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1. Introduction
Logistics and freight activities in cities are at heightened levels due to increased trade
volumes and purchase behavioural shifts towardsnemerce options intensifying lasile
delivery activites. Freight transport accounts fel®% of total traffic flow in urban areas
within the European Union (EU) (MDS Transmodal Limited, 2012). The majority of these
deliveries are undertaken by diesel powered vehicles with extremelppistionate levels
of CO,, NO, and particulate matter emissions (25%, 33%, and 50%) (Dablanc, 2007).
Accordingly, a variety of strategic options (infrastructure; equipment; governance; modality)
have been advanced as key solutions for addressing fesisigmand and emissions in urban
freight transport (Asif and Muneer, 2007; Russo and Comi, 2011; Li et al., 2015).
This paper progresses the discourse on alternative (hydrogen) vehicles as viable strategic
options for addressing sustainability concernsuihan logistics. A critical component of
sustainable logistics solutions is economic cost for concerned stakeholders, particularly for
freight transport operators. The importance of this component is widely recognised as
evidenced by ubiquitous subsidiéisat support alternative vehicle and energy initiatives
across the globe. Although studies have explored the cost competitiveness of battery electric
vehicles (BEVs), there are gaps related to the cost competitiveness of hydrogen fuel cell
vehicles (HFCVs)in logistics despite their weight, space and emissions advantages over
BEVs (Ni et al.,, 2007; Silva Veras et al. 2017). The outcomes from this study not only
support the economic competitiveness of HFCVs but also provide sensitivity impact from
changes inthe value of market condition factors on cost competitiveness.
The remainder of this paperasganised as follows: the next section provides a review of the
literature, followed by an overview of the methodology. Section 4 is devoted to an
examination othe findings; Section 5 presents some scenario analysis, while conclusions are

summarised in section 6.

2. Literature Review

2.1 The role of equipment and technology

Electrification has been suggested as a way to reduce emi§Starsna et al., 2012partial
electrification, or hybrid vehicles, could reduce emissions by413® compared to
conventional vehicles (Samaras and Meisterling, 2008). Fully electric vehicles are emission
free during use and so can reduce emissions by 100% if renewable soaroéised for

electricity generation (Schiffer and Walther 2017). Smith (2010) showed that electric vehicle
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technology allows for a reduction of -28% in CQ emissions in urban areas in Ireland.
Longer term, Nicolaides et al. (2017) estimated tha@3®reductions were possible by 2040.
The US Department of Energy found that by poweringboard appliances in lorAgaul
diesel trucks, diesel consumption could be reduce by up to 80% (Garbak, 2003).

HFCVs are also a suggested alternative to internal comhuetgine (ICE) vehicles. HFCVs
have been shown to reduce greenhouse gas emissions and lead to an improvement in air
quality (Jacobson, 2005; Thomas, 2009). However, BEVs exhibit lower fuel costs per
kilometre and so it follows that lower hydrogen costd greater accessibility would increase
the attractiveness of HFCVs.

Demirdoven (2004) found that HFCVs using fuel produced with-reoewable sourced
electricity offered little to no advantage over hybrid electric vehicles for use in urban
environments. Kwever, it is possible to use renewable, or emisi®e® sources of

electricity to produce hydrogen fuel (Ni et al., 2007).

2.2 Cost studies

HFCV components are higtost and less durable than ICE ones, meaning they must be
replaced more often, drivgnup costs (Chalk and Miller, 2006); however, costs are falling and
HFCVs are expected to be competitive with BEVs by 2020 (Pollet et al. 2012). To address
this, da Silva Veras et al. (2017) recommended additional research on economic
competitiveness. Therovision of total cost of ownership (TCO) information has been found
to increase consumer so6 pr e frmedunnsicesvehicle dasseshy br i
(Dumortier et al., 2015).

Al-Alawi and Bradley (2013) reviewed cost models for PHEVs and fthetdypically fewer

cost components were considered than for ICE vehicles. Their principal finding was that
under the correct conditions BEVs could be cheaper thamdsyénd conventional vehicles.

In Offer et al. (2010) a TCO model considering HFCVsd &EVs was constructed and a
2030 scenario discussed. In the 2030 modelled scenario both BEVs and HFCVs exhibited
higher capital costs than ICE vehicles, although technological developments did reduce the
difference. However, once fuel costs over theififet of the vehicle were considered they
found that both BEV and hybrid HFCVs appeared cheaper than ICE and pure HFCVs. They
noted however that both the HFCV and the ICE case were highly sensitive to fuel costs and
that accurate predictions of future fuekts are not possible.

Contestabile et al. (2011) compared BEVs, HFCVs, and biofuel passenger vehicles in a TCO

model and found there was significantdifference in predicted cost by 2030. They conclude
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that smaller BEVs offer cost advantages when dpgyan a lowenergy driving cycle. They

made clear that such models should not be considered predictive due to the difficulty in
predicting technological developments. Davis and Figliozzi (2013) focussed exclusively on
ICE and BEV delivery trucks operaginn urban environments (the lasile scenario). They

noted that electric trucks are more expensive for almost all cases but the possibility of rising
energy costs and development of battery technology could lead to a situation where electric
trucks wouldbe competitive in most cases. Wu et al. (2015) produced a probabilistic model to
simulate the TCO of both BEVs and ICE vehicles. They condiadh a t BEVs have a
probabilityo of b-efficienimfor nsigpallet vekiclesnapsrating enousban
contexts.

As part of TCO analysis fiscal incentivethat favour low emission activities must be
considered. Onexampleis congestion charging which discourages use of specific roads and
thereby reduces both traffic and pollutant emissions. Bdrjessah €2012) assessed the
impact of congestion charges in Stockholm and found that as a measure for incentivising a
switch to alternative fuel vehicle®rgestion charges are effectiididrue et al. (2011) and

Lévay et al. (2017) analysed the demand for BEVand buyersé attitude
Norway and found that subsidies and tax relief were key to achieving BEV competitiveness.
None of the discussed models have dealt with hydrpgerered light commercial vehicles
(LCVs) and their role in laghile orurban deliveries. As such, in this paper a TCO model is
constructed that, unlike prior studies, includes HEDY/s operating in the UK and takes into
consideration the indicators common to the models discussed previously as well as the impact

of fiscal incentives.

3. Methodology and Results
A Tot al Cost of Ownership (TCO) approach mo
from a particular supplier and includes the overall life costs associated with the ownership of
a product. TCO models are traditionalhlyplemented using aggregated forecast laistbrical
data toestablish costéHeilalaet al., 2006Kimmel et al., 2013; Harrison and Theil, 2017).
For this study, we selected 13 vehicles to reflect BEVs, PHEVH@EA] all with similar
functionality, $ze, interiors and EU classifications. To support panmson, annual mileage of

12921miles was allocated per vehicle adopting industry assump(biis, 2017).

13.8 million licensed vans in the UK, driving a total of 49.1 billion miles. Per vehicle mileage average of
12,921.05 was chosen as our annual mileage variable
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In line with our objective of modelling operating costs, the cost assumptions encompass
critical operator costs for typical last mile fleet activities, deriving from the literature and the
office of national statistics (ONS, 2015; Kohler et al., 2017).

Ownership costs reflect those that are commonly accrued through usage over the lifetime of
the vénicle and these costs are dependent on period of ownership, annual mileage, or both.
Capital costs include typical upfront purchase costs associated with each vehicle; in the case
of subsidies these can be negative.

In this paper, th@pproach shown in Fige 1 was utilised in ord¢o developthe employed

calculationmode| distinguishing between Capital Costs and Ownership Costs.
Ownership

Purchase Residual Purchase Battery Cost a\f%?;g:ﬂce. uel/Electricit Insurance Vehicle
Cost Value Subsidies Y Reyaifs ' Excise Duty

Y

Annual cost Initial Cost

Figure 17 Employed TCO approach

As a result, the following formulaas uset

p

YOU 60 Yo 07 o T

The components of the formula are illustrated, in detail, in the following.

CE representgapital expenditure; th includedinitial asset or purchase costxclusive of
VAT per HMRC regulationgbusinesses can reclaim VAT on business vehicldsragas
they are not for private useJhese reflect the initial purchases cost of the vehicles as
advertised by the manufacturers. @ifkpayment costs were adopted, as financing options

would be impossible to account for with the range of variabledste accessible. Where

%It is assumed that all costs rigeline with inflation such that their present value remains the same, not
including the discount rate. The exception to this assumption is the residual value, for which the depreciation rate
considered is set in terms of present value
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applicable, the costs were converted from EUR to £ (e.g. the Renualt Kangoo Z.E and Symbio

HYKangoo).

RV representsesidual value, computaasing average depreciation fact¢edement Energy,

2016). Although the market falternative vehicles remains largely underdeveloped, it was
suggested that depreciation values for these vehicles converged overtime (Element Energy
2016). Residual values were computed as NPV of capital costs * residual % for period n,

where n=1C

PSrepresentpurchase subsidythe UK government offers grants for vehicles with uloa

emissions, the amount of which depends on the amount of emissions the vehicle produces.
Eight different vans ar e theithsee BEVandthe fuellc@8IV 6 s r ¢
conversion vehicle under consideration in this studize grant allows for a 20% reduction in

the purchase price of the vehicle, up to a maximum of £8,000. The value of the grant is
deducted from the upfront cost of the car at the poinalef and includes VAT, thus a factor

of 0.20 will be applied to the after tax purchasst of the vehicle to determine the magnitude

of grant available. In the event of this value exceeding £8,000 it is corrected to £8,000.

r represents the discount raie line with LCV operation periods average 10 years, the
applied discount rate followed a -@ar gilt, supported by a threeonth average from
historical data (adjusted to 1.2) to three significant figures (HM Treasury, 2013; Clarke et al.,
2014).

0 represents runningpst X, for year n; in particular, the following costs are considered.

0 represents theost of road tax\(ehicle Excise Dutya compulsory duty on operational
vehicles within the UK for yearn. Road taxe are prerated according to CQ Where
applicable, data from thedpartmentfor Transportor calculated the applicable road tax by
using the given emissions range of the vehicles and allocated ch@gesunted life time

costs were calculated by discounting the giragns.

% For the purposefdhis study, we have excluded capital gains tax as these are commercial vehicles used solely
for business.

“ It is assumed that the H350 will qualify for this grant as it meets all over criteria but is presumably not listed as
it is not on general sala the UK at the time of publication
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0 representsufel costsfor yearn. Thesewere calculated for each vehicle in thoem of

pounds per mile (£/mi) using current diesel prices and MPG values from manufacturer
specifications. Similarly, electricity price averages for 6 small messes (Business
Electricity, 2017)were adoptedaccounting for the £ per kWh and premise standing charges.
After averaging the costs for all 6 small businessé&gmile figure was calculated which was

then scaled up to an annual cost using the choserabmileagen order to find the cost for

the HFCVs we assumed (per Hyundai H350 Concept) that fuel consumption guides in the
technical specification were applicable as averages. First we reflected mileage consumption in
kilograms (kg) and employed theted vehicle capacities to determine consumption. Next we
factored the cost of hydrogen (£10 per kg), therefore the costs fBiFB¥s werecomputed

as a product of annual mileage, miles per kilometre, and GBP per kildmetre

0 representsnaintenane, repair, and tyre (MRTQosts for yean. This reflects the costs

that a user would incur in operating the vehicle due to both maintenance and repairs and also
regular tyre replacements. MRT estimates for diesel vehicles were calculated by adding repair
cost using pence per mile (5.2ppm) and tyre replacement costs (1.4ppm), i.e. 6.6ppm for
diesel vehicles. Typical electric and hydrogen vehicles MRT costs have been pegged at 50%
and 70% of ICEV types respectively, therefore we allocated this at 3.3ppm.é2wphm
(Element Energy 2017Annual MRT costs were set using the product of the relevant ppm

value and annual mileage

0 represents insurance costs for yeara variation of input data was used to inform

insurance quotes for a typical UK based business van insurance in 2017. To support our data

evaluation, we used a price comparison sit@\.comparethemarket.coro generate quotes.
To account for difficulties of new models, we made some further adjustments to

accommodate gaps in the returned qfotes

® Kangoo, operates using both battery electric means and hydrogen fuel cell, we assumed a ratio of energy draw
was the same as the ratio of the ranges, i.e. hydrogen range at 180 miles and battery mode at 106 10ites (180:

or 62.9% hydrogen and 37.1% battery).

® This assumption is valid as an estimate as the same stock vehicle is used in both cases, with the HyKangoo
having an aftermarket fuel cell conversion. For the H350 vehicle the powertrain and vehicle allowed its
estimation as a BEV and we used an average from the cost of the other BEVs to estimate the insurance cost for
the H350. All prices were considered fixed for they®@r period.
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0 representdattery costdfor yearn. As battery costs remain high, manufacturers offer a
variety of purchaseptions to support customers; one such option is battery leasing whereby
users pay a monthly fee which covers ownership and replacements. For example, the cost for
theRenault Kangoo Z.E. 38 determinedy contract length and mileage, and it was thi& co
model which was used ®&stimate battery cost gaps for similar vehicldsnual battery costs

could then be deduced and subject to the discount rate at each year.

3.1 Sensitivity Analysis

Results were then subj e c evaldhtingttee impactohangingf 6 s en
the determining characteristiam the cost outcomes for the different vehicles, using the
preliminary results as baseline data.

Ultimately there are two situations thaere analysed; a change in operating conditions at

current market conditions, and a change in market conditions under cuperdtiog

conditions. All analysis wagperformed using MSExcel Scenario Manageresults are

reported below.

4. Results
The modekhows that. typically, diesel vehicleffer lower TCO compared to the electric and
fuel cell options. Our data shows insurance agdaitgestfactar in this regard, constituting, on
average, 64% of the total costor BEVs and HFCVsWe project that this cost will reduce
overtime as the markenatures and insurers are better able to compute risks of coverage.
It is also clear thahk effect of duties as mnoderator is relatively limited.
HFCVs remain the most expensive options without @leEV grant, however our findings
suggest that the gma effectively supports the competitiveness BiFCVs Additionally,
results highlight greater overall capital expenditure costs for the hydrogenps opposed
to the electricand diesel vehicles. It is possible that the cost implications may be rstéeepe
our model assumes a relatively competitive residual value component féF@¥s and this
assumption may not always hold true since the market is still gromitigresults are shown
in Figure 2.

4.1 Sensitivity to Mileage
Electric vehicles typidéy exhibit lower running costs with higher capital expenditure; it
follows that they become increasingly more competitive as the number of miles driven

increases. All of the nediesel vehicles exhibit higher pence per mile ownership costs than
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their diegl counterparts at lower end of the mileage scale. The exception to this is the Ford
Transit Trend which remains disproportionately high, which can be explained by its high
insurance cost; at £4157 per year it is far higher than any other diesel vehickur®
(usually range within £1995 to £2804). Furthermore, we observe that the pence per mile cost
for the Renault Kangoo drops below all diesel vehicles at approximately 21,080(rigare

3 and 4.

HFCVsdo notfareas well aBEVs with adjusted milege. Disregarding the Transit Trend as

an outlier, the pence per mile cost of the Hyundai H350 never falls into the range of the diesel
vehicle costs and never becomes competitive, although the HyKangoo falls into the range,
this occurs at approximately 800 miles where the cost is comparable with the Renault
Trafic and the Vauxhaul Vivaro (Figu®. As mileage increases up to 100,000 miles, only

the Peugeot Partner and the Citroen Berlingo offer lower pence per mile ownership costs than
the HyKangoo.BEVs on the other hand become competitive with diesel alternatives at
approximately 17,000 miles. Whilst it may be plausible HBICVs to become competitive
beyond the 100,00file range, our study did not account for periods beyond 100,000 p.a
limits which we think is a boundary possibility for logistics vans. It is noteworthy that BEVs
will tend to be the preferred opticior operators looking to switch to low or uHi@v
emission vehicles as they become competitive significantly sooner than the PHES®

results are shown in further detail in Annex A.

4.2 Sensitivity to Diesel Prices

Fuelcost can be broken down into three constituent components; VAT, fuel duty, and the fuel
cost. Fuel duty is currently charged at 57.95 pence per litre (HM Revedussi@ms, 2016)
which equates to 263.45 pence per gallon, and VAT is charged at 20% of the fuel cost plus
the fuel duty, working out at 16.7% of the final price (Office for National Statistics, 2016). In
this study the price per litre ofelel was set &i1.154/L or £5.246/gdduty =£2.634, VAT =
£0.876 Fuel cost = £1.735 Figure 4 shows the results of changes in fuel duty up to a
maximum of £25 per gallon at which point all total costs for all diesel vehicles are greater
than all oher vehicles. Thisesults in aiesel price that is perhaps unattainable but there are
some valid findings from the adjustment. For example the table highlights the intersecting
boundaries, dictating the price at which diesel vehicles are no longer competitive with BEVs
and PHEVs. An increase of abo#i2 per gallon can make BEVs sifjcantly more

compelling compared to their diesel counterparts.
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Figure 4 - Sensitivity to fuel duty

3 Sensitivity to Hydrogen Prices

Figure 5 reveals our findings orHFCVs competitiveness dues to changes in pride.

comparison with on8EV is shown.Of all three models, the H350 concept exhibits a steeper
gradient as it is powered solely by hydrogen fuel, whereas the HyKangoo has a
supplementing battery pack and therefore we observe that the total cost drops less as

hydrogen fuel cost drops. By £7/kgtbarehicles fall beneath the total cost of the Ford Transit

Trend, but neither will reach the next most expensive diesel vehicle, BEMeven with a

complete removal of hydrogen cost. Each £1 per kilo cost decrease results in a 1.29% and a
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2.18% decrese in total ownership costs of the HyKangoo and H350 respectively. Since
generating hydrogen fuel requires electricity, perhaps an avenue to reducing the cost is to
promote a reduction in electricity prices, although that would furtherease the

attracitveness of BEVs

Hydrogen fuel price sensitivity
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Ford Transit 2.0 TDCi (130ps) 350 L3 H2 Trend Van RWD HyKangoo ZE with Fuel Cell Range Extender

Hyundai H350 Concept

Figure 5 - Sensitivity to hydrogen fuel price

5. Scenario Analysis
5.1 London Congestion Charge
The congestion charge is charged dagycluding weekends and public holidays, and applies
to most vehicles that are driven in a designaede (Annex B)within London BEVs are
exempt, as are vehicles which emit less than 75g CO2/km and meet the Euro 5 emissions
standards. For this study all diesel vehicles are liable for the congestion charge, whilst all
BEVs and HFCVs are exempt. The feeriominally £11.50 a day but can be reduced to
A10.50 a day for business users or for indi
assumed that there are 252 working days a year, as is the case in 2017. Inflation and discount
rates are applied foiture costs.
A further charge that must be considered for vehicles operating within London is the Low
Emission Zone (LEZ)The LEZboundaries are shown alongside the congestion charge zone
in Annex B.LEZ restrictions apply for a greater period of timghacharges valid every day
of the year, including public holidays and weekends. The charge (£100 a day) applies to any

diesel lorry, van, bus, or other larger vehicle that does not meet the Euro 3 emissions
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standardsWhile all diesel vehicles consideradthis study are registered after this date, the
charge will be considered here as it is possible that over time the threshold will drop until
such a point that the considered vehicles are liable.

Finally, annual mileage figures are altered to reflebanruse only. Using the same report

that was used to set the original mileage variable, Department for Transport, (2017), annual
urban mileage was found to be 4342.11. The results for the London scenario are shown in
Figure 6. The effect of the congesticmarge is immediately apparent; all diesel vehicles now
exhibit a higher TCO than all BEVs. Furthermore, both HFCVs are within diesel cost ranges,
making them competitive for use within London. Their competitiveness with BEVs remains
unchanged however asth are exempt.

Applying the LEZ to all diesel vehicles renders them obsolete with all vehicles exhibiting
TCOs of different magnitudes to the BEV and HFCVs, the plotted results can be found in
Annex C. These results have implications for other citiesinvitie UK as the magnitude of a
congestion charge necessary to raise | ow emi
Utilising the Solver addn for Excel the congestion charge value can be changed until such a
point that all BEVs and HFCVs exhibibwer TCO than all diesel vehicles. Using this
procedure, it was found that a congestion charge of £17.52 would be necessary to ensure
competitiveness for all nediesel vehicles. This represents an increase of 66.86% on the
current congestion charge of ER0. At its inception in 2003, the congestion charge was set at
£5 and by 2005 it had raised to £8; a percentage increase of 60% (Transport for London,
2008). As such a 66.86% change in order to obtain total competitiveness tdieseh
vehicles is nobeyond the realms of possibility, although it should be noted that although the
percentage increase is comparable the absolute increase in terms of GBP is larger and

therefore may have different effects on elasticity. This scenario is plotted in Annex C.
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Figure 6- TCO in London
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5.2 Green Energy

As was discussed in the previous sections, a vehicle wiihGA®D2/km emissions can still

have a carbon cost associated with it. If the electricity used to charge a BEV is sourced from a
coatfired power station for example, there may be a hidden carbon footprint that an operator
is not aware of. Electricity from ar@vider generating their electricity from 100% renewable
energy sources can be more expensive and a decision to opt for this provider can have impacts
on the TCO.

Electricity prices were sourced using an electricity price aggregator, uswitch.com. Only
providers utilising 100% renewable energy sources were selected for averagingvdlbese
werethen set as the respective variable values and the totaksofts are shown iAnnexD.

As expected, the BEVs exhibit greater total costs than previously, there is also a slight
increase in the HyKangoo total cost due to the supplementary batteryTeekangoo Z.E,
ePartner, and-BlVV200 exhibit percentage increases in total cost of 1.1688%, and 1.09%
respectively. The HyKangoo sees a 0.32% increase. These increases have a minimal effect on
their overall competitiveness and as such, switching to an all renewable energy provider is a

viable decision for most operators wishing to redifeéme emissions of their vehicles.

6. Conclusion

This study found that diesel vehicles remain rii@stcompetitive option for commercial use

in the UK, even after consideration of tax relief and grants for low emission vehicles.
However, both BEVs and HFVs, with these considerations, do fall within the total lifetime

cost range of a number of diesel vehicles and can therefore be considered competitive under
current conditionsCompetitiveness can be accelerated with an increase in ULEV grant which
was faind to be crucial, especially for HFCVs. BEVs would remain competitive with a
reduced grant, however it would obviously slow uptake.

Analysis found that, due to lower running costs, the competitiveness of both BEVs and
HFCVs was sensitive to mileage. Ouweeage, BEVs become more competitive than their
diesel counterparts once annual mileage surpasses 17,000 miles. For HFCVs, competitiveness
did increase although for the H350 an increase in mileage was not enough to result in overall
competitivenesdt wasfound that congestion charges are incredibly effective in incentivising

the use of low emission vehicles; also, the impact of low emission charges (which currently

only applies to diesel vehicles failing to meet Euro 3 emission standards) was considered.
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Furthermore, it was shown that opting for electricity sourced only from renewable sources
does little to dampen the competitiveness of BEVs. It follows that current market conditions
dictate that electricity sourced from renewable methods of generatim drastically more
expensive, and as such hydrogen fuel production from renewable electricity should be
encouraged.

In terms of policy, this study should make the importance of the ULEV grant abundantly clear
as ithugely increases the competitivenesbath battery electric and HFCVs; furthermore, it

is clear that over the period of ownership the vehicle excise duty plays a relatively small role.
It was shown that a reduction in the fuel price of hydrogen to £7 per kilo would make both
hybrid fuel celland pure hydrogen vehicles competitive with diesel vehicles; also, of key
concern is reducing capital expenditure necessary for fuel cell vehicles.

All the cases considered in the analysis section are univariate, which is to say the impact on
competitivaness is found for each considered factor in turn. Finding an optimum change in alll
constituent costs could yield much more applicable results as diminishing returns may make it
difficult to take any one cost to its most efficient. This could also considasltaneously

falling electricity/hydrogen costs and rising diesel prices.
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Annex A
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Annex B

Central London
Congestion Charging zone -
residents’ 90% discount applies

Additional residents’ 90%
discount area

=== Congestion Charging zone
boundary
~ Main roads within charging zone
Uncharged roads

Low emission zone boundaries (green), congestion charge zoneé(md)echnlca 2017)
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Annex C

TCOin London with low emission zone charge applied
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