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Keywords: Road transportation accounts for 25% of total greenhouse gas (GHG) emissions in British Columbia (B.C.) and
Road freight transport more than half of these emissions originate from road freight transport. We examined the potential of all-electric
Electrification

freight trucks to achieve 64% GHG emissions reduction by 2040. The results suggest that even the stringent
regulations on fuel efficiency of conventional trucks will fail to steadily decrease the emissions. More than 65%
of freight trucks would have to run on all-electric powertrains which translates into 100% sector penetration as
early as 2025. We assessed the available local energy resources for mass market penetration of all-electric trucks.
The results suggest that every 1% of GHG emissions reduction from road freight transport would require
1.5-3.8% additional hydroelectric generation by 2040. Correspondingly, a 64% reduction requires 12-33 TWh
of electricity. That is 2.5-6.5 times the projected generation of the B.C.’s largest hydroelectric project in decades
(Site C). Hence, new policies are required to support diversified renewable electricity generation and low-carbon
pathways. For example, carbon capture and sequestration coupled with provincial reserves of natural gas can
enable low-carbon hydrogen production and decrease the electricity requirements for zero-emission vehicles in

Well-to-Wheels GHG emissions
Energy resource assessment

B.C.

1. Introduction

The transportation sector accounts for the largest portion of total
Greenhouse Gas (GHG) emissions in British Columbia (B.C.), and two
thirds of these emissions originate from on-road vehicles (Fig. 1). The
trucking industry has been a leading contributor to the road transpor-
tation sector with a 13.5% GHG emissions increase from 2007. Freight
trucks are also significant sources of criteria air contaminants (CAC),
like Particulate Matter (PM 10, PM 2.5), Nitrogen Oxides (NOx),
Carbon Monoxide (CO) Sulphur Oxides (SOx) and Volatile Organic
Compounds (VOC), which adversely affect air quality and human
health.

In B.C., the provincial government's Climate Action Plan targets
80% GHG emissions reduction in 2050 compared to 2007 (Government
of B.C, 2005). If we assume an 80% GHG emissions reduction for road
freight transport, this would require GHG emissions below 1.88
MtCOzeq by 2050. The total Well-to-Wheels (WTW) GHG emissions of
freight trucks was 10.56 MtCO,eq in 2014, and the per capita Gross
Domestic Product (GDP) is projected to grow in B.C. by 20% in the next
20 years (NEB, 2016). Due to the direct correlation between the number
of freight trucks and GDP, it may be difficult to reduce emissions in this
sector while simultaneously ensuring economic growth (OECD, 2011).
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Several options are suggested for reducing GHG emissions from
freight trucks. The non-technical options consider the efficiency im-
provement of freight logistics such as load-matching and maximizing
capacity, a modal shift to more energy-efficient means of transportation
(e.g., rail) and the standardization of logistics-related facilities and
equipment (CalSTA, 2014). The technical improvements deal with the
efficiency of internal combustion engine (ICE) trucks. In 2013, Canada
began regulating on-road GHG emissions from ICE freight trucks with
Gross Vehicle Weight Rating (GVWR) above 3856 kg. Under the Ca-
nadian Environmental Protection Act, two phases of regulations have
been proposed for the deployment of advanced cost-effective technol-
ogies to increase the fuel efficiency and GHG emissions standards for
new freight trucks. The first phase applies to 2014 and newer model
vehicles, which reach full stringency with model year 2018 (Canada
Gazette Part II, 2013). The second phase is built upon the first phase
and reach full stringency with model year 2027 (Canada Gazette Part II,
2017). It is projected that the full deployment of this legislation will
decrease the GHG emissions by 15-50% from freight trucks with model
year 2027 compared to the 2010 counterparts depending on the ve-
hicle's duty cycle.

While the legislation targets the fuel efficiency of conventional ga-
soline or diesel trucks, some attempts have been focused on alternative
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Fig. 1. 2014 GHG emissions in B.C.: (a) GHG emissions by sector (b) GHG emissions from road transport: change from 2007(NRC, 2016).

fuels. The deep-carbon reduction scenarios for road freight transport
often rely on significant amounts of biofuels. The B.C. Low Carbon Fuels
Regulations states that by 2020 the life-cycle GHG intensity of all
transportation fuels must be reduced by 10% from 2013 levels
(Government of B.C, 2008a). This requirement is expected to be met
using first generation biofuels in the fuel blends, ethanol from corn and
grain, and biodiesel from canola. Ethanol and biodiesel are already
being blended into refined petroleum fuels in B.C. and the blending
percentage is rising steadily. The Ethanol content increased in the ga-
soline pool from 5% in 2010 to 6.3% in 2014, and the biodiesel blend
reached 5.6% in 2014 (Wolinetz and Moorhouse, 2016). One of the
important challenges associated with biofuels is the indirect land use
change, which can result in additional GHG emissions and raises con-
cerns around food security and biodiversity maintenance (Tomes et al.,
2011). Moreover, the amount of sustainable biofuels which will be
available beyond 2020 is uncertain (Girvan and Hall, 2008). Given the
uncertainties and difficulties with biofuels, this option is not likely to
result in significant GHG emissions reductions of road freight transport
required by 2050 in B.C. (BC Hydro, 2011). The non-renewable low-
carbon fuels such as CNG, LNG and propane are now being considered
as transition fuels that could serve as cost-competitive, near-term so-
lutions. The greenhouse gas reduction regulation under the Clean
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Energy Act offers incentives to diversify and grow the market for nat-
ural gas in B.C.’s transportation sector (Government of B.C, 2012). The
incentives target medium- and heavy-duty trucks switching from diesel
to natural gas, and decrease the fuel costs on a per kilometer basis
(Natural Gas Use in Transportation Roundtable, 2010). Natural gas
trucks can reduce tailpipe greenhouse gas emissions by as much as 20%
over gasoline or diesel trucks (McJeon et al., 2014). However, climate
benefits of natural gas heavily depend on the lifecycle emissions of
methane (Howarth, 2014; Venkatesh et al., 2011). The hydrogen en-
riched natural gas (HCNG) engine is another promising technology to
enhance fuel economy and decrease emissions compared with CNG
counterparts. However, implementing the perfect methane/hydrogen
mixture with the current CNG infrastructure and on-board storage are
the major challenges facing the adaptation of this technology. Also,
mitigating the NOx increase as a result of hydrogen enrichment is
challenging and needs to be addressed effectively (Mehra et al., 2017).

The large-scale GHG emissions reduction in B.C. requires that the
long-term fuel portfolio shifts toward renewable or carbon-neutral
fuels. The electrification of road transportation offers zero-tailpipe
emission potential. Electrification could result in large-scale GHG
emissions reductions if the energy carrier is generated from renewable
resources or the production facilities are equipped with carbon
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capturing technologies. All-Electric vehicles are classified into battery
electric vehicles (BEVs) and fuel cell electric vehicles (FCEVs). To date,
electrification has primarily targeted the passenger vehicle market.
Commercial all-electric heavy-duty vehicles are limited to urban de-
livery trucks and buses at the moment (den Boer et al., 2013; Eudy
et al., 2015; HSU, 2017; Hua et al., 2014; Lambert, 2017a, 2017b;
NREL, 2013; O’Dell, 2017).

The BEVs use electricity sourced from the electrical grid to recharge
on-board batteries. Current battery electric trucks, using lithium-ion
batteries, have a range of 150-400 km, depending on the mass of the
battery. These trucks are being developed worldwide for daily based
travel on defined routes with low average speeds, high idle times and
high frequency of stops and starts (den Boer et al., 2013; NREL, 2013).
This duty-cycle makes the overnight stationary charging and battery
swapping suitable for short-haul battery electric trucks. There are a
number of demonstration projects for battery electric semi-tractors that
target captive truck fleets within the companies’ distribution network
(Lambert, 2017a, 2017b). For long-haul applications, the low energy
density of batteries is a barrier, as significant weight and volumes are
required to address the short vehicle range and long recharging times.
Even if the energy density is improved by factors of 5-10, the weight
increase of a 40 t GVWR truck would be approximately 2 —4t. (den
Boer et al., 2013). Moreover, an overnight plug-in charging unit of
19 kW can regenerate the 200 kWh battery within 10-h, which is far
beyond the acceptable idle times for long-haul trucks. To make the
charging time compatible with the refueling time of a conventional
truck (less than 30 min), a 400 kW DC charger and upgrades to the
transmission network would be required. However, battery electric
long-haul trucks are still part of long-term vehicle portfolio when
combined with on-the-road charging technology, e.g., overhead ca-
tenary wires or dynamic inductive charging (den Boer et al., 2013).

Unlike BEVs, FCEVs are comparable to conventional ICE vehicles in
terms of range and fueling time. The toxicity and fire hazard properties
of hydrogen rank it as the safest fuel with a safety factor of 1, while the
safety factors of methane and gasoline are 0.8 and 0.53, respectively
(Veziroglu and Sahin, 2008). Fuel cell technology has been deployed
with fuel cell buses (Eudy et al., 2015) and it has successfully pene-
trated the forklift market (U.S. Department of Energy, 2013). Demon-
strations for fuel cell freight trucks such as package delivery vans and
semi-tractors used in refuse or drayage service are in early stages (ARB,
2015; HSU, 2017; O’Dell, 2017). Fuel cell durability and the volume
and weight of the onboard hydrogen storage system are the key tech-
nical challenges to the adoption of Fuel cell technology in heavy-duty
vehicles. Also, hydrogen fueling stations need to be distributed and
available for heavy-duty fuel cell vehicles with suitable fueling proto-
cols. The California Fuel Cell Partnership provided an Action Plan to
support the implementation of fuel cell technology in medium-duty and
heavy-duty trucks in California (CaFCP, 2016).

British Columbia (B.C.) has several competitive advantages in-
cluding energy resources, technologies deployments, and policies to
pursue opportunities in zero-emission heavy-duty powertrains. First,
B.C. has a wide access to renewable and low cost hydroelectricity, as
well as abundant potential electricity generation capacity from other

Table 1
Freight truck classification (NRCan, 2016).
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renewable resources, like wind, biomass and geothermal energy (BC
Hydro, 2013). B.C. is also Canada's second largest natural gas producer
(NRCan, 2017). If combined with carbon capture and storage (CCS)
technology, natural gas could be one of the main energy resources to
produce hydrogen in the province. Moreover, B.C. possesses the largest
share of hydrogen and fuel cell developers in the world from fuel cell
stack manufacturers to several hydrogen infrastructure-supply compa-
nies (CHFCA, 2016). B.C. also has a leading position in smart grid in-
frastructure deployment which is critical for developing smart charging
technology for electric vehicles (Hiscock, 2015). B.C. has progressive
environmental legislation and climate leadership to support the devel-
opment of zero emission transportation, e.g., the North America's first
carbon tax (Government of B.C, 2008b), Clean Energy Act (Government
of B.C, 2010), Climate Action Plan (Government of B.C, 2005) and Low
Carbon Fuel Regulation (Government of B.C, 2008a). The municipal
climate policies are also in place, helping to promote alternative fuel
vehicles and infrastructure. For example, the alternative fuel bylaw by
Surrey City Council requires all new gas stations to include low-carbon
fuel infrastructure, and Vancouver Greenest City Action Plan targets for
a 100% renewably-powered city by 2050 (MNP, 2016).

In this paper, the 2040 fuel-side WTW GHG emissions from B.C.
trucking sector was projected for two scenarios; named as the business
as usual (BAU) and the current legislation fulfillment (CLF). The BAU
scenario considers no technology improvement in ICE trucks, while the
CLF considers the full deployment of current legislation targeting
freight transportation. The potential of battery electric and fuel cell
trucks to meet the mid-term GHG emissions reduction targets for 2040
was investigated for both scenarios. Also, the total WTW energy re-
quirement for all-electric trucking was quantified and the availability of
different energy resources in B.C. to support zero emission trucking was
assessed.

2. Methodology

In this study, the target year for the vehicle stock projections, GHG
emissions calculations and resource assessment was 2040. The analysis
was based on GDP projections, and forecasts of electricity and natural
gas production and demand in B.C. (NEB, 2016), which were only
available until 2040, at the time of the study. It was also assumed that
the mid-term target for reducing GHG emissions from freight road
transportation is 64% by 2040 from the level of 2007.

2.1. Freight Trucks stock forecasting

The first step to project the GHG emissions from road freight
transport is to project the stock of freight vehicles. Natural Resources
Canada (NRCan) has classified the freight trucks to Light Duty (LD),
Medium Duty (MD) and Heavy Duty (HD) based on the GVWR as shown
in Table 1. For each truck class, the NRCan comprehensive energy use
database for transportation sector in B.C. (NRCan, 2016) provided the
average vehicle use-intensity (kilometers traveled per vehicle an-
nually), number of new vehicles and the vehicle stock from 2000 to
2014. These historical trends were used to project the stock of each

Truck Class GVWR Category/kg Class Range Icon
Light Duty Truck (LDT) <3855 1-2 o
Medium Duty Truck (MDT) 3856 to 14969 3-7 =
H Duty Truck (HDT > 8

eavy Duty Truck (HDT) 14970 @‘__IE
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truck class by 2040.

The historical data on the average vehicle use-intensity (NRCan,
2016) show a decreasing trend for all three truck classes. Since there are
no projections available in the literature for B.C, the vehicle use-in-
tensity was fitted with a quadratic polynomial regression with the
minimum mileage value extending over the studied time frame. The
quadratic regression provides a conservative projection for this study.
Linear and exponential regressions produce near zero vehicle use-in-
tensity for year 2030 onward which is unrealistic for a freight vehicle.

The number of new freight vehicles has been projected based on
historic trends and the real GDP per capita (Eom et al., 2012; Hao et al.,
2015; Limanond et al., 2011). For B.C., the annual increase rate of new
trucks per real GDP per capita was calculated from the historic data on
the number of new trucks and the real GDP per capita between years
2000-2014 (NRCan, 2016). As this historic annual increase rate did not
follow a traceable path, the average increase rate (X) is used for the
projection. Having the average increase rate of new trucks and the
projections on the real GDP per capita to 2040 (NEB, 2016), the new
vehicles of each truck class (NewT) were projected to 2040 as follows:

Zn (NewT; +1 — NewT};)
(GDPj+1— GDP;)

— i

X = _
n-—i

NewT; = X x (GDP, — GDP,_,) + NewT,_,

i=2000, n=2013, N=2040

k=n+2,..,N (@)

The stock of each truck class was projected using the average truck
lifetime in B.C., either in years (Y) or total kilometers (K) (Table 2), and
the projections on the number of new trucks and the average vehicle
use-intensity (U), as follows:

Stock; = Stockj_, + New vehicle; — New vehicle;_;

J
x{uogsy,z UkZKIU—iZY}

k=i

(2)

It is worth mentioning that there are several constraints for the
future growth of freight movements, such as the congestion and capa-
city of road networks, sudden change in fuel prices and economic in-
dicators and the availability of trucks and drivers. However, the ana-
lysis of those factors was beyond the scope of this study.

2.2. GHG emissions projections from road freight transport: BAU and CLF
scenarios

The fuel-side WTW GHG emissions are analyzed from the primary
energy source extraction to the point of fuel utilization. It should be
noted that the life-cycle effects of vehicle manufacturing and infra-
structure construction/decommissioning were not covered in the fuel-
side GHG emission analysis. For the historical WTW GHG emissions
calculation, the tank-to-wheel (TTW) GHG emissions for different truck
classes were extracted from the NRCan database (NRCan, 2016). The
fuel average TTW GHG emissions rate was considered as 2370 and 2734
gCO0eq/lit for gasoline and diesel, respectively (NRCan, 2016). The
GHG emissions associated with fuel production (Well-to-Tank (WTT)),

Table 2
ICE truck characteristics (NRCan, 2016).

ICE Trucks  Average Fuel efficiency Fuel type Lifetime
(lit/100 km)
LDT 11.7 Gasoline 300,000 km or 20
years
MDT 22,21.7 Gasoline, 450,000 km or 15
Diesel years
HDT 40 Diesel 900,000 km or 17
years
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were also considered as 690 and 617 gCO,eq/lit for gasoline and diesel,
respectively (NRCan, 2013). Two scenarios were considered for the
projections, with no alternative fuel or powertrain being added to the
market, as follows:

2.2.1. Business as usual (BAU) scenario

This scenario gives a conservative projection, considering the cur-
rent technology (Year 2014) remains unchanged. Thus, constant
average fuel efficiency (Table 2) was used for the entire projection
period. The annual WTW GHG emissions were calculated for each ICE
truck class using the fuel average WTW GHG emissions rate, average
fuel efficiency (Table 2), and the forecast results on the stock and ve-
hicle use-intensity:
[GHG emissions(gC0O,eq)]

j,truck class
= average fuel WTW GHG emissions rate(gCO,eq/lit)

X [average fuel efficiency (lit/km)] X [vehicle stock);,iruck class

truck class

X [vehicle — use int ensity (km)]; sruck class j = 2015, ... ,2040 3

2.2.2. Current legislation fulfillment (CLF) scenario

This scenario gives a favorable projection on the efficiency of ICE
trucks. It reflects the full deployment of the proposed federal regula-
tions for the GHG emissions reductions from medium and heavy-duty
vehicles (Canada Gazette Part II, 2017, 2013). These regulations man-
date the fuel efficiency improvement of the trucks by considering a
combination of engine efficiency improvements, lower rolling re-
sistance tires, aerodynamic drag improvements, mass reduction, axle
and transmission efficiency improvements and workday idle reduction
systems. The regulatory standards were grouped into 8 categories based
on gross vehicle weight, which include combination tractors (class 7
and 8), vocational vehicles (class 2b-8) and heavy-duty pick-ups and
vans (class 2b-3). The standards for tractor trucks are classified under 9
subcategories based on weight, roof height and cab configuration.
There are also separate standards targeting the engines of these ve-
hicles. However, the available B.C.’s truck statistics are solely based on
three weight categories (NRCan, 2016) as shown in Table 1. In order to
use these standards with the available B.C.’s statistics, fuel efficiency
improvement of trucks was averaged for three weight categories as
shown in Table 3. Also, as the aforementioned regulations do not cover
the GVWR below 3855 kg, the legislation amending the passenger au-
tomobiles and light truck GHG emissions (Canada Gazette Part II, 2014,
2010) was used to represent the light-duty freight trucks.

The annual WTW GHG emissions of freight trucks were calculated
for this scenario using Eq. (3) and considering the fuel efficiency im-
provement tabulated in Table 3.

The historical data on truck utilization and GHG emissions in B.C.
are based on the number of registered trucks in the province. Thus, the
share of trucks entering from other provinces or from United States
borders that are not registered in B.C. was not considered as the source
of GHG emissions (the Weigh2GoBC program does not track vehicles
entering the province unless they are registered in the program.)
(Government of B.C, 2017a) To maintain the consistency of the data in
the projection, we ignored the effect of incoming trucks on the vehicle-

Table 3
Fuel efficiency improvement of freight trucks from deployment of federal regulations in
the Current legislation fulfillment (CLF) Scenario.

Phase 1 Phase 2

2014-2020 2021-2023 2024-2026 2027 onward
LDT 10% 20% 25% 30%
MDT 10% 15% 20% 25%
HDT 10% 20% 30% 35%

112
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Fig. 2. Hydrogen production pathways.

Resource Conditioning Distribution Dispensing Pathway
Natural Central SMR+ . . Tanker Trucks .
Gas cCs —»{ Liquefaction (300 km) »| Compression [—» NGCR
Hydro . . Tube Tankers . .
Electricity Central Electrolysis [ Compression (100 km) »| Compression [——» HyCE
Table 4

WTT energy requirement and GHG emissions for the selected hydrogen pathways (Argonne National Laboratory, 2016; BC Hydro, 2014; Cetinkaya et al., 2012; Damen et al., 2006;
Edwards et al., 2014; Fridriksson et al., 2016; He et al., 2017; Levene et al., 2007; Melaina et al., 2013; NRCan, 2013; Ramachandran and Stimming, 2015; Ramsde et al., 2013; U.S.

DRIVE Partnership, 2013).

Feedstock Production, conditioning and transportation

Natural Gas

Hydro power

354 gCO,eq/m>
Feedstock transformation to hydrogen
Central Reforming + CCS

NG

4.745 m®/kg H,

1768 gCO5eq/kgH,
Distribution and Dispensing
Gaseous delivery

compression at dispenser to
875 bars

2 kWh/kg H,

11 gCO5eq/kWh

GHG emissions

Electricity
1.4 kWh/kg H,
11 gCO,eq/kWh

Energy Requirement
GHG emissions

Delivery (tube
trailer) bars
Energy Requirement
GHG emissions 138 gCOzeq/

tonne.km

Compression to 250

1.5 kWh/kg H,
11 gCO4eq/kWh

11 gCO,eq/kWh
Central Electrolysis

50.2 kWh/kg H,
11 gCO,eq/kWh

Liquefied delivery

Liquid Hydrogen to gas Delivery (tanker Liquefaction
compression to 875 bars truck)
0.6 kWh/kg H, 9 kWh/kg H,

11 gCOeq/kWh 138 gCOseq/

tonne.km

11 gCO5eq/kWh

use intensity and GHG emissions of B.C.

2.3. GHG emissions projections from road freight transport in 2040:
Electrification effect

As FC and BE trucks have zero tailpipe emissions, the WTW GHG
emissions analysis is equivalent to the well-to-tank (WTT) evaluation.
For fuel cell trucks, the WIT GHG emissions are involved in the pro-
duction, transportation and distribution of hydrogen from the energy
source to the on-board tank of vehicle. Fig. 2 shows the two selected
hydrogen production pathways with WTT energy requirement and GHG
emissions mentioned in Table 4. The pathway including central natural
gas reforming (NGCR) was selected as it is the predominant industrial
hydrogen production technology worldwide (Poudyal et al., 2015), and
B.C. has large reserves of commercially available natural gas (NRCan,
2017). The HyCE is a renewable pathway for hydrogen production
using central electrolysis which is feasible in B.C. due to the dominance
of relatively cheap hydroelectric power. For the battery electric trucks,
the WTT analysis accounts for the emissions associated with electricity
generation. The electricity loss from transmission lines was estimated to
be 10% (BC Hydro, 2017a).

The effect of electrification on the GHG emissions of road freight
transport in 2040 was investigated by substituting the WTW GHG
emissions of ICE trucks with the WTT GHG emissions of battery electric
and fuel cell trucks in the BAU and CLF scenarios. For the BAU scenario,
the fuel efficiency of all-electric trucks was estimated based on the
energy efficiency of the powertrains provided by (Helmers and Marx,
2012), and the average fuel efficiency of ICE trucks in B.C. driven from
Table 2. For battery electric trucks, the fuel efficiency was estimated at
2.5, 1.3 and 0.6 km/KWh for light-duty, medium-duty and heavy-duty
trucks, respectively. The fuel efficiency of fuel cell trucks was estimated
at 62, 35 and 16 km/kg H, for the aforementioned classes, corre-
spondingly. For the CLF Scenario, some sections of the current legis-
lation which were not dependent on the powertrain were applied to all-
electric trucks, e.g., lower rolling resistance tires, aerodynamic drag
improvements and speed limiters. These technologies are projected to
increase the fuel efficiency by 15% for LDT, 10% for MDT and 20% for
HDVs by 2027 (Canada Gazette Part II, 2017).

113

The following assumptions were considered in the WTW GHG
emissions calculations of the all-electric freight trucks:

— This study considered the effects of uncertainties associated with the
projection of new vehicles and the vehicle use-intensity on the stock
of all-electric vehicles, energy requirements and the GHG emissions
calculations. The uncertainties associated with vehicle average fuel
efficiency, vehicle average lifetime and the technology efficiency for
different components of fuel supply chain were not covered in this
analysis.

As the share of hydroelectricity is projected to stay above 86% of

total electricity generation in B.C. (NEB, 2016), the GHG intensity of

electricity generation was assumed to stay constant for the studied
time-frame.

The charging loss is included in the total fuel efficiency of the bat-

tery electric trucks (Thomas, 2009).

— The driving range of 120 km was assumed for all classes of battery
electric trucks. Based on this assumption, the effect of battery
weight on the fuel efficiency of battery electric trucks was not
considered in this analysis (den Boer et al., 2013).

— The total electricity required in NGCR and HyCE pathways was as-
sumed to be generated from hydropower.

— The ICE trucks were assumed to deliver hydrogen for both NGCR
and HyCE pathways. In the BAU scenario the GHG emissions asso-
ciated with hydrogen delivery was used from Table 4. In the CLF
scenario, the fuel efficiency improvement of 35% was considered
from fully deployment of federal regulations (Table 3).

3. Results and discussion
3.1. The projection of road freight transport characteristics in B.C

The historical data on the freight vehicle use-intensity in B.C.
(Fig. 3(a)) show that the average annual distance driven per vehicle has
decreased between 28% and 46% over 14 years. The regression analysis
captured the historical trend and the minimum projected value was
assumed to remain constant over the studied time frame. Due to un-
certainties associated with the projections, the maximum positive and
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Fig. 3. Historical data and projections to 2040 for Light-duty trucks (LDT), Medium-duty
trucks (MDT) and Heavy-duty trucks (HDT): (a) Freight vehicle use-intensity in B.C. - (b)
Number of new freight vehicles in B.C. market — (c) Stock of freight vehicles in B.C.

negative deviation from the polynomial fit was selected to account for
the uncertainty region of the study domain. Fig. 3(b) shows that the
number of new freight vehicles entering B.C.’s market will increase due
to the projected increase in real GDP per capita in B.C. The model de-
scribed in Sections 2-1 was calibrated to historical data and compared
to the projected number of new vehicles, where the average difference
was used as the range of uncertainty for the new vehicle projection. The
stock of different truck classes was projected, using the projections on
the number of new vehicles and the vehicle use intensity. Fig. 3(c)
shows that the stock of heavy-duty truck (HDT) grows by 100% in 2040
compared with 2014, while the growth of medium-duty (MDT) and
light-duty trucks (LDT) is 34% and 42%, respectively. It should be
mentioned that the uncertainties associated with the vehicle use-in-
tensity was not reflected in the stock projections, as the vehicle lifetime
constraint measured in years was met prior to the lifetime constraint
measured in total distance traveled for all vehicles classes (Eq. (2)).

3.2. The WTW GHG emissions projection from road freight transport in
B.C.: BAU and CLF scenarios

Fig. 4 shows the results of the fuel-side WITW GHG emissions
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Fig. 4. WTW GHG emissions from road freight transportation in B.C. for business as usual
(BAU) and current legislation fulfillment (CLF) scenarios - Historic data and projections to
2040 (a) Light-duty trucks (LDT) (b) Medium-duty trucks (MDT) (c) Heavy-duty trucks
(HDT).

analysis for different freight truck classes in B.C. If the current ICE
technology persists, the BAU scenario projects that the 2040 GHG
emissions of LDTs, MDTs and HDTs will increase by 39%, 53% and
84%, respectively, from 2007 levels (regardless of associated un-
certainties). With the fulfillment of the current legislation (CLF sce-
nario), these emissions will increase by 11%, 28% and 50% from LDTs,
MDTs and HDTs, respectively (regardless of associated uncertainties).
For LDTs the GHG emissions stay unchanged for around 16 years and
start to decrease afterwards. For MDTs, the GHG emissions will fall
modestly or stay unchanged for around 19 years, then rise gradually
afterwards. For HDTs, there are periods of 2-4 years with slight GHG
emissions reductions, however, a net rising trend can be observed for
studied time-frame. These results suggest that the current legislation,
which focuses mainly on fuel efficiency improvement of ICE power-
trains, will fail to meet GHG emissions reduction targets by 2040. Thus,
switching to zero tailpipe emission powertrains are required as part of
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Fig. 5. Share of all-electric freight trucks (FCE: fuel
cell electric, BE: battery electric) for 64% GHG
emissions reduction from road freight transport in
2040 (from 2007 level): business as usual (BAU) and
current legislation fulfillment (CLF) scenario.
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the long-term solution.

3.3. The electrification effect on the 2040 GHG emissions of road freight
transport in B.C

Fig. 5 shows the share of all-electric freight trucks required to re-
duce 64% GHG emissions from road freight transport in 2040 compared
to those from 2007. The results suggest that the share of all-electric
freight trucks (either battery electric or fuel cell) has to be more than
65% of the freight stock, regardless of the WTT pathway and the con-
sidered scenario. As the annual number of new trucks varies between
5% and 7% of the stock during the projection period (Section 3-1), the
all-electric new trucks are required to reach 100% market share as early
as 2025. Fig. 5 also indicates that less battery electric trucks are re-
quired to meet the target compared to fuel cell trucks. However, the
market penetration of the battery technology is dependent on the duty
cycle of the vehicle, especially, for long-haul HDTs, battery is a chal-
lenging technology to adopt. The same amount of GHG emissions could
be reduced by 5-6% more heavy-duty fuel cell trucks, if hydrogen is
produced via HyCE pathway. It is also observed that the full deploy-
ment of current legislation (CLF scenario) in ICE trucks has the same
effect in terms of GHG emissions reduction as 7-10% penetration of all-
electric freight trucks, in 2040.

3.4. B.C. resource assessment to support all-electric trucking

Fig. 6 compares the electricity requirement to support the 2040 all-
electric trucking, described in Fig. 5, for BAU and CLF scenarios. The
National energy Board projections (NEB, 2016) stated that the total
electricity generation in B.C. will be around 81.1 TWh in 2040, of
which 86% will be generated from large-scale hydroelectric dams.
These projections also stated that the hydroelectricity production in

MDT
CLF Scenario

HDT

= BE-Hydro Electricity

B.C. will surpass the demand by 12% in 2040. Fig. 6 shows that the
extra electricity generation in B.C. can support up to 33% of the fuel cell
trucks (with HyCE pathway) and up to 72% of the battery electric
trucks in BAU scenario, regardless of associated uncertainties. These
percentages can increase up to 42% and 93%, respectively in CLF sce-
nario. The NGCR pathway also requires electricity in different stages of
hydrogen production, transportation and distribution. The total elec-
tricity requirement for meeting 2040 targets via this pathway is 69%
and 55% of 2040 extra electricity generation in BAU and CLF scenarios,
respectively. For illustrative purposes, the total electricity demand of
all-electric trucks was compared to the projected capacity of Site C dam,
which will be the 4th largest producer of hydroelectricity in B.C. The
government of B.C. has announced plans to proceed with the Site C
project despite opposition from indigenous communities and the
mounting construction costs (Government of B.C, 2017b). As shown in
Fig. 6, the required hydroelectric energy for FC HyCE pathway in BAU
scenario is around 6.5 times the total electricity generation of Site C (BC
Hydro, 2017b). Even supporting the battery electric trucks in the CLF
scenario requires around 2.5 times the total electricity generation of
Site C.

The total electricity generation (e.g., in TWh), may not give a
comprehensive picture of the electricity availability to support the mass
electrification in the road freight sector. In B.C., the installed generation
capacity and the peak load of electricity is projected to be 21,000 MW
and 16,900 MW in 2040, respectively (NEB, 2016). Assuming that
sufficient battery electric trucks penetrate the market to meet the 2040
GHG emissions reduction target in the BAU scenario (Fig. 5). Even with
the total extra generation capacity, up to 10% of all battery electric
trucks could use DC fast chargers (50 kW), or up to 25% could use Level
2 AC chargers (19.2 kW) during peak hours. And if all battery electric
trucks use off-peak hours for charging using Level 2 AC chargers (be-
tween 5 and 8 h), a 16,300 MW load will be added to the system. This

20 > Fig. 6. Electricity requirement for 64% GHG emis-
18 Demand Supply sions reduction from road freight transport in 2040
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= 12 current legislation fulfillment (CLF) scenario.
210
L2 8
B
8 6
D 4

S}

R

f=1

MDT HDT

BAU Scenario CLF Scenario

B FCE- HyCE Pathway =~ B FCE- NGCR Pathway % BE-Hydro Electricity

Site C

Extra Hydro
Electricity
Generated in

2040




H. Talebian et al.

40.00%
30.00%
20.00%
10.00%

A\

0.00%

Energy Policy 115 (2018) 109-118

Fig. 7. GHG emissions change in 2040 road freight
transport compared with 2007 — 100% of freight
trucks running on hydrogen produced from central
natural gas reforming (NGCR) pathway without
carbon capture and sequestration (CCS)- business as
usual (BAU) and current legislation fulfillment (CLF)
scenario.
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means peak hours may extend to midnight and early morning.

The projections on the total electricity generation show that the
hydroelectric power can hardly satisfy the large electrification of road
freight transport in B.C. Also, the projected installed electricity capacity
is not ready to support the large percentage of battery electric trucks on
the roads. It should also be noted that B.C. can no longer rely on any
imported power to meet the forecast requirement. The BC Clean Energy
Act called on BC Hydro to become self-sufficient in electricity produc-
tion and a net exporter of clean electricity starting in 2016. Also, the
Clean Energy Act banned the future development of large-scale hydro-
electric storage dam projects on all rivers in B.C., except for site C.
Thus, the diversification of the renewable supply mix seems to be in-
evitable to support large-scale electrification.

The latest BC hydro integrated resource plan (BC Hydro, 2013) as-
sessed the long-term electricity generation potential of several renew-
able resources like wind, geothermal, biomass, solar, tidal and wave
energy based on the technical and cost attributes. The results indicated
that the wind, geothermal, and biomass resources have the least leve-
lized" energy costs. The total technical onshore and offshore wind re-
source potential in B.C. was estimated at 102 TWh, of which 43% can
be harvested for less than $200 per MWh. The geothermal resource
potential in B.C. was estimated at around 12 TWh, of which 50% is
below $200 per MWh. Only conventional hydrothermal resources using
flash or binary technologies are considered within BC Hydro's resource
assessment (BC Hydro, 2013). The wood-based biomass resources
available for bioenergy production were estimated at 3.22 Million
tonnes of dry wood for the 2026-2040 time-frame (Industrial Forestry
Service, 2015). This translates to the technical electricity production
potential of 4.5 TWh, generated mostly below $200 per MWh. From the
National Energy Board projection database (NEB, 2016), 1.4% of B.C.’s
wind resource potential and 40% of the combined biomass and geo-
thermal potential will be used in electricity generation in 2040. These
data illustrate the wind electricity potential in B.C. to support the
electricity demand from the transportation sector. However, the inter-
mittency associated with wind-generated electricity poses a challenge
with regards to load leveling at large capacities (APS Physics, 2010).

The power-to-hydrogen pathway is a promising option to mitigate
the intermittency of wind energy in a form of stored hydrogen.
Hydrogen could be produced via electrolysis during off-peak demand
hours at lower price and stored as an electricity back-up or directly used
for transportation needs. In the short term, as the transportation is

! The levelized cost of a unit of energy ($/MWh) from a resource is the ratio of the
present value of the total annual cost of an energy resource to the present value of its
annual average energy benefit. The levelized cost is dependent on the accessibility of the
generation sites to powerlines.
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predominantly reliant on fossil fuels, the electrolytic hydrogen can be
used in oil refineries to reduce the carbon intensity of the petroleum
fuels (Al-Subaie et al., 2017). Also, electrolytic hydrogen can be in-
jected to the natural gas system and used in hydrogen enriched natural
gas (HCNG) engines (Mehra et al., 2017). Thus, the power-to-hydrogen
is helpful to increase the flexibility of the power system and enables the
high contribution of wind electricity in a short and long-term per-
spective (Maroufmashat and Fowler, 2017; Tractebel Engineering and
Hinicio Consulting, 2017).

The NGCR pathway opens up the opportunity to partially unburden
the renewable electricity generation to reduce GHG emissions from the
road freight transport. The natural gas requirement for NGCR pathway
is approximately 3x10° m® and 2.4 x10° m® for BAU and CLF sce-
narios which is 3% of projected production for 2040 in B.C. (NEB,
2016). However, the GHG emissions reduction of the NGCR pathway is
dependent on the deployment of large-scale carbon capture and se-
questration (CCS) facilities, and CCS technology is yet to be widely
deployed. The economic feasibility and potential environmental im-
pacts of CCS may limit its application (Sawyer et al., 2008). The po-
tential carbon storage reservoirs in B.C. are the sedimentary basins
which are mostly located in the northeastern regions. These sites have
been historically used for acid-gas injection (Bachu, 2004), however,
their feasibility for CO2 storage needs further study. In this study, the
CCS was considered with 85% efficiency (Damen et al., 2006). Fig. 7
shows that the NGCR pathway without CCS falls short of meeting the
GHG emissions target in road freight transport, even with 100% of truck
stock running on hydrogen.

3.5. Comparative analysis of emission reductions and energy requirements
across scenarios

Converting more than 65% of all freight trucks to electric power-
train by 2040 may be challenging. Currently, there is uncertainty over
the cost and lifetime of these vehicles. Also, the availability of charging
stations and hydrogen refueling infrastructure in neighboring provinces
and the United States can affect the all-electric long-haul transportation
in B.C. Hence, we consider the penetration requirements for every 1%
GHG emissions reduction from the trucking sector in 2040.

According to Fig. 8, 11,000 to 14,000 all-electric freight trucks are
required for every 1% GHG reduction from B.C.’s road freight transport
in 2040. As the contribution of HDTs to the GHG emissions is higher, a
smaller number of all-electric HDTs is necessary to reduce the same
amount of GHG emissions compared to the all-electric LDTs or MDTs. It
is also observed that a larger number of all-electric trucks is required for
every 1% GHG emissions reduction in CLF scenario than BAU scenario.
Since the energy efficiency of ICE technology in CLF scenario is higher
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than the BAU scenario, the CLF scenario is more resilient to emissions
reduction. In other words, the ICE technology in CLF scenario is com-
peting with all-electric powertrains in GHG emissions reduction.

In terms of well-to-wheels energy requirements (Table 4), the hy-
drogen dependent pathways require more than twice as much energy as
the battery electric dependent pathway (i.e., 2.2 for the HyCE and 2.5
for the NGCR pathway). Amongst, the NGCR is the most energy in-
tensive pathway for all-electric trucking. The hydroelectricity require-
ment for every 1% GHG emissions reduction from road freight transport
is 1.5-1.8% of the B.C.’s 2040 total extra hydroelectricity generation for
battery electric trucks and 3.3-3.8% for fuel cell trucks with HyCE
pathway, depending on the scenario.

4. Conclusions and policy recommendations

In this study, the 2040 GHG emissions from road freight transport in
B.C. was projected to investigate the effect of all-electric trucking on
GHG emissions reduction. The analysis was built based on two sce-
narios named as the business as usual (BAU) with no technology im-
provement in ICE trucks and the current legislation fulfillment (CLF),
which considered the full deployment of current legislation targeting
freight transportation.

The analysis showed that the continuity of the current ICE tech-
nology (BAU scenario) by 2040 results in 39%, 53% and 84% GHG
emissions increase from 2007 levels for LDTs, MDTs and HDTs, re-
spectively. Also, the CLF scenario fail to set the GHG emissions on a
downward trajectory. The projection results showed that all-electric
trucking can help B.C. reduce 64% of the emissions from road freight
transport by 2040. The WTW energy and GHG emissions analysis in-
dicated that the share of all-electric freight trucks is required to be more
than 65% of the stock, regardless of the WIT pathway and the con-
sidered scenario. Therefore, the government is required to enforce strict
fleet emission regulations and allocate early-market subsidies for
manufacturers, customers and the infrastructure developers to promote
all-electric vehicles. Moreover, the partnerships between public au-
thorities to mass-purchase electric vehicles for the public fleets, can
provide reliable demand for vehicle manufacturers (Lambert, 2017c).

As the WTW energy efficiency of battery electric trucks is more than
two times higher than fuel cell trucks, less battery electric trucks are
required to meet the 2040 GHG emissions target. However, the adap-
tiveness of the battery technology is dependent on the duty cycle of the
vehicle. Due to higher energy efficiency of battery electric trucks and
the battery technology limitations, battery electric trucks are poten-
tially fit to cover urban delivery with short and well-defined routes.
This duty cycle is suited to light-duty and medium-duty classes. The
heavy-duty class is suitable for long-haul application between the me-
tropolitan areas which can be satisfied by fuel cell trucks. It is

recommended that policy strategies support both fuel cell and battery
electric powertrains, as they are complementary solutions to dec-
arbonize road freight transport.

The analysis showed that every 1% GHG emissions reduction from
road freight transport requires between 1.5% and 3.8% of 2040 extra
hydroelectric generation in B.C. Thus, the B.C. hydroelectricity will fall
short of generating sufficient energy to support all-electric trucking,
required to fulfill the 2040 emissions reduction target. Therefore, B.C.
has to undertake policies to incentivize electricity generation from di-
versified renewable energy resources. Wind energy provides reliability,
wide scale resource availability and economic competitiveness with
hydro power. The current B.C.’s policies such as 10-year exemption
from participation rents for new wind projects lays the ground for wind
energy development. However, more policies may be required to ad-
dress the economic challenges of wind project developments in the
private sector. Along with expanding energy resources, transmission
capacity needs to be increased to meet the on-peak demand created by
mass adoption of electric vehicles.

Natural gas may provide a pathway for low-carbon hydrogen pro-
duction in B.C., but it would require CCS technology development and
deployment. This pathway can help B.C. decrease the electricity re-
quirements for all-electric trucking.
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