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About Concept

Concept Consulting Group Ltd (Concept) specialises in providing analysis and advice erlatesigy
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the wider AsiaPacific regionand Europe Clients have included energy users, regulators, energy
suppliers, governments, and international agencies.

Concept has undertaken a wide range of assignments, providing advice on market design and
development issues, forecasting services, technical evahsatregulatory analysis, and expert
evidence.

Further information about Concept can be found at www.concept.co.nz.

About this report

This study was sponsored by six organisations: Contact, Meridian, Powerco, First Gas, MBIE, and
EECAWe would like tadhank the many individualithin theseorganisations, and others from
other organisationswho have provided valuableputinto this study.

However this report ultimatelyrepresents Concept's analysis and views (and any errors within it
are our own),and the report should not be construed as representing the views of dhg sik
sponsor organisations.

Disclaimer
This report has been prepared®gncepbased entirely on our analysis of public information sources.

Except as expressly provided for in our engagement t&€ors;ept and its staff shall not, and do not,
accept any liability for errors or omissions in this report or for any consequences of reliance on its
content, conclusions or any material, corresporagenf any form or discussions, arising out of or
associated with its preparation.
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time of writing.Concepshall not be liable for, and expressly exchisieadvance any liability to update

the analysis or information contained in this report after the date of the report, whether or not it has

an effect on the findings and conclusions contained in the report.

This report remains subject to any other quedifions or limitations set out in the engagement terms.

No part of this report may be published without prior written approval of Concept.
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PART ONEINTRODUCTION

This part provides background information on this report, our approach and the application of
hydrogen technologies to supply energy services.

1-1 ReportStructure

This reportis the second of three reports. Itis a technical report on our analysis of #te co
effectiveness of hydrogen technologies for decarbonising the New Zealand economy. The other
reports are:

1 Report One; Summaryg accessible overview of hydrogen technologies and our study findings
1 Report Three; Background Researdrollation of usefuresearch material

This analytical report is organised iritoee parts:

M Part One; Introduction

1 Part Twog HydrogenCost Models¢ models andeferencecost estimates

1 Part Three; HydrogenApplications; analysis of current and future cosffectiveness

1-2 Study Scope

The principal focus of thistudyis examiration ofthe potential for New Zealand tasehydrogen
technologiedo costeffectivelyreducegreenhouse emissiondt draws on international studies as
to likely costs and performanad hydrogen technologies, but most of the analysis is original, with
numerous models developed specifically for this study.

The study considerisow hydrogentechnologiescould be used to providé KS Y I Ay WSy SNHE®@
currently metusingfossil fuels; i.e. transport, heating (industrial process, space and water) and
electricity generation

The study primariljocusses ot? 3 NB S v Q ¢ ike 2uBingReBe®/gblgenerated electricity to
produce hydrogen from water using electrolysisompaing greenhydrogenboth to fossitbased
technologiesandto other low-carbon alternatives

However, it also considers the economics of hydrogen produced liggirocarbons; specifically
from natural gasusing steam methane reforming (SMR) combination with carborapture and
storage(CCS)

The analysis considers cost competitiveness today, and forecasts competitiveness 20 years into the
future. It identifies key uncertaintiemajor assumptions anthe most promising opportunitiefor
hydrogen technologies

Thisstudy also considers the potential for New Zealand to export hydrogen to other couqtries
LI NI A Odzt I NALR 2 NMRE Y8 dzy a NR $ Belp dhdeOdecalbaniseHeit dicoyiomies.

This reportistechnical in naturewith the audience assumed to be comfortable with technical and
economic analyses of energy issuesthough not necessarily having prior knowledge of hydrogen.
The associated summary report provides a more accessible sunionargntechnical readers

H2_Report2_Analysis v4 3 Saved29-Jan19
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1-3 New Zaland Emissions Profile

Figurel shows the breakdown of Ne# S | f | y R feiatedfgehidiise emissiain 2016,the

most recent year with complete data availabfransportid S g %St f F yRQa f | NHSa
related emissiong50%)over 90% of which is from internal combustion engine vehicfepwed

by use of fossil fuels for heat raising (30%)d electricity generation (14%).

This profile is uniqueé New Zealand, with most other countries havingnachlarger share of
emissions from electricity generationNew Zealand ialsounique becausés energyrelated
greenhouse emissions only account for 40% of its overall greenhouse emissidhsagiculture
accounting for the vast majority of its other emissidns.

Figurel: New Zealand's 2016 energglated greenhouse gas emissions

Residential - direct

Commercial - direct ~fossil use for SH, WH
fossil use forprocess  —— — & cooking
heat, SH & WH 2%
5%
Industrial direct
fossil use for process _
heat
23%

Other liquid-
fuelled motors
6%

NZ Emissions Breakdown v07.xlsm
Source: Concept analysis of MBIE data

Hydrogen technologies have the potential to displace all tresrgyrelated emissiong; either
through burning hydrogen directly in place of fossil fuels or using hydrogen fuel cells to produce
electricity (and heat). This study examines each of thesasan turn, focussing on the most
promising applications with the greatest emission reduction potentiati comparing the likely
economics of hydrogen technologies versus otbar-carbon technologies.

1-4 Hydrogen Technologies

Displaingfossil fuels wih hydrogen requires the combination of several technologies. Hydrogen is
the most abundant element in the universe but is very rare on earth in its pure molecular form. As
such, the starting point for hydrogen technologies is to extract hydrogen fromceamompoundg,

water or hydrocarbons. Once extracted, hydrogen can be stored and transported, then used to
produce heat or electrical energy.his requires a range of different technologies relating to
production, storage, transport and endse.

1 Greenhouse gas emissions are clasdgifising four main categoriesenergyrelated; agriculturerelated,
industrial processes and product use (pemergy); and waste.

H2_Report2_Analysis_v4 4 Saved29-Jan19
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Someof thesetechnologies are mature, because they have been used at scale for many decades to
support industrial processes (such as synthetic fertiliser manufacture). Other hydrogen
technologies, such as fuel cells, were discovered many decades ago but haet Imeen applied at
scale. Figure2 summarises the purpose and maturity of key hydrogen technolégies

Figure2: HydrogenTechnologies

Hydrogen Purpose | Description Maturity and extent of use
Technology
Electrolysis | Production| Electrical energy is used to produc( Alkaline (1880s) and PEM
hydrogen gas from waterifferent | (1960s) are proven
electrolyser technologies exist: technologies. Alkaline used
Alkaline water electrolysis is lower | at scale foindustrial
cost, while proton exchange applications PEM ess at
membrane (PEM) electrolysis offer| scale but is not common.
more flexible output.
Steam Production| Hydrogen is extracted from a Mature technology
Methane_ hydrocarbqn feedstocksing a Used at scale for industrial
Reformation petrochemical process. processes
(SMR) '
Carbon Production| Carbon dioxide produced as a-by | Relatively limited tedate ¢
Capture and product d SMR is captured and although ®me largescale
Storage sequestered to prevent release to | exampleaused in enhanced
(CCS) atmosphere. oil and gas recovery
Pipeline Storage Hydrogen can be transported in Hydrogen pipelines are a
and gaseous form ipipelines, either in 8 mature technology.
Transport | dedicated pipeline or blended with | Hydrogen blend aresimilar
natural gas.Pipelines also perform | to historic town gas, but &
limited storage functions. testing phase for modern gaj
networks.
Tanks Storage Hydrogen can be stored as a Mature.
_T_nd , E:romfresseg g?s orin IthcL;lflngfor(;n Liquid hydrogen and ultra
ranspor anks can be transported via lan high pressure (e.g.sars)
sea. storage systemare not mass
Tanks are also integral part of produced.
hydrogen vehicles.
2¢kSaS (SOKy2t23A848 FNB SEIFYAYSR Ay Y2NB RSGFAC

3 As set out in more detail later in gireport, having production flexibility is key to making the most of
temporary drops in electricity prices during times of high renewable output; this report therefore assumes that
green hydrogen is being produced by PEM electrolysers.

%
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Hydrogen Purpose Description Maturity and extent of use
Technology
Fuel Cell Use The electrolysis process is essentig Technology proven in B8s

reversed, with electricity generated but not applied at scale.

fro;n hydéoger:jgas.hFutel cells emi Early mass productioand

\t/)va er Zn tpro uceheatas a utility-scale applications

y-product. developingthis century

Fuel cells convert hydrogen to

electricityto power hydrogen

vehicles, but can also be used to

provide power and heat for

stationary energy requirements.
Boiler Use Hydrogen can be burnt in a modifig Similar to town gas, so

gas appliancéo provide heat requirements well

energy with water as a combustion| understood.

product. . .

Hydrogenburning appliances
not widelyavailable.

Electricity Use Hydrogen can beurnt in a turbine | At research prototype stage.
Turbine and used to generate electricity.

There is not yet any widespread deployment of hydrogen technologies at scale for displacing

fossilfuel energy services, but there is active government emmimercial research and

development internationally. This includes development of the technologies listed above, and their
application as part of a full hydrogen supply chainS LJ2 NIIi G KNBS Ay (G(KAa aSNASa
some of these internationahitiatives.

1-5 Energy Servic€ost Comparison

For each potential hydrogen applicationeave taken an approach of compargmgergyservice
costsc i.e. the total cost of achieving an eedergyservice, such as transport, heat electricity
generation. Todevelop energy serviosost estimatesve haveconsidered the relevant supply chain
model and analysethe relevant cost components.

There are various supply chain models for hydrogen

9 it can be produced using electrolysis or through extraction fratural gas;
9 it can be produced localfiat point of usepr centrally

9 If produced centralljt can be transported via pipelines or tankgers

1

it can be burnt directly, or used to generate electrical energy (and heat) through a fuel cell or gas
turbine.

H2_Report2_Analysis v4 6 Saved29-Jan19
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Our analysis seeks to establish how competitive hydrogkkely to befor variousenergy services
by comparing the modelled cost per unit of energy service across alternative technologies

In most cases the key alternative technologies to hydrogen are direct electric options (e.g. electric
vehicles, electric heating technologies), but we also consider biomass for some energy uses.

We also consider competitiveness against existing fossil opt@gspetrol vehicles, or gasr coal
fired heating) and determine the carbon price that would be required to make these fossil options

more expensive than the cheapest laarbon alternative.

Part 20f this reportestablishegeferencecostestimatesfor hydrogen produced using renewable
electricity or hydrocarbon extraction. Part 3 uses thexferencecostestimates as inputs to energy

service cost comparisons for key applications.

1-6 Conventions

New Zealand dollars are used throughout this repotess stated otherwiseGenerally, prices are
qguoted excluding GST, unless otherwise statédture prices are stated in real terms, i.e. without

adjusting for general inflation.

For reference, in energy terms
1 kg (H) = 0.142 GJ ¢H

Thismeans that in cost terms
$1/kg (H) = $7.04/GJ (M

‘b1 G TSHRIEKA DA S LI A € 2k¥ySrietNdSat theicdekffgcveresS Bf providing

transport services.

$perGleuNEFSNA G2 GKS 0230 LING thkiNg idicFaccéianzady Brzigycorkedsion
losses in raising heat to heat a home, or a bfathof water, or perform an industrial process.
H2_Report2_Analysis_v4 7 Saved29-Jan19
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PART TWQHYDROGEN COMDDELS

This part analyses the cost of producing hydrogen from renewable and hydrocarbon sdtirces.
develops aeferenceestimate for the cost of renewablé | & SR W3 NE&g defelfc® N2 ISy
estimate for the cost of hydrocarbelmased hydrogenlt develops several variations on the
referenceestimates, and projects how costs may change 20 years into the future.

2-1 Hydrogen from Renewable Electricity

Hydrogenproduced throughrenewable electricitypoweredelectrolysis of water is often referred to
4 W3INEB S yAs aadvRi\Bradgsegnhouse gas emissipgseen hydrogerould play a
significant role in decarbonisation worldwidfdt can be produced cosdffectively.

Hydrogen can be produced:

1. Centrallyg at a central location using grglipplied electricity with hydrogen transported to
end-use locationwia pipeline or tanker

2. Locallyg at an enduse site, with electricity sourced from the grid
3. Remotelyg at a remote eneuse site with offgrid electricity supply

Gridsourced electricity comes with network connection costs, but generally offers flexible supply at
comparatively low costStorage may still be required to match an efficient hydrogen production
profile to a vaiable hydrogen demand profile, or to match production to times of low electricity
prices. Alternatively, hydrogen can be injected directly into a dedicated pipeline or blended into a
natural gas pipelineln the latter case, the injection rate is restad by the maximum blending
proportion.

Grid electricity can be sourced through direct connection to the figltage transmission system for
large-scale centralised productigor through connection to i electricitydistribution network for
smaller scaler more distributed operation.

If renewable orsite generation; such as solar or winglis used in a remote production facility, then
the greater levels of generatiantermittency (compared to grid generation) means that greater
levels ofstorage (of electricity or hydroger)ye generallyequired to match supply to demand.

2-1.1 New Zealand Context

New Zealand has a highly renewable electricity supply and abundant options for developing further
renewable supply. If new demand for hydrogen protion is assumed to be met through expanding
renewable generation, thengritdd2 4 SNBER K& RNR ISy LINRPRdzOGA2Y OFy 068
Zealand.

Figure4 summarses green hydrogen production models in the New Zealand context.

Figure4: Production models

Energy Source | Benefits Limitations Applications
Electricity Avoidselectricity Incurs cost of dedicateq Production for export.
transmltssdlon dIS'[E[’IbU'[IOI’l network transmission assets. Production for
connecte COSIS. Limits locational reticulation in
Supports very choices. dedicated H pipelines.
large-scale production. Only economic for large Production for
production facilities. undergroundstorage.

H2_Report2_Analysis v4 8 Saved29-Jan19
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Energy Source | Benefits Limitations Applications
Electricity Flexible locational Incurs distribution Production for tank
distribution choices. network charges. storage.
connected Economic across wide | Upper limit on Production for
range of production production scale. reticulation.
scales.

Production for
immediateuse.

Off-grid Avoids network costs. | Access tmwn supply Supply remog
Coalocation with only. locations.
generation. Cannot export

electricity.

Larger storage
requirements

Lower electrolyser
utilisation.

2-1.2 Green HydrogerCost Model

We developed a bottorup model of green hydrogen production costs, and sestsecked against
observed prices and estimates by othparties The advantage of this approach is that it allows
sensitivity testing and supports estimation of carbon price thresholds at which green hydrogen
becomes competitive with fossil fuels or hydrocarksmurced hydrogen.

Ourcoremodel assumes hydrogen isgguced using an electrolyseonnected to an electricity
distribution network and is compressed and stored in a bulk storage tank.aMtereportthe pre-
compressiorcost, andthe costwhen compressed to levels useful for various applications:

9 zerocgfor injection into a gas distribution network
1 low ¢ for injection into agastransmission network
1 highg for use in a hydrogepowered vehicle.

The cost components for this supply chain modehanelesale electricity and network costs, losses
through the eéctrolyser and compression processes, thgital coss of electrolyser and tank
storage equipmentand (norelectricity) operating and maintenance caosts

H2_Report2_Analysis v4 9 Saved29-Jan19
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Green Hydrogen
Cost

Figure5: Green hydrogen cost components

Grid-Electricity Electrolyserand
Cost + Storage Costs

Wholesale Connection and Electrolyserand Capital and O&M
electricity cost for contribution to compression costs of
given demand common network process losses electrolyser and
profile costs hydrogen storage
tank

We also assume for this current cost estimate that hydrogen is produced on a fairly constamt basis
utilisation factors of approximatel§5%. We explortater the potential opportunities to produce
hydrogen more cheaply from operating at lower utilisati@ctors to concentrate production at

times of low electricity prices.

We have also made assumptions about the potential scbt®sts for key components S| NA Q A Y
the future.

Ourcoreassumptionsand resultantmodelled cost are set outin Tablel below.

H2_Report2_Analysis v4 10 Saved29-Jan19
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Current Future Source/Notes

Assumptions

Electrolyser (NZS/kW) 1,400 700 Literature review*. Future cost reduction based on international estimates.
Equivalent to 3.4% annual cost reduction for 20 years. Consistent with
French and Australian government ambitions. Implies world electrolyser
capacity will grow at rate of 17% per annum if learning curve cost reduction
rate is 15%

Opex (equivalent of % 5% 5% Literature review*. Includes periodic catalyst and membrane replacement.

capex per year) Costs scale with extent of use - i.e. if operate at half utilisation, opex costs
(as prop'n of capex) are halved

Useful life (Yrs) 20 20 Assumption

Discount rate 6.0% 6.0% Assumption

Electrolyser efficiency 70% 70% Literature review™

Compression losses 10% 10% Literature review. (Sensitivities performed later for different levels of
compression)

Assumed utilisation 85% 85% Assumption, based on maintenance outage, assumed interaction with

factor storage, and limited avoidance of peak network charges

Storage costs 0.5 0.35 Literature review coupled with bottom-up model based on CNG. Future cost

(NZS/kgH2) reduction is assumption

Storage cycles per 365 365 How many times a year the storage tank is emptied and filled. $/kg storage

year costs will increase inversely proportionately to amount of cycling

Wholesale electricity 0.075  0.075 Average baseload contract prices. Future cost based on Concept modelling

($/kwWh) described elsewhere

Electricity nwk losses 4.0% 4% Estimate based on network pricing schedules

Electricity nwk costs 0.031  0.014 Includes variablised fixed and capacity charges. Estimate based on nwk

($/kWh) price schedules. Future reduction assumes increased NZ elec demand -->
improved nwhk utilisation, plus greater recovery via (avoidable) peak demand
charges

Prop'n nwk charge 30% 10% Review of nwk price shedules. Has impact on cost at different levels of

kWh based utilisation. Future based on assumption

Prop'n nwk charge 10% 50% Review of nwk price shedules. Assumed that utilisation < 80% enables

peak demand-related complete avoidance of peak charges

Resultant costs

(5/kgH2)

Electrolyser capex 1.03 0.51

Electrolyser opex 0.59 0.29

Storage 0.50 0.35

Wholesale electricity 4.88 4.88

Electricity network 1.91 0.90

Total 8.91 6.94
(5/G)) 62.7 48.9

* SeeAppendix Aat back of this reporfor comparison of selected value to range of values from

literature review.

H2_Report2_Analysis_v4
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Figure6 below compares these modelled number with other published estimates.

Figure6: Comparison of Concept modelled hydrogemduction costs(i.e. precompression and
storage)with other published estimates
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[
= . e Energy BrainPool
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e Artelys
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A note of cautiorshould be given when comparing Concept estimates and other published
estimates, as these other estimates are for diffdreauntries which may have materially different
electricity input costs.

Nor is it clear whether other assumptions are equivalertidgen our estimates anthese other
studies.

Nonetheless, this comparison suggests that the Concept estimates are reasonable compared with
other studies; if potentially on the optimistic side.

Figure7 below details the change in hydrogen costs for other-cages, and how they compare with
the base use&ase (Bulk Storage).

The key differences between the usases are:

1 Powerto-gas This is for a situation dijecting hydrogen directly into a gas pipeline. This
avoids storage costs. Note: gas pipeline charges are not included for transporting the gas to the
enduser. This issue is addressed later. Twocadges are considered:

- Gas Dx injectionis for a guation of injecting hydrogen directly into a gas distribution
network. Thisalso avoidg€ompression losses.

- Gas Tx injectioris for injecting hydrogen into a gas transmission network. This has
compression losses which are half those for bulk stordgectricity network costs are also
assumed to be halved (as it is for a notional very lagpe facility connected to the
electricity transmission network) and electricity distribution network losses are avoided. The

5Note: The published international estimates are fooguced costs prior to storage and compression.
Accordingly, the Concept estimates have had such aspects removed from the full cost breakdown shown in
Tablel in order to enable likefor-like comparison.

H2_Report2_Analysis v4 12 Saved29-Jan19
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assumed much larger scale of theifdy only results in electrolyser costs being reduced by
5% reflecting the limited scale economies available for electrolysEw. the reasons
discussed isection3-4.3 later, this option may be limited in a future of blending hydrogen
with natural gas (rather than having a pure hydrogen pipeline), due to the fact that a large
scale hydrogen production facility injecting at a single point in the gas networlextagd
hydrogen concentration thresholdsThis could potentially be overcome throughlogating
the hydrogen production facility with an existing natural gas production facility in Taranaki.

1 Service stations for a servicestation model where the gas compressed up to the much higher
pressures required for the fuel tank in a hydrogen vehicle. Compression losses are double those
for the bulk storage use cas@here are also fixed servistation overhead costs to recovér.

1 Off-grid issimilar to tie bulk storage usease, but avoids electricity network cost€ounter
acting this benefitire:

- larger storage costs

- lower electrolyser capacity factors, leading to higher electrolyser capital recovery costs per kg
of hydrogen delivered. A capacity facbased on solar generation is assumedRaure?

- potential higher wholesale electricity costs if local renewable development is not able to
achieve the same economies of scale as-gc@e generation. This potential effect is not
included inFigure7

- potential limitations on having available land adjacent to the facility on which to locate the
local renewable generatidh

Given these drawbackeur assessment is thaff-grid solutions argyenerallyonly really cost
effective where the electricity network costs from getting a grid connection are much higher than
the levels shown ifrigure7 ¢ e.g. a remote rural location with aedicated electricity spur line.

1 Grid gen & gagyrid overlapis similar to the Gas Tx Injection us@se, but for the situation
where gridconnected renewables happen to be located close to a gas transmission line. In this
scenario the electrolyser coulcelembedded behind theenewablegeneration plant such that
there are no incremental electricity network costs. This gives the lowest cost hydrogen
production use case.

The Tararua wind sites are an example where competitiveggitkration is located clesto a

gas transmission pipeline. It is possible that future wind and usitigle solar sites could be
developed close to gas pipelines. However, the economics of this are likely to be very situation
specific, relying on the location for the wind / abbroject that is close to the existing gas
transmission network also having a good combination of wind / solar resource, civil engineering
costs, ancklectricity transmission costs.

6 The physics of electrolysers means that a lesgale facility will need to be comprised of lots of individual
smallscale electrolysers modules.

7 As set out in sectioB-4.3later, these thresholds could limit the amount of hydrogen in the gas stream at any
one point to 12% or 20%.

8 Section3-1 looking at hydrogen for transport details the derivation of the service station overhead costs.
9The much larger storage costs for-gfid usecases are because the generation variability of a single-wind
farm or solar panel is significan®NE I § SNJ G Kl y GKS @I NA I o-fohnkdied 2F bSg %S|
renewable fleet. As such, in order to deliver similarly reliable hydrogengridmoptions, a much larger

storage facility is required.

0 For example, we estimate that to meet the egg requirements for a hydrogen service station delivering

the amount of energy delivered by an average service station today, would require an area of laad half
kilometre by haHa-kilometre square, completely covered in solar panels. The area oftanttl be ten times
greater to service the requirements of a very large industrial process heat facility.

H2_Report2_Analysis v4 13 Saved29-Jan19
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Figure7: Modelledcurrenthydrogen costs fovarioususe-cases
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Figure7 highlightsthat hydrogen production costs are dominated by electricity input costs
(wholesale electricity and electricity network).

One opportunity we have considered is whether it may baropt to operate an electrolyser at a
lower utilisation factor irthe future than is the case today, in order to concentrate production at
times of low electricity priceand deliver lower per unit production costs

The potential drivers in favour @wer per unit production costs frorfower utilisation factors are:

1 Wholesale electricitg, Future higher penetratios of wind, solar and geothermal plairt the
New Zealand electricity systemay increasingly drive periods of surplus that collaglsetricity
prices

1 Hectricity network costg, More costreflectivefuture networkpricing should enablparties
who can avoid consumption at times of peak network demand to achieve lower network bills

Offsetting these potential lower per unit productionsts are factors which would tend to increase
per unit production costs if utilisation was lower:

1 Ahydrogen production facility would need larger electrolyser and storage equipment to meet a
given level of hydrogen demand.hese higher capital costs Wikt spread over a smaller
amount of produced hydrogen, resulting in higher per unit production costs.

This effect is why the electrolyser capital recovery costs are so much higher for-tijrdafice
case inFigure7 compared to the other use cases. Thegifl use case assumes a 20%
utilisation factor (driven by the capacity factor of sétgrwhereas the other use cases assume

1 This 20% capacity factor for solar assumes a relatively-krgle solar facility with single axis tracking and
winter-focussed panel orientationSmallerscale, static solar facilities are more likely to achieve capacity
factors of approximately 15%.

H2_Report2_Analysis_v4 14 Saved29-Jan19
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an 85% utilisation factorThe effet of this may be reduced over time if technology
improvement reduces the capital cost of electrolysers and hydrogen storage faciliibtel
previously, sets out our estimates of the potential future cost reductions for these cost
components.

1 Some element of network charges will likely be recovered via fixed charges, based on some
measure of the electricity connection capacity. Lower utilisation factors mean these fixed
charges will be spread over a smaller amount of produced hydrogen, resulting in higher per unit
production costs.

Optimising hydrogen production costs femallsale hydrogen production

To test the tradeoff between efficient running costs (low electricity prices) and efficient capital costs
(smaller equipmenand electricity network capacity chargese modelled the variation in hydrogen
production costs with diffring production capacities.

Importantly, this is for a future wherelectricity required folhydrogen production is relatively small

scaledo NBt I+ GABS (2 bSg %S| | y Ra@dithug diINIng the née&fgrl y R F 2 NJ
new renewable electrity generation to be built. The analysis on pag& considers likely costs in a

future where largescale hydrogen production is driving the need for new renee/gleneration to

be built.

Wholesale Electricity Prices

For this smadkcale hydrogen production scenariog modelledscenarios of future electricity prices
considering:

1 hange inNew Zealandeneration mixAs well as a scenario based on the current gatien
mix, we developed two scenarios with very high proportions of renewableansistent with a
future of very high carbon prices applying to the electricity seciinese scenariogproduce
periods of price collapse when there is surplus productjoffset by higher prices at times of
scarce supplysuch that thetime weighted averagéTWA)price remains athe level required to
support new baseload generatidh.

9 Hydro variability We used 20 yeatdf half-hourly datato capture the impact on prices of wet
and dryperiods.

Figure8 shows the resultant wholesale prigedzNJ G A 2y OdzNIBBS& F2NJ bSg %S| |
mixo Wh N3 &skefiario where renewables penetration drives price collapse 25% of the time
0 W{ O,%nd ascOnario with price collapse occurring 55% percent of theditld O.Sy M QU

2 The timeweighted average (TWA) price will need to be at a level to cover therlomgharginal cost of new

baseload generation. We have assumedihai KS ¢2 ! LINAOS gAft 06S ONRIRf& GKE
approximately $75/MWh. This is based on separate Concept modelling of future cost reductions for
0§SOKy2t23AS4 adzOK & 6AYR |yR dziAfAGe a2fplamasthd!l Ol 2 NBF
proportion of variable renewable generation on the system increases; and the need to develop progressively

fSaa FlI@2dNrofS airidsSa Fa GKS woSadQ 2LWA2ya NS dzaSR
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Figure8: Modelled wholesale price duration curves
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evolve but is an internally consistent assumption that would provide a comparably favourable
environment for flexible, energintensive activities such as hydesgproduction.
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This also effectively assumes that increased electricity demand from hydrogen production during
these periods of surplus does not reduce the surplus to the extent that the price collapses do not
occur to the same extentThis is consisternwith smaltscale hydrogen production, but not with
production of a scale across New Zealand which drives the need to build new renewable generation.

Electricity network costs

¢tKS OdNNByid St SOUNROAGE ySig2N)] OlBablelandzda SR G2 3
Figureb previously were based on applying the published netwariffs from three network
companies (Vector Auckland, WEL Hamilton and WE* Wellington) for a large commercial

transformerconnected customer.

As well as considering possible future changes to the average level of network costs, it is critically
important for considering the benefits of lower hydrogen production utilisation to consider the

future structureof network costs.

In particular, the proportion of network costs which are recovered based on:

1 Measures of customers consumption at timesnatwork peak. Based on observation of
current commercial network tariffs we assume 10% of network revenues are currently recovered
via such charges, but that this will move to 50% in the future. A high proportion of network
costs recovered via peak charges is ideahfbydrogen producer with low utilisation as these
charges are completely avoidable by consumers who avoid consumption at times of peak.

1 $/kWh charges These are unavoidable by a consumer, but from the perspective of a hydrogen
producer, these do not trease on a per unit basis with lower levels of utilisation. We assume
30% of network revenues are currently recovered via such charges, but that this will reduce to

10% in the future.

f

'dal

1 Fixed / capacityrelated charges These are based on a measure oflazci 2 YSNRa 02y y SO .
capacity. Because they are unrelated to consumption, lower utilisation will result in these costs

H2_Report2_Analysis_v4
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resulting in higher $ per unit of hydrogen produced. We assume 60% of network revenues are
currently recovered via such charges, butttthis will reduce to 40% in the future.

Figure9 and Figurel0below showthe current and assumed future effective network charge at
different levels of hydrogen utilisatiof.

Figure9: Current effective network charge at different hydrogen utilisation factors
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131n practice, network pricing structures and cost allocations vary consitjeagboss networks and can be
influenced by installatiorspecific factors. The stylised network pricing model shown here is not intended to

replicate pricing in any given New Zealand network, but captures the key economic features of network cost
structures.
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Figurel0: Assuned futureeffective network charge at different hydrogen utilisation factors
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As can be seen, changes to the future structure of network charges will have a much more significant
effect on the economics of hydrogen production at low utilisation leveds tthanges to the overall
level of network charges.

wSadzE GFyid 2LIGAYI{ KeéRMHEISO LDNESR O EASAY F2 N WLIZ2 6 SN

For the usecases of the green hydrogen being injected into a distribution or transmission gas
networks the production can be undertakeompletely opportunistically.

This enables reductions in the average per unit cost of produced hydrogen from operating at lower
utilisationsg as shown irFigurel1 ¢ and particularly if very high levels of future renewables
penetration result in wholesale price collapseas shown irHgure12.

That said, the tradeffs between lower wholesale electricity costs versus higher capital and network
O2ata NBadzA 0 -hgeo @ OdzZMIME 2 FXG K NBOWKGKA St e tAGGES
from operating at30% utilisation and 80% utilisation.
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Figurell: Modelled future hydrogen production cost for injection into a gas distribution network
(i.e. the powerto-gas use casdpr scenario withcurrent levels ofenewables penetration
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Fgure 12: Modelled future hydrogen production cost for injection into a gas distribution network
(i.e. the powerto-gas use case) for scenario with very high renewables penetration
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This revised price for opportunistic powtr-gas hydrogen production is very similar to the future
estimate produced by CSIRO for such production in Austyakapreviously shown iRigure6.
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Optimising utilisation for usecases with storage

For hydrogen whichneedsto be storedbefore being used (e.g. for a service station, or industrial
process site using hydrogen as a heating fubkf opportunities to operate only at times of low
electricity prices are morénhited.

This is because of the randdimecause it is weathedriven)nature of periods ofenewablesdriven
surplus and scarcity driving electricity prices. F&girel3illustrates there can be periods of
sustained high prices followed by periods of sustained low prices.

Figurel3: Weeklyaverage wholesale electricity pricdsr scenario with very high levels of
renewables penetration
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A hydrogen producer seeking to only operate for the lowest 40% of electricity price periods, say
needs to have a large enough storage facility that they can produce and store up enough during
periods of low prices so that they can avoid periods of sustained high prices.

Having such a large storage facility means tbater wholesale electricity production costs can be
achievedbut it will be cycled less frequentlieading to increased storagmsts.

The$/kg storage costs for ourasecaseassumes a storage facility that will be cyciggbroximately
twice a week This can be from fairly constant injection into the storage fadiitywith varying
within-day offtake (e.g. heavy HV truckdriifj up at a service station during déme periods).

However, a storage facility which is only cycled, on average, once a week will have per unit storage
costs which aréwice as high And a storage facility which is only cycled once a year (e.qg. difling
summer and releasing in winter) would have per unit storage costs whichO&times higher.

This dynamic of how storage costs vary with how often the storage facility is cycled is illustrated in
Figurel4 below.

The capital cost of a hydrogen storage vessel was assumed to be NZ$20 per kWh of storage capacity
¢ our estimate of the current capital cost of hydrogen storage tarita. reference, the capital cost

of a battery is currently approximately NZ$300 per kWh of storage capaajproximately fifteen

times greater.
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Figurel4: Impact of storage cycling regime on storage cost per kg of hydrogen delivééda)

441
89
44
0.1 0.9 -
Once-a-day  Once-a-week . Once-a-year . Once every Once every 10
two years years
Diurnal . Seasonal . Hydro-firming

Tech_Eval_v05.xlsm

To analyse these effects we developed a storage optimisation model which sought to optimise the

operation of a storage facility given the-28ar series of halfiourly electricity price$or the relevant
future wholesale electricity scenario.

This optimisdon model was based on similar such models we have developed to optimise the
storage and release of hydro reservoirs or gas storage facilities.

This optimisation was undertaken for many different sized storage facilities to understand the effect

that storage size has on the average wholesale electricity cost of production, and storage cycling
outcomes.

Figurel5illustrates the effect that storage size has on thetpat of storage and release. The large
sizal facility enables opportunistic production achieving average wholesale costs which are
approximately 10% of that achieved for the small facility, but the cycling is less than 0.5% of that for
the small facilityg i.e. the storage component of costs will be more than 200 times greater.

Figurel5: lllustration of optimised storage and release patterns for a small and large storage
facility, respectively
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Figurel6further illustrates the limitations of storage. It shows the average achieved wholesale
electricity price for production relative to the timaeighted average wholesale electricity price
(DWAP/TWAP) for completely opportunistic production (i.e. poweegas) and for the various
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storage model runs. It also shows the ratio of these prices (measured on thénaigtiscale) which
shows that on average the achieved wholesale electricity pricetémage production is
approximately 1.75 that of the opportunistic production. Lower ratios are achievable, but require
much larger storage facilitigeot shown on this graph) with much lower cycling andssociated
storagecost increases.

Figurel6: Results of storage optimisation for wholesale scenario of very high renewables
penetration
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Simple relationships were developed based on the results of the above analysis to seek to reflect the
effects of storage in terms of:

9 Hidher production costs for a given utilisation factor relative to completely opportunistic
production

9 Higher storage costs due to reduced cycling associated with larger stpragjimg that storage
generally needs to be larger for progressively lower atilig factors.

The results of the analysis for the bulk storage use case are shdviguirel?7 below.
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Figurel7: Modelled future hydrogen prduction cost forthe bulk storageuse case for scenario
with very high renewables penetration
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This indicates that the tradeffs between lowelachieved wholesale prices and higher capital,
storage and network cost result in optimal utilisations arounéo8®ery close to the 85% value used

for our base case.

However, this dynamic modelling results in lower hydrogen production costs at the 85% utilisation
factor than derived from the simple modelling shownTablel and Figure? previously, as these
previous simple estimates assumed a static wholesale electricity price based on thedigiaed

average.

This results in the following revised estimatedwpfirogen production costgNote: the offgrid use
case isby definition, not assuming opportunistic production).

Table2: Estimatedfuture W 2 LJLJ2 NJhytndderd pickiudti@n cds for different usecases

($rkgH2)
Current Future
opportunistic
Gas Dx injection 7.57 2.97
Gas Tx injection 6.80 2.67
Bulk storage 8.91 4,65
Service station 11.30 6.55
Off-grid bulk storage 12.56 9.22
Tech_Eval w05.xlsm
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Largescale hydrogen uptake will increase the costs of hydrogen production

As stated previously, a key caveat te thboveanalysis is that it effectively assumes that increased
electricity demand from hydrogen prodiien during periods of renewables surplus does not reduce
the surplus to the extent that the price collapses do not occur to the same extent.

This is considered to be a reasonable assumption for relatively-so@éopportunistichydrogen
production, hut is likely to collapse for larggcale hydrogen production.

Indeed, if there was hydrogen production of a scale sufficient to meet a material proportion of New
%SEfFYRQE OdzNNByYy(d (GNFyaLR2NI 2N LINPOSaa odsSIF i RSY!
of relative surplus that drives the cost estimated able2 would be insufficient to meet this

This is illustrated bifigurel8 which compares two projections of New Zealand electricity generation
in a future where we meet our dearbonisation requiremerst** The first projection is &#ised on

direct electric options being thprincipalmeans by which transport and industrial process heat is
decarbonised. i.e. electric vehicles and electric boilers (plus some biomass boilers for industrial
process heat). The second projection is basedhydrogen vehicles and hydrogen boilers being used
instead of the direct electric options.

Figurel8: Generation projections of decarbonisation via direct electric versus hydrégen
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The much higher generation requirement is because of the significantly higher energy losses in
delivering transport or heating via hydrogen rather than direct electric options. Tdresefrom

losses in converting electricity to hydrogen, and due to hydrogen vehicles, boilers and heaters having
lower efficiencies than electric vehicles, boilers and heaters. As set out in more detail Thieart

of this paper, almost three times as much rendleaelectricity is required to power a hydrogen

vehicle compared to an electric vehicle, and twice as much renewable electricity is required to
provide hydrogeruelled industrial process heat compared to electric process heating.

In a future wherdargescale uptake of hydrogen technologiesves the need for new renewable

power station developmenthe wholesale electricity component of hydrogen production costs
would tend to revert to a value which reflected thest of building such new powerasions

Further, having to build significantly more generation will also tend to increase wholesale electricity

“eKSaS LINB2SOGA2ya ¢SNBE LINEBRAzZOSR dzaokefahonty engrgy&mdi Qa 9 b %
emissions outcomes, covering all emitting sectors. It has been used in a number of engagements, including

the recent Productivity Commission enquingo a lowemissions economy.

For reference, the hydrogebased decarbonisation projection results in generation demand growth which is
NEBflFiA@Ste O0t2al8S (2 ¢NIyaLR2gSNRa We¢S aldzZNRA | A12Q LINRE
Byt + ' GAf A G estale NdaFf&MNSE Théeariudh hEeS cost, and deliver electricity relatively

more steadily across the day and year, than rooftop PV. This substantially lower cost and higher value output

of utility PV relative to rooftop PV is why ENZ projects the former will dominate.
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prices generally. Our projections of average wholesale prices are almostigidésin the scenario
with largescale hydrogemriven renewablalevelopment.

Table3 builds uponTable2, and includesur estimate of tke csts of hydrogen productioif large
scalehydrogen productiorstarted to drivethe need fomew renewable power generation
development Note: this estimate does not take account of the potential for wholesale prices to be
materially higher if the scalef @xtra demand resulted in very significant increases in genergtion
e.g. the 10% higher wholesale prices referred to above in the scenario of hydbaged

decarbonisation.

Table3: Estimatedfuture hydrogen production costs fadifferent usecases ($/kgH2)

Current Future
Opportunistic Large-scale
Gas Dx injection 7.57 2.97 5.93
Gas Tx injection 6.80 2.67 5.33
Bulk storage 8.91 4.65 6.94
Service station 11.30 6.55 9.11
Off-grid bulk storage 12.56 9.22 9.22
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2-2 Hydrogen from Hydrocarbons

Globally, most hydrogen used today is produced from natural gas using a process known as steam
methane reforming (SMR). Most countries investigating hydrogen have an established SMR industry
and are intending to leverage that to kiskart their HydrogenS O 2 y Anbitions.

SMR i®ften characterise@s a gatewayechnology providing hydrogen tgtart the transition away
fromdirectF 238 a4 Af FdzStf dzaS Ay GNF yaLR2NIFGA2y FyR St SO
hydrogen from renewable electradis production once the hydrogen market is established.

Because SMR uses natural gas as its input fuel, it @@itas part of the processproducing 40 kg

of CQ for every GJ of hydrogéefi. Theenergy losses in this proce@dgpical efficiencies are #5)

meanthe resultant hydrogen is more carbon intensive than the original natural gas fuel. Because of
GKA&AX {aw K&@RNRISY A& 2FiGSy NBFSNNBR (2 a WRANJ
To address this greater carbamensity, SMR initiatives are generally couplgith initiatives

looking at developing carbon capture and storage (CCS) to minimise the greenhouse emz€isns.
technologies can significantly reduce emissions but are not 100% effective, so there are still residual
emissions.Our base case assumes ti%% ofCQ emissions are capturetd. When combined with

the energy losses associated with the SMR process, this results in SMR+CCS hpdingaemb

third of the emissions of raw natural gas (otC3/GJ basis).

2-2.1 New Zealand Context

New Zealand hasignificant natural gas resources with gas production and processing currently
entirely in the Taranaki region, and with a gas pipeline network (which couldberpesed to
transport hydrogen) radiating out from this area. Taranaki is also the onlg piddew Zealand with
depleted oil and gas reservoirs that could potentially be used for carbon capture and storage.

Like most petrochemical processes, SMR benefits from significant economies of scale. SMR is a mass
production chemistry so an SMR plant ¢enbuilt with a very large capacity. These economies of

scale are taken advantage of worldwid8MRs are typically built on a large scale and in clusters at

industrial sites with some prexisting gas infrastructure. Often, they are close to the enda use

(typically major chemicals facilities such as the manufacture of ammonia ortareahimise

KERNRISY UGNIFYyaLRZNIO O02a0Ga 2NJ I NB WOl LJAADGSQ LINE RdzC
own hydrogen needs.

The emissions trading scheme place®sat on carbon emissiong hisis effectively capped at $20.75

pertonne of C@at present, butthe cap is unlikely to endudengterm.® The price of carbon drives

the economics of CCS and has a significant impact on the relative cost of SMR versus gree
hydrogen.

2-2.2 HydrocarbonrBasedHydrogen Cost Model

We developed a bottorup model of production costs for hydrocarbtmased hydrogen, and sense
checked against observed prices and estimates by other parties. The advantage of this approach is

1 The natural gas feedstock is cracked into hydrogen and carbon dioxide at a ratio of 1:5.5 by weight, which in
GJ terms equates to 40 kg of Gar every GJ of hydrogen produced.

17Based on literature review of overseas studies. As set out in more ohefgibendix Athis is at the upper

end of estimates of the effectiveness of CCS.

¥ The ETS currently has a cap of $25 per tonne but emitters are only requisetnait units for 83% of their
emissions. This reduced surrender obligation will end next year, and the $25 cap is unlikely to endure long
term.
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that it allowssensitivity testing and supports estimation of carbon price thresholds at which
hydrocarbonsourcedhydrogen becomes competitive with fossil fuels.

The cost components for this supply chain modelratural gas feedstock costerocesdosses,
capitalcostsof plant, andcarbon emission prices

Figurel9: Hydrocarborbasedhydrogen cost components
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The effectiveness of the CCS process is also important, and our model assumes 75% of CO
removed. This assumption, combined wittoduction process energy losses, means we model the
emissions intensity of SMR+CCS as 33% of using natural gas directly.

Figure20 below compares our modelled cost of SMR and SMR + CCS hydrogen with
i international estimates,
9 the costs of direct natural gas and

1 green hydrogemroduced at a largscale and injected inta gas transmission network (as
detailed in the previous section)

We have also shown for illustrative purposes, the effect of a NZ$L@pprice on the cost of
carbon emissions on the different options.
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Figure20: Estimated cost bhydrogen produced b$gMR + CCS

40
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25
]
g 20 CO2 costs @
NZ$100/tC0O2

m Non-fuel costs
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NZ$6/G)
5 .
0
SMR no CCS SMR + CCS Int'l estimate
SMR no-CCS, no
CO2 cost
Natural gas SMR Hydrogen Centralised
green hydrogen Tech_Eval_v03.xlsm

The similarity between international estimates and our estimatapgdrox.$14/GJ (excluding carbon
costs and with CCS) provides some comfort

Likewise, the resultant effective cost of the CCS in terms of $ per tofd@& oémoved is
NZ$86tCQ. This is understood to be similar (if a little on the low side) to other estimates of the
cost of CCS.

Tabledsummarises key carbon price breakeven pofats

1 differing assumptions about the effectiveness of the amoun€&fremoved by the process
(assuming there is no change in the capital costs or operatingeeific due to such changes)

1 A sensitivity where wholesale gas prices rise to $10/GJ, for our central removal effici€@y of
by CCS of 75%. This is to consider the potential implications of a future where constraints on the
development of additionala@g reserves and resources start to cause an increase in New
%StfrFryRQa 3L A LINAOSao®

Table4: Carbon price breakeven points

Breakeven Point Comment CQremoved by CCS| Gas price
$10/GJ
0 0, 0

60% | 75% | 90% (CCT5%
SMR+CCS becomes 108 86 72 115
competitive with SMR
SMR+CCS becomes | For each $1 per GB1(7%) increase in the 502 350 270 430
competitive with direct| price of natural gas, the carbon price
use of natural gas breakeven increases by $19 per tGEb%).
Greenhydrogen CKAA A& FT®HNIARSJASIRZ2 ¢ 650 | 1,000 | 2,600 670
becomes competitive | gastransmissiorconnected largescale green
with SMR+CCS hydrogen production facility. (Hydrogen

production costs of $5.3/kgH2)
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Significant improvements in G&@&moval efficacy, process efficiency and #Haal costs would be
required to make SMR + CSS cost competitive with direct use of naturalfbasbreakeven carbon
price increases as the wholesale price of natural gas incredsesas the price of natural gas
increases, the losses incurred in SMR+CCS become relatively more costly.
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PART THREEHYDROGERAPPLICATIONS

This part presents analysis of the cost effectiveness of hydrimgeey applications:

Transport

IndustrialProcessHeat

Space andVater Heating

ConvertingGasNetworks toHydrogen

PowerGeneration

OtherUsesc marine, aviation, rail, petrochemical feedstock

ogakwnpE

The analysis uses the hydrogen cost estimates developedrinTwg and compares the likely cost
effectiveness of hydrogen relative to other le@rbon alternatives such as direct electric options or
biomass

3-1 Transport

3-1.1 Background
/' NBR YR (NHzO1& FNB bSg %SIHflFyRQa fFNBHSal a2 dzNDS

FigurelLINSE @A 2dzaf & &aK2gSR UGKIFG GNIyaLRNI O002dzyia T2
Figure21 and Figure22 below show that road transport accounts for 89% of transgonissions and
is also the fastest growing transport emittingcsor.

Figure21: 2016 withinNZ(i.e. excluding international air & marinefransport emissions

Marine - within-NZ
2.1%

Aviation - within-NZ __
Rail 6.5%
10%

Road:Buses_— — 4
1.2%

EnergyDatav02xlsm

Source: Concept analysis of MBIE data
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W Marine - within-NZ

m Aviation - within-NZ

M Rail

W Road: Buses

M Road: Heavy
commercial

M Road: Light
commercial

MW Road: Light private

EnergyDatavi2 xism

Figure22: Historical withinrNZ transport sector emissions (kte€)
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Source: Concept analysis of MBIE data

Electric vehicles are projected to transform tlight road vehicle fleet

Forover acentury, one technology has dominateshadtransport: internal combustion engines
(ICEs) fuelled by petrol or diesel.

However,major and continuing improvemeimnprovements in battery technology mean that
battery-electric vehicles (EVs) are starting to become -costpetitive¢ particularly ifQO, costs are
included and the electricity used to recharge the EVs comes from renewable generation.

The cost of batteries has been the critical factor driving EV economics for light vehicles, with trade
offs between vehicle cost and range. However,ldtest generation of light EVs have batteries that

give considerably greater range for a much lower cost. For example, the next generation Nissan Leaf
(to be launchedn 2019 will have a longange version which is projected kave a range of

approximaely 350 kmt® ¢ over three times the range of the firgfeneration Leaf produced only

eight years earlier, and fifteen times the range of the median average distance travelled by a car in a
day in New Zealand.

With continued improvements in the cost and performance of batteries, EMighavehicles (i.e.

cars and vans) are projected to become genuinely cheaper transport solutions than I@igstfor

light vehicles in a decade or so, even without a co€2@f And for light vehiclethat travel a lot

each year (and thus for whom fuel costs are a very large part of the total cost of owrkershi)¢ / h Q
that point of being genuinely costompetitive is much closer.

In large part this is due to the inherent sujm energy efficiency of electric motors compared to
combustion engineg an electric motor is approximately 3.5 times more efficient at converting
stored energy (electricity in a battery) into motive power, compared with the efficiency of a
combustion egine converting stored energy (chemical energy in fuel) into motive power.

19 https://en.wikipedia.org/wiki/Nissan_Leaf#Second_generation_(2017%E2%80%93present)
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This rapid improvement in the cost and performance of EVs is likely to result in mass uptake of light
9+aX YyR (GKS S@Syidat WwWO2ydSNEA guRe askverdKS A IKI
decades.

For example,he current Ministry of Transport projection is f60% oflight vehicleson New
Zealan® & Nd@bk B by 2040. Other countries are putting in place measures to help hasten this
transition, through implementig bans on the sale of new ICEs from 8 to 20 years in the ftfture.

The economics of EVs foeavytransport are more challenging

However, while EVs are starting to displace ICEs for light vehicles, the same is not true for heavy
vehiclesg i.e. trucks. Ag&igure21 previouslyshowed, heavy fleet emissions account #09% of

bSé %SIflyRQa (MdmW:al32FNIb SSHY Waldldted gfdiksnns, affA% bEA &
bSé %SIflyRQa (210! trigueRBhpded Bavelbdea thefastesh grdwyidR > | &
source of trasport emissions.

The reason thaheavyEVs ardurther away from being costompetitive than lighEVss because, in
addition to the high cost of batteries (which affects both light and heavy Esipllowing
characteristics of E\fmarticularly affectheavy EVis

9 Dbatteries weigh considerably more than diesel in a fuel tank to travel similar distances
1 batteries take longer to recharge than it does tofii a diesel / petrol tank at a service station

While improvemerdin battery coss are also substatially helping the economics of heavy Etig
weight and recharging time penaltiesan bemore significant for heavy EVs than light EVs

T .SOFdzaS GKSNB Aa Ly lFoazfdziS ¢SAIKG fAYAG F2NI
an EV battery willeduce the amount of freighthe heavest class ofruck can carry. This weight
O2yaildNYAyld A& y20 Fy AaadzsS F2N f A Xrdargd SKA Of S &
trucks who carry bulky rather than heavy gopds

1 Heavy vehiclegenerallytravel further than light vehicles each day. Tinerelimited range of
current heavy EVs means that an overnight charge will be insufficiesmime casesand thus a
long-distance heavy vehicle will need to stop to recharge during the day. Coupled withuttie m
slower recharging times of EVs compared to filling up a diesel tank, this meardidtangre
heavy EVs will spend a greater amount of their time each day unproductively stationary.

¢tKSAaS WLINRPRAzOGAGAGE LISY!l t (A SauckyBillbg neddédtai | IANBI
perform a given freight service than could be achieved with diesel trucks.

Heavy hydrogen vehicles are not projected to suffer the same productivity penalties, as they are
projected to have weights, ranges andftelling times whih are similar to heavy diesel trucks.

3-1.2 Heavy Transport Cost Model

Because heavy transport is inherently the most promising taogde application for hydrogen

vehicles, we have focussed assessing the economicsWid Seairansport

2SS dzaS (GKS LIKNIAS WOSNE KSIFI@eQ (G2 RAAGAYy3IdAaK (K
GKAOK O2fttSOGAGSte Aa NBFSNNBR (2 Fa WKSIgeQ Ay
As can be seen FRigure230 St 2 6 X ( KS WéelB.ABuckk Bdighing tore tdad 30t) is
NBalLlR2yaArofS F2NI vz 2F FdzSt O2y & dz¥5R% & Newii NHzO1 & C
%SEFflyRQa (NI yaLRNg SHSIEAIAY2ZRAE  SAYNINRSSIAE@Fa oA 2 v &

20 Countries which have announced bans include: Germany, 2030; India, 2030; Ireland, 2030; The Netherlands,
2030; Norway, 2025
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SO2y2YA0a 27F (NI yaL2NER LRPYNIADGK S WYR23\R AGdKYSQ NBNMzOYEA v
fuel consumption

Figure23: Fuel consumed by freight vehicles classed as 'lyeav
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Simple heaw and commercial fleet
analysis w7 .:dsm

To assess the economicstafck transport, we haveleveloped a model of the cost components of
transportand how these costs willary between the threduel / technology options:

9 Diesel vehicles
9 Electric vehiclegEVs)
f  Hydrogen vehiclegHVs)

Our starting point for estimating the cost these vehicle optionis the typical total cost of
ownership (TClfor a diesel vehicle.
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Figure24: Typical heavy freight TCO breakdowaiesel vehicle}

In determining the economics for hydrogen and electric trucks, some of the above TCO items are
considered to be common:

Road User ChargeRC}k

Insurance

Tyres
Other

However, these are increased for EVs due to the payload reduction and rejuighivntime
productivity penalties; depending on the extent to which the duties of the truck result in such
penalties being materialFurther, as detailed later, RUCs for EVs are increased by an additional
factor to reflect the fact that RUCs increaséhnthe weight of vehicle.

1
1
9 Driver costs
1
1

Some of these cost items avery technology specific:

{ Capitalcost(i.e.W5 S LINB O Rigui@24)z, ypfonticgst and operating life

1 Maintenance costg vehicle servicing and repairs

9 Fuel costs

Note: Capital and maintenance costs are also affected by productivity penalties for heavy EVs.

The following sections step through eaahthese technologgpecificcost area, and the
productivity penalties,and set out our assumptions for diesel, batt@fdgctric and hydrogen.

2. NBlI1{R2¢y LINPGARSR 08 (2 yFNBAHE KIS @ LIS fil2yNBam  fWwWNH S0 |+ |
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