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bstract

The objective of this study is to put forward a full analysis of the impact of the difference between the Canadian and American energy realities
n the life cycle of fuel cell vehicles and internal combustion engine vehicles. Electricity is a major type of energy used in the transportation sector.
lectricity is needed in the production of feedstock of fuel, the production of the fuel, the production of the vehicle material and the assembly of the
ehicles. Therefore, it is necessary to investigate the impact of the electricity mix difference between Canada and the United States. In the analysis,
he life cycle of the fuel consists of obtaining the raw material, extracting the fuel from the raw material, transporting and storing the fuel as well as
sing the fuel in the vehicle. Four different methods of obtaining hydrogen were analyzed; using coal and nuclear power to produce electricity and
xtract hydrogen through electrolysis and via steam reforming of natural gas in a natural gas plant and in a hydrogen refueling station. It is found
hat fuel cell vehicle fuelled by hydrogen has lower energy consumption and greenhouse gas emissions than internal combustion engine vehicle
uelled by conventional gasoline except for hydrogen production using coal as the primary energy source in Canada and the United States. Using
he Canadian electricity mix will result in lower carbon dioxide emissions and energy consumption than using the American electricity mix. For
he present vehicles, using the Canadian electricity mix will save up to 215.18 GJ of energy and 20.87 t of CO2 on a per capita basis and 26.53 GJ

f energy and 6.8 t of CO2 on a per vehicle basis. Similarly, for the future vehicles, using the Canadian electricity mix will lower the total carbon
ioxide emissions by 21.15 t and the energy consumed is reduced by 218.49 GJ on a per capita basis and 26.53 GJ of energy and 7.22 t of CO2 on
per vehicle basis. The well-to-tank efficiencies are higher with the Canadian electricity mix.
2006 Elsevier B.V. All rights reserved.
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. Introduction

There has been a major concern in the need to decrease the
arbon dioxide emissions in all energy sectors because of health
azards and local/global environmental degradation. In Canada
nd the United States, the transportation sector is very energy
emanding and therefore the carbon dioxide emissions associ-
ted with it are very high. In Canada, the transportation sector
as responsible for 34% of the total emissions by all sectors in
ear 2002 (160 million metric tonnes) [1]. In the United States,

he transportation sector accounted for 32.4% of the total US
nergy related carbon dioxide emissions in 2003 (1874.7 mil-
ion metric tonnes) [2]. Even though, there is a difference in
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he total carbon dioxide emitted by the transportation sector in
oth countries, the total percentages are very similar. In addition,
tudying the trend of the carbon dioxide emissions increase, it
an be seen that the trend in both Canada and the United States
s very similar. Since 1990, the carbon dioxide emissions related
o transportation has increased at a rate of 1.1 [1] and 1.4% [2]
nnually in Canada and the United States, respectively. There-
ore, it is obvious that the transportation sector behaves in a
imilar fashion in Canada and the United States.

The increased carbon dioxide emissions by the transportation
ndustry in both countries have led to the need of alternative solu-
ions. One of the most discussed solutions is the use of hydrogen
uel cells instead of gasoline internal combustion engines to

ower vehicles. The use of proton exchange membrane fuel
ells (PEMFC) is very attractive since the only byproduct of
he chemical reactions is pure water. Much research on PEMFC
s still ongoing. In order to be able to commercialize fuel cell

mailto:x6li@uwaterloo.ca
dx.doi.org/10.1016/j.jpowsour.2006.08.007
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ehicles, the performance and efficiency of PEMFC should be
aximized. Despite the promises and the extensive research of

uel cell vehicles, concerns have been raised about the hydrogen
conomy in general and fuel cell technology. In particular, Wald
3] argued that all research efforts should be converted entirely
owards other green technologies, such as wind and solar power.
is argument focused entirely on the obstacles surrounding fuel

ell commercialization, such as infrastructure and cost. Kreith
nd West [4] presented an argument against the fuel cell and
ydrogen economy based on the obstacles surrounding them.
imilar concerns and analysis have been raised by others as
ell, e.g. references [5] and [6].
However, our previous study [7] on the life cycle of vehicles

owered by fuel cells or internal combustion engines [7] indi-
ates that among several scenarios of hydrogen production and
istribution, hydrogen fuel cell powered vehicles would have
uch higher overall energy efficiency and much less greenhouse

as emissions when compared to the conventional internal com-
ustion engine driven vehicles, except the scenario of hydrogen
roduction via electrolysis of water with electricity generated in
thermal power plane burning coal as the primary fuel. The full

ife cycle analysis of the fuel cell vehicles (FCV) and internal
ombustion engine vehicles (ICEV) in the previous study sug-
ests that the use of hydrogen fuel cells in vehicles will reduce
arbon dioxide emissions by as much as up to 49% [7]. Fur-
her, hydrogen fuel cell vehicles are clean without emissions at
he point of use, potentially to alleviate pollution in urban areas
nd hence they are considered the integral part of future diversi-
ed energy systems [8]. Recently, analysis has been carried out
or the life cycle assessment, impacts assessment and trade-offs
or solid oxide fuel cell-based auxiliary power units when they
re used for non-propulsion purposes for diesel engine powered
ehicles [9–12]. It was found [9] that the total amount of pol-
utants that are released during the life cycle of the auxiliary
ower units is much less than in the case of idling of diesel
ngines.

The present study extends the full life cycle analysis for FCV
nd ICEV manufactured and used in Canada and in the United
tates. The objective is to compare the impact of the difference
etween the Canadian and American energy realties on the life
ycle of fuel cell vehicles and internal combustion engine vehi-
les.
. Scope

This study has been designed to put forward a comparison of
he total life cycle of fuel cell vehicles and internal combustion

able 1
ummary of fuels under study

uel Description

Hydrogen from the steam reforming of n
Hydrogen from the electrolysis of water w
Hydrogen from the electrolysis of water w
Hydrogen from the steam reforming of n
Conventional gasoline
ources 162 (2006) 1241–1253

ngine vehicles in Canada and the United States. Different fuels
nd vehicle technologies are used in this analysis and they are
escribed below.

Fuels:
A. In this case, hydrogen is obtained via natural gas (NG)

reforming in a central power plant. The hydrogen pro-
duced is then distributed to hydrogen refueling stations via
pipelines. Therefore, the steps considered in the analysis
for this case are as follows:
• production of natural gas;
• transportation of natural gas to steam reforming plant

(central power plant);
• steam reforming of natural gas and obtaining hydrogen;
• distribution of hydrogen to hydrogen refueling stations

via pipelines.
B. In this case, electricity is obtained from a coal fired power

plant and is used to perform electrolysis on water to extract
hydrogen. The steps involved are:
• production of coal (feedstock);
• transportation of coal to coal fired power plant;
• using coal combustion to produce electricity;
• splitting water via electrolysis using the electricity to

produce hydrogen;
• distribution of hydrogen to refueling stations via

pipelines.
C. This case considers the use of nuclear power to generate

electricity to be used to electrolyze water for hydrogen pro-
duction. The steps are:
• production of uranium;
• transportation of uranium to uranium enrich-

ment/processing plant;
• enrichment of uranium;
• using uranium in nuclear power plant to produce elec-

tricity;
• splitting water via electrolysis using the electricity to

obtain hydrogen;
• distribution of hydrogen to refueling stations via

pipelines.
D. In this case, steam reforming in the hydrogen refueling

station is considered for hydrogen production. The steps
considered include:
• production of natural gas;

• transportation of natural gas to hydrogen refueling sta-

tions;
• steam reforming of natural gas in hydrogen refueling

station.

atural gas in a central plant
ith electricity generated in a coal-burning thermal power plant
ith electricity generated in a nuclear power plant

atural gas in a hydrogen refueling station
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Table 2
Breakdown of energy consumption in vehicle material production in Canada
and the United States

Material Energy (kJ kg−1)

Ferrous materials 39,400
Copper 100,000
Zinc 53,000
Lead 41,100
Aluminum 192,500
Magnesium 284,000
Glass 25,500
Fluids 62,733
Rubber 67,600
Plastics 200,040
Other 138,163

Table 3
Estimated Carbon Dioxide emissions per material [9]

Material Material (kg C kg−1) Material (kg CO2 kg−1)

Glass 0.629 2.31
Magnesium 5.700 20.90
Copper 2.000 7.33
Zinc 1.000 3.67
Lead 0.900 3.30
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sumption rate of 600 J kg−1 km−1. The energy consumption for
vehicle disposal at the end of vehicle lifetime is assumed to be
N. Zamel, X. Li / Journal of Po

E. This case involves extracting gasoline from crude oil and
the steps are:
• production of crude oil;
• transportation of crude oil to refinement plant;
• refinement of crude oil to produce gasoline;
• distribution of gasoline to refueling stations.

Table 1 summarizes the fuels in this study.
Vehicle technologies:
• PEM fuel cell powered automobile (with present and future

estimated vehicle weight) utilizing hydrogen as fuel;
• spark ignition internal combustion engine automobile (with

present and future estimated vehicle weight) utilizing gaso-
line as fuel.

. Analysis and methodology

A full life cycle analysis of the vehicle should consider every
tep in the “vehicle cycle” and the “fuel cycle”. The life cycle
onsiders the total carbon dioxide emissions and the total energy
onsumption from every step. This methodology is similar to the
ethodology used in the previous study [7]. The “vehicle cycle”

onsists of five major steps:

material production: the total emissions and energy con-
sumption during the extraction and treatment of the
raw material in order to produce the materials used in
vehicles;
assembly of vehicle: total emissions and energy consump-
tion during the assembly of the vehicle from components in
manufacturing plants;
distribution of vehicle: total emissions and energy consump-
tion during the distribution of vehicles from the assem-
bly/manufacturing plant to dealers;
maintenance of vehicle: total emissions and energy consump-
tion to maintain the vehicle throughout the vehicle life time;
disposal or recycling of vehicle: total emissions and energy
consumption required to dispose of the vehicle at the end of
vehicle lifetime.

The analysis of the “vehicle cycle” was carried out using pub-
ished literature data [13,14] and GREET [15]. The necessary
ata for the analysis is the weight of the vehicle, the distribu-
ion of the material used in the vehicle by weight and the energy
onsumption and carbon dioxide emissions associated with each
tep. This data was used in a series of equations to obtain the
esults presented later in this paper. Our previous study provides
he details of the analysis [7].

The energy used to vehicle material production was found
rom Schucker et al. [14], as shown in Table 2. In order to esti-
ate the emissions of carbon dioxide for material production,
wo emission factors are examined; one for thermal energy (by
uel) and another one for electricity generation. For the energy
irectly supplied by fossil fuels, the emission factor of oil is
ssumed to be 20.9 kg C GJ−1 [9] for both Canada and the United
tates. In the case of primary steel making, the emission fac-

3

e
t

lastics 1.880 6.89
ubber 1.463 5.36

or used is 23.3 kg C GJ−11 [13] (the average of coal and oil)
or both Canada and the United States. For electricity supplied
hile producing the primary metal, the release of carbon was

stimated using GREET to be 11.6 kg C GJ−1 [15] (Canada)
nd 19.9 kg C GJ−1 (United States) [15] of electricity supplied.
ifteen percent of the energy used to produce primary steel is
btained through electricity. Seventy-five percent of the energy
sed to produce aluminum is obtained from electricity. The emis-
ion factors of carbon while manufacturing other materials are
ummarized in Table 3.

The energy consumption during vehicle assembly used in
his analysis is based on relating the energy to the mass of the
ehicle linearly. The energy needed to produce an automobile
anges from 17,400 to 22,100 kJ kg−1 [14]. The average of these
wo energies is used to obtain the results presented in this study.
he emission factors of vehicle assembly are assumed on the
asis that 50% of the consumed energy is from electricity and
he remaining energy is directly used from oil. The emission
actors used for electricity are 11.6 kg C GJ−1 (Canada) [15] and
9.9 kg C GJ−1 (United States) [15] and 23.3 kg C GJ−11 for oil
or both situations [13].

The distribution energy is estimated by using an average
ransportation distance of 1600 km and an average energy con-
70 kJ kg−1 [14]. Since there is no available data on the emis-

1 The carbon emission factor of oil was found from reference [13]. In the ref-
rence text, the emission factor is listed as 23.3 kgC/MJ. However, it is believed
hat there is a mistake in the units and the emission factor should be 23.3 kgC/GJ.
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Table 4
Canadian and American electricity mix used in this study [12,13]

Energy source (%) Canada United States

Residual oil 2.4 2.9
Natural gas 5.5 17.8
Coal 18.8 49.9
N
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ions associated with energy consumption in the distribution
nd disposal steps and they are very small in comparison to the
missions of material production and vehicle assembly, they are
eglected in this study. The emissions of distribution could be
stimated as the emissions from the use of heavy duty trucks
i.e. burning gasoline in heavy duty trucks for a given amount
f distance). Using GREET, the emissions associated with the
istribution can be estimated as 32.06 kg of CO2 in Canada and
4.3 kg of CO2 in the United States.

The “fuel cycle” consists of the following steps:

Feedstock
◦ production: total emissions and energy consumption to

extract raw materials;
◦ transport: total emissions and energy consumption during

the transportation of the raw materials to be treated.
Fuel
◦ production: total emissions and energy consumption during

the production of the desired fuel (hydrogen or gasoline in
this study);

◦ distribution: total emissions and energy consumption while
distributing the fuel to be used by consumers.

Fuel use: total emissions and energy consumption due to the
use of the fuel in vehicle.

he “fuel cycle” was analyzed using GREET 1.6 [15] (green-
ouse gases regulated emissions and energy use in transporta-
ion). The GREET model relies on the efficiency of each step in
btaining and refining the fuel in order to calculate the energy
onsumption. The carbon dioxide emissions associated with the
btaining and refining of the fuel, are calculated based on the
ethods used. For example, if hydrogen obtained via NG in a
G power plant is the fuel being analyzed, the user must decide
n the following inputs: power plant with steam, transportation
f hydrogen and NG (distance and method and efficiency), elec-
ricity mix used and its efficiency. GREET follows a built in

able with emission factors for each step. In addition, GREET
elies on the lower heating values of the fuel in its calculation.
uilt in tables with the fuel properties are found in GREET.
hese tables can be modified but for the purpose of this study

4

d

able 5
eight distribution of present and future internal combustion engine vehicles (ICEV

aterial Present

Gasoline ICEV, mass (kg) Hydrogen FCV, mas

errous Materials 886 886
opper 9 9
inc 7 7
ead 10 –
luminum 81 81
agnesium 10 10
lass 35 35
luids 54 6
ubber 54 54
lastics 100 100
ther 78 118

otal 1324 1306
uclear power 12.3 19.9
thers 61 9.6

he default inputs were used. The emissions during the fuel use
tep are obtained from the carbon content in the fuel.

The life of the vehicle assumed in this analysis is 300,000 km
hich is approximately 186,411 miles. It is important to specify

he lifetime of the vehicle since the output given by GREET
s on a per mile basis. Therefore, to obtain the total emissions
nd energy consumption for the “fuel cycle” the outputs were
ultiplied by the lifetime of the vehicle.
The major difference between Canada and the United States

s the electricity mix as outlined in Table 4 [16,17]. Coal is
sed in very high quantities in the United States, while renew-
ble and other energies are preferred in Canada. This difference
n electricity mix will contribute to differences in energy con-
umption and emissions associated with the total life cycle of a
ehicle. The electricity mix is very important to specify when
sing GREET. GREET uses the electricity mixes in its calcula-
ions. The electricity mix is needed to calculate the electricity
sage of upstream fuel production activities. Also, the GREET
odel calculates the emissions associated with electricity gener-

tion from residual oil, natural gas, coal and uranium. Electricity
enerated from hydropower, solar energy, wind and geothermal
nergy is treated as having zero emissions; these sources are
ategorized together in one group, known as others [15].

Finally, the well-to-tank efficiency was compared. The well-
o-tank efficiency is obtained using GREET.
. Limitations

The analysis discussed in this paper is based on published
ata from literature and on GREET and like any other analysis

) and fuel cell vehicles (FCV) in Canada and the United States

Future

s (kg) Gasoline ICEV, mass (kg) Hydrogen FCV, mass (kg)

325 325
9 18
3 3

10 –
342 342

20 20
35 35
36 4
50 50

100 99
78 118

1008 1014
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Fig. 1. Comparison of vehicle cycle

as limitations, as stated below:

The boundaries of the physical system are such that sec-
ondary energy and environmental effects are not quantified.
For example, energy consumption and emissions during the
operation of a steam reforming plant of natural gas are quan-
tified, but the energy and emissions involved in making the
steel, concrete or other materials embodied in the plant struc-
ture or for the construction of the plant itself are not counted.

Data used for the analysis is for mid-size family passenger
vehicles (average weight of the vehicle is 1300 kg).
GREET, just like any other software, has many built in
assumptions and equations.

a
d
i
m

Fig. 2. Comparison of vehicle cycle energ
y consumption for present vehicles.

. Results and discussion

.1. Vehicle life cycle

As discussed earlier in the paper, the vehicle cycle consists
f different steps that contribute to the total energy consump-
ion and emissions. For the purpose of this study, the analysis
arried out is mainly concerned with comparing the estimated
nergy consumption and carbon dioxide emissions in Canada

nd the United States. The material production step is very much
ependent upon the average weight of each material being used
n the vehicle. The remaining steps on the other hand are very

uch dependent upon the total weight of the vehicle itself. It

y consumption for future vehicles.
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ig. 3. Comparison of vehicle cycle carbon dioxide emissions for internal comb
tates for present vehicles.

s assumed that the average total weight of the vehicle and the
istribution of the material in the vehicle is the same for Canada
nd the United sates vehicles as shown in Table 5. This is so
ince vehicles in both countries have to meet similar standards.
n addition, automotive manufacturers are targeting the same
emographic.

From the analysis, it is very clear that during the vehicle
ycle, the material production step contributes most of the car-
on dioxide emissions and consumes most of the energy in both

anada and the United States. For the present and future vehi-
les, it is responsible for almost 78 and 86%, respectively of the
nergy consumption, as illustrated in Figs. 1 and 2. The increase
f aluminum use in the future vehicles results in the increase of

i
U
v
S

ig. 4. Comparison of vehicle cycle carbon dioxide emissions for internal combustion
tates for Future vehicles.
engine vehicles (ICEV) and Fuel cell vehicles (FCV) in Canada and the United

nergy consumption in both Canada and the United States. This
ortion of the study assumes that the energy consumption during
he vehicle cycle is the same in Canada and the United States
ince the weight of the vehicle is the same in both situations.

Figs. 3 and 4 were constructed to compare the carbon dioxide
missions during the vehicle cycle in Canada and the United
tates for the present and future vehicles, respectively. It is clear

hat for the present vehicles, the total emissions of the vehicle
ycle of an ICEV in the United States are 65.1% higher than those

n Canada. Similarly, the total emissions of a FCV cycle in the
nited States are 64.6% higher those in Canada. For the future
ehicles, the total emissions are 66.6% higher in the United
tates for an ICEV. Similarly, the total emissions of a FCV cycle

engine vehicles (ICEV) and fuel cell vehicles (FCV) in Canada and the United
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Fig. 5. Comparison of total energy consumption for the fuel cycle i

n the United States are 66.7% higher than those in Canada under
he future conditions. The total carbon dioxide emitted is much
reater in the United States since the emission factor due to
lectricity use in Canada is lower than that in the United States
11.6 kg C GJ−1 versus 19.9 kg C GJ−1).

.2. Fuel life cycle

The analysis of the fuel life cycle has been conducted using
REET. GREET takes into account many different inputs to

btain the energy needed and the emissions associated with
he well-to-wheel cycle of the fuel. The well-to-wheel cycle is
imply the sequence of obtaining the raw material of the fuel,
rocessing and refinement, transporting and storing the fuel as

t
e
a
p

Fig. 6. Comparison of total carbon dioxide emissions for fuel cycle in Can
ada and the United States (for description of the fuels see Table 1).

ell as consuming the fuel. One of the major differences between
anada and the United States is the electricity mix (basis of the
omparison).

The analysis of the fuel life cycle of both situations, Cana-
ian and American, conducted using GREET is shown in
igs. 5 and 6. These figures were created using the outputs of
REET in order to compare the energy consumption and the car-
on dioxide emissions during the life cycle of hydrogen obtained
y the four different methods and the life cycle of conventional
asoline for both situations. The four different hydrogen produc-

ion methods include using coal and nuclear power to produce
lectricity first and then extract hydrogen through electrolysis
nd via steam reforming of natural gas in a natural gas central
lant and in a hydrogen refueling station.

ada and the United States (for description of the fuels see Table 1).
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Table 6
Comparison of conventional gasoline cycle between Canada and the United States—present

United States Canada

Total energy (fuel cycle) (GJ) Total CO2 (fuel cycle) (t) Total energy (fuel cycle) (GJ) Total CO2 (fuel cycle) (t)

1259.30 90.23 1247.93 88.83

e Uni

i
A
i
i
g

p
I

F

Fig. 7. Comparison of total life cycle energy consumption in Canada and th

As illustrated, the energy consumption and the carbon diox-
de emissions are higher in the United States than in Canada.

gain this is due to the fact that more coal is used in the Amer-

can electricity generation and more renewable energy is used
n the Canadian electricity production. The extraction of hydro-
en via steam reforming of natural gas in a natural gas power

c
1
i
r

ig. 8. Comparison of total life cycle carbon dioxide emissions in Canada and the Un
ted States for the present vehicles (for description of the fuels see Table 1).

lant leads to the largest differences between the two situations.
t is obvious that in Canada 26.54 GJ of energy and 3.47 t of

arbon dioxide are saved per vehicle. In addition, a decrease of
6.93 GJ of energy and 2.21 t of carbon dioxide when hydrogen
s extracted via steam reforming of natural gas in the hydrogen
efueling station is seen in Canada. Further, extracting hydro-

ited State for the present vehicles (for description of the fuels see Table 1).



N. Zamel, X. Li / Journal of Power Sources 162 (2006) 1241–1253 1249

F the Un

g
d
b
e
d
t
i
T
F
i
C

d
t
u

t
c
e
v
i
v
s
l
I

5

ig. 9. Comparison of total life cycle carbon dioxide emissions in Canada and

en from the use of electricity via nuclear power leads to a
ifference of 20.17 GJ of energy and 2.65 t of carbon dioxide
etween Canada and the United States; the GHG emissions and
nergy consumption in Canada are lower. Moreover, the lowest
ifference in energy use and emissions between the two coun-
ries (2.28 GJ of energy and 0.3 t of carbon dioxide emissions)
s seen when hydrogen is extracted via electricity from coal.
he energy use and emissions in the United States are higher.
inally, total energy consumption of conventional gasoline life

s 7.46 GJ lower in Canada and the emissions are 0.95 t lower in
anada.
The above result was obtained for the future condition. The
ifference between the present and future condition in this case is
he conventional gasoline. The energy and emissions are lower
nder the long-term conditions in both countries. This is due

s
s

Fig. 10. Comparison of total life cycle energy consumption in Canada and the Un
ited States for the future vehicles (for description of the fuels see Table 1).

o the higher engine efficiency and higher electricity use effi-
iency. The future vehicles are assumed to have better engine
fficiency and assumed to have better fuel efficiency. Future
ehicle is assumed to travel 27.4 miles per gallon and the present
s assumed to travel 22.4 miles per gallon [15]. The present con-
entional gasoline life cycle in Canada and the United States is
hown in Table 6. The present and future conditions are used
ater in this paper to analyze the total life cycle of FCV and
CEV.

.3. Total life cycle of an ICEV and an FCV
The “Total Life Cycle” of an ICEV and FCV is basically the
um of the “Fuel Life Cycle” and “Vehicle Life Cycle”. This
tudy is carried out in order to compare the total life cycle of

ited States for the future vehicles (for description of the fuels see Table 1).
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ig. 11. Comparison of total life cycle energy consumption per capita in Can
able 1).

he vehicles in Canada and the United States and under two
onditions (present and future).

.3.1. Present conditions
Under this condition, the present vehicle weight and material

istribution are considered. The analysis done is summarized in
igs. 7 and 8. It is apparent, that the energy consumption and
arbon dioxide emissions trends are the same for Canada and the

nited States. The emissions are lower for the FCV since the

lectro-oxidation process of hydrogen is not associated with any
arbon dioxide emissions, while on the other hand, the burning
f conventional gasoline is. Also, as expected, using the method

t
t
C

ig. 12. Comparison of total life cycle carbon dioxide emissions per capita in Canad
able 1).
nd the United States for the present vehicles (for description of the fuels see

f electrolysis from coal to extract hydrogen in both countries
ill lead to the highest emissions and energy consumption.
The analysis of the total life cycle of the vehicles put forward

hows that the difference in energy consumption between the two
ituations depends solely on the fuel cycle. This is true since the
nergy consumption of the vehicles in Canada and the United
tates is shown to be the same. It is assumed that the total vehicle
eight in both countries is the same.

In addition, the total life cycle is higher in the United States

han that in Canada. It is apparent that using the Canadian elec-
ricity mix will save up to 26.54 GJ of energy and 6.80 t of
O2 on a per vehicle basis. This is accomplished when hydro-

a and the United States for the present vehicles (for description of the fuels see
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ig. 13. Comparison of total life cycle carbon dioxide emissions per capita in C
able 1).

en is extracted via steam reforming NG in a NG power plant.
hen hydrogen is extracted via electrolysis from coal the total

nergy consumption in Canada is 2.28 GJ less than in the United
tates and the total CO2 emissions are 3.63 t less than the United
tates. When hydrogen is extracted from steam reforming NG

n the hydrogen refueling station the total energy consumption
s 16.93 GJ less in Canada than the United States and the total
O2 emissions are 5.54 t less in Canada. Similarly, if hydrogen

s extracted via electrolysis from nuclear power, the total energy
sed is 20.17 GJ less in Canada than the United States and the

otal CO2 emissions are 5.98 t less in Canada. Finally, in the
ase of conventional gasoline, the total energy used is 11.37 GJ
ess in Canada and the total CO2 emissions are 4.77 t less in
anada.
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ig. 14. Comparison of total life cycle energy consumption per capita in Canada and t
a and the United States for the future vehicles (for description of the fuels see

.3.2. Future conditions
Under this condition, the future vehicle weight and mate-

ial distribution are considered. The results are shown in
igs. 9 and 10. It is again apparent, that the energy consumption
nd carbon dioxide emissions trend is the same in Canada and
he United States. The emissions are lower for the FCV.

Similar to the present condition, here the total life cycle of
he vehicles depends solely on the fuel cycle since it is assumed
hat the total vehicle weight for both countries is the same.

In addition, it is clear that the total life cycle is higher in

he United States than that in Canada. It is seen that using the
anadian electricity mix will save up to 26.54 GJ of energy and
.22 t of CO2 on a per vehicle basis. This is accomplished when
ydrogen is extracted via steam reforming NG in a NG power

he United States for the future vehicles (for description of the fuels see Table 1).
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lant. When hydrogen is extracted via electrolysis from coal the
otal energy consumption in Canada is 2.28 GJ less than in the
S and the total CO2 emissions are 4.05 t less than the US. When
ydrogen is extracted from steam reforming NG in the hydrogen
efueling station the total energy consumption is 16.93 GJ less in
anada than the US and the total CO2 emissions are 5.95 t less

n Canada. Similarly, if hydrogen is extracted via electrolysis
rom nuclear power, the total energy used is 20.17 GJ less in
anada than the US and the total CO2 emissions are 6.39 t less

n Canada. Finally, in the case of conventional gasoline, the
otal energy used is 7.46 GJ less in Canada and the total CO2
missions are 4.68 t less in Canada.

Therefore, it can be concluded that under both the present
nd future conditions, the use of hydrocarbons and other renew-
ble energies in the electricity mix will result in lower energy
onsumption and carbon dioxide emissions.

In order to better comprehend the extent of the difference
etween Canada and the United States, let us consider the total
assenger vehicles driven on the roads of Canada and the United
tates. In Canada, it is estimated that the total passenger vehicles
n the road are 10.5 million [18] and in the United States the
otal is 134.3 million [19]. In addition, the population of both
ountries should be taken into account to find the difference on
per capita basis. The population of Canada is 32.8 million and
f the United States is 295.7 million [20]. The comparison of
otal emissions and energy consumption on a per capita basis is
hown in Figs. 11–14. Under the present conditions, this com-
arison yields a difference on a per capita basis of 101.48 GJ and
.11 t of carbon dioxide when hydrogen is extracted from steam
eforming NG in a NG plant; Canada has lower energy consump-
ion and carbon dioxide emissions. When hydrogen is extracted

ia electrolysis from coal, the energy consumption and carbon
ioxide emissions are decreased by 215.18 GJ and 20.87 t per
apita respectively using the Canadian electricity mix. In addi-
ion, the Canadian electricity mix will save up to 101.96 GJ of

o

c
e

Fig. 15. Comparison of well-to-tank efficiency in Canada and th
ources 162 (2006) 1241–1253

nergy and 3.92 t of carbon dioxide on a per capita basis when
ydrogen is extracted via electrolysis from nuclear power. When
ydrogen is obtained from steam reforming NG in a hydrogen
efueling station, 102 GJ of energy and 7.87 t of carbon dioxide
er capita are saved in Canada. Finally, in the case of conven-
ional gasoline, the total energy used is 184.51 GJ less in Canada
nd the total carbon dioxide emissions are 14.74 less in Canada
n a per capita basis.

Similarly, for future vehicles, the Canadian electricity mix
ill save up to 104.79 GJ of energy and 8.39 t of CO2 per capita
hen hydrogen is extracted via steam reforming NG in a NG
ower plant. When hydrogen is obtained via electrolysis from
oal, the difference on a per capita basis is 218.49 GJ of energy
nd 21.15 t of CO2, Canada having the lower energy consump-
ion and emissions. When hydrogen is extracted from steam
eforming NG in a hydrogen refueling station, the total energy
onsumption is 105.31 GJ less in Canada and the total CO2
missions are 8.15 t less in Canada. Similarly, extracting hydro-
en via electrolysis from nuclear power will result in a saving
f 105.27 GJ of energy and 4.19 t of CO2 per capita using the
anadian electricity mix. Finally, for conventional gasoline the

avings per capita are 137.37 GJ of energy and 11.34 t of CO2
n Canada.

.4. Well-to-tank efficiency

A comparison between the well-to-tank efficiency of the vehi-
les in Canada and the United States is carried out in this study.
he well-to-tank efficiency is 1 BTU of energy over the energy
onsumption during the fuel cycle needed to obtain that 1 BTU
f energy. Therefore, the well-to-tank efficiency depends largely

n the method of obtaining the fuel.

A comparison of the well-to-tank efficiency between the two
ountries is shown in Fig. 15. As illustrated, the well-to-tank
fficiency in Canada is higher than that in the United States.

e United States (for description of the fuels see Table 1).
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his is true since as discussed earlier the energy consumption
uring the life cycle of the fuel using the American electricity
ix is higher than that using the Canadian electricity mix. In

ddition, it is obvious that the well-to-tank efficiency in both
ountries while obtaining hydrogen via electrolysis from coal is
ery close. Likewise, the efficiency in both countries of obtaining
onventional gasoline is almost the same.

. Conclusions

A full life cycle analysis for vehicles powered by the conven-
ional internal combustion engines fuelled by gasoline and fuel
ells fuelled by hydrogen has been conducted with the energy
ealities in Canada and the United States, including both the
fuel cycle” and “vehicle cycle”. Four different methods (or
athways) for the production of hydrogen are also evaluated,
ncluding

using coal as the primary energy source to produce electricity
first and then produce hydrogen through electrolysis;
using nuclear power to produce electricity first and then pro-
duce hydrogen through electrolysis;
steam reforming of natural gas in a natural gas central plant
and then distributing hydrogen to a hydrogen refueling sta-
tion;
steam reforming of natural gas in a hydrogen refueling station
directly.

The analysis carried out in this study shows that FCV is a
etter choice than ICEV except for hydrogen production using
oal as the primary energy source in Canada and the United
tates.

Using the Canadian electricity mix will result in lower carbon
ioxide emissions and energy consumption than using the Amer-
can electricity mix because of more electricity from renewable
or non-carbon based) primary energy sources. For the present
ehicles, using the Canadian electricity mix will save up to
15.18 GJ of energy and 20.87 t of CO2 on a per capita basis
nd 26.53 GJ of energy and 6.8 t of CO2 on a per vehicle basis.
imilarly, for the future vehicles, using the Canadian electricity
ix will lower the total carbon dioxide emissions by 21.15 t and

he energy consumed is reduced by 218.49 GJ on a per capita
asis and 26.53 GJ of energy and 7.22 t of CO2 on a per vehicle
asis.

Finally, the well-to-tank efficiencies are higher when using
he Canadian electricity mix. This is so since the energy con-

umption for the fuel cycle is lower than that in the United States.
imilar trends are seen in both situations. The most efficient
ethod of obtaining hydrogen in both situations is via steam

eforming of NG in a NG power plant.
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