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a b s t r a c t

A small fleet of classic London Taxis (Black cabs) equipped with hydrogen fuel cell power systems is

being prepared for demonstration during the 2012 London Olympics.

This paper presents a Life Cycle Analysis for these vehicles in terms of energy consumption and CO2

emissions, focusing on the impacts of alternative vehicle technologies for the Taxi, combining the fuel

life cycle (Tank-to-Wheel and Well-to-Tank) and vehicle materials Cradle-to-Grave.

An internal combustion engine diesel taxi was used as the reference vehicle for the currently

available technology. This is compared to battery and fuel cell vehicle configurations. Accordingly, the

following energy pathways are compared: diesel, electricity and hydrogen (derived from natural gas

steam reforming).

Full Life Cycle Analysis, using the PCO-CENEX drive cycle, (derived from actual London Taxi drive

cycles) shows that the fuel cell powered vehicle configurations have lower energy consumption

(4.34 MJ/km) and CO2 emissions (235 g/km) than both the ICE Diesel (9.54 MJ/km and 738 g/km) and

the battery electric vehicle (5.81 MJ/km and 269 g/km).

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last few years the idea of electrifying the transport
sector has developed, mainly due to the possible penetration in
the market of electrically powered vehicles such as Hybrid
Electric Vehicles (HEV), Plug-In Hybrid Electric Vehicles (PHEV)
and full Electric Vehicles (EV).

The use of hydrogen allied to these solutions is also being
considered. These technologies could provide solutions to reduce
the dependency on fossil energy and to decrease CO2 emissions
(Baptista et al., 2010). This is especially true with the introduction
of renewable sources in electricity generation and hydrogen
production.
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tista).
The methodology used to compare these different vehicle
technologies analyzes the product’s flows during its lifetime. That
is to say that the Life Cycle Analysis (LCA) of a certain vehicle
technology powered by a specific fuel must include in the fuel
analysis not only its utilization stage related to driving the
vehicle, Tank-to-Wheel (TTW), but also its production stage,
Well-to-Tank (WTT), as well as the manufacturing, maintenance
and recycling for the vehicle itself.

EVs are defined as only being powered by a battery pack.
Electrical energy stored in the battery is discharged providing
power to the electrical motor that then converts the electrical
power into torque, which in turn drives the vehicle wheels.
On deceleration events typically 10% of rear braking energy is
recovered (or 40% if front braking) and stored in the battery. The
battery is depleted until it reaches a minimum State-of-Charge
(SOC), usually 20% to ensure correct battery functionality
(Larminie and Lowry, 2003). The TTW atmospheric pollutants
can be considered to be zero.

HEVs are powered by at least two sources, the primary power
source is usually an internal combustion engine or a fuel cell and
the secondary source is typically an energy storage device such as
a battery. In case of an ICE the most common configurations are
parallel (e.g. Honda Civic) or full (e.g. Toyota Prius), while for the
fuel cell a series configuration is used (e.g. Honda FCX).

PHEVs are similar to the HEVs but have the capability to recharge
the battery from an external source. PHEVs are normally designed to
use a charge depleting strategy for the battery (CD mode), dischar-
ging the battery until it reaches a minimum State-of-Charge (SOC)
that can be 30–45% (Larminie and Lowry, 2003) depending on

www.elsevier.com/locate/enpol
dx.doi.org/10.1016/j.enpol.2011.06.064
mailto:patricia.baptista@ist.utl.pt
dx.doi.org/10.1016/j.enpol.2011.06.064


P. Baptista et al. / Energy Policy 39 (2011) 4683–46914684
battery and powertrain configuration. After reaching this minimum
SOC, a charge sustaining strategy of the battery (CS mode) is
employed. The additional power source is used to provide both
propulsion and extend the range of the vehicle compared to an
equivalent EV.

Regarding the battery packs for both PHEV and EV, the
tendency is to use lithium based batteries (Ehsani et al., 2010).
In terms of braking energy, there is potential for a 10% recupera-
tion of energy through rear braking or 40% with front braking.

In terms of energy source, if electricity powered vehicles are to
succeed, a recharging infrastructure will have to be deployed. For
hydrogen refueling, stations are required. Electricity and hydro-
gen are not primary energy sources, but are energy carriers or
vectors since they are produced using other primary energy
resources. This results in global emissions associated to their
production.

This paper looks in detail at the application of a hydrogen fuel
cell power system applied to the classic London Taxis. The project
is being led by fuel cell developer Intelligent Energy (IE). This
niche application in urban environments may be the starting
point for a more widespread utilization of these types of alter-
native technologies. In this study, an ICE diesel vehicle, a Plug-in
Hybrid Electric Fuel Cell Vehicle (PHEV-FC), a Hybrid Electric Fuel
Cell Vehicle (HEV-FC) and an EV are compared in terms of energy
and emissions impacts. These are considered more efficient
alternatives for this kind of fleet (Ahman, 2001). The results are
also validated, qualitatively, with other studies in reference to
different vehicle characteristics and emissions.

It is reasonable to assume that in the short to medium term,
vehicles with alternative powertrains (PHEV-FC, PHEV, EV and
HEV) will be more expensive than conventional ICE designs,
although this cost difference would be expected to reduce as
volumes increase and supply chains become more established.

As an example, according to Concawe (2007), fuel cell vehicles
may present a 39% increase in the 2010 purchase price compared
to conventional diesel vehicles if 2010 vehicle technologies are
considered. As for EV (pure battery), in comparison to the
conventional ICE vehicles this difference may be even higher,
reaching approximately 64%. If future evolution is considered,
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Fig. 1. Speed profile for the PCO-CE

Table 1
Drive cycle main characteristics.

Driving Cycle 1 Cycle Daily usage

Time (s) Distance (km) Time (h)

PCO-CENEX London 2900 13.3 15.0
based on mass production and expected learning curves, the price
increase in 2030 may be reduced to around 40% for fuel cell
vehicles and 17% for electric vehicles compared to the conven-
tional diesel (Kromer, 2007).

In terms of anticipated fuel costs, conventional diesel vehicles
are likely to require higher running costs due to the link with the
increasing price of crude oil. Running cost may be reduced in
2030 for fuel cell vehicles or electric vehicles by approximately
34% or 75%, respectively (Kromer, 2007; Offer et al., 2010).

Similar results on the fuel cell vehicle and electric vehicle
comparison were obtained by Thomas (2009). The expected
future trend in the total ownership cost points to a convergence
of these alternative technologies (McKinsey&Company, 2010).
2. Methodology

2.1. Tank-to-Wheel

For simulating the daily commuting journeys of conventional
and alternative vehicle technologies, ADVISOR vehicle simulation
software (Wipke et al., 1999) was used. Drive cycle specifications
(see Fig. 1 and Table 1) and vehicle specifications (Table 2)
represent the principle inputs used. As a means to validate the
simulation model, a simulation of the conventional ICE taxi over
the NEDC emissions cycle was compared with Vehicle Certifica-
tion Agency (VCA) data.

For the hydrogen powered versions of the Taxi, the main
technology of interest, due to the lack of experimental data and
due to the specifications of the powertrain energy management,
the software package Road Vehicle Simulation (RVS) (Gonc-alves
et al., 2009) was also used for comparison purposes. RVS is an
enhanced derivative of EcoGest (Silva et al., 2008) and is similar to
ADVISOR. However, a database of input variables is globally
available, thus for example facilitating ease of selection of alter-
native fuels (biodiesel, ethanol, natural gas, hydrogen and LPG),
and providing generation of engine fuel consumption and emis-
sions maps as required (Bravo et al., 2007). The main advantage is
improved controllability and ease of programming new powertrain
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Table 2
Vehicle main specifications.

Vehicle Data

Frontal area (m2) 2.78

Drag coefficient 0.46

Tire rolling radius (m) 0.325

Rolling coefficient 0.014 (Bosch, 2007)

Accessory power (W) 1000

ICE Diesel Taxi

Weight (kg) 1895

ICE engine
Peak power (kW) @rpm 75 kW @ 4000 rpm

Maximum torque [N.m] @rpm 240 Nm @ 1800 rpm

Peak efficiency % 41

Transmission Gear ratios: 3.00, 1.67,

1.0, 0.75, 0.67 final drive 4.1

Fuel cell Taxi
Weight (kg) 2060

Hydrogen storage (kg) 3.73

Storage pressure (MPa) 35

Fuel cell
Peak power (kW) 32

Limit of response (W/s) 710,000

Peak efficiency 61.6% @ 2.7 kW

Brushless PM Motor/Generator
Peak power 100 kW @ 2000–4500 rpm

Motor continuous (kW) 100

Maximum Torque 550 Nm @ 0–1500 rpm

Peak efficiency (%) 92.5

Inverter/Controller (coupled)
Standby power consumption (kW) 17

Peak efficiency (%) 97

Li-polymer battery
Ner of modules 95

Capacity per module (Ah) 40

Nominal voltage per module (V) 3.7

Energy density (Wh/kg) 148

Coulombic efficiency 0.98

Fig. 2. Fuel cell discharging strategy: Strateg
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configurations and strategies. The uncertainty associated with
these TTW simulation tools is typically less than 10% (on average
5%) for fuel consumption and CO2 emissions of ICE vehicles (Silva
et al., 2006a, 2006b) and less than 5% for electric and fuel cell
vehicles (Gonc-alves et al., 2009).

In terms of the Taxi mobility characterization, the Taxi annual
kilometers traveled considered is around 90,000 km with an
average passenger occupancy of 1.48 (Transport for London,
2010). The driving conditions correspond to the PCO-CENEX
London Taxi Drive Cycle (CENEX, 2009) with zero gradient at an
ambient temperature of 16 1C and A/C off. PCO-CENEX London
Taxi driving cycle (see Fig. 1) was considered as a representation
of the London Taxis’ driving conditions. It is composed of three
distinct phases with different durations and average speeds, also
including a key off period.

Table 1 shows the main drive cycle characteristics both for one
cycle and for a daily usage pattern of around 251 km (according
the annual typical Taxi usage).

Table 2 shows general vehicle characteristics. For the PHEV-FC,
a daily recharging pattern is considered for electricity before the
15 h of typical daily usage according to the PCO-CENEX cycle.

For the electric battery discharging strategy of the hydrogen
powered vehicles, three strategy options were studied, according
to Fig. 2.

Strategy 1 considers the vehicle as a PHEV-FC. The fuel cell is
OFF when the required power of the electrical motor is below
10 kW and ON above 10 kW; when SOC reaches 45%, the fuel cell
switches ON and OFF as required by the road load in order to
maintain the minimum SOC (CS mode). This strategy was run
with ADVISOR (PHEV-FC St. 1).

For Strategy 2 (also considering the PHEV-FC option), the fuel
cell is only OFF above the 80% SOC and below the 10 kW power
required; for other power and SOC combinations the FC is ON
following load and in the maximum efficiency point (2.6 kW
point, see Fig. 2b). Strategy 2 was run using both ADVISOR
(PHEV-FC ADVISOR St. 2) and RVS (PHEV-FC RVS St. 2). The use
y 1 (a), Strategy 2 (b) and Strategy 3 (c).
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of both software tools enabled the consideration of a different
battery discharge algorithm (faster discharge), a different fuel cell
delay in response (instantaneous versus a 3 s delay in ADVISOR)
and slightly different transmission (constant versus variable
efficiency).

Additionally, Strategy 3 considers the vehicle as a HEV-FC (see
Fig. 2c), where the plug-in option is not vailable. The fuel cell is
OFF above the 80% SOC and below the 10 kW power required, and
in other situations the fuel cell follows the road load. The
minimum operating point of the fuel cell is selected as its
maximum efficiency point in order to minimize fuel use as the
battery is charged at low road loads. This strategy was imple-
mented with RVS software (HEV-FC RVS St. 3).

The energy storage information for the Fuel Cell Taxi is of
3.73 kg of stored hydrogen capacity at a pressure of 35 MPa.

In order to fulfill the 250 km of daily use, the EV has a
155.9 kWh lithium battery pack and a curb weight of 2834 kg.
This configuration discharges the battery up to 20% SOC at the
250 km range of daily use and a recharging of the battery is
considered necessary after a day of use. Additional electrical
motor and battery pack specifications are as for the FC vehicle.
2.2. Well-to-Tank

Data from the UK Department of Energy and Climate Change
(MacLeay et al., 2009), from the Eurostat (EUROSTAT, 2009) and
from the Institute for Environment and Sustainability of the
European Commission Joint Research Centre (Edwards et al.,
2008) was used for the Well-to-Tank analysis. The total energy
of the WTT pathways (MJex) does not include the energy content
of the produced fuel, so WTT only includes the energy used to
provide the fuel to the vehicle tank.

For the diesel vehicle (defined as D) a reference value for the
WTT for Europe was assumed (Edwards et al., 2008). The diesel
WTT accounts for: crude extraction and processing, crude trans-
port, refining, distribution and dispensing (see Table 3).
Table 3
Fuel pathways with uncertainty range in brackets.

Fuel Pathways designation Process

Diesel [17] D Extraction & Processin

Transport

Refining

Distribution & dispen

Total pathway

Electricity UK E (A) UK-mix power genera

Distribution

Total pathway

Electricity EU E (B) UK-mix power genera

Distribution

Total pathway

Gaseous hydrogen NG (A) Extraction & Processin

Transport 1000–4000

Distribution

Central reforming

Gaseous H2 distributi

Extraction & processin

Total pathway

Liquid hydrogen NG (B) Extraction & Processin

Transport 1000–4000

Distribution

Central reforming

H2 Liquefaction

Liquid H2 distribution

Extraction & processin

Total pathway
The WTT analysis was performed for electricity using 2008 UK
data (MacLeay et al., 2009; defined as E(A)) and for reference,
values for Europe (Edwards et al., 2008; defined as E(B)). For UK
specific data, the grid distribution losses, the electricity genera-
tion efficiencies and generated CO2 were included in the analysis
(MacLeay et al., 2009). The grid distribution losses are on average
7.6% (MacLeay et al., 2009). CO2 emissions in 2008 are reported to
be 497 t/GWh (MacLeay et al., 2009). The final energy and CO2

emissions WTT factors for the UK are as presented in Table 3.
Assuming implementation of the UK’s proposed strategy for

increasing renewable energy sources in its electricity generation
mix, the energy and CO2 emissions WTT factors for electricity will
decrease in the foreseeable future. UK goals aim at achieving 32%
of renewable energy sources in 2020 in their electricity genera-
tion mix compared to the present 5%. This translates to an
expected reduction of 44% of CO2 emissions from electricity
generation in 2020 compared to 2008 (300 g/kWh in 2020
compared to 540 g/kWh in 2008) with this increasing to 90% in
2030 (50 g/kWh instead of 540 g/kWh; Committe on Climate
Change, 2010).

For the hydrogen energy pathway, centralized natural gas
reforming is assumed since this is the expected hydrogen path-
way for the London Taxi demonstration project. As a hydrogen
infrastructure develops, other solutions may be widely deployed
such as integrating the use of renewable energy resources in
electrolysis processes, reducing consequently the WTT energy
needs and emissions associated with the hydrogen production
(Concawe, 2007).

Specific data for UK concerning natural gas origin (considering
99% share of compressed natural gas, CNG, via pipeline and 1%
liquefied natural gas, LNG, via ship in UK (MacLeay et al., 2009))
and reference values for Europe were considered (Edwards et al.,
2008).

Two pathways were designed, one considering gaseous hydro-
gen (CH2) using a local pipeline network (50 km average distance)
and compression to 88 MPa at the refueling station, named NG(A),
and another considering liquid hydrogen (LH2), where liquid
Energy (MJex/MJfuel) CO2 (g/MJfuel)

g 0.03 3.7

0.01 0.9

0.10 8.6

sing 0.02 1.0

0.16 (0.14–0.18) 14.2 (12.6–16.0)

tion 1.69 149.4

0.08 0

1.77 149.4

tion 1.84 120.8

0.03 0

1.87 120.8

g 0.04 1.6

km pipeline 0.08 4.0

0.01 0.7

0.32 73.7

on & compression 0.22 8.5

g 0.04 1.6

0.67 (0.62–0.71) 88.7 (85.0–91.9)

g 0.04 1.6

km pipeline 0.08 4.0

0.01 0.7

0.32 73.7

0.67 37.4

& delivery 0.04 2.8

g 0.04 1.6

1.16 (0.88–1.35) 120.4 (91.1–139.4)



Table 6
Range of the number of replacements and corresponding kilometers in brackets.

Components Vehicle technology

ICEV FC EV
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hydrogen is transported to the refueling station by road tanker,
designated NG(B) (see Table 3).

Minimum and maximum values for each process of WTT were
considered from Edwards (Edwards et al., 2008). Table 3 shows
the final values for WTT and respective uncertainty.
Pneumatics 9–14 (24,140–37,551)
Lead–acid battery 2–4 (187,757–112,654)
Engine oil 70–116

(4828–8047)

– –

Transmission oil 5–11 (93,878–48,280)
Brakes oil 3–5 (140,818–93,878)
Wind shield fluid 10–30 (51,206–18,170)
Powertrain Coolant 3–5 (140,818–93,878) –

Li-ion battery – 1–2 (281,635-187,756)
FC – 1–3

(281,635-140,818)

–

2.3. Materials Cradle-to-Grave

The Materials Cradle-to-Grave (CTG) life cycle analysis refers
to the full life cycle of the vehicle. It includes the vehicle
assembling, the maintenance during its lifetime and finally the
dismantling and recycling processes of the vehicle. The materials
life cycle energy consumption and emissions are spread along the
vehicle expected lifetime. For this study, the GREET software
(Burnham et al., 2006) from the US Argonne National Laboratory
was used. This software has two units, one dealing with the fuel
life cycle (GREET 1.7) and the other dealing with the materials life
cycle (GREET 2.7). This latter was adapted for applicability in
Europe, with this then used for the UK case.

Data from the GREET software (ANL, 2008) of the US Argonne
National Laboratory was used in addition to data from IEA (2010).
The total energy and CO2 emissions of the Materials Cradle-to-
Grave pathways were distributed along the vehicles’ lifetime
kilometers traveled. GREET 1.7 has as an input the electricity
generation mix accordingly to the European reality, dominated in
2008 by coal (27.4%), followed by nuclear (25.3%), natural gas
(21.7%) and others (25.6%) (IEA, 2010). This electricity mix is used
in GREET 2.7 calculations for the energy use and pollutant
emissions related to materials used in the manufacture of the
vehicle. Due to a significant UK import rate of the different
components of the vehicle, the European electricity generation
mix can be considered appropriate.

The vehicle’s powertrain system and weight and other infor-
mation on fluids and vehicle composition and the desired life
cycle (see Tables 4 and 5) were used in the enhanced GREET 2.7 in
order to obtain the energy consumed and the pollutants emis-
sions for the considered life cycle.
Table 4
Weight (kg) of components for the three vehicle technologies considered.

Components Vehicle technology

ICEV FCV EV

Total vehicle weight (kg) 1895 2060 2834

Vehicle components weight, kilos

(excluding battery, fluids and fuel) (kg)

1851 1917 1746

Battery weight (kg)

Lead–acid 12 10 10

Li-Ion – 108 1060

Table 5
Vehicle components composition (% by wt) for the three vehicle technologies

considered.

Vehicle components

composition (% by wt)

Vehicle technology

ICEV FCV EV

Powertrain System (%) 12.7 4.2 0.0

Transmission System (%) 5.9 2.6 2.9

Chassis (w/o battery) (%) 28.7 30.5 32.1

Traction motor (%) 0 2.7 3.0

Generator (%) 0 0.0 0.0

Electronic controller (%) 0 2.4 2.6

Fuel Cell Auxiliary System (%) 0 4.7 0.0

Body: including BIW, interior, exterior and glass (%) 52.8 52.9 59.4
One important aspect concerning Materials Cradle-to-Grave is
the average period between exchange for several vehicle compo-
nents and consumables. The chosen values in agreement with the
lifetime of the vehicles are presented in Table 6. Around
563,250 km (350,000 miles) was assumed for the Taxi lifetime,
which corresponds to an average of around 90,000 km (56,000
miles) per year.

Most of the values used for the servicing intervals were an
average between maximum and minimum values recommended
by certified car brands (FORD, 2010; MAZDA, 2010) for similar
powertrains. Fuel cell system related servicing periods are recom-
mended by IE and the lead–acid and Li-ion batteries by the
respective manufacturers. In terms of maintenance, the same
components were considered between the different vehicles with
the exception of engine oil (only used in ICEV), powertrain coolant
(ICE and FC) and Li-ion battery (used only in FCV and EV). As for
the specific fuel cell characteristics, the fuel cell stack powertrain
systems weigh 80 kg while the fuel cell auxiliary systems weigh
90 kg.

The Materials CTG uncertainty is mainly due to variance of the
inputs concerning the replacements of the consumables of the
vehicle. A tire replacement period of 25,000 miles (40,234 km)
and 40,000 miles (64,374 km) for front and rear tires, respec-
tively, was assumed. However, if the front tire can be used in the
rear after the 40,234 km range, the number of pneumatics
replacement decreases to 9 for the consider life of the vehicle.
For the lead–acid batteries considered, minimum and maximum
values of 500 to 1000 charge/discharge cycles were assumed
(Gao and Ehsani, 2002). Li-ion batteries have a maximum life
cycle of near 2000 cycles based on an average value from several
commercial brands (Thundersky, 2010) and a minimum value of
1000 cycles (Larminie and Lowry, 2003). The lifetime of fuel cell
stacks, according to Ballard, varies from 5000 h for passenger
vehicles to 20,000 h for buses. For the taxi application, an average
value of 11,220 h (2 substitutions), with a minimum of 8415 h (3
substitutions) and a maximum of 16,830 h (1 substitution), was
assumed. The replacement of the remaining consumables relies
on the servicing schedule as defined by a similar powertrain.
Maximum and minimum values recommended for maintenance
are listed below in Table 6.
3. Results

All the TTW, WTT and CTG results were combined in order to
obtain the full Life Cycle results for the selected technologies.
Tables 7 and 8 and Fig. 3 present the energy consumption and CO2

emissions results for the LCA analysis in the PCO-CENEX London
driving cycle.



Table 7
Summary of energy consumption results in a full Life Cycle analysis in the PCO-CENEX London driving cycle.

Taxi Energy source
pathway

TTW energy
consumption (MJ/km)

WTT energy expended (MJexpended/km) CTG energy
consumption (MJ/km)

Full LCA energy
consumption (MJ/km)

Av. Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max.

Diesel D 8.00 7.20 8.80 1.28 1.12 1.44 0.26 0.23 0.27 9.54 8.55 10.51

Fuel Cell

PHEV-FC Advisor St. 1 E (A) & NG (A)

2.52 2.39 2.65

1.81 1.68 1.90 0.37 0.34 0.39 4.70 4.41 4.94

E (A) & NG (B) 2.99 2.31 3.44 0.37 0.34 0.39 5.88 5.04 6.48

E (B) & NG (A) 1.82 1.69 1.91 0.37 0.34 0.39 4.71 4.42 4.95

E (B) & NG (B) 3.01 2.32 3.45 0.37 0.34 0.39 5.90 5.05 6.49

PHEV-FC Advisor St. 2 E (A) & NG (A)

2.52 2.39 2.65

1.81 1.68 1.90 0.37 0.34 0.39 4.70 4.41 4.94

E (A) & NG (B) 2.99 2.31 3.44 0.37 0.34 0.39 5.88 5.04 6.48

E (B) & NG (A) 1.82 1.69 1.91 0.37 0.34 0.39 4.71 4.42 4.95

E (B) & NG (B) 3.01 2.32 3.45 0.37 0.34 0.39 5.90 5.05 6.49

PHEV-FC RVS St. 2 E (A) & NG (A)

2.30 2.19 2.42

1.67 1.54 1.74 0.37 0.34 0.39 4.34 4.07 4.55

E (A) & NG (B) 2.74 2.12 3.14 0.37 0.34 0.39 5.41 4.65 5.95

E (B) & NG (A) 1.68 1.55 1.75 0.37 0.34 0.39 4.35 4.08 4.56

E (B) & NG (B) 2.75 2.13 3.15 0.37 0.34 0.39 5.42 4.66 5.96

HEV-FC RVS St. 3 NG (A)
2.52 2.39 2.65

1.69 1.55 1.78 0.37 0.34 0.39 4.58 4.28 4.82

NG (B) 2.93 2.21 3.39 0.37 0.34 0.39 5.82 4.94 6.43

Electric Vehicle E (A)
1.78 1.69 1.87

3.15 3.15 3.15 0.88 0.86 1.22 5.81 5.70 6.24

E (B) 3.33 3.33 3.33 0.88 0.86 1.22 5.99 5.88 6.42

Table 8
Summary of CO2 emissions results in a full Life Cycle analysis in the PCO-CENEX London driving cycle.

Taxi Energy source
pathway

TTW CO2 emissions
(g CO2/km)

WTT CO2 emissions
(g CO2 /km)

CTG CO2 emissions
(g CO2/km)

Full LCA CO2 emissions
(g CO2 /km)

Av. Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max.

Diesel D 608.0 547.2 668.8 113.6 100.8 128.0 17.0 15.2 18.0 738.6 663.2 814.8

Fuel Cell

PHEV-FC Advisor St. 1 E (A) & NG (A)

0 0 0

230.1 221.2 238.0 24.3 21.4 28.3 254.4 242.6 266.3

E (A) & NG (B) 306.5 236.0 352.4 24.3 21.4 28.3 330.8 257.4 380.7

E (B) & NG (A) 226.9 218.0 234.8 24.3 21.4 28.3 251.2 239.4 263.1

E (B) & NG (B) 303.3 232.8 349.3 24.3 21.4 28.3 327.6 254.2 377.6

PHEV-FC Advisor St. 2 E (A) & NG (A)

0 0 0

230.1 221.2 238.0 24.3 21.4 28.3 254.4 242.6 266.3

E (A) & NG (B) 306.5 236.0 352.4 24.3 21.4 28.3 330.8 257.4 380.7

E (B) & NG (A) 226.9 218.0 234.8 24.3 21.4 28.3 251.2 239.4 263.1

E (B) & NG (B) 303.3 232.8 349.3 24.3 21.4 28.3 327.6 254.2 377.6

PHEV-FC RVS St. 2 E (A) & NG (A)

0 0 0

210.6 202.5 217.7 24.3 21.4 28.3 234.9 223.9 246.0

E (A) & NG (B) 280.0 215.9 321.8 24.3 21.4 28.3 304.3 237.3 350.1

E (B) & NG (A) 207.4 199.3 214.6 24.3 21.4 28.3 231.7 220.7 242.9

E (B) & NG (B) 276.9 212.8 318.6 24.3 21.4 28.3 301.2 234.2 346.9

HEV-FC RVS St. 3 NG (A)
0 0 0

223.4 214.1 231.6 24.3 21.4 28.3 247.7 235.5 259.9

NG (B) 303.3 229.5 351.3 24.3 21.4 28.3 327.6 250.9 379.6

Electric Vehicle E (A)
0 0 0

265.9 265.9 265.9 53.9 52.7 74.1 319.7 318.5 339.9

E (B) 215.0 215.0 215.0 53.9 52.7 74.1 268.9 267.7 289.1
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The PCO-CENEX London driving cycle is a very aggressive
driving cycle resulting in the highest TTW energy consumption
value per kilometer for the ICE diesel (22.8 L/100 km or 8.00 MJ/
km). By introducing the PHEV-FC technology, the London Taxi
TTW energy consumption can be reduced up to 3 to 4 times and
local (TTW) CO2 emissions can be eliminated.

For the Fuel Cell Taxi case, all strategies present very similar
results both in terms of hydrogen and electricity consumption in MJ/
km (2.30 or 2.52 MJ/km). The representation of the SOC along the
PHEV-FC Taxi daily usage for the PCO-CENEX London driving cycle is
presented in Fig. 4a. For the PHEV-FC Taxi, ADVISOR with Strategy
2 leads to a faster SOC depletion, while ADVISOR Strategy 1 allows a
slower SOC depletion. RVS using Strategy 2 reveals a slower SOC
depletion. As expected HEV-FC Taxi option (HEV-FC St. 3) maintains
the SOC at approximately 80%.

The same analysis along the PCO-CENEX London driving cycle
was performed comparing the accumulated fuel cell hydrogen
consumption for the three strategies (see Fig. 4b), where naturally
the HEV-FC Taxi produces a steeper consumption gradient than
the PHEV-FC options.

Considering the derived hydrogen consumption data and the
Taxi hydrogen storage capacity (see Section 2.1), the vehicle is
usually required to refill once a day during its typical utilization.
Additionally, for the PHEV-FC, the electricity recharging time for
the different discharging strategies varies from 2.8 to 3.2 h.

A considerable amount of weight and volume must be added
to the vehicle if an EV version of the Taxi is to be considered
(ca. 38% weight addition) in order to maintain the daily usage
patterns of the vehicle and a final battery SOC of 20%, to minimize
excessive battery degradation. Even with this increased weight,
the EV TTW energy consumption shows favorable results due to
its high efficiency (average efficiency for EV is 77% compared to
40% for the PHEV-FC). However, one point of note is that the
vehicle requires a charging point of 14 kVA in order to recharge
the battery in under 9 h (a charge time of greater than 9 h exceeds
the 24 h per day of combined driving and charging).
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Analyzing the WTT results, the ICE diesel vehicle has the lower
energy and CO2 emission per km, followed by fuel cell technol-
ogies and, finally, by the EV. The fuel pathway energy efficiency is
on average 86% for diesel, 53% for hydrogen and 35% for
electricity. The WTT element of the vehicle fuel life cycle repre-
sents 14–54% of total WTW energy consumption.

When the TTW results are combined with WTT in order to
provide WTW results, the diesel vehicle technology has the highest
energy and CO2 emissions values. Both fuel cell Taxi technologies
with compressed hydrogen from centralized natural gas reforming
have a combination of lowest energy and CO2 values. The EV
vehicle WTW has similar results as that of the fuel cell options.

The PHEV-FC vehicle technology using compressed hydrogen
presents the lowest combined WTW results both for energy and
CO2 emissions. Using liquefied hydrogen, independently of the
vehicle technology, presents higher energy and CO2 emissions
WTW results. It is interesting to note that CO2 emissions of fuel
cell technologies have the best WTW scores, around 207–210 g/
km, despite having zero local CO2 emissions.

As for the Materials CTG, vehicle components and fluids have
the most significant contributions to the ICE diesel Materials CTG
energy consumption (70% and 17% for each, respectively). If a FC
vehicle is considered, a shift from fluids to batteries is observed
with the vehicle components maintaining the 70% proportion of
energy expenditure and batteries increasing to 24%. In the case of
the EV Taxi, a complete shift is observed with batteries being
responsible for around 74% and vehicle components decreasing to
23%. Comparatively, the ICE diesel presents the lower CTG result
closely followed by the FC vehicle. As for the EV Taxi the inclusion
of a large battery pack has negative consequences for both CTG
energy consumption and CO2 emissions results, with the resulting
impact much worse than the other two vehicle technologies. The
uncertainty of CTG was obtained mainly due to variance of the
inputs concerning the replacement of vehicles consumables. The
EV Taxi presents a larger variance due to the fact that when
doubling the battery replacement another battery is included,
which greatly increases the maximum possible value.

Considering a full LCA analysis, combining TTW, WTT and
Materials CTG, the hydrogen powered vehicle configurations have
lower results both for energy and CO2 emissions. Compared to the
ICE diesel, both the FC vehicle and the EV present the potential of
reducing the full LCA by around 37–55% and 55–69% for energy
consumption and CO2 emissions, respectively. Globally, the Fuel
Cell vehicle powered by compressed hydrogen presents lower
results (4.34–4.71 MJ per km and 235–254 g per km for energy
and CO2 in a full LCA). Comparing the PHEV-FC and the HEV-FC,
these present very similar results with the HEV version slightly
higher (4.58 and 248 g per km for energy and CO2 in a full LCA).

If the 2020–2030 trend on decarbonization of UK electricity
power sector is considered, a shift from natural gas reforming to
electrolysis to produce hydrogen is appropriate, in order to
converge to a more efficient and sustainable pathway. In this
scenario of decarbonization, the full LCA CO2 emissions of each
technology would be reduced to 82–94 g/km for Fuel Cell vehicles
and to 77–99 g/km for the EV in 2030. These considerations
confirm that the hydrogen option for the Taxi is a valid alternative
solution to be used in urban environments in the near future,
particularly when considering the rapid refueling capability,
which may prove imperative for some applications.

Analyzing the disaggregated results between TTW, WTT and CTG
the shifts in energy consumption and emissions are clear. The ICE
diesel TTW accounts for 84% and 82% energy and CO2 emissions,
respectively, of the full LCA, hence choosing a FC vehicle Taxi reduces
the importance of TTW to 54%/0% (energy/CO2) and in case of an EV
to 56%/0% (energy/CO2). The WTT importance in the ICE Diesel LCA
shifts to higher values in the alternative powertrains, from 13%/15% to
51%/94% (energy/CO2) for the FC vehicle and 56%/83% (energy/CO2)
for the EV, since the energy consumption is transferred from the
transportation sector to hydrogen or electricity production sectors. In
terms of Materials CTG, the ICE diesel CTG is only accountable for 3%/
2% (energy/CO2), while in the FC vehicle and EV those values rise to
7%/8% and 15%/20% (energy/CO2), respectively.

WTW results of the comparison between diesel vehicle and
hybrid fuel cell vehicle are qualitatively in accordance with the
European studies (Edwards et al., 2008; GM, 2002). The LCA,
including the CTG, is qualitatively in accordance with the Greet
2.7 report results (Burnham et al., 2006).
4. Conclusions

A full Life Cycle Analysis of possible alternative vehicle technol-
ogies for the traditional London Taxi was performed regarding its
energy consumption and CO2. A Plug-in Hybrid Electric Fuel Cell
Vehicle, a Hybrid Electric Fuel Cell Vehicle and an EV were
considered as alternatives to the traditional ICE diesel London Taxi.

The PHEV-FC Taxi resulted in the lowest LCA energy consumption
and CO2 emissions values with a reduction of 55% and 69%,
respectively, when compared to the original ICE diesel Taxi. The
HEV-FC achieved reductions of 52% and 39% of energy consumption
and the EV Taxi achieved reductions of 67% and 64% of CO2 emissions.

In the TTW stage, the PHEV-FC and the HEV-FC vehicle found
to be 71% and 69% more efficient than the ICE diesel Taxi, whilst
the EV achieved the lowest TTW energy consumption with a
reduction of 78% compared to the ICE diesel Taxi variant. In terms
of the WTT stage, the hydrogen production pathway accounts for
30% more energy than the diesel pathway whilst the electricity
production was responsible for the highest energy consumption
(more than double that of the diesel pathway).

It is worth highlighting the importance of the hydrogen and
electricity production pathways. If increased renewable energy
resources are included in the electricity generation mix or alter-
native processes using renewable energy resources are used for
hydrogen production, the WTT factors and consequently the LCA
results may be improved.

Considering the obtained energy consumption and the daily Taxi
service requirements, the HEV-FC is required to refill once a day, the
PHEV-FC requires an additional 2.8 h electricity recharge time, and
the EV Taxi needs 9 h recharge time due to its large battery pack
(155.9 kWh) or alternatively requires a 14 kVA charging point.

The results demonstrate that a hydrogen powered solution for
the conventional London Taxis, can be a sustainable alternative in
a full life cycle framework with further improvement potential if
the UK decarbonization trend is followed. If this demonstration
project proves to be successful, it could be the first step to a more
widespread use of these alternative vehicle technologies and
energy sources in urban environments.
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