cost The Canadian government should consider piotential approach to help resolve the
climate change problem and improve the quality of public health. Based on our modeling, a

1% share of hydrogen in headwuty truck fué consumption can reduce the environmental
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cost by 1.63 million dollars per year and health cost by 1.45 million dollars per year. It is
worth mentioning that these costs are an underestimation of real costs and can be
investigated more in future works. 36, we demonstrated that despite the current high costs
of hydrogen production and delivery, the cost of hydrogen could be minimized using
optimal energy planning and higher capacities. Comparing 0.1% and 1% scenarios, the
results suggested that the ecogooh scales could cause a 35% reduction in per kg cost of
hydrogen. Analyzing higher capacities and higher market shares requires a deeper look into

technology development and future costs, which can be discussed in future works.
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5. Health Cost Estimation of Traffic -Related Air Pollution and
Assessing the Pollution Reduction Potential of Zer&mission

Vehicles in Toronto, Canada

5.1 Introduction

Despite Canada having some of the cleanest air globally and ranking amongst the
lowest levels of pollutioemissions in fine particulate mattétN..s) concentrations, Health
Canada found that approximately 14,600 Canadians died prematurely due to air pollution in
2015[10]. The trends show that the amounPdfl> s being emitted in Canada is on the rise.
The number of Canadians succumbing to paiorquality continues to rise while the air
quality is worsening. Action to reduce the amount of pollution in the most affected areas
must be taken to prevent the unnecessary loss of life. The air quality is worst in highly
populated urban areas, suchtlas Greater Toronto Area (GTA)02]. This decrease in air
guality can be attributed to fossilel-powered Internal Combustion Engine Vehicles (ICEV)
[111]. These ICEVs cause the increased concentration of harmful products in the air,
including CO, O3NO-, andPM. s which cause acute and chronic medical problems such as
asthma, brordolitis, andlung cancer{112]. However, the penetration of zeemission
vehicles (ZEVs) into Canadads traffic mix

harmful exhaust producf$l]. This chapter presents an assessment of the impacts of electric
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passenger vehicles and hydrogen el trucks on human health and greenhouse gas
(GHG) emissions in the Toronto 401 corridor.

To determine théotal impact on GHG emissions of switching from diesel to hydrogen
for semitrucks and gasoline to electric and hydrogen for passenger cars in Ontaric, a well
to-wheels (WTW) life cycle assessment (LCA), as showRigure5-1, is considered. LCA
methodology employs a craelie-grave approach to assess the environmental impact of a
product or service over its life cycle. The processing activity erggifactingraw materials,
manufacturing, transportation, recycling, and final disposal. In automotive LCA, vehicle
production and vehicle eruf-life are disregarded due to the high uniformity in these

processes across fuel types.
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Well-to-Wheels

Figure 5-1. Well-to-Wheels LCA Method Employed in Comparison of Diesel and HFCV Semi
Trucks. (Due to similarity across fuel types, the Vehicle Build and Vehicle EOL are omitted.)

In addition to the GHG impacts of internal combustion engingspalution is a
problem that significantly impacts human health. The exhaust emissions from gasoline and
diesel vehicles lead to a significant increase in wheezing, coughing, and cases of lung
diseases like asthmi13]. Thee is a substantial increase in the concentration of air
pollutants within proximity to US highways, including CRQ., SO, PM, and black carbon
(BC)[114]. These pollutants increase the risk of cardiopulmomaortality in adults and

decrease lung function in children between 4 and 8 years of age for those living within 300
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meters of the highway. Higher exposureN®;, NO, and CO is correlated with a higher
prevalence of childhood asthnial5]. Further, poor air quality has been strigntinked
with poor overall living condition§l16]. Fine particulate air pollution is found to cause 0.8
million deaths and 6.4 million lost lifgears globally per yedi17].

In Canada, the risk of human health impacts from air pollution is continually
increasng. When samples were collected to preditdz.s and ozone levels in the city of
Toronto, along with health data of 2360 subjects, it was found that there was a 17% increase
in mortality and a 40% increase in circulatogfated mortality when exposed to 4 gg0>
or higher[118]. Futther research has examined the relationship between premature mortality
and harmful air pollutants across 11 Canadian ¢itl. The findings show thaNO»
increased the risk of mortality by 4.1%, followed byoe (1.8%),SOG (1.4%), and CO
(0.9%). A similar study was conducted by collecting samples of air pollutants overemil6
period in ten Canadian cities, which also found @t had the strongest association with
mortality [120]. A complex relationship exists between the increasing incidence of
congestive heart failure and exposure to air pollutants across (Jd2ddlaHealth Canada
concluded that in 2019, there wasogat of 9,700 premature deaths duePtd.. s chronic
exposure, 940 deaths dueN@: acute exposure, 2,700 deaths due to O3 acute exposure,
and 1,300 deaths due to O3 chronic exposure in Cdhadh Canadians are at an increased
risk of health problems due to air pollution. To regulate airborne pollutants and mitigate this
risk, the province of Ontario publishes a list of acceptable airborne concentrations of
pollutants. On this list, primary polluigs related to the operation of motor vehicles include

CO,NO, SO, and PM.
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A spike inSO,, NO2, and NH pollution, which started in the 1950s and peaked in the
1980s, caused a significant increase in acid rain ¢a88% Due to public opposition to the
increasingSO; emissions globally, acid rain has been drastically reduced. In Canada, for
example, there was an 80% decreas8&@ emissions betweeh980 and 2015. A spatial
analysis between socioeconomic groups and air pollution within three large Canadian cities
T Toronto, Vancouver, and Montreiafound that areas with a larger proportion of residents
generally had greater exposure to ambie@t polution [124]. Additionally, there is an
association between greatd©. exposure and signs of social deprivation. Another article
investigated the change in air quality due to the increasing albedo effect in Montreal. The
authors increased the reflectivity of roofs, walls, and roads to decrease the urban heat island
(UHI) effect, reducing the overall surface temperatiir25]. This temperature increase
resulted in a 3% decrease in théad@ur averaged O3 concentration and a reduction of 1.8
g grP in the 24hour average®M s concentratior{125]. Air quality data collected during
the COVID-19 lockdown in Ontario showed no change in PM. However, the average O3,
NO2, and NO concentrations were lower than in previoussyéas]. It should be noted that
during the lockdown in Ontario, there were still many human activities going on in terms of
transportation. However, with slightly fewer transportation activities, less pollution was
observed, and hengeis evident that air pollutants could be reduced significantly with a
lower level of transportation emissions.

Because of the impact of air pollutants on human health, countries are burdened with
increasing health costs caused by air pollution. In 1991, the total health costs of pollution

from motor vehicles totaled between USD 54.7 billion and USD 672.3 bjliai]. The
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gross annual damage wrought by air pollution on the US economy in 2002, determined by
summing all the public health costs frommn pollution, was between USD 71 billion and
USD 277 billion[128]. Chronic exposure t&M.s wasfound to be the most considerable
health burden in 25 European cities, with a calculated yearly monetary gain of around USD
37 billion if the air pollution is reduced to the World Health Organization (WHO) guidelines.
The cost ofPM.s air pollutionin Sbpj e was estimated to be be
l, 470 mi |I[12D].cResearchers2xpdrithented across thirty provinces in China to
assess the economic health benefit of decreasing air pollution. The results stated that the
total loss from air pollution totaled an estimated &28 billion, or USD 53 billion, in 2007

[130]. In addition, a similar study focused on the populated urban areas of China found that
in 2013, the total health cost caused by air polluti@s WSD 14.8 to USD 25.3 billion

[131].

The public health costs of air pollution in Canada are also high. Asabfsi
agricultural air pollution in Canada found that 1480 lives could be saved annually by a 50%
reduction in agricultureelated air pollutiorf132]. The economic value of such a reduction
in air pollution is estimated between USD 1.66 and USD 9.4 b{lli82]. The air pollution
removed by urban trees in Canada has both economic and health benefits. In 86 Canadian
cities, urban trees removed between 7,500 and 21,100 tonnes of air pollution in 2010,
resulting in an annuasaving of CAD 52.5102.6 million [133]. Multiple studies have
shown that transportation is one of the primary sources of air pollutions and can lead to
significant health costfl1,113 115,127,134] Examining the impact of vehicle mix on air

pollution, having even 1% of the headlyty vehicle fleet in Ontario be zesmission
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vehicles has an environmental and health benefit vau&tED 1.63 million per yedd 1].

The contribution of commercial diesel vehicles to the air quality in the GTA and Hamilton
was estimated to be 8% forNO. and BC, and 3% foPM2.s and O3[134]. The combined
emissions of all commeiali vehicles were calculated to have a total health impact of 9,810
Years of Life Lost (YLL), corresponding to CAD 3.2 billion.

With the emergence of PowerGas (P2G) technology and infrastructure, the
possibility of gradually replacing conventional vdag with hydrogen Fuel Cell (FC)
vehicles has become more achievable. P2G is a method of storing and transporting energy
through hydrogen production from renewable and conventional sources. Using P2G, the
surplus energy produced from renewable sourcedearsed to produce hydrogen, which is
then stored and used to produce electricity, renewable natural gas, and in other hydrogen
applications such as hydrogen FC vehicles. The introduction of more hydrogen FC vehicles,
in addition to battery electric vehed, can potentially improve the air quality and ultimately
the living quality in Canada, resulting in various environmental, economic, and health
benefits. In this chapter, the costs of the adverse health effects from air pollution and the
estimation of tl potential monetary benefit that ZEVs will provide in reducing these health
costs are determined and compared with the costs of climate change. The study uses the case
study of Highway 401 in Ontario within the City of Toronto, one of the busiest highways
North America, as the basis for calculations. The case studies and results found in this
chapter can also give a general idea about the benefits of ZEVs in other highways and other
countries. The authors use an emission model, an air dispersing @ode, health risk

model to find the health costs of traffielated air pollution near the studied highwagVs'
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health and environmental bensfiincluding FC trucks and electric passenger vehicles, are
calculated in different scenarios based on thegrated health cost calculation model and
the life-cycle emission model. The results from this chapter show the significant health and
environmental effects of trafficelated air pollution on people who are living in the vicinity

of major highways in Cami, and to a certain extent, in the vicinity of other major
highways in the world, as well as providing a potential solution by showing the benefits of a

mass roHout of ZEVSs.

5.2 Methodology

5.2.1 Climate Change Cost Calculation

The cost of climate change is eséited using an estimated price of GHGs per tonne of
carbon dioxide equivalent€(Qy¢). The value of carbon has been estimated to be only USD
2 per tonne globallyin contrasta higher estimated value BfSD 75 per tonne is necessary
to entice corporationand individuals into reducing GHG emissions [27]. In this analysis, a
value of CAD 40 per tonne d&@0O, which is the value of the Canadian carbon tax as of

April 2021, is used [28].

5.2.2 Health Cost Modeling and Calculation

Figure5-2 shows the schematic of the integrated models for health cost calculation. A
four-step model was built to find the traffielated health cost of Highway 401. The first
step was finding the amat of pollution coming out of diesel trucks in different sections of

Highway 401. Next, an air dispersion model was used to find the concentrations of different
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pollutants caused by light vehicles and trucks moving along Highway 401. The third step
was toinvestigate the health impacts of air pollution on residents living in the vicinity of
Highway 401. Finallythe increased risk of mortality was converted into dollar values in the

fourth step The four steps are described in the following subsections.

Traffic Data of Trucks Population Concentration
and Passenger Vehicles Within 200 m Zone
v A 4
i AERMOD Air Health Impacts of Dollar Valuation
MOVES Air s 5 p
Dispersion Model Dispersion Model Air Pollution of Health Impacts

r 3

WRF Weather
Forecast Model

Figure 5-2. Schematic of the Health Cost Calculation Model.

5.2.2.1 Total Emissions from Highway 401

To find the total air pollution emissions from diesel trucks traveling along Highway
401, EPAG6s Motor Vehicle Emiss[L3]noeSimateul at or
the pollution emitted from traffic on Highway 401. MOVES2014b is a Windbased
model desigad toaccurately estimatemissions from motor vehicles. The model performs a
series of calculations based on vehicle types, geographic areas, time of the year, road type,

and other factors to estimate bulk emissions or emission rates.
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The Annual Average®i |y Traffic (AADT) data from 2C¢C
Ministry of Transportation traffic repositorfd 03]. AADT, seasonal traffic change factor,
and hourly traffic change factor were inputted into the MOVES2014b software to find the
total emissions of passenger vehicles and trucks along Highwayiiite 5-3 shows the
AADT along Highway 401, where the-axis is the distance from the western end of
Highway 401 in Toronto. As shown in Figure 3, more vehicles pass in the west part of
Highway 401 in TorontoThereforethe corridosrelated pollution concentration is expected
to behigher in the western regions. The numbers in Figure 3, taken1@8# include class

7, 8, 9, and 10 trucks, which are healnty truck classes.
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Figure 5-3. Annual Average Daily Traffic (AADT) along Highway 401.
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Figure5-4 shows the seasonhburly traffic factor. Fall and winter have higher traffic
factors. Also, we can see that the PM peak in all seasons is the busiest period in Highway

401. Also, overnightraffic volume dropstesultingin a drop in air pollution.
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Figure 5-4. Traffic SeasonatHourly Adjustment Factor.
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5.2.2.2 Dispersion of Air Pollutants along Highway 401

To find the concentrations of air pollutants the vicinity of Highway 401, the
emi ssion data from the first step as an inp
was used136]. AERMOD is a steadgtate Gaussian plume air dispersion modeliaride
U.S. EPA preferred dispersion model for réald impacts (less than 50 Km). The model
can handle flat or elevated terrain. Dispersion is conducted as a plume from each source
which disperses entirely in the downwind direction. The meteorologiegrocessor for

AERMOD called AERMET calculates hourly values of advanced turbulence parameters
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(e.g., sensible heat flux, convective velocity scale, surface friction velocity, Mmikhov

length, etc.). These parameters are used to build the plaretangary layer for each
modeled hourTable 5-1 shows the features and inputs of the AERMOD model. Highway
401 in Toronto is divided into 71 line sources, which thenission rates are calculated
using MOVES2014b. Also, a network of discrete receptors is generated using TRAQS. The
Transportation Air Quality System (TRAQS) is an os@nirce software interface that
successfully integrates regulatory mobile emissions mddédVIOVES or EMFAC with
AERMOD. Spacing between receptors is 100 m. Also, the distance between different layers
of receptors is 10 m in the vicinity of the highway; however, it increases to 5 km in regions
far from the highway.

Table 5-1. AERMOD inputs.

Input Description
MODELOPT FASTALL
AVERTIME Annual
POLLUTID PM 2.5 andNOx
Source type Line Sources
Receptor typg Discrete Cartesian Receptd

To generate meteorological data for the AERMOD air dispersion model, the Weather
Research and Forecasting (WRF) model was used. WRF is a mesoscale numerical weather
prediction system jointly developed by the National Center for Atmospheric Research
(NCAR), the National Oceanic and Atmospheric Administration, the U.S. Air Force, and
others[137]. The WRF model was used to extract the necessary meteorological data for air
dispersion modeling, such as the surface and profile files along Highway 401. The Weather

Research & Forecasting model waeeuted from 2016 to 2020 atkdlometer horizontal
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grid resolution. The U. S. Environment al Pr o
Interface Program was used to format output from WRF for use in the AERMOD modeling
system. The input data is usearfr the National Centers for Environmental Prediction

(NCEP) Global Forecast System (GFS)-0egree resolution data. The GFS-O€g data is

given every 6 hours at 00, 06, 12, and 18Z. The input for the sea surface temperature (SST)
data comes from theKS 0.5degree data, updated daily as each WRF simulation is done for

24 hours. Details on the setup used to execute the WRF model (Version 4.0) are provided in
Table5-2.

Table 5-2. WRF setup characteristics.

Domain | Resolution(km) | Number of Grid Points in X and Y
Domain 1 27 34 x 34
Domain 2 9 34 x 34
Domain 3 3 34 x 34

Figure 5-5 shows a predominant wind blowing from the Nevttest direction 13% of
the time. The average wind speed for the five years from 2016 to 2020 is 3.32 m/s with 489

hours of calm conditions.
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Figure 5-5. Wind Rose Diagram at Toronto West Air Monitoring Site.

The metrological datalerived from the WRF modelvas then inputted into the
AERMOD air dispersion model to accurately map the dispersion of various air pollutants
along Highway 401. Using the AERMOD air dispersion model, the concentrations of air
pollutants were found within 10,000 m of Highway 401 iffecent receptors. A receptor is
a location with exact coordinates within the air dispersion model where the concentration is

calculated.

5.2.2.3 Risk Analysis

Hazard ratios are used to find the increased risk of mortality due to Highway 401
traffic in Toronto[138]. According to[138], mortality increases by 1.04 (95% CI 1.Q206)
wi t h a r ins @ amialN®:@oncergration. It is assumed that almost N
becomedNO; in a few mindes, meaning the health risk MOx would be relatively equal to

the health risk ofNO». It should be noted that the total conversionN@y to NO- is a
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conservative assumptiomo calculate the increased risk of mortality, the current mortality
rate mustbe calculated According to Statistics Canada, the mortality rate per 1,000
population was 7.3 in 201[239]. Combining population data, mortality rate, and increased
risk of mortality due to pollutin, one can find the increased number of premature death due

to Highway 401 traffic pollution.

5.2.2.4 Health Cost Calculation

The Value of Statistical Life (VSL) metric is used to find the pollution's health cost to
the economy in monetary unitgSL is the margial rate of substitution between income and
mortality risk was usefiLl40]. Accarding to[141], the mean VSL for Canada is CAD 5.2
million, ranging from a low of CAD 3.1 million to a high of CAD 10.4 million in 1996 CAD.

Considering inflation, the mean VSL in 2020 dollars is equal to CAD 8 million.

5.2.3 Scenarios

Six scenarios are defined to examine the effect of ZEVs on air pollutiorelasisv
pollution costs. In this regard, a specific percentage of passenger vehicles is assumed to have
become battery electric vehicles in three scenarios. The other three scenarios assumed the
substitution of heawguty diesel trucks by hydrogen FC trucks

Table5-3 demonstrates the shares of vehicles in the six scenarios.
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Table 5-3. Scenario Definitionfor Cost Calculation.

Scenario % Electric passenger vehicleg % Fuel Cell Trucks
17 10% Electric passenger vehicl 10 0
21 10% Fuel cell trucks 0 10
31 50% Electric passenger vehicl 50 0
47 50% Fuel cell trucks 0 50
57 100% Electrigpassenger vehicl 100 0
61 100% Fuel cell trucks 0 100

5.3 Results

5.3.1 Climate Change Cost

In this analysis, the purAp-wheels (PTW)emissions are created onsite as vehicles
travel through Highway 401 in Toronto. Looking at the 401 Toronto corridor between Dixon
Road and Meadowvale Road, there were 1,097,281 vehicle miles driven biysssiand
7,136,138 vehicle miles driven by pasger cars for a total of 11,913,869 vehiolde, as
tabulated inrable5-4 [103].

Table 5-4. Vehicle-kilometers driven by Heavy-duty Trucks and Passenger Cars on 401

Toronto (2016)

Portion | Diesel Heavyduty Truck | Gasoline Passenger Vehiclg
Eastern 183,144 1,999,776

Central 384,083 4,416,957

West 530,054 5,497,136

Total 1,097,281 11,913,869

Using the GREET (Greenhouse gases, Regulated Emissions, and Energy use in
Technologies) transportation LCA tool, the per kilometer emissions results were determined

for diesel trucks and gasoline passenger vehicles, as s€ahléb-5. If hydrogen FC semi
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trucks and electric vehicles are charged using saémmik solar power, there will be no life
cycle greenhouse gases for either technology.

Table 5-5. Grams of Greenhouse Gas Emission€£0-e) per vehiclekilometer for Diesel Trucks

and Gasoline Automobiles

Phase Diesel Heavyduty Truck | Gasoline Passenger Vehicl
Well-to-Pump 9.8 13.5
Pumpto-Wheels 348.4 270.0
Well-to-Wheels 358.2 283.5

Combining the information, it is possible to estimate the total current greenhouse gas
emissions from traffic in this section of Toronto. Additionally, it is possible to determine the
impacts of different traffic composition mixes on the overall amounC©fe. Table 5-6
shows the total emissions in tonnesQe, in addition to the total reductions, for six

different scenarios.
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Table 5-6. Thousands of Metric Tons ofCO»e Produced Annually on 401 Toronto Under

Different Traffic Profiles.

Scenario LCA Type
Well-to-Pump | Pump-to-Wheels | Well-to-Wheels
Scenarial
(10% EV) 57 1,196 1,253
Scenari@?
(10% FC Trucks) 62 1300 1,361
Scenaria3
(50% EV) 33 727 760
Scenarict
(50% FC trucks) 61 1244 1,305
Scenaridb
(100% EV) 4 140 144
Scenari®b
(100% FC trucks) 59 1174 1,233
2016 GHGemission 63 1314 1,376

As shown inTable5-6, a more significant reduction in GHG emissions is possible by
converting passenger vehicles from gasoline to renewable electric or hydrogen. However,
this is primarily due to the substantiakes of the passenger vehicle fleet and the high
number of kilometers driven by passenger cars on Highway 401. Using the Canadian carbon
price of CAD 40 per tonne of GHG, the monetary value of climate change can be
determined.Based on this traffic corridpithe cost of carbon emissions in 20$6CAD
55,053,332. The GHG costs of 100% green sentks and passenger cars are shawn

Table5-7.
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Table 5-7. Component Costs of GHG Emissions Produced Annually on 401 Toronto Under

Different Traffic Profiles.

GHG Cost 2016 GHG Cost of GHG Cost of 100%
100% HFCV Semk Electrified Passenger
Trucks Cars
Well-to-Pump | CAD 2,510,946 CAD 2,353,362 CAD 157,584
Pumpto-Wheels| CAD 52,542,386 CAD 46,960,153 CAD 5,582,233
Well-to-Wheels | CAD 55,053,332| CAD 49,313,515 CAD 5,739,817

5.3.2 Health Cost

As shown inFigure 5-6, traffic-related pollution affects areas in the range of 500 m
from the highway. However, a more substantial effect of traéfiated air pollution can be
seen in the range of 200 m from thghway. An air pollution monitoring station is located

close to Highway 401, whose data can be used for model verification.
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401 (top) and near the Air Monitoring Site (bottom).
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There are four air pollution monitoring stations in Toronto. The only station located in
the vicinity of Highway 401 is the Toronto West station. The other three stareriocated
in areas far from highways. The annual averBle s concentration in Toronto West and
Toronto North monitor i myrespectadlyi Sonthe eesuts frdm 4
monitoring stations do not show a significant difference betwlesgonto West station and
the other three stations in Toronto in term®bf.s. The results from the model also show a
small PM2s concentration due to Highway 401 traffitt. should be mentioned that
AERMOD is not capable calculating secondary JBMormation. According to [142],
sulfates, nitrates, ammoniurand organic carbon are major contributors to the ambient
PM:s concentration levelsCalculating the total health cost due to 2Mequires using
chemical transport models. Exclusion of secondary £Mll lead to underestimation of the
traffic-related health impactgl43]. As the current model is not capable of calculating
secondary Pl¥s, no conclusion can be made about:BKealth costlt should be mentioned
that as one can see Figure5-7, in some hours, the traffic can increase ghenary PMz 5

concentrationmbhy more than 4 gg/
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Figure 5-7. Highest Pollution concentration ofPM2 s due to traffic in 2017 in the West Toronto
Statiod) (eg/

On the other hand, the pollution monitoring data show a significant difference in the
average concentration ®fOx. Especially, measurements from ToroMiest, the station
located near highway 401, show a highdOx concentration. The annual average
concentrations dNOy in Toronto West and Toronto Downtown stations are 22.66 and 15.69
ppb, respectivelyNO> Concentration in Toronto West and Toronto Dowyricstations are
14.96 and 12.99 ppb, respectively. Comparing these numbers, it can be concluded that a
lower share oNOyx concentration is related tdO> in the Toronto West station. In other
words, a high concentration of NO is measured in the Torontd ¥taon. The higher
share of NOXOy in Toronto West station is because of proximity to Highway 4@lgure
5-8 shows the hourly changes WOy concentration in théwo stations. It can be concluded

that Highway 401 traffic has a higher effect in termsl@k rather tharPM s.

120



—— Toronto West

200 ~—  Toronto Downtown
175
150

7

5125

c

2

®

e

T 100

Q

(%]

£

Q

V]

x

o

> 75

0

jah Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2017
Month

Figure 5-8. Hourly NOx Concentration in the Toronto West and Toronto Downtown Air
Pollution Monitoring Stations in 2017 (ppb).

Figure 5-9 and Figure 5-10 show the annual average NOx concentration due to
Highway 401 traffic in 2017. The annual average concentratibiOafat the Toronto West
station misTo Validhtd the auiput from AERMOD, isiassumed that the
difference betweehNOx annual average concentration in Toronto West station and Toronto
Downtown station is due Oy pollution coming out of Highway 401. The annual average

concentrations dllOyx in Toronto West and Toronto Downtown tetas are 39.53 and 29.21
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e grP, respectively. The difference between these annual average concentrations, which is
assumed to be related to HighwBOx po | | ut i o n,m’. iAs thelodtpu fom e g /
AERMOD s h o wms ofNOdc8ncentmation, the modeling result has a 30.3% error,
which is &ceptablan air pollution modeling.

Figure 5-9 and Figure 5-10 show that at distances further than 2,000 m, the annual
averaggNOxconcentration due to Hi gmwmagontrdsQthe t r af f
average concentr atm atdistansedessithgrh200 m. Ahishown & ¢ g/
Figure 5-9, the concentration dNOy is higher in the western parts of Highway 401. The

reason is the higher traffic count in those regions
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The maximum concentration due to traffic is plotted=igure 5-11 and equals 101
¢ gnP at the Toronto West station. The annual average and peak concentrations show a

significant amount oNOy, which can cause chronic and acute health problems.
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Figure5-12 shows the population density in Toronto. It can be seen that although most

of the highpopulated areas are located in Downtown Toronto, there are some

neighborhoods with a high population @&ds Highway 401.
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Figure 5-12. Population Density in Toronto in 2016 (person per kmz2).

Combining the results fromRigure5-9 andFigure5-12, one can find the dissemination
areas with higheNOx concentration due to Highway 40daffic, shown inFigure 5-13.
Analyzing Figure 5-12 and Figure 5-13 together, it can be seen that there are some
dissemination areas with low population and Higbyx concentration close to Highway 401,
and some dissemination areas with high population andN@ssconcentration far from
Highway 401.These two types of dissemination areas are important in terms of health cost

calculation. Although the health risk in far regions is lower, the high population increases
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the number of events. On the other hand, although the population is low near idher,corr

the higher concentration increases the health risk.
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Figure 5-13. Dissemination Areas with Higher Corridor-Related NOx Concentration (e g/m?3).

Combining the populationNOx concentration, mortality rate, and increased risk of
mortality, Figure 5-14 can be generated. The total increase in premature deaths due to
Highway 4Q traffic is 52 (95% CI 2678). Using the mean VSL, the total cost of premature
deaths due to Highway 4080« concentration equals CAD 416 million per year. In
comparison toChapter 4 in which the health cost of headuty truck pollution along
Highway 4@ from Windsor to Montreal was estimated, the previous estimation was found
to be much lower than the current estimatjat]. In Chapter 4 the health cost for all
pollutants in all regions around Highway 401 fraiindsor to Montreal was found to be
around CAD 100 million per year. As stated in that study, estimating the health cost in urban

areas using the national health cost average woardiderably be underestimatirifpble
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5-8 shows the premature deaths prevented in different scenarios and the monetary benefits

of ZEVs in terms of health cost in each of these scenarios.
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Figure 5-14. Different Health-Risk Zones in Vicinity of Highway 401 due to Corridorrelated

NOx pollution.
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Table 5-8. Annual Health Benefit Under Different Traffic Profiles.

Scenario Prevented death per year| Prevention of Mortality (CAD million/year)
(ngoga,;‘% 3 (95% Cl 24) 24
(10°S/c(>:lir23arlifjcks) 3 (95% Cl 24) 24
(S;(Jec;)agg 12 (95% CI 618) 96
(SOSO/EGan rti:)JleS) 14 (95% CI 721) 112
(Sl(c)%g/?r,i;\s;) 24 (95% CI 1236) 192
(103&62?:”&%5 28 (95% Cl 1442) 224

Figure5-15 shows the comparison of tiNOy concentration between aix scenarios.
As can be seen, the annual average of highway traftitedNOy pollution decreases by
more than 50% in Scenario 6, in which all heawyy trucks become FC trucks. In other
words, although heawgluty trucks have less than 10% of the traffaunt sharethey are

responsible for more than 50% of Highway 4y pollution.
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Figure 5-15. Annual Average Corridor-related NOyx Concentration in all scenarios § g/mq).

Comparing the results froable5-7 andTable5-8 one can see that the health cost of
traffic for Highway 401 is much higher than the environmental cost. For instance, the health
and environmental benefit of Scenario 6 (100% FC trucks) af@ 24 million and CAD
5.7 million per year, respectively. In total, Scenarios 5 and 6 have the benefit of around
CAD 241 million and CAD 230 million per year, respectively.

The results also show that despite a lower share of kahatyytrucks in Highway 4D
traffic, they have almost the same significance as passenger vehicles regarding total

environmental and health costs. In other words, although reaching 100% FC trucks scenario
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is more accessible than achieving 100% electric passenger vehicles in texffstcind
money, 100% FC trucks scenario has almost the same benefit as 100% electric passenger

vehicles.

5.4 Conclusion

The transportation sector has the highest potential for environmental and health cost
reduction amongst other energglated sectors suclas commercial, industrial, and
residential. Specifically, pollutants such as PM, G0x, andNOx emitted from major
hi ghways significantly i mpact +rafiopidhwayss | i
have asignificantrole in producing GHG emissig. Substitution of passenger vehicles and
heavyduty trucks with ZEVs can reduce the negative impact of transportation on GHG
emissions and health costs.

This chapter presented a model to investigate the environmental and health costs
related to Highway @1, the busiest highway in Canada. An integrated model was built to
calculate the health benefit of the substitution of fefsml vehicles with ZEVs. A
combination of MOVES2014b, WRF model, and AERMOD were used to calculate the
concentrations dPM..s ard NOy in the vicinity of Highway 401. Then, the mortality risk of
NOx was calculated using hazard ratios from the literature. The health chi€ah six
scenarios was calculated using VSL. Also, GREET was used to assess lifeCEcle
emission from hegwduty trucks and passenger vehicles in six different scenarios. Then, the
environmental cost was calculated by multiplying the t@&r emission in different

scenarios by the Canadian carbon tax, which is CAD 40 per tor@@,0f
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The results show thaNOx has the highest impact on the mortality rate. Other
pollutants are less likely to have high impacts on human health because of their lower
concentration or lower hazard risk. Also, the health impact due to trucks pollution is higher
than passenger vehid, despite their lower traffic share. It can be concluded that investing
in trucks pollution reduction is more rational. Also, the environmental cost of Highway 401
traffic is calculated to be CAD 55 million per year, which can be reduced to less tha CAD
million per year by converting passenger vehicles to-eerssion electric vehicles. Also,
converting all trucks to FC trucks can reduce the environmentatac@D 49 million per
year. Finally, it was concluded that investing in FC trucks has aehighority than
investing in electric passenger vehicles. Despite a lower share in Highway 401 traffic, the
economic benefit of the 100% FC truck scenario is almost the same as the 100% electric

passenger vehicle scenario.
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6. Traffic air pollution prediction and health cost
estimation using machine learning: A case study of

Toronto, Canada

6.1 Introduction

The transportation sector is one of the most eneogyuming economic sectors in the
world. In 2018, about 50% of the world's oil consumption was used for road transportation
[144]. Additionally, transportation is an essential contributor to economic development and
social growth and this sector is expected to grow with population and economic grbeth.
utilization of this sector has risen over the years, with the number of passenger kilometers
increasing by 260% in the Organisation for EconomicoPeration and Development
(OECD) countries between 1970 and 2[ad8]. [145]. However, since most automobiles

use fossil fuels such as gasoline and diesel, thepwa@asion sector negatively affects
society through air pollution and greenhouse gas (GHG) emissions. In Canada, the
transportation sector accounts for 24% of total annual emissions, with road transportation
accounting for 82.5% of the transportation secfé7]. GHG emissions from the
transportation sector are from fossil fuel combustion in internal combustion engine vehicles
(ICEVs) that provide transportation services. The GHG emissions and contribution to
climate change are not the only exigity of using fossil fuels in the transportation sector.

Air pollution is the largest environmental cause of diseases and premature death in the world

with an estimated 9 million premature deaths caused by pollution in 2015 accounting for 16%
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of all dedhs worldwide[146]. In some countries, pollution can be the cause of more than 25%
of all deaths. In Canada, it was estimated that there were, on average, about 21,000
premature deaths caused by air pollution during the 2@B@)sSome of the most common
pollutants released from ICEMaclude nitrogen oxidesNOx), sulfur oxides (S, and
particulate matters (PM or PMo), all of which have negative effects on human health
[147]. NOx, SOy, and particulate atters (PMs or PMo) air pollutants have been found to

be a factor in causing serious diseases such as chronic obstructive pulmonary disease,
chronic ischemic heart disease, diabetes, strokes, and tracheal, bronchial, and lung cancers
[148].

Due to the negative effects on climate change and human health of-rekdted air
pollution, governments around the world have started to focus more on cleaner
transportation solutiong10]. Electric vehicles (EVs) are an excellent alternative to
conventiorl vehicles because they are zemission vehicles (ZEVs) and do not release
any harmful pollutants while on the rofdL2]. EVs can use batteri¢¥l11,149]or hydrogen

fuel cells [88] as energy storage systems. Batteries are better suited foduighand
passenger vehicles while hydrogen fuel cells are more fitted to be used in medium and
heavyduty trucks. Since davyduty trucks release more air pollutants than passenger
vehicles, the use of hydrogen fuel cells in vehicles is more promising regarding the
reduction of traffierelated air pollutiorj11].

Despite the advantageof EV deployment such as reducing air pollution and GHG
emissions from the transportation sector, the transition from conventional vehicles to

alternative options has been facing major challenges. The cost of infrastructure including
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generation capacitfransmission lines, and charging/refueling infrastructure to support EVs,
for instance, is a major roadblock to their mass rollout. As a result, the transition to EV
utilization in the transportation sector, as in any sociotechnical system, must @ohwalkyr

and logically to ensure optimal outcomes in terms of socioeconomic bghBois

In recent years, many researchers have been working on investigating the benefits of EVs
and their effect on the reduction of traffielated air pollution and its negative health impact.
Schneidemesser et §l51], conducted a study to quantify the air pollution from vehicle use

in urban areas. The authors ¢onsidered the effect of environment, density traffic, and
vehicle type (buses, trucks, personal cars) on the particle concentrations. The focus of the
analysis done in was to assess the cyclists exposure to pollutants and is was assessed by
analyzing traks with accompanying video footage. Ventura efl&2], assessed the effect

of vehicle inspection and maintenance programs on air pollution. The authors analyzed the
available data from 2014 to 2017 in Rio de Janeiro state, Brazil. The conclusion of the
analysis done in showed that lack of maintenaresd to the increase of CO and
hydrocarbon emission from vehicle use up to 5 times compared to national limits. Ke et al.
[153] developed a model to estimate energy consumption, GHG emissions, and pollutant
emissions from different lightluty passenger vehicles. Each vehicle type emission was
estimated using the assumed vehicle emission factors of various vehicle technologies. The
emission factors for VOCsNOx, and PM2.5 for: multiport fuel injection (MPFI) vieles,
gasoline direct injection (GDI) vehicles, and hybrid electric vehicles (HEVs). The results of
the analysis performed by Ke et |I53], showed that while battery electric vehicles (BEVS)

have a high potgial in reducing pollution. The reduction RO« from vehicle use, however,

134



depends on the source of electricity and will drop if the share ofassil electricity in
imported power reaches 30%. Some researchers have used empirical data collection to
assess the pollutant emissions from different types of vehicles. Kebede [@b4]l. for
instance, used random roadside testing of different public transport vehicles to analyze the
stardard compatibility of ofroad vehicles. The analysis was done by collecting data from
random roadside inspections of dieBedled vehicles in in Addis Ababa, Ethiopia. The
authors tested 358 vehicles manufactured between 1960 and 2017 including mimimses,
sized bus, and large buses.

The limits of traditional methods have made machine learning a popular tool in
recent years for air pollution modelling. Machine learning is used to refer to a wide range of
techniques that use available data to gain kedge about the correlation of different
parameters and enable forecasting. Bougoudis ¢1%6], developed a machine learning
model to forecast the air pollutant concatiobn in the Attica area, Greece. The model
developed used clustered datasets that shared similar characteristics including pollutant
concentration, day, hour, month, temperature, and relative humidity. In this way, the model
gained the knowledge on theroglation of the different factors on pollutant concentration.
The model then used the knowledge to forecast pollutant concentration based on
contributing factors. Lautenschlager et H56] developed a machine learning for air
pollution modeling that could work based openly available data source OpenStreetMap.
Sinnott and Guafil57] assessed éhpotential of linear regression models, artificial neural
network (ANN) and long, short term memory (LSTM) models in PM2.5 pollution prediction.

The results of the analysis done in showed LSTM forecasted the PM2.5 concentration with
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the highest accuracyBoth linear regression and ANN models did not perform well in
forecasting high PM2.5 concentration values.

Air pollution modeling is used in the literature to quantify the reduction of air pollution by
mass EV rollout. A common approach to model the spdiséribution and concentration of
traffic-related air pollution is the land use regression mfdd].

Wen etal [159] developed a novel spatiotemporal convolutional long sieomt memory
(LSTM) neural network to predict air pollution concentration. The modeltsnpere the

delay between PM2.5 concentrations from monitoring stations as well as some
meteorological and aerosol data such as humidity, temperature, wind speed, planetary
boundary layer height, and aerosol optical depth (AOD) near the stations. PM2.5
corcentration data from over 1000 air quality monitoring stations in China were used to
validate the moddll52]. The use of meteorological and aerosol data was found to improve
the accuracy of the proposed model significantly. Tong e{180], proposed a deep
learning spatiotemporal model combining LSTM and recurrent neural network to predict the
daily concentration of PM2.5. Due the lack of data, only three features were used, which
were longitude, latitude, and time. The model was validated using ground PM2.5 data from
the US Environmental Protection Agency (EPA) 's Air Quality System (AQS) and was
found to have acceptable acacy. Adding more features such as AOD, land use, roads,
emissions, elevation, and weather conditions could improve the accuracy of the model, as it
was determined that the temporal correlation was superior to the spatial correlation. Huang
et al.[161], predicted the PM2.5 concentration in the air in Beijing and Shanghai using a

deep neural network model which was the combination of LSTM and convolutional neural
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network. The input features used in the model includ€s concentration, accumulated
wind speedand accumulated hours of rain. Results showed that the overall accuracy of the
model was verified with low average mean absolute error (MAE) and root mean square error
(RMSE) from the model outputs. Fan et |l62], presented a spatiotemporal prediction
framework using a deep recurrent neural network consisting of LSTM layers and fully
connected lagrs. This model was able to handle missing data in the time series. The model
was trained using reavorld air quality and meteorological datasets in the Jingjinji area of
China, and it was found to have a high accuracy in predicting sudden heavy pelanis

and average patterns. Qin et [dl63], were able to forecast the PM2.5 concentrations in
some regions of China as a time series. A convalatioeural network was used as the base
layer to extract input features, which were meteorological data and pollutant concentrations
in their air pollution prediction model. An LSTM network was also used to extract the time
series features for the inputtda This approach performed well in predicting PM2.5
concentrations, but it could be improved by adding more factors such as geomorphic
condi t i on s[164]Gompardd the perfoariance of five different machine learning
regressors in regards to predicting PM10 and NOG&centrations in the city of Zagreb,
Croatia, and found that Lasso regression was the best performing algorithm. Additionally, it
was shown that seasonal weather conditions and traffic locations affected the concentrations
significantly. Li et al.[165], used machine learning algorithms to determine hourly street
level PM2.5 andNOx concentrations. Random forest was determined to thepbesirming
algorithms out of the six that were utilized and evaluated. It was also found that non

emission factors, like nelocal pollution and temperature, accounted for a sicpguif
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amount of pollution concentration predictions, while the rest came from direct emission
contributors like vehicles.

The review of the air pollution modeling literature shows that the research is mainly focused
on analyzing PM2.5 emission. Howev&(Ox emission modeling has not be thoroughly
investigated in the literature, althoudtOx is a harmful pollutant is released in large
guantities by diesel vehicles which are very common in the transportation d#8tas. the

cause of many health concernsgluding serious respiratory disegdd4€6]. About 10,000
premature deaths in Europe in the year 2013 can be attributed tbl@jgbdmissions from
light-duty diesel vehicld467]. In thatsense, it is crucial to use machine learning methods to
investigate and predidiOx concentration from fossil fuel consumption and to quantify the
health benefits dNOx reduction via the transport electrification.

In this work,NOx concentration in Tordo is predicted using an LSTM model that is trained
based on previous timestep data. The Keras module in Python is utilized to develop the
model. LSTM is a recurrent neural network model that uses a sequence of data to predict the
outcomes in the futuret Is widely used to predict energy consumption, weather forecast,
traffic forecast, or air pollution concentratift63,168 172]. The neural network undergoes

a sensitivity analysis to determine the best network parameters. Aelongorediction is

then presented using the developed model. Finally, the health and economic benefits of
ZEVs are estimated using the results from the machine learning air pollution prediction
model.

Air pollution concentration in an area is a function of pollutant sources arather

conditions. Traffierelated air pollution, HVAC (heating, ventilation, and air conditioning)
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system air pollution, and owtf-Toronto air pollution are critical sources of pollutant
emissions in the city of Toronto. Weather parameters includingetetyse, wind, humidity,
precipitation, and solar radiation are also factors that can affect pollution concentrations in
different areas.

This research contributes to the literature by:

A Using a machine learning model to predict air pollution in the city of Toronto;

A Using traffic data, in addition to air pollution data and weather data, as an input to
the LSTM model that is used to predict air pollution centration in different areas @fitd;

and

A Estimates monetized health impacts from pollution emission base on the

concentration predicted by the model.

6.2 Methodology
This section provides an overview of the methodology and assumption used for modeling
NOx emission in this workFigure 6-1 shows the methodology used to estimate the health

cost caused by traffirelated air pollution in Toronto.

139



Dfferent Scenario of Electric Vehicle share in Traffic
(2.5%, 5%, 7.5%, 10%)

Air Pollution Estimation using LSTM
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Figure 6-1. Methodology used to estimate the health benefit of increasing EV share in Toronto
In the model developed in this work, Long Skbe'rm Memory (LSTM) model is first
developed using features including weather data and time of the day as slogure®-1.
The objective of the LSTM model is to predict ti®x pollution based on the weather, time,

traffic count, andNOx pollution from previous timesteps. The developed model is then used
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to estimate annual averad#Oyx concentration in four different locations in the city of
Toronto in four different scenarios.h& annual averaghlOx concentration in Toronto's
Dissemination Areas (DA) is estimated using nearest, linear, and cubic interpolation
methods. Based on the estimated pollution reduction and population data, the decrease in
mortality rates is calculated ing Hazard Ratio (HR). Finally, the prevented deaths in all
scenarios are converted to monetary values using Value of Statistic Life [45.)

Figure 6-2 shows the features used to predict W@y concentration in Toronto. There are
four air pdlution monitoring stations in Toronto: Toronto Downtown, Toronto East, Toronto
North, and Toronto West. The hourly concentration of different pollutants in these four
stations is available onlin@73]. Also, the hourly traffic count data in forty stations were
used to input the LSTM mod¢§l74]. The other input to the LSTM model is the weather
data as it has a significant effect on pollution dispersion. Time data, including year, month,
day of the week, and hour of the day are used to consider the temibectd en NOx

concentration.
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Weather data

Time data

Figure 6-2. Schematic of features used in the LSTM model.

The details of different inputs to the modeédescribed below.

6.2.1 Weather data
The hourly weather data in tHeronto City Centre station is extracted for the 20087
interval[175]. It includes temperature, relative humidity, wind direction, and wind speed. To

shed light on the weather pmies in this chapter, a brief explanation is represented below.
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6.2.2 Temperature
Figure 6-3 shows the monthly average temperature changfe®ws the hourly average
tempeature for each month in the city of Toronto. As can be seeRigare 6-3 the
temperature drops to a minimum in the early morning and has a maximum in the afternoon
in all months A comparison ofigure6-3 andFigure6-8 shows the idea that an increase in
the temperature on the ground has a significant itnpathe amount dlOx concentration.
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Figure 6-3. Temperature monthly average during a dayfor different months.

6.2.3 Wind Speed
Figure 6-4 shows the hourly average wind speed changes during the day for each month.
Except for December and January, the wind speed profile shows a vast difference between

morning and afternoon wind sed. Also, it can be seen that the wind speed is higher in

143



colder months. Wind speed not only affects the dispersion of the pollutants, but also can
influence the amount of pollutants coming from other regions.
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Figure 6-4. Monthly average of Wind Speed during a day.

6.2.4 Precipitation

The hourly data for precipitation could not be found on the web; however, the number of
days with precipitation depicted in the figure below can show the importansecbfa
datasetFigure6-5 shows the number of days with precipitation (rain or snow) in each hour
during a year. Instead of precipitation quantity, the weather ¢ond# used as a feature to
train the machine learning model. In this regard, threatherconditionsareconsidered: No

precipitation, Rainy, and Snowy.
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Figure 6-5. Number of days with precipitation in each single hour.
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6.2.5 Traffic count data

Figure6-6 andFigure6-7 show the traffic count distribution over a year for a single location
(Lake Shore BlvdEast Bound, West of Oarsman Dr) in the city of Toronto is sHaw#].

The number of vehicles on weekdays is higher than on weekends. Also, the traffic pattern is
different for weekdays and weekends because of work commuters during weekdays. As a

result, the day of the week is chosen to be an input feature to the LS@# foopredicting

air pollution.
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Figure 6-6. Monthly average traffic count data (Weekdays).
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Figure 6-7. Monthly average traffic count data (Weekends)

6.2.6 Air pollution data

Figure 6-8 shows the monthly averagéOx concentration at the Toronto Downtown air
pollution measurement station. The minimum amount of air pollution, at this station,
happens in the months of May through July, during the Spring and early Summer. The main

reasons for this patterare the higheruse of heating systems and variation of sunlight in

Winter and Summer.
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