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Executive Summary

This report to stakeholders is the second outmum fthe FRST project “Transitioning to a Hydrogen
Economy”. The project aims to identify how hydrogemld become a significant contributor to New
Zealand’s energy system in the future and the obleesearch investment in realising that future.
Details of the project stages and process areneditiin the Introduction.

This report covers Stage 2, where 24 hydrogen gnemgins (“chains”) were analysed using an
economic, emissions and energy (E3) model, devdlégrethe European “HyWays” project, in order
to select those most likely to feature during trangition to, and subsequent operation of, a fully
developed NZ hydrogen energy system. The 24 cardidizains were selected, after consultation
with targeted end users during Stage 1, as potertigributors to a hydrogen economy in New
Zealand. The feedback arising from the consultgtimeess is included as Appendix A of this report.

The analysis led to the selection of nine prefehnygdrogen chains. During the selection process two
types of end use application were considered -spi@m and stationary. At the end point of each
transport application chain the hydrogen was fed anfuel cell or ICE vehicle. For the stationary
applications it was fed to a fuel cell for distribd generation of combined heat and power.
Reference chains for transportation using exisfiogsil fuel options (petrol and diesel) were
modelled for comparison to the hydrogen-fuelledngportation options and reference chains
modelling the existing provision of electricity ahéat from the grid electricity mix were modelled
for comparison to distributed generation and CH&bgen chains.

The chains selected to go forward for specific adenmodelling under New Zealand conditions
were;

Chain Feedstock Hydrogen Production CCS | Hydrogen Transport | End Use
Number Method Method
Chain 2a Natural gas Central Reformation Np Tanker sfraurt
Chain 3a Natural gas Central Reformation Yes  Pipeline angport
Chain 7a Coal Central Gasification Yes Pipeline Transport
Chain 9c Biomass Central Gasification N Pipeline Stationa
Chain 10a Biomass Central Gasification NO Tanker Tramspor
Chain 13a Wind electricity | Central Electrolysis N/A  Pipeli Transport
Chain 16a Grid electricity Central Electrolysis N/A  Tank Transport
Chain 17a | Wind electricity | Refuelling Site N/A | Direct Use Transport
Electrolysis
Chain 22a Natural Gas FC CHP with reformation Np Ditész Stationary

Sdlection of Transport Application chains.

One of the outputs from the E3 modelling processiuis the selection process was issions.
For transport, which is where the hydrogen economyd make its largest impact in reducing GHG
emissions, the two chains involving hydrogen prdidmncfrom coal without CCS, showed similar
emission levels to present day vehicles runningpetrol. All other hydrogen chains showed
substantial reductions in emission levels over llaise case and also over cases involving foregeeabl
improvements in diesel and diesel hybrid vehichtmlogy. Natural gas reformation without CCS
and grid electricity mix electrolysis all reducedissions to around 50% of those associated with the
base case. Hydrogen production from fossil sounéds CCS and from renewables all showed very
low emission levels relative to the base case. @wains, both involving biomass with CCS showed
substantial negative G@missions.
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The two other key outputs from the E3 modellinggess used for chain selection were primary

energy consumption and costs. For transport apigicathese were assessed in kWh primary energy
use / vehicle-km and $/vehicle-km respectively.e T, emissions data was converted to a carbon
cost ranging from $0 to $100 per tonne and addédedaseline fuel costs for each chain to produce
a two-dimensional plot of energy use against costs.

A major conclusion from the transport analysis wlt in terms of both energy use (or “well to
wheels” efficiency) and cost, the feedstock used were important than the details of the chain
which include options relating to CCS and carbog tgpe of production plant, hydrogen delivery
option (pipeline or truck) and distance deliver&kerall energy use for natural gas and wind
electrolysis chains was low compared with soliddugich as coal and biomass. On the other hand,
the overall cost of production from electrolysis sMaigh compared with direct reformation and
gasification routes from thermal fuels. At a fipstss, hydrogen production from natural gas appeared
most promising but in recognition of the need ford term security of supply, it was deemed prudent
to include a mix of chains involving fully renewabtesources (biomass and wind), increasingly
renewable resources (grid electricity) and largenaresources (coal, e.g. Southland lignite).

The majority of the transport chains chosen (2a,73a 10a, 13a, 16a) were based on the most cost
effective long term options. They involve censall hydrogen production and large scale delivery
and usage infrastructure. To evaluate early maiteetsition costs, a forecourt production chain
involving wind electrolysis (17a) was selected. was chosen in preference to a natural gas
reformation chain, due to its zero GHG footprintd dime uncertainty of future gas supplies.

Sdlection of Sationary Application Chains:

Use of hydrogen within stationary fuel cells isikely to have a major impact on global energy
emissions but, by facilitating the early adoptidnfuel cells, was seen as an important transition
pathway to a full hydrogen infrastructure. The refeee case for stationary chains was taken tode th
use of grid mix electricity in an efficient end ysecess. In terms of G@mission levels the only
large scale centralised hydrogen production chaapgrt from biomass with CCS, to show
improvement over the reference case were wind relgsts and thermal fuels with CCS. High
efficiency combined heat and power (CHP) from sndédtributed generators using thermal fuels
such as natural gas and LPG (without CCS) also sticsubstantial reduction in G@missions
(~50%).

The primary energy consumption and costs of statiphydrogen-fuel cell chains were expressed as
kWh primary energy use / kWh heat+electricity ont &/kWh heat+electricity out. As for analysis
of transport application chains, carbon emissioageveonverted to a cost using a carbon tax range of
0 to 100NZ$/tonne.

The results showed that in most cases the costs igher than the reference case suggesting that
centralised hydrogen production for stationary useslistributed fuel cells on the large scale is
unlikely to be deployed until carbon constraintost increases occur within the existing eledirici
infrastructure. As seen for G@mission reductions, the most promising statiomégins, because of
their improved “source to use” efficiency over tleandard grid case, were those involving
“appliance level” natural gas/LPG CHP fuel cellsléss there is some substantial benefit from
storing the energy as hydrogen it is unlikely thlactrolyser based production will be used for ¢hes
applications where grid mix electricity is availablHowever hydrogen produced from other
resources and supplied via a transport infrastradr on-site fuel cell CHP generation also appear
feasible as a longer term stationary option.

The main message from the stationary analysis hatsthermal fuel use and GHG emissions could
be reduced by using these fuels directly in hydnog€ CHP appliances instead of either generating
electricity from central locations (and wasting theat) or converting to hydrogen and then
transporting it for CHP — hence the selection ofai@h22a. In the longer term, if centralised
production of hydrogen from biomass becomes anpaedepart of the transport infrastructure,
stationary use of this hydrogen becomes feasildenaaty be worthy of further investigation — hence
the selection of chain 9(c).
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In Stage 3, the nine selected chains will be stibjeto scenario analysis. Stella modelling will be
used to identify the contribution profiles of eamhthe hydrogen chains under different transition
scenarios. These range around 50% of the tranfipettbeing hydrogen powered by 2050 and up to
20% of the domestic and commercial energy beingvigea by stationary CHP fuel cells.
Sensitivities will be tested to establish relafivportance of various factors associated with uptak
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GLOSSARY

CCs Carbon Capture and Storage (or Sequestration)

CGH2 Compressed Gaseous Hydrogen

CHP Combined Heat and Power

E3 A database used to assess Energy use, EconamitsEmissions for
processes

FC Fuel Cell

FCV Fuel Cell Vehicle

GHG Greenhouse Gas

ICE Internal Combustion Engine

ICEV Internal Combustion Engine Vehicle

IGCC Integrated Gasification Combined Cycle

LPG Liquefied Petroleum Gas

PHEV Plug-in Hybrid Electric Vehicle

SMR Steam Methane Reformation

USDoE United States Department of Energy

NZBCSD New Zealand Business Council for Sustaindblelopment

NZES New Zealand Energy Strategy

NEECS National Energy Efficiency and Conservatbrategy

CCT Carbon Capture and Trade
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1 Introduction

This report to stakeholders is the second outparhfthe FRST project “Transitioning to a
Hydrogen Economy” [1]. The project aims to identiigw hydrogen could become a significant
contributor to New Zealand’'s energy system in thure and to develop a comprehensive
understanding of what New Zealand needs to actiregeder to prepare for this eventuality; in
particular the role of research investment in ghigcess. At the end of the project New Zealand
will have taken a number of steps towards devebppimarmonised vision for transitioning to a
hydrogen economy, will have identified the existkmpwledge gaps and New Zealand specific
barriers to transition together with the meansattkie them, and will have identified which of
these means should be addressed from within NevaZegt@and which are most likely to come
from outside.

The project consists of 5 Stages: Stage 1, thdifmbation of potential energy supply chains
using hydrogen as an energy carrier; Stage 2, gnergissions and economic analysis of the
potential supply chains to select a smaller nundfepreferred options for the forecast New
Zealand situation; Stage 3, the integration ofvidw@ous preferred supply chain options to meet
a number of future implementation scenarios; Stadbe identification of the gaps and barriers
in understanding or in resources to meet the dpeel@cenarios; and Stage 5, development of a
plan to address these gaps and barriers.

At the end of Stage 1, stakeholders were supplidd avdocument entitled, “Transitioning to a
Hydrogen Energy Economy: Issues Document”. Thisidwnt was designed to raise awareness
and understanding among government and industketstéders by providing information on
the use of hydrogen for energy purposes underotfering headings:

* What a hydrogen energy system is and the drivers. fo
« What the major issues relating to hydrogen produagtstorage, utilisation, codes and
standards and public outreach are.

¢ What international and national research activitiesbeing undertaken to address these
issues.

* The extent of the present hydrogen market in Nealafel.

Hundreds of potential hydrogen energy chains wensidered and prioritised using a first pass
assessment process based primarily on sustaigalilist effectiveness of feedstock, status of
conversion technology and relevance to New Zealdiis led to selection of 24 chains,
covering a wide spectrum of possible options. Ea@s a complete chain from energy
feedstock to end use encompassing every energgesawmailable in NZ, hydrogen production
technologies, hydrogen delivery options, and hydmnognd uses both for stationary and
transportation use. Stakeholders were requestesihtonent on the proposed chains and identify
any chains they felt should be added or deleterh fthe list. This feedback is collated in
Appendix A of the present report and interspersithl responses from the project team.

In summary of this feedback, although objectionsemaised by individual stakeholders to
particular chains, there was no agreement betwadsel®lders as to any particular chains that
should be omitted or altered. Likewise, no extraiich were identified for inclusion into the list.

In Stage 2, these 24 chains (Table 1) were analysi), an economic, emissions and energy
(E3) model developed for the European “HyWays” ecbj[2] to identify a small number of
preferred hydrogen energy chains most likely tauieaduring the transition to, and subsequent
operation of, a fully developed NZ hydrogen enesggtem. The results were compared with
those from E3 modelling of reference chains usetiinithe existing NZ energy system. The
results of this Stage are presented in this documen

The next stage of the project is a “transition gsial' during which the conditions and timescale
for establishment of a NZ hydrogen energy systerdeurvarious plausible scenarios are
modelled. This highlights the mix of supply chathat could be employed and how the mix
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varies over time. The fourth stage will then idgnthe knowledge gaps and New Zealand
specific barriers to transition and the fifth, diml, stage of the process will involve production
of an action plan to address these barriers méstesitly. An initial assessment of knowledge
gaps is included in Section 3.4 of this report.

2 E3 Modelling of 24 Hydrogen Chains

2.1 Assumptions used in E3 Modelling

The 24 hydrogen supply chains from Stage 1 of tiogept, Table 1, were modelled using the
E3 database developed for the European “HyWaysjeprd2]. The data for modelling each
element in the production chains were obtained fnomerous sources. It was found that much
of the data used in the “HyWays” E3 database [4 alao suitable for the present programme.

To model each chain a specific location for thedéteck, hydrogen production plant and
hydrogen demand centre were required. It was egeisthat the main demand centre would be
Auckland through the transition phase and intollg functional hydrogen economy, because of
the size of the energy demand there. To enablalioimparison of feed stocks on a fairly level
playing field only those from the North Island wearonsidered in this analysis. The effect of
transport distances is an output of the E3 moddl smthe sensitivity to feedstock position
relative to demand centre can be easily determined sensitivity analysis. Conceptual
hydrogen production facilities were positioned tinimise the effects of transport for the
overall chain. For example, for low energy densitgody biomass, which is difficult to
transport, the production facility was sited neatthe biomass resource and the hydrogen
transported to the demand centre, whereas foralajas, which is more easily transported than
biomass, the production facility was situated usiside the demand centre and the natural gas
piped to it. Again this resulted in specific distas of hydrogen transportation for each chain;
the effects of placing the hydrogen productionliigcelsewhere could be separated in the E3
output and used to model the sensitivity of theltsgo production facility placement.

Two types of end use application were considerettansport and stationary. Transport
applications were seen as the main driver for ardgeh economy, particularly for private
vehicle uptake. At the end point of each transpppglication chain the hydrogen was fed into a
fuel cell or internal combustion engine vehicleeThansport chains do not include vehicle costs
but do allow for fuel cost and engine efficienay.the case of fuel cell vehicles this was set at
94 MJ/100 km [3], or 26kWh/100km.

For the stationary applications the hydrogen wastéeeither a fuel cell for distributed power
generation or to a micro-scale combined heat aweepdCHP) fuel cell. A micro-scale CHP
fuel cell is essentially a high efficiency househdppliance that runs on conventional
distributed fuel such as natural gas or LPG with lilgdrogen being produced on-site and used
in an integrated fuel processor. The stationarjiegon chains were included because they are
seen as a possible technology for use in the transstage to a full hydrogen economy - a
transition that may last for several decades.

Reference chains for transportation using existiogsil fuel options were modelled for
comparison to the hydrogen-fuelled transportatiptioms. The fossil fuel considered was an oil
feed stock originating in the Middle East and deled to New Zealand Marsden Point Refinery
via a super tanker. As with chains 1 — 24 Aucklarsg assumed to be the demand centre. The
end points for these transport reference chaing werrent diesel and petrol vehicles, a fuel
efficient diesel vehicle and a hybrid diesel vehialith engine and powertrain efficiencies as
derived in the European CONCAWE study [3]. Simijarteference chains modelling the
existing provision of electricity and heat were ralbbeld for comparison to distributed generation
and CHP hydrogen chains. In these instances to&iely was obtained from the national grid,
transmission and distribution losses were accouftteednd the end user was again assumed to
be located in Auckland.
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Details of the 24 chains plus the reference chaimsthe assumptions made for each chain are
given in Appendices B and C.
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Table 1. Chains Selected for E3 Modelling

Chain Feedstock Conversion Process Distribution End Use
Codes
la-d Natural gas Central reformation Pipeline ayEficle b) H ICE vehicle
¢) Small-scale FC CHP
d) Distributed power FC
2a-d Natural gas Central reformation Tanker ay€ficle b) H ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
3a-d Natural gas Central reformation 4 Pipeline a) FC vehicle b) HCE vehicle
CCS c¢) Micro-scale FC CHP
d) Distributed power FC
4a-d Natural gas Central reformation 4 Tanker a) FC vehicle b) HCE vehicle
CesS ¢) Micro-scale FC CHP
d) Distributed power FC
5a-d Coal Central gasification Pipeline a) FC vehi)lH, ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
6a-d Coal Central gasification Tanker a) FC vehlel, ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
7a-d Coal Central gasification + | Pipeline a) FC vehicle b) HCE vehicle
CeS ¢) Micro-scale FC CHP
d) Distributed power FC
8a-d Coal Central gasification + | Tanker a) FC vehicle b) HCE vehicle
CCS ¢) Micro-scale FC CHP
d) Distributed power FC
9a-d Biomass Central gasification Pipeline a) FCaleltn) H ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
10a-d Biomass Central gasification Tanker a) FC lebicH, ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
lla-d Biomass Central gasification +| Pipeline a) FC vehicle b) HCE vehicle
Ces ¢) Micro-scale FC CHP
d) Distributed power FC
12a-d Biomass Central gasification +| Tanker a) FC vehicle b) HCE vehicle

CCs

c¢) Micro-scale FC CHP
d) Distributed power FC
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Chain Feedstock Conversion Process Distribution End Use
Codes
13a-d Wind Central electrolysis Pipeline a) FC vehicle B)IBE vehicle
generated o
electricity ¢) Micro-scale FC CHP
d) Distributed power FC
l4a-d Wind Central electrolysis Tanker a) FC vehicle B)IBE vehicle
generated .
electricity ¢) Micro-scale FC CHP
d) Distributed power FC
15a-d Grid Central electrolysis Pipeline a) FC vehicle B)IBE vehicle
?T:?XCUICIW ¢) Micro-scale FC CHP
d) Distributed power FC
l6a-d Grid Central electrolysis Tanker a) FC vehicle B)IBE vehicle
?T:?XCUICIW c¢) Micro-scale FC CHP
d) Distributed power FC
17a-b Wind Refuelling site None a) FC vehicle b) HCE vehicle
generated electrolysis
electricity
18a-b Grid Refuelling site None a) FC vehicle b) HCE vehicle
electricity electrolysis
mix
19a-b Natural gas Refuelling site None a) FC vehicle b) HCE vehicle
reformation
20 Coal Central IGCC + fhas | Direct use Electricity for grid
turbine + CCS
21 Biomass Central IGCC +yHyjas | Direct use Electricity for grid
turbine
22a-b Natural gas | FC CHP with Direct use a) Micro-scale FC CHP
(piped) reformation b) Distributed power FC
23a-b LPG (by FC CHP with Direct use a) Micro-scale FC CHP
tanker) reformation b) Distributed power FC
24a-b Ethanol (by | FC CHP with Direct use a) Micro-scale FC CHP
tanker) reformation b) Distributed power FC

2.2 Methodology for E3 modelling

The methodology is best considered by lookingsiexific example:

Chain la was envisaged as gas being extracteddnoatural gas field in Taranaki, transported
350km in a natural gas pipeline to a site just lsaft Auckland where it was converted to
hydrogen in a central steam methane reformationt plary close to the natural gas main. Grid
electricity was used for this process. From theeedntire hydrogen gas stream was transported
20km through a large diameter hydrogen pipelineditral Auckland. A 5km small diameter
hydrogen pipeline carried a portion of the hydrogena forecourt refuelling station. The
hydrogen was then transferred to a fuel cell vehidgth compressed gas storage.

Chain 1b was exactly the same except the hydrogertransferred to an ICE vehicle.
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Chain 1c was exactly the same as chain la excepttite 5km small diameter hydrogen
pipeline carried a portion of the hydrogen to armiEC CHP unit located at a residential or
commercial site.

Chain 1d was exactly the same as chain la excepttite 5km small diameter hydrogen
pipeline carried a portion of the hydrogen to gédarbut still local distributed power FC unit.

It should be noted that the E3 modelling process weaaried out in 2 stages. The first stage
calculated the energy use, £@missions and costs of the chain used for hydrggeduction
and delivery to a delineated end point: - in theases the end of the small diameter 5km
pipeline. This was unique to each production saufbe second stage depended on application.
It calculated the energy use, €@missions and costs for the four generic apptoati
considered, which were either a refuelling stagpus a FC or ICE vehicle, or two scales of
CHP FC stationary power unit, and attached thtkéoend of the chains. This methodology was
common to chains 1,3,5,7,9,11,13 and 15. For ctia#$,8,10,12,14 and 16, the hydrogen was
conveyed by tanker rather than pipeline. For chaihthrough 24 the hydrogen was produced at
the point of usage. Chains 17 to 19 represent domegroduction for refuelling vehicles and
chains 20 through 24 represent on-site productiom finfrastructure fuels for stationary fuel
cell CHP. Chain 24 — ethanol - was included to sss$lke use of ethanol for stationary power
since if it becomes available as a standard fusl,use as renewable distributed fuel for
stationary applications may be cost effective mfilture.

2.3 Results for Transportation Chains

One of the outputs from the E3 modelling process tha whole supply chain G@missions.
Figurel shows the modelled emissions for the tramsupply chains to a FC vehicle.
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Figure 1 - CO, emissions for transport application chains

Emissions are given in terms of grams of,@&quivalent per km. (See Appendix D for the full
results.) Chains 5 and 6, which involve hydrogeodpction from coal without CCS, showed
similar emission levels to the reference chain Hictv involved present day vehicles running
on petrol. All other hydrogen chains showed redundiin emission levels, with natural gas
reformation without CCS (1, 2, 19) and grid elelytss (15, 16, 18) all reducing emissions to
around 50% of that of the reference chain for exgstehicles. The grid electrolysis cases were
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interesting in that the emission levels were peshaq as low as one might expect relative to
the reference chains. This was due mainly to tleenthl fuel content of present electricity

generation and the energy losses in productiontims$port of the hydrogen. On the other
hand, if wind generated electricity was used fodrbgen production, (13, 14, 17) the GHG

level was very low. As expected, the fossil souregth CCS (3,4,7,8) and renewables all

showed very low emission levels. The two chainfiwiggative emissions involve biomass with
CCS. This may appear an unlikely combination asgmég but a high carbon cost may make this
chain attractive in the future.

Tables of the primary energy consumption, carboxide emissions and costs (all on a per km
basis) of the vehicle-km driven by utilising thednggen and reference chains are given in detail
in Appendix D. To enable visualisation of theseadat two dimensions the carbon dioxide
emitted was converted to a cost using the condeptarbon tax. This is one simple method for
assigning a variable level of importance to greeiskogas (GHG) emissions which may
eventually become a reality for practically contrg GHG emissions. The range of carbon tax
used was from O to 100NZ$/tonne carbon dioxide texhitThis was added to the baseline fuel
costs for the chain and displayed as a range g@hgraf energy use vs. cost.

Figure 2 does not include individual data pointsdach chain but shows regions into which fall
the data points for a particular feedstock.. Thacepositions of the data points for each chain
are shown in Appendix D (Figure D1 to Figure D5)m@ajor conclusion was that the feedstock
used was more important (first order variable) ttan details of the chain - including options
relating to CCS and carbon tax, type of producpitamt, hydrogen transport option (pipeline or
truck) and distance (second order variables).

The reference chain region (detailed in Figure Bf&ywed that substantial improvements are
predicted in energy use and cost of existing ICE hybrid vehicles as vehicle engines and
technology become more efficient. The conventigaaioline fuelled ICE vehicles are at the top
of the reference region, hybrid diesel vehiclesatrtne bottom.

Natural gas based hydrogen chains were the only thra were competitive with the improved

efficiency transport options in terms of both caistl use of primary energy. However all chains
except those involving electrolysis were competditiwith the existing vehicle technology

reference case.

Coal and biomass options may be cost competitivih Viature fossil fuel transportation
(depending on improvements) but used more primaeygy relative to natural gas reformation
mainly because of the energy use associated wiifygey the feedstock.

Electrolysis was more expensive, with that basedwrent grid electricity using more primary
energy than electrolysis using wind generated bigtonly.

The chains were modelled using current fuel praoed it may be, as crude oil prices increase
and the reference chains become more expensive,othar energy prices will increase.
However, the prices for some feedstocks may natideely correlated to the price of crude oll
and would rise more slowly, moving their positiamthe graph relative to the reference chains.
If the ‘cost of carbon’ rose to high levels this widb also give a cost advantage to wind
generated electricity, biomass and gas/coal witl ©@er the reference chains.
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Figure 2 - Cost and Primary Energy Use of the Variou3ransport Chains per km

It should be noted that Figure 2 only includesdh&a for FC vehicles. If hydrogen fuelled ICE
vehicles were shown, the relative positions offdeelstock related areas would remain the same
but the reduced drive chain efficiencies and comsegjincreased energy use would shift each
of the non-reference coloured areas up and toighe (by a factor of approximately 1.8 fold).
This highlights the importance of durable and ceective fuel cells to the uptake of a
hydrogen economy. However the potential use offdrogen ICE as a transition technology
should not be overlooked — especially if oil setyuar price become a major issue. It is a
proven technology and vehicle costs would be littiferent from those of reference chain
vehicles.

The use of hydrogen production technologies atsttee of the refuelling station demarks the

right hand side of the regions for the natural gas two electrolysis groups. This is because
smaller scale production is less efficient and usere primary energy, but more significantly is

more expensive in terms of capital investment areti dosts.

The effect of the second order variables is shavtrematically in Figure 3 for the case of coal
as a feedstock. The point represents coal gasificatithout CCS with a carbon tax set to zero
and a pipeline to move the hydrogen 100km to theashel centre at Auckland. The arrows
radiating from that point show the individual etfeof changing to hydrogen delivery by truck ,
addition of a $100NZ/tonne carbon tax and the isiolu of CCS.

Clearly, transport by pipeline is both cheaper endsumes less primary energy than the truck
delivery option. They would be the preferred datiwmethod if demand was sufficiently high
to merit their deployment. Adding a carbon tax @aged the costs but had no effect on primary
energy consumed. Utilising CCS increased costsaiswlused more primary energy but when
combined with a high level of carbon tax the insge@n costs could be compensated for by the
reduction in costs of carbon emissions.
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Figure 3 - Variation in Cost and Energy Use via Second i@er Effects for Transport Chains

2.4 Results for Stationary (Heat and Electricity) Chairs

Use of hydrogen within stationary fuel cells isikely to have a major impact on global energy
emissions, but was seen as a probable transitidnwag to a full hydrogen infrastructure, by

facilitating the early adoption of fuel cells. Foonsistency, most of the central hydrogen
production routes analysed for the transportatjplieation were also considered for stationary
chains, although many of these were unlikely. Eioiss from stationary hydrogen chains in

New Zealand must be compared against an alreadgrably low-emission electricity system.

The reference case for these chains was the ugedomix electricity in an efficient end use

process. Interestingly, this base case was notendin terms of low GHG emissions) as one
might initially imagine, due to the substantial C€missions from the 30% or so share of
electricity supply currently provided from thernpadwer plants.

Figure 4 shows the modelled g@missions for most of the stationary supply chains
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Figure 4. CO,emissions for stationary application chains
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Emissions in this case are given in terms of grain€0, equivalent per kWh used. (See
Appendix D for the full results.) The grid referencase 3a consists of direct grid electricity to
end use energy services and showed an emissidrofe2&7gm/kWh.

On this basis, chains 5 and 6 which involve hydnogeoduction without CCS from coal and

use in a distributed fuel cell showed emissionlesegnificantly higher than the reference case.
At the centralised hydrogen production level onipdvelectrolysis and thermal fuels with CCS
showed improvement over the existing grid eledyricpart from the biomass with CCS chains
which, as for the transport application, showedstairttial negative CQOemissions.

The gas reformation chains (1 and 2) also showghklehiemissions than the reference case but
to a lesser extent. So too did the grid electislgbains 15, 16 and 18 because of energy loss in
the electrolysis process and other factors. Thigngty suggests that central electrolysis for
stationary applications would only be useful ifrin@vas a need to store grid electrical energy
via hydrogen. The wind electrolysis chain 17 showedligible carbon footprint, and was
representative of any renewable electricity sourcéhat it can be used to store electricity with
a virtually zero carbon footprint. All other hydrag chains showed improvements in emission
levels over the reference case. As expected tredl fasurces with CCS all showed very low
emission levels.

High efficiency from “appliance level” micro comlad heat and power (CHP) fuel cell systems
or larger distributed CHP systems using thermdkfaech as natural gas and LPG without CCS
showed substantial reduction in €émissions (~50%) as a result of relatively lowlfusage
(chain 22).

The Government energy strategy goal of 90% renewgkheration, if it is achieved, will
progressively reduce the fossil fuel proportion grid electricity mix and therefore the
emissions attributed to each kWh generated - affhalue to demand growth this may not
actually reduce total emissions. Generation vitritlisted fuel cells from clean hydrogen (using
CCS if necessary) could have a future long terra nmoladdressing GHG emissions should this
become an imperative. It would, however, come@is.

Tables of the primary energy consumption, carbooxide emissions and costs of the
heat/electricity per kwh used for hydrogen andregfee chains are given in detail in Appendix
D. Carbon emissions were converted to a cost wsitaybon tax range of 0 to 100NZ$/tonne.

Figure 5 is analogous to Figure 2 for transpontabiat with primary energy use and cost shown
per kwh of combined heat and electricity used gadtof per km travelled. The exact positions
of the data points for each chain are shown in AgpeD (Figures D6 to D11). It can be seen
that the regions for coal, biomass, natural gasehectrolysis are positioned similarly to each
other in relative terms as they were in Figure 2.

Figure 5 showed that the provision of distributedthand electricity by transporting hydrogen
from centralised production from hydrocarbon sosiread from a grid electricity mix using
electrolysis was higher in both cost and primargrgp use than the reference method, which
along with the increased GHG emissions makes thee afscentrally produced hydrogen
unrealistic as a stationary power option at traget

The exception to this was the locally fuelled CHRIfcell chains labelled “appliance” in
Figure 5. Those operating on distributed infragtree fuels such as natural gas and LPG
occupied the bottom of the appliance area (Figui@®and had an energy use below that of the
reference, and at a competitive price. Their GHGssions were also low. This assumed that
the combination of high efficiency heat and powigered by this chain (e.g. chain 22) was fully
realised. The ethanol chain 24 occupied the tapefppliance area (Figure D 10) and showed
a high energy input. This was due primarily to thefficiencies associated with ethanol
production from wood residues, and the substaetiargy input to manufacture and refining.
The E3 process chosen assumed that the ethanalgiad efficiency was 30% and that the
process energy used was primarily fossil baseds iEh substantial issue not only for hydrogen
fuel cell use of ethanol, but even more so for emtiwnal ICE vehicles operating on ethanol. It
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suggests their overall GHG footprint will be higimless more efficient and greener methods of
ethanol production are developed.

4 T T T T T T

35 r

Energy Use (kWh/kWh)

Reference

1] 0.05 a1 0.15 02 0.25 03 035 04 0.45

Cost (NZ$/kWh Combined Heat and Power)
Figure 5 - Cost and primary energy for the various CHP Chins

Although these CHP options were not strictly hydmogenergy chains as hydrogen was
produced and then immediately consumed within gdiance, they may pave the way for later
use of hydrogen as a piped fuel to homes and kassselt would be relatively simple to bypass
the onboard reformer or delete it in later prodaetd use an appliance fuel cell with hydrogen
piped from a central production facility. This magcur in the longer term if hydrogen becomes
the dominant pipeline fuel.

Chains 20 and 21 are special cases which involmralesed electricity production using a
hydrogen gas turbine with no CHP. The resultsabld D2 show that these technologies are
not competitive at currently estimated costs wlith grid electricity reference case (2a).

A possible future advantage of using hydrogen predufrom biomass with CCS is that if
carbon costs increased to a sufficiently high lebein the cost of hydrogen produced may,
because of the “carbon negative” nature of the ggechbe reduced to a similar level to that of
the reference method. This suggests that the fusmall-scale carbon capture from biomass
resources with transportation to storage sitescémnbination with carbon dioxide from other
sources warrants research as well as CCS on teedarle for fossil fuel plant.

The main message from the assessment of statiapatications was that thermal fuel use and
GHG emissions could be substantially reduced bggu#iiese fuels directly in hydrogen FC
CHP appliances instead of either generating etdistrirom central locations (and wasting the
heat) or converting to hydrogen and then transpgitifor CHP.

As for the transportation chains, feedstock wasnajor importance whereas the impact of
secondary variables such as options relating to ,G&2#on tax, hydrogen transportation
method and distance were less important. The gtuahown in Figure 3 again applies.

Figure 6 presents the relative cost and energycasgared to the appropriate transport and
stationary reference chains respectively. It carsden that several of the transport chains (in
black) already lie approximate to their referenbains, whereas the stationary chains, with the
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exception of the distributed fuel on-site reforroatiCHP options, where heat can also be used,
were considerably removed especially in terms sf.co

Energy Use

Reference

Transport
Chains

150% of efererce cos: 500% of referance cost

Cost
Figure 6 - Cost and primary energy for both the transportand the CHP chains.

2.5 Choice of Chains for Scenario Modelling
Transport:

From the comparison of transport options with teference chains it initially seemed sensible
to only include natural gas based chains for seemaodelling as they were competitive with
the predictions for fossil fuelled based transmortboth cost and primary energy use terms.
However, the known reserves of natural gas in Nealahd are diminishing and it cannot be
assumed that further large deposits will be disaxén the future (although it is a reasonable
possibility with significant exploration of the Siiern Basin for both oil and natural gas).

Long term, secure hydrogen supply is likely to leirsed from a mix of fully renewable
resources (biomass and wind), largely renewableuress (grid electricity — currently 65-70%
renewable but with the Government’s aim to deplaly aenewable generation in future this
will increase), or large natural resources (cogl 8outhland lignite).

The transition phase will most likely rely on resms/technology that are already fully
developed such as natural gas reformation andrelgsis, with hydrogen transport by tanker
until sufficient concentrated hydrogen demand isegated to merit pipeline installation. These
options are also available in a wide range of scaled in particular electrolysis plant can be
built up close to demand centres in a modular sl match increasing demand without the
risk of building large plant with the associatesks of a hydrogen economy never developing.
Coal gasification also offers some level of rislluetion in that the syngas product may be used
for production of products (electricity, chemicatgtural gas, hydrocarbon fuels) that already
possess a value.
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Cost will also be an important factor in gainingbpia acceptance although exactly how
feedstock prices will develop relative to refereruel prices is neither clear nor trivial to
predict. Scenarios requiring low carbon emissioitlsmost likely require renewable feedstocks
such as biomass, wind and grid electricity, orfdssil fuel options with CCS.

In light of the above considerations, options fremch of the main feedstock types were
selected to be used in the scenario modelling stagfge programme. This not only addressed
security of supply issues in the event of no lasgale discoveries of natural gas, but also
allowed coverage of other scenarios such as mimgitssil fuel use, high costs of carbon

reflecting increasing climate change importance duture where CCS has limited success or
applicability.

The majority of the transport chains chosen wergetheon the most cost effective long term
options and therefore involved centralised hydrogerduction and large scale delivery and
usage infrastructure. However it is unlikely thatls an infrastructure investment will be made
spontaneously, and it is more likely that distrdaltforecourt” hydrogen production will play a
role during transition stages. Accordingly, a tidasal chain was also selected. The wind
electrolysis chain (17) was chosen over the natgaal chain (19) primarily because of the
uncertainty around future gas supplies, and its @G footprint.

Sationary:

From the results it was clear that centralised dgen production for stationary uses on the
large scale is unlikely to be deployed until carlsonstraints or cost increases occur within the
existing electricity infrastructure. The most preing chains involved natural gas/LPG CHP
fuel cells (chains 22 and 23) in that they showgastantially reduced emissions and improved
efficiency over the standard grid case. Examinatibthe E3 data in Appendix D showed this to
be due to the high CHP efficiency which resultetbim fuel use.

If centralised production of hydrogen from biomagsomes an accepted part of the transport
infrastructure and it is widely distributed, statdwy use of this hydrogen becomes feasible and
worthy of investigation.

Consequently, two stationary options, chains 9c 22al were also chosen as preferred chains
for a hydrogen economy to go forward to the scenaadelling stage of the programme.

The nine preferred chains selected to go forwardht® scenario modelling stage of the
programme are shown in Table 2.

Table 2 - Chains Selected for Scenario Modelling

Chain Number | Feedstock Hydrogen Production CCs Hydrogen | End Use

Method Transport

Method

Chain 2a Natural gas Central Reformation No Tanker| Sprart
Chain 3a Natural gas Central Reformation Yes Pipeline angport
Chain 7a Coal Central Gasification Yes Pipeline Transport
Chain 9c Biomass Central Gasification No Pipelineg Stationa
Chain 10a Biomass Central Gasification No Tanker Transport
Chain 13a Wind electricity Central Electrolysis N/A Pipeli | Transport
Chain 16a Grid electricity| Central Electrolysis N/A Tank Transport
Chain 17a Wind electricity Forecourt Electrolysis N/A &ir Use| Transport]
Chain 22 a Natural Gas FC CHP with reformation No Dikéze | Stationary
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3 Next Stages of the Project

3.1 Scenario Development

In the next stage of the project these nine prefiechains will be used to build up a range of
hydrogen economy scenarios and the relative impeetaf each chain within those scenarios
identified. The knowledge gaps associated with mi@st important chains may then be
identified along with the role of research investiria filling those gaps.

Scenarios are images of alternative futures. Thieynaither predictions nor forecasts. Each
scenario can be interpreted as one particular imagew the future could unfold. Scenarios are
useful tools for investigating alternative futurevdlopments and their implications, for learning
about the behaviour of complex systems and forcpatiaking.

Scenarios are not value free and can often bealvidto two broad groups: descriptive and
normative. Descriptive scenarios are evolutionarg apen-ended, and explore paths into the
future without any preconceived endpoint. Normaseenarios are explicitly values-based and
teleological and explore the routes to desiredratesired endpoints. For the purposes of this
programme it is most useful to develop normativengcios.

3.2 Scenarios to be Modelled

The scenarios to be modelled will be identifiedgbying due consideration to the requirements
of a range of recent documents.

The New Zealand Energy Strategyespouses a Government vision for a sustainableggner
system based on:

« Resilient low carbon transport

«  Security of electricity supply

* Low emissions power and heat

* More efficient energy use

e Sustainable energy technologies and innovation
» Affordability and wellbeing

Targets that need to be reached in order to rethiéseision are identified as:
« Generation of 90% electricity from renewables b220
e Halving transport emissions per capita by 2040
« Being one of the first countries to have wide sgrelactric vehicles deployment.

The Framework for a New Zealand Emissions Trading &eme calls for:
* 90% renewable electricity by 2025
* 50% emission reduction per capita in transport @402
e 250,000 hectares new forest by 2020
e Carbon neutrality in public sector by 2025
¢ Lead the world in widespread deployment of electebicles
» Leading the world in agricultural R and D and GH®@ission reduction.

NEECS calls for:

« Atleast 20% improvement in economy wide energicigficy by 2012
e Afurther 30 PJ of consumer energy by 2012.

New Zealand Transport Strategy calls for:

an affordable, integrated, safe, responsive, asthisiable transport system by 2010. The vision
is underpinned by four principles:
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e Sustainability

* Integration

» Safety

* Responsiveness

SDPOA 2003 calls for:

< Building new generating capacity to meet the growtblectricity demand
« Improving our ability to deal with the risk of dygars, especially given the
» Expected depletion of the Maui gas field

* Improving the way we manage energy demand and grdfigiency.

The requirements of related documents such as Nmada#d’s Climate Change Solutions and
Sustainable Energy 2004 appear to be covered byatiements considered above.

The New Zealand Business Council for Sustainable Belopmenthas identified four future
scenarios. These are:

Shielded — in which energy supply security is thenpry driver to the detriment of growth. It is
characterized by:

e Low economic growth

e Electricity Crises

¢ Fuel Shortages

Conservation - in which lower growth is acceptediaseans to achieve a sustainable outcome.
It is characterized by:

« High Energy prices

» High carbon process

¢ Low economic growth

e Acceptance of supply constraints

« Strong environmental protection policies

Growth — in which the link between energy demand aconomic growth is maintained. It is
characterized by:

« High economic growth

* High energy demand

« Declining oil supply

* Benign environmental pricing

Transformation — in which the relationship betweerrgy demand and growth is significantly
decoupled. It is characterized by:

« Growth though less energy intensive industry

e  Strict energy efficiency standards
« Diversity in energy supply — largely renewable

It is likely that the scenarios will range aroun@% of the transport fleet being hydrogen
powered by 2050 and up to 20% of the domestic amdnwercial energy being provided by
stationary CHP fuel cells.

3.3 Sensitivity Analysis

The scenarios will be subjected to sensitivity gseas relating to, but not necessarily limited to:
« Estimates of the resource size for each feedstock
« Predictions of feedstock price
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¢ Requirements for zero emissions for the transpeet fit point of use.

* Requirements for only renewable resources or fassilsources with carbon capture
and storage by 2050.

« Rate of hydrogen technology development.

3.4 Knowledge Gaps and Research Areas — An Initial Assement.

A Knowledge Gap can be defined as a lack of undedéhg and insight into the technological
processes required to significantly advance thealmidipes and growth potential oNew
Zealand.

It is already possible to begin to identify sometloém in relation to the development of a

hydrogen economy. Table 3 lists areas where therekaowledge gaps, the international

research occurring in these areas and the New kalgecific issues relative to these areas.
This list will be amended and developed in lighttted outcomes from the scenario modelling
stage of the programme.

The table is ordered under areas of hydrogen ptmhjcstorage and transport, and use,
followed by general issues for hydrogen uptake fanaly, impacts on the existing energy
systems that may need to be researched.

Table 3 - Initial Assessment of Knowledge Gaps and Aredor Research

Area Overseas Research Specific New Zealand Issues

Gasification of Large research effort into Application to particular NZ coals

coal/biomass development of advanced (lignite) and biomass requires special
gasification technologies. attention.

Syngas separation and Large research effort required into Same as overseas.
clean-up hot gas R&D including improved

catalysts for water gas shift,

improved techniques for hydrogen

separation and syngas cleaning.

Carbon capture Large research effort into improvedAs for gasification of NZ
pre-combustion carbon capture hydrocarbon resources
technologies. (coal/biomass) — niche needs.
Carbon storage Improved geochemical modelling Local geology and CCS site selection
capability. in terms of capacity, energy costs and

economics. C@pipeline over

CO; sequestration demonstrations. potentially large distances of NZ

Long-term storage liability. terrain. RMA and long term liability.
Pipeline transmission Several substantial hydrogen North to south and south to north
and distribution of pipelines exist. Considerable researghipeline transmission.

gaseous of hydrogen into pipeline options as well as some

operating pipeline infrastructure. RMA.

Local geography.
Tanker distribution of  Well established for specific uses. NZ standards redjdimebulk
liquid hydrogen. transportation.

Better storage and Large research effort into chemical Same as overseas.
distribution methods  and physical storage in solid
materials.

Refuelling station The onboard storage medium still t&iting of stations in New Zealand.
be determined — may yet be metal RMA.
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Area Overseas Research Specific New Zealand Issues
hydrides, liquid or compressed gas.
Whilst systems available there is still
room for advance for public
refuelling.

FCV technology Onboard storage energy density. System studies - comparison of
FCVs vs BEVs and PHEVs in the

Fuel cell cost reductions. NZ environment.
Pilots and demonstrations.

FC CHP Improved FC and fuel processor  Materials and components for global
durability. applications.

Reduced overall system cost througtSystem studies - interaction of CHP
improved componentry. FCs with central supply.

Market barriers.

Pilots and demonstrations.

Standards, safety and Required for transport, storage, Adaptation of international standards

codes application, handling. A major for NZ, including aid in their
activity within the International development at the international level
Partnership for the Hydrogen to minimise adaptation required.
Economy.

Education and training  Efforts starting to educate policy Public debate needs to be initiated to
makers and general public of better understand the hydrogen
hydrogen technologies. energy option and the long term

nature of implementation
Electricity Generation ~ Hydrogen gas turbine developmentSame as overseas.

Molten carbonate fuel cell
development.

Electricity Supergrids — transcontinental Implications of integrating increasing
Transmission Grid transmission of vast amounts of amounts of intermittent renewables.
energy via hydricity grids. Load management/deferment and

storage options for balancing supply
and demand. Grid strengthening for
transporting increasing amounts of
electricity. Impact of hydrogen as a
parallel energy vector. FC CHP

systems.
Electricity Distribution National impact of distributed CHP Demand and technical implications
Networks fuel cell systems and forecourt relative to NZ's specific network
electrolysis on electricity demand  infrastructure. Impact of FC CHP
and network infrastructure — eg systems.

European Smart Grids and US ???

Gas Supply Natural gas and oil exploration.
LNG. Biomass importation.

Gas Transmission and Potential greater use of gas networksnvestigate use of specific existing

Distribution Networks for consumer stationary and NZ infrastructure investment for NG-
vehicular FCs in competition to H2 mixing or eventual 100%
electricity networks hydrogen.

Biomass resource Country specific research to establislitvaluate options for biomass energy

choices best species in relation to hydrogen resource in competition with food
production for land and climate growing capacity.
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Area Overseas Research Specific New Zealand Issues
options .

P Evaluate the most appropriate energy
use of the constrained biomass
resource — e.g. conversion to liquid
or gaseous fuel
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Appendix A Stakeholder Feedback on the Hydrogen Issues Docunte

A.l Introduction

We would like to thank all our stakeholders forithit@oughtful and insightful input into the
selected chains:

BMW, BP, EECA, Electricity Commission, Genesis E)nerHERA, MED, Meridian Energy,
MoT, Solid Energy and Transpower.

The Feedback Section is in a questions / respotyse. $Vhere no response was deemed
necessary none has been made. The feedback isegrauuler main headings of general,
resources, conversion processes, distribution rdsthnd end uses. The author of any particular
comment has not been stated and minor editing ef dbmment undertaken to preserve
anonymity without altering the meaning of the femtlh Where it was felt that some

clarification of the feedback was necessary thissheen included inside square brackets.

There were two main areas that received repeateunent and it seems expeditious to deal
with these in this introduction and then refer bazkhese general comments at relevant points
in this following stakeholder feedback:

There appeared to be some confusion regarding #fenittbn of centralised and
decentralised hydrogen production plant, and irtidar the use of wind power with
electrolysis. We were not suggesting that refugltake place at a wind farm and our view
was that any wind farm would be grid connected nabée transport of the electricity
generated there to a central facility close todemand. This would also allow electrolysis
hydrogen production plant to hedge or forward amitwind farm energy on a “surplus
pricing basis” and agree to take any surplus atealfprice if the wind generator so wished
to sell “off market”. This would provide a potertimarket for a glut of wind energy at
times of low demand and encourage more stabilitynarket prices. We are not familiar
enough with the workings of the current wholesdkcteicity market to know if this is
currently possible or whether modification wouldregquired.

Stakeholders ventured opinions on the relativesc@snissions and primary energy use of
several chains in the list presented to them. Whiks accept that the comments made may
indeed turn out to be valid, we believe that thiswdd be done using the rigorous modelling
procedures to be used in the next phase of thjegirdé-urther justification for this approach
comes from the fact that comments for the remo¥@lasticular resources, technologies or
chains were held by only a small number of the etalders. Had a majority of
stakeholders taken issue with any particular resguechnology or chain we would have
considered this sufficient reason to exclude thairc

Table A1l lists the chains sent to stakeholdergdoisideration.
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Table Al - Basic Chain Description as Presented to stakolders

Chain Feedstock Conversion Process Distribution End Use
Codes*
la-d Natural gas Central reformation Pipeline ayEficle b) H ICE vehicle
¢) Small-scale FC CHP
d) Distributed power FC
2a-d Natural gas Central reformation Tanker ay€ficle b) H ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
3a-d Natural gas Central reformation 4 Pipeline a) FC vehicle b) HCE vehicle
CCS c¢) Micro-scale FC CHP
d) Distributed power FC
4a-d Natural gas Central reformation 4 Tanker a) FC vehicle b) HCE vehicle
CesS ¢) Micro-scale FC CHP
d) Distributed power FC
5a-d Coal Central gasification Pipeline a) FC vehi)lH, ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
6a-d Coal Central gasification Tanker a) FC vehlel, ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
7a-d Coal Central gasification + | Pipeline a) FC vehicle b) HCE vehicle
CeS ¢) Micro-scale FC CHP
d) Distributed power FC
8a-d Coal Central gasification + | Tanker a) FC vehicle b) HCE vehicle
CCS ¢) Micro-scale FC CHP
d) Distributed power FC
9a-d Biomass Central gasification Pipeline a) FCaleltn) H ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
10a-d Biomass Central gasification Tanker a) FC lebicH, ICE vehicle
¢) Micro-scale FC CHP
d) Distributed power FC
lla-d Biomass Central gasification +| Pipeline a) FC vehicle b) HCE vehicle
Ces ¢) Micro-scale FC CHP
d) Distributed power FC
12a-d Biomass Central gasification +| Tanker a) FC vehicle b) HCE vehicle

CCs

c¢) Micro-scale FC CHP
d) Distributed power FC
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Chain Feedstock Conversion Process Distribution End Use
Codes*
13a-d Wind Central electrolysis Pipeline a) FC vehicle B)IBE vehicle
generated o
electricity ¢) Micro-scale FC CHP
d) Distributed power FC
l4a-d Wind Central electrolysis Tanker a) FC vehicle B)IBE vehicle
generated .
electricity ¢) Micro-scale FC CHP
d) Distributed power FC
15a-d Grid Central electrolysis Pipeline a) FC vehicle B)IBE vehicle
?T:?XCUICIW ¢) Micro-scale FC CHP
d) Distributed power FC
l6a-d Grid Central electrolysis Tanker a) FC vehicle B)IBE vehicle
?T:?XCUICIW c¢) Micro-scale FC CHP
d) Distributed power FC
17a-b Wind Refuelling site None a) FC vehicle b) HCE vehicle
generated electrolysis
electricity
18a-b Grid Refuelling site None a) FC vehicle b) HCE vehicle
electricity electrolysis
mix
19a-b Natural gas Refuelling site None a) FC vehicle b) HCE vehicle
reformation
20 Coal Central IGCC + fhas | Direct use Electricity for grid
turbine + CCS
21 Biomass Central IGCC +yHyjas | Direct use Electricity for grid
turbine
22a-b Natural gas | FC CHP with Direct use a) Micro-scale FC CHP
(piped) reformation b) Distributed power FC
23a-b LPG (by FC CHP with Direct use a) Micro-scale FC CHP
tanker) reformation b) Distributed power FC
24a-b Ethanol (by | FC CHP with Direct use a) Micro-scale FC CHP
tanker) reformation

b) Distributed power FC

a, b, ¢ & d refer to the end use
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A2

8

General Comments and Information

Overall all options provided look to be capable.

We have taken a pass through it [The Hydrogen $sddecument] and no specific
comments to make. Looking good.

As an initial observation, we considered that thglidgen Issues document provided a
useful stock take of hydrogen technologies andarebeactivities, and the nature of the
hydrogen market in NZ.

Enjoyed reading your report and have become muaie eaware of issues and pathways — |
found it comprehensive and [as | was] lacking diieblydrogen knowledge | certainly feel
happy with it and would endorse it. From a resegmtspective | guess we are happy to sit
on the fence at this stage as in general termgeveaming in on the applied end.

Timeframes would be useful for each chain — saybeahort, medium and long term.

Response: We have already considered this — see Figuretiteimssues Document. In future we
will include timeframes explicitly at relevant ptérto aid understanding of the chains.

8
8§

| did not identify any chains that | thought shobkladded.
The 24 supply chains identified all appear reletarthe New Zealand context.

Drivers quoted on page eleven could be complimewi#d constraining factors, especially
New Zealand geography. Our unique geography i$ylikcehave major impact on feedstock
supply and hydrogen distribution systems. The aguig comprised of two vertically
oriented islands isolated in the pacific. This nee#imat imports or exports are either by
tanker, rather than pipeline. Cook Straight off@r&ost) barrier to pipelines, although the
barrier is less an issue for the transmission afitechal electricity generated from any
possible plant in the South Island. This is evidgehthrough examples of distribution of
existing fuels. While CNG is piped extensively oviee North Island it is not available in
the South Island, where LPG is available as a gutesin bottled form. Petroleum products
are transported from Marsden Point to Aucklanduftoa pipeline. However the rest of the
country is supplied by coastal tanker to local @ogind then road tankers. For a transition,
existing useable infrastructure can also be corsilan asset, which is the case for the
existing natural gas pipelines electricity grid.

Response: The constraints and factors you mention will besidered in the modelling during
the next stage of the programme — see bulleted pothe Introduction.

8

I guess my comments are mainly concerned with tafibns for the electricity system, and
alternative technologies that affect the econonofcthe supply chain. | think you need to
look at the competing technologies from the congshymint of view, and how that will
affect scale economies in NZ.

Response: See above

8

The report and section 7 appear appropriate tolfextives and span outlined by the scope
for the project. | would like to raise a coupleisgues; | accept that these may be issues
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more appropriate to later stages of the projectravtiiee consideration of the underlying
issues will more readily take place.

Without question a hydrogen economy will have apagt on the electricity transmission
business. The nature of the impact will depend ooraber of issues not least of which will
be the comparative economics of energy transparhydrogen and electricity. Beyond an
unsupported statement of the superior efficiencygaé transmission over electricity
transmission the report is innocent of any consitien of the effects of economics and
efficiency on energy transport.

This lack does not affect the definition of supphains but does affect considerations of
prioritisation and the nature of viable hydrogertufas and the role of electricity

transmission in a hydrogen future. These issued neggive appropriate attention if the
project is to be a pragmatic contribution to thergy debate.

Response: This is a valid comment. In the modelling stagash issues will be considered and
we are very keen to have input from industry arothel relative efficiency assumptions that
will be made within the models — see also bulletechment in the Introduction regarding
modelling.

» A comparison with the HyWays Roadmap for Europenghahat only two pathways could
be amended: nuclear and solar thermal high temperaiater decomposition.

Response: It was felt that the socio-political situation Mew Zealand would rule out nuclear

power based technologies. The solar resource in Z&aland is moderately good but probably
not sufficient or continuous enough to justifyutse for high-temperature water decomposition.
The technology is also not sufficiently well deyadd to allow its future usefulness to be
assessed and modelled with any degree of accuracy.

A.3 Resource Based Comments

Favourable technologies for NZ include those thidise our wealth of coal, wind, natural gas,
and renewable electricity. For coal we have laggerves in the south Island. | note that coal
can be used as an energy source through IGCC (&) @or H2 processes, but the
technologies are yet to be become cost effectiwriiment carbon prices. NZ is well placed for
wind generation and windfarms are continuing tolifaxate. Discovery of new and large
natural gas fields remain a possibility in and adZ, and the existing natural gas distribution
system in the North Island is worth considerati6imally, suitable sites for CCS can be
considered a resource, as the international caatsgwsurrounding CCS means that the strictest
criteria are likely to be applied to sites. Sholld be mapped and quality sites be located, they
will hold an asset value (especially if locatedmatiaer complimentary resources like coal).

A3.1 OQil

8 As an open question we wonder whether includingeddrmation as a source of hydrogen
could provide a useful benchmark against whichotogare other options in the second part
of the analysis. Certainly we appreciate there goed reasons why you have already
discarded oil as a source of hydrogen energy supfdwever, given that over 90% of NZ's
[current] hydrogen supply (the demand) comes frioenNZ Refining Company, and that oil
will remain a major part of the overall energy rfox at least the short term, we believe and
oil chain should be included in the next stagehef project. If nothing else, an oil chain
provides a yardstick against which to measure tfeggy, emissions and economics of the
various other hydrogen supply options.
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Response: Discarding oil was a difficult choice for the smas outlined in the comment.
However one of the main drivers for a hydrogen eomynis to move away from oil driven
transport systems. We do not want a hydrogen ecprimpendent on oil. So we made security
of supply and cost priorities.

A.3.2  Hydrogen Import Option

8 We also believe that there needs to be a hydragport value chain option. In saying this,
we appreciate the broad thrust of the report isatd& indigenous production and energy
security. Nevertheless, the fact remains that NZusently a net energy importer. The
economic costs and energy losses involved in shjppbydrogen may not make this option
viable, but we would like to gain a more detailggr@ciation of the assumptions involved
to understand some of the technology, energy aodosgic sensitivities that may actually
make this a viable option longer term.

Response: NZ may now be a net energy importer but this &£@nario we want to move away
from as we want to be more secure in a world ofeiasing risk around oil supply. It may well
become an internationally traded commodity in therendistant future but for now we have
been guided by security of supply and thereforeatdw indigenous energy sources.

A.3.3 Natural Gas

8 Keep gas chains — There remains some possibiltyaharge gas fields could be located in
or around NZ. Nat gas cleaner at reformation tham @CS coal. CCS will depend on cost
and technology.

8 Interms of the chain codes I'd go for: 2 a-d,d} 8 a-d. By far the most likely is 17 a-b, 18
a-b, 19 a-b.

» For the introduction phase chains 3b, 3a as welbaand 4a seem to be essential, since
natural gas could be an economical interestingwmthEspecially the option of CCS
(carbon capture & sequestration) could ensure fight the beginning high well-to-wheel
CGO, reductions up to 80%.

A.3.4 Natural Gas as LNG [Liquefied Natural Gas]

§ One possible variation to the natural gas chaimaigral gas in the form of LNG, in that it
may aid transition in the logistic chain. LNG isetliastest growing international energy
trade, low temperature tankers and (-162°C) angpgtg is already well understood. LNG
trains are directly fed by gas reservoirs and tireside the potential for CCS. From a New
Zealand perspective Great South Basin could evensiech a play if sufficient gas was to
be discovered to warrant an LNG train. Initial si#ion may be to divert part of this gas
stream for production of Hydrogen for a local caefl market such as Queenstown initially
focusing on static energy requirements. The LPGepation of this market is a possible
example of how that may develop. Starting with $rbaktle gas supplied via one tank,
demands grows to create dedicated site tanks ghotilllowed by reticulation to the
intermediary business from a larger storage facilit

Response: We can envisage that this is a way of setting demand and that this demand could
merit installation of pipelines to carry hydrogéfle think that the LNG possibility is initially
sufficiently covered by proposed options for NGaasource since the LNG, wherever it is
produced from would most likely be initially introded into the existing North Island NG
pipeline system, and reformed into hydrogen bytslaonnected to this infrastructure
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8 Again is there a need to look at chain 19 a-b?i$ge is the distribution method (i.e. none)
hich suggests to me that people are fuelling tR€rvehicles and H2 ICE vehicles at the
wind farm. Is this likely?

Response: No, there is no refuelling going on at the wiradni. We are simply identifying grid
connected wind energy as a specific resource wtocid be used, as opposed to hydro, which
because of its storage component is more manageathie the existing electricity market.
Please see comments in the Introduction with reg@arthis. The same reasoning is true for
chain 19 a — b where there is no distribution friiva refuelling station but the natural gas is
brought by pipeline to the refuelling station sitelf.

A.3.5 Coal

§ | question the need to look at the chain 5 a-demjithe issue of cost. In particular noting
that the abundance of coal is primarily in the 8dstand and given that hydrogen/energy
demand is in the North Island | question the fahfibof distribution by pipeline. If
however we are talking about pipelines to a hydnofgelling station for FC vehicles and
H2 ICE vehicles then this should be consideretkd guestion the need to at chain 7 a-d for
the same reasons outlined above. Also given theased cost that CCS will place on the
supply chain this exacerbates the cost issue foptrticular chain.

Response: We concur that distribution by pipe line from $wousland to North Island is at
present not an economic option. However, we carsage that if in the future demand for
hydrogen has risen to high levels in the Northnd|athen someone may well build such a
pipeline. The chain we were considering would bsedaon a North Island mine. Subsequent
modelling would then cover the more intimate issofeggistics, topography, geography etc.

8 Delete chains — Although abundant, the processstiycand will rely on low cost CCS to
be worthwhile. CCS not guaranteed in South Islam@ére coal deposits are largest. This
route relies on both coal to hydrogen technologgt ceductions AND CCS technology
leaps. Therefore is less likely to occur.

Response: We disagree. It would be dangerous to ignoredptson. It is New Zealand’s largest
natural resource and most secure supply feedstotdenationally, hydrogen from coal with
CCS is an option that is receiving substantialasgeinvestment aimed at improved technology
and reduced costs. In the longer term there kedylio be significant developments in coal to
hydrogen and CCS technologies making these chains wable.

§ Interms of the chain codes I'd go for: 2 a-d,dl 8-a-d[This stakeholder only opts for coal
with CCS in his preferred chain options but makasnention at all of coal without CCS].

Response: In the short to medium term central gasificatiwithout CCS may be used. We

consider that this option needs to be considenesh & to provide a better understanding of the
cost of a hydrogen infrastructure with various levef carbon emissions. Gasification

technologies are improving all the time.

A.3.6 Biomass
8 Will the biomass in question be woody biomass?
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Response: In the first instance yes. However as technokgievelop it is quite possible that
other feed stocks will be used, such as straw,rathep residues and animal waste/sewage
sludge (e.g. feedstocks for biogas).

8 Keep chains — Potential only or development of sdcgeneration processes for biomass
transformation. Second generation feedstocks withgrise forestry which are located in
the North Island. May depend on location of complitary CCS facility in the North
Island.

8 Biomass | think would be better converted to ligfuel since it is easily transported and
stored, and CO2 is not a problem.

Response: This may well be right but for the purposes agtexercise we are modelling it for
hydrogen production as an alternative to the abduge inefficiencies associated with
conversion of biomass to liquid fuels are suffitieause for assessing this as a potential energy
chain.

A3.7 Wind

8 We are keen to understand the economics and ehesggs between a stand alone clean
energy hydrogen generation plants rather than dratised grid supported hydrogen
production plant. In our experience, the best cleragrgy resources are not always close to
the point of use, and would require considerableestment in hydrogen logistic
infrastructure. We also doubt whether such a suppsin would be economic due to the
intermittent generation inherent with a wind-ondeéistock. This would potentially require
investment in hydrogen storage with all its protdeand/or investment in some sort of
backup hydrogen generation capability. We wouldefoge consider that grid supported
options would be more likely than stand alone wgederated electricity. For these reasons
we believe that chain codes 13 a-d, 14 a-d andd @ra unlikely to be viable options when
compared with 15 a-d or 16 a-d.

Response: Again some misunderstanding of chain. Pleas¢hgemtroduction for comment.

§ Is there a need to look at the chain 17 a-b? Timete location of most wind farms would
in my view suggest that this chain is redundane ®sue is the distribution method (i.e.
none) which suggests to me that people are fuellieg FC vehicles and H2 ICE vehicles
at the wind farm. Is this likely?

Response: Again some misunderstanding of chain. Pleas¢hgemtroduction for comment.

8 Delete chains — Wind will not offer sufficientlyligble supply for a low cost centralised
electrolysis plant. Wind is unlikely to offer sudféntly reliable supply for a low cost
refuelling site electrolysis plant. The plant wouleked to rely on a grid mix.

Response: Wind is an abundant resource and is likely to pose a large proportion of new
renewable energy utilisation in the short and mmediarm compared to less well developed or
already heavily exploited alternative renewableoueses. See the Introduction for comment
regarding our thinking regarding the wind optiomeTintention is not necessarily to use wind
exclusively for this purpose, but to consider thermario where hydrogen production is
synergistic with relatively high wind penetration a particular region, and can absorb a
substantial portion of the wind supply directly.
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§ After transition renewable based chains such asl wirergy (14 b and a, 17 b and a) are
essential, due the issues of limited natural gasurees, even if the peak of world gas
production will be several decades after the adlkpghich is just 10-15 ahead.

A.3.8  Grid Electricity Mix

§ Essential chains — NZ electricity supply currer@f/to 70% renewable. Critical to continue
to increase NZ renewable supply to grid and utijse for electrolysis either at large or
distributed facilities.

A4 Conversion Process

A.4.1 Centralised versus Decentralised

8 From a transport perspective unless the hydrogerbeanoved down existing gas pipeline
| suspect that refuelling site reformation may be tlevelopment path. As with all onsite
processes foot print will be a major deciding facidhe original development CNG in NZ
is possible example of a development path.

Response: This may be possible during a transition phaseifothe ultimate vision of 100%
clean transport fuels is to be realised the pradnatolumes are such that it is unlikely to be a
dominant long term option.

§ 14 a-d. This is a bit unlikely as wind would bedgdonnected. | don't think there is much
economic benefit in 16 a-d since the electrolysipiiobably scaleable, and it would be
better to distribute and avoid tanker costs. Bynfast likely is 17 a-b, 18 a-b, 19 a-b [All
based at refuelling stations]. All forms of elecali generation contribute to recharging
plug-in FCVs and electrolysing H2.

Response: Cannot comment definitively as yet as the actwahparison of costs will come out
during the modelling phase — see comment in thedottion. However if we are starting with
the same energy form (bulk electricity) and delivgrit as a hydrogen it may be cheaper at
some capacity level to convert in bulk to hydroger convey the energy by pipeline rather
than upgrade the electricity grid and build a lbsmall distributed electrolysis plants.Second
Generation Production Methods

8 What about direct biological, algal and direct sajglitting production methods.

Response: It was felt that at this time these technologies not sufficiently developed to be
considered as a viable near to mid-term option, ingdfficient data is available to model any
potential chains convincingly.

A.4.2  Biomass/Central IGCC/Hydrogen Gas Turbine

8 There was no CCS with this biomass option as omptsechain 20 using coal as the
feedstock where there was — is this correct? Armlishchains 20 and 21 have SOFCs
instead of the hydrogen gas turbines as the eritl use

Response: CCS with biomass — this option, while feasiblent considered viable unless a
premium is placed on carbon extraction from theoatphere. It is unlikely that the added cost
would be recovered based on a single carbon cgsheeso we have assumed no CCS. The
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question is then whether this is a hydrogen suphBin? Since this option (with CCS) is at
present included for coal, we have included tharelior comparison.

SOFCs — This is an embryonic fuel cell technologyvihich great store is held. However, it is

still very experimental and only demonstrated atlsracales. We feel that for large scale

production it is simpler and more reliable to bake chain on hydrogen turbines which

represent a modest upgrade of existing gas tutbterology and are expected to have similar
overall plant efficiency.

It could be argued that this set of chains whiabdpce electricity from hydrocarbon fuels are
not a true component of the hydrogen economy bec#uesre may not be any trading or
transmission of hydrogen via an infrastructure.tf® other hand, there equally well could be,
as the hydrogen production and electricity genengtlants may be at different locations. Either
way, if carbon dioxide is eventually removed froosdil hydrocarbon fuel and stored in some
form, the hydrogen economy in this context is itedvle.

« After transition renewable based chains with bi@a{d® b and a) are essential, due the
issues of limited natural gas resources, evereiptak of world gas production will be
several decades after the oil peak which is justd@head.

A.4.3 Biomass with CCS
8 Is gasification of biomass with CCS really concéie2

Response: Gasification of biomass is an up and coming tetigy. We see no reason why at a
future stage CCS could not be incorporated. I$ ik¢éonomically viable without CCS, this will
show in the modelling stage, additional CCS costddtbe investigated when appropriate.

A.4.4  Reformation at Refuelling Station
8 Delete — Insufficient scale for reformation at rdfung sites.

Response: Small scale reformers (such as the 50kg hydrqmemhour model from Haldor
Topsoe) are available and being used.

A.45 IGCC Options

8 Delete — IGCC controversial and heavily subsidieedrseas to make it worthwhile. CCS
locations not mapped yet and CO2 is estimated &30%efore it is economic. Suggest
supercritical coal transformations processes mathdqgob. Biomass feedstock may not be
located conveniently for CCS locations.

Response: IGCC technologies are developing and becomingereoponomical, not only in terms
of cost but also land usage, by-products and \itgalhe current entrained gasifiers may not
be well suited to NZ coals but there is researdhgbearried out on the less fully developed
fluidised bed gasifiers which would be compatibighwhe NZ feedstock.

Modelling will determine logistics of CCS distancese comment on modelling in the
Introduction.

» Finally central pathways offer economies of scaler@nsite production in the case of
gasification processes (natural gas, biomassyditian, CCS works only central. In the
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case of wind energy, a central production offeesgbssibility for a liquid distribution
system.

A.4.6 FC CHP with Reformation

8 Keep N gas option — Has benefit of existing natges infrastructure already established in
the North Island.

§ Delete LPG option — Does not have the benefit twiva cost infrastructure as per natural
gas.

Response: Yes, but in the South Island LPG is used instefdatural gas and competes
successfully with the alternatives available thédew Zealand has an indigenous supply of
LPG. We also expect that if gas is ever extraatechfthe Great South Basin, a substantial LPG
stream would be available as a result of naturalpgaduction.

8 Delete Ethanol option — Ethanol more likely to Isedidirectly in vehicular ICEs.

Response: We disagree. An option now being investigatedinumber of countries (not just
Brazil) is the use of ethanol for CHP. It may md#e more economic sense to use it in this
manner since 85% or more of the energy can beedilicompared with 20% or less in a typical
internal combustion engine powered vehicle. At ¢h€slP efficiencies (already demonstrated)
the only economic issue is the capital cost andlillity of the fuel cell based technology.

A.4.7  Electrolysis

§ 14 a-d. This is a bit unlikely as wind would bedydonnected. | don't think there is much
economic benefit in 16 a-d since the electrolysipiiobably scaleable, and it would be
better to distribute and avoid tanker costs.

Response: We believe the various options will be ordereg@etaling on process scale, distance
to market and timeframe. In our case wind wouldjtié connected and hydrogen produced at a
suitably sized electrolysis plant near the demardtre, not near the wind farm — see

Introduction for more discussion around the wirekglolysis options.

A5 Distribution Methods

A5.1 Tanker

§ In terms of narrowing the chains further (i.e. deti@ing what are essential) | would look to
rule out the coal and natural gas “tanker” ones. @ a-d, 4 a-d, 6 a-d and 8 a-d). In
particular, given that natural gas and coal arendoin basins this is likely to mean (if
additional gas is found in meaningful quantitiebptt these can be “centralised” and
distributed via pipelines as opposed to tanker.

Response: In the long term it is probably correct that pipe distribution will be used as
demand increases, however, in the short term tardcerlikely to play a role. The relative costs,
emissions and energy use of the tanker options awmdpto the pipeline options will be
examined in the next stage of the project durirggdhain modelling — see comment regarding
modelling in the Introduction.
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A.5.2 Pipeline

§ | would rule out the pipeline option for wind (13iaas wind will be largely distributed and
therefore any hydrogen pipeline network would rieelde extensive.

Response: See comments on wind/electrolysis in the Intreiduc

A.6 End uses

§ [Chain] 20 is also a possibility for base load ad mrder generation. | doubt there would be
much stationary klconsumption in New Zealand, we are really lookahdransport [i.e. no
to chains 21 to 24 as they are not for transpthredi

Response: We believe (based on strong international opinibiat stationary use of hydrogen
will help in the transition phase by boosting deth&r both hydrogen and fuel cells through to
possibly 2015-2020 before transport demand stastsdaminate and drive a hydrogen
infrastructure economy .

A.6.1  Hydrogen/electric hybrid trains

8 From a transport perspective | do wonder if a Hgdrotrain may be one of the initial steps.
Effectively electrical trains that run partly oneshead power and also hydrogen powered
electrical generators for longer haul. The advastaging that it is on a captured route with
reasonable volume in a public transport option avay have the potential to be a first
mover.

Response: An interesting concept and possibly a great destnation project relevant to New

Zealand in contrast with many overseas countrieadse much of our main route rail system is
not electrified. It might also be useful in settinp demand early in the development of
hydrogen infrastructure. However, when comparedhto national car fleet it would have a
relatively small impact long term.

A.6.2  Micro FC CHP & Distributed Power FC

§ It is our view that the economics and energy casiverlosses are unlikely to make small
scale CHP and distributed power cells a realispiom worthy of further study when
compared with grid electricity or natural gas adeadstock. As the Hydrogen Issues
document notes, gas CHP technologies have very #ffibiencies, which raises the
question of why convert gas to hydrogen, and likelynean that value chains 22 a-b and 23
a-b are likely to drop out in any detailed econoraitalysis. While there are lower
efficiencies in simple generation using gas, or ttensmission of grid electricity to
distributed power fuel cells, we wonder whetherytlage more than the energy losses
incurred by hydrogen conversion, compression, tméssion and storage. It would also be
interesting to understand whether this has anyigagbns for your working hypothesis of
the initial development of a hydrogen economy vizaler scale distributed or stationary
applications.

Response: This is a commonly held view in New Zealand, amtter Business as Usual
scenario (BAU) economics is probably realistic. Heer we consider for a number of reasons
that in the medium term these technologies (likeSG@d a host of hydrogen technologies not
yet proven for large scale energy production) caidlve to contribute substantially to the
stationary energy mix, and ultimately even form @mponent of a hydrogen transport
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infrastructure by delivering home production of fggen. This project is required to evaluate
scenarios for transformational and competitive nebbgies, not just a BAU future.

There may also be some misunderstanding of therenatithis set of chains. Before the
development of a transport hydrogen infrastructbgglrogen fuel for a fuel cell based CHP
system must be produced on site. This is achieye@hhintegrated micro-reformer to produce
hydrogen from delivered fuels. This system runsratural gas, LPG, kerosene etc. Carbon
dioxide is not sequestered, but overall emissioasreduced (potentially to half) by the high
CHP efficiency. Subsequently, when a large scatidgen infrastructure is built up to fuel the
vehicle fleet, there is no reason why this hydrogi@hnot be cost effective as a distributed fuel
(either by pipe or tanker for stationary fuel cetts be used in these fuel cells by bypassing the
onboard reformer. In fact it cannot help but bet affective because of the fuel cell based
efficiencies possible. This is no different to tharent growth market for reticulated LPG in
Christchurch where it is cost effective to pipedtbusinesses in competition with electricity,
which was somewhat hard to imagine twenty years &igovever it is simply based on one
premise — mass production of cost-effective andlderfuel cells.

A.6.3  Battery Electric Vehicles (BEV) versus Hydrogen Fukded Vehicles.

8 In Table 1 you have laptop batteries at US$11000/&x¢l then mention that the USDoE
target for fuel cells as $30/kW in 2015. The USDaEget for batteries is US$20/kW by
2010, with total cost for FCV battery as $500 (4Qkahd also a target of $75/kwh for EV
batteries. These targets seem equally as plawsstilee fuel cell targets.

My point is that from the point of view of a carrpbaser, it could very well turn out to be a
better deal to get a FCV with plug-in capabilityatha ‘pure' hydrogen FCV. Suppose you
want 100kW performance. Existing Li batteries h&wein recharge capability (Altair and
A123) (or 1min for Toshiba prototype) so 7kWh wouldliver 80kW peak performance.
7kWh would give you about 50km range in electricd®oAt $75/kWh the cost per kW is
actually less than the DoE target. A 20kW FC waaffice for providing energy for long
drives, since power demand at 100km/hr is about3I2A/.

From the point of view of the consumer this vehisléower capital cost than a ‘pure FCV',
and has much lower running cost. Assuming 80% ivkedrare less than 50km, the bulk of
travel will be in electric mode at about $1 to $llfger 100km for off peak charging and say
$2 - $2.50 per 100km for on peak charging. Thisiich cheaper than hydrogen. | imagine
this would be more like $5 - $10/ 100km. So thestwner will pay more for a plug-in
hybrid FCV than a pure FCV.

Of course it all depends on the relative cost @l feells, batteries, grid electricity, and
hydrogen. But | think you have to admit it is aseaable scenario.

Response: You bring up some very good points. There haslzelet of press recently about the
resurgence of BEVs and “plug in” hybrids, mostlyskad on the significant progress in
rechargeable Li lon batteries. We think they neethe taken seriously. However our current
view is that any progress in vehicle battery tedbgy will benefit the uptake of fuel cells rather
than hinder it. A combined FC-BEV can be visualisexithe ultimate hybrid. Short range
operation on battery electricity and longer rangeration on (higher cost/km) hydrogen fuel.
Our reason for this view is simple. The practigaditof say 1 minute recharge of a BEV capable
of 500km range have not been considered in thelpopuess. Even if say only 100kWh is
required, to deliver this in 1 min requires enetgnsfer at a rate of 6MW. A refuelling station
with 10 charger stands will require 60MW plus Iassehich at this rate could mean a peak
electrical capacity of 70MW is required for theuelfing station. This is somewhat mind
boggling, but does illustrate the simple facts acbtecharging electrical storage systems which
people seem to continually forget. Also the eleelrcurrent required to recharge a battery at
this rate, even at a high 600V bus is 10,000A artyeimpractical. So batteries will never be
used in standard sized vehicles for rapid refugliim long distance travel. Transfer of the
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energy via a chemical fuel is the only practicaliamp Hydrogen is seen at present as the best
long-term option, based on the eventual developrokatceptable fuel cell technology. This is
the reason for the hydrogen FCV transport energynsh However the impact of BEV options
could be in the volume of hydrogen required, as kaue indicated below. The question is
around the likely ratio. We have proposed one extr¢100% hydrogen FCV) and the impacts
of varying reductions on this level can be extraped from the modelling.

So if this is the case, maybe 80% of the energgdonestic and light commercial vehicles
would be grid electricity, and only 20% would bedhygen. Also, | expect some of the
hybrid vehicles would be diesel or bio diesel sehigbrids, so even less than 20% of the
travel would be hydrogen fuelled, but again thadegels on relative economics.

Under this 'plug-in* scenario the demand for hydrom the hydrogen in the hydrogen
economy is much reduced. | don't know by how mubcihjt must affect the economics of
the delivery mechanisms. It could lead to a prefeedor refuelling site electrolysis.

So in this scenario I'd say all the supply chanvelving pipeline distribution are

eliminated. | think this would also lead to a prefece for ‘electricity’ as the feedstock, since
there may not be adequate demand to justify tHe scanomies of central production.

Response: The purpose of this process is to consider agafdikely scenarios, and if battery
and system power performance as described abovetche achieved, this scenario will not
eventuate.

In terms of future research | think you'd needotaklat a scenario in which the ABC,
Freedom Car, DOE goals are met for batteries,deid, and hydrogen storage and then use
that information to construct the best value fomepvehicle from a consumers

perspective. | think you'd cost electricity at sty like what we see today, and assume
hydrogen is formed by electrolysis at the refuglisite, or centrally produced by the lowest
cost means in NZ to give a bound on the relativeshies of electric mode driving vs fuel

cell.

Response: Agreed, this is a fair starting point, also comivigy the metrics to NZ conditions, but
a key issue may be what a consumer would be prepaneay for fast refuelling on long trips,
or even convenient fuelling on short trips. For tieg-in hybrid FCV concept, the relative
production costs of the various technology comptsaeeded for each mode and their relative
durability as well as the differential fuel costelaconvenience factors will ultimately decide the
configuration. This is too complex a mix to preditthe present stage of development.

This scenario also has quite significant implicasidor the electricity system. The presence
of H2 electrolysers and plugged-in vehicles shaonéhn that by employing smart grid
concepts, we can connect far more intermittentweaide generation. There may also be
implications for transmission and distribution adtructure e.g. it may be feasible to roll-
out charging stations in CBD parking spaces.

Response: Later stages of the programme involve modellimgytarious scenarios. Until this is
completed we cannot say if they will be cost coritipet

Centralised reformation and carbon capture maycootpete with renewable generation
and electrolysis, since the carbon sequestratia isohigh. The electrolysis pathway
enables generators to compete in two different etarko some extent.

Response: Again we need to carry out a full analysis toabée to ascertain this as mentioned in
the Introduction to the Issues Document.

§ It looks like transport will have to wait a whil€osts of technologies to be replaced by
hydrogen systems are listed on page 12. It is fethhat Internal Combustion Engine (ICE)
technology is the least cost at US$30 per kilowsgnificantly lower than the four other
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non-transport relates routes. Although highly sduatter, it is acknowledged that the
transport sector is likely to be a later adoptethgéirogen systems. There is significant
attention drawn to electric vehicles at presend, tueir value in the NZ system is that they
may draw upon a grid which is supplied from 65-7@8%ewable energy. This competing
technology may develop at least as quickly as hyeimoand could vie as the dominant
energy system. Synergy may develop where possibdamer hydrogen systems could
provide fuel for fuel cell vehicles.

Response: As referred to elsewhere, in the context of aurrknowledge on the various
technology options these are valid points. Howeher project is required to address likely
“hydrogen intensive” scenarios. Our view is thapegsent there is insufficient evidence to be
sure of the outcomes for any of these technologMs would very much like to see a similar
exercise to this undertaken around plug-in BEVstayfuids.

However we must start now in planning this futunel @adapt as we go, if we are to have any
chance of delivering the solution(s). As identifigliove, we do not see any evidence, either at
the theoretical level (i.e. physics, chemistry amdgineering) or from technology
demonstrations that battery technology will delitke combined range and refuelling rate
capability taken for granted in existing vehiclBstentially hydrogen fuel can, if at present with
some disadvantage in tank volume/mass. We thirkishsufficient justification to evaluate its
potential role in these supply chains.
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Appendix B Description of the chains modelled for E3

Chain 1
Natural gas from gas field in Taranaki
350km natural gas pipeline to just south of Aucklan

Central SMR plant just south of Auckland very closeatural gas main (using electricity from
the grid)

20km large diameter hydrogen pipeline through e¢rtuckland carrying the whole output of
the reformation plant

5km small diameter hydrogen pipeline to connectuidt to the main hydrogen pipeline

End point:

a)Refuelling station with compressors (electricitypgly from the grid) into a fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE
¢) Small scale FC CHP
d) Distributed power FC

Chain 2
Natural gas from gas field in Taranaki
350km natural gas pipeline to just south of Aucllan

Central SMR plant just south of Auckland very clese@atural gas main (using electricity from
the grid)

Compress hydrogen for tanker transport (using rebégt from grid)
Tanker transport 25km

End point:
a) Refuelling station with compressors into a fuell @ehicle with compressed gas
storage
b) Refuelling station into an ICE
¢) Small scale FC CHP
d) Distributed power FC

Chain 3
Natural gas from gas field in Taranaki
350km natural gas pipeline to just south of Aucllan

Central SMR plant with CCS just south of Aucklanery close to natural gas main (using
electricity from the grid)
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20km large diameter hydrogen pipeline through e¢rtuckland carrying the whole output of
the reformation plant

5km small diameter hydrogen pipeline to connectuidt to the main hydrogen pipeline

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

¢) Small scale FC CHP

d) Distributed power FC

Carbon dioxide captured at the reformation planpijged back 350km to the gas field in
Taranaki for sequestration.

Chain 4
Natural gas from gas field in Taranaki
350km natural gas pipeline to just south of Aucklan

Central SMR plant with CCS just south of Aucklanery close to natural gas main (using
electricity from the grid)

Compress hydrogen for tanker transport (using rebégt from grid)
Tanker transport 25km

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

c¢) Small scale FC CHP

d) Distributed power FC

Carbon dioxide captured at the reformation planpifged back 350km to the gas field in
Taranaki for sequestration.

Chain 5

Sub-bituminous coal mined in Rotowaro, Waikato rdantly power station

Truck transport 20km to gasifier at Huntly

Coal gasification plant

100km hydrogen large diameter gas pipeline to Aarod|

5km small diameter hydrogen pipeline to connectuidt to the main hydrogen pipeline

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage
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b) Refuelling station into an ICE
¢) Small scale FC CHP
d) Distributed power FC

Chain 6

Sub-bituminous coal mined in Rotowaro, Waikato rdantly power station
Truck transport 20km to gasifier at Huntly

Coal gasification plant

Compress hydrogen for tanker transport (using rebégt from grid)

Tanker transport 100km

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

¢) Small scale FC CHP

d) Distributed power FC

Chain 7

Sub-bituminous coal mined in Rotowaro, Waikato rantly power station

Truck transport 20km to gasifier at Huntly

Coal gasification plant with CCS

100km hydrogen large diameter gas pipeline to Aarod|

5km small diameter hydrogen pipeline to connectuidt to the main hydrogen pipeline

End point:
a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage
b) Refuelling station with ICE
¢) Small scale FC CHP
d) Distributed power FC

Carbon dioxide captured at the reformation planpijged back 350km to the gas field in
Taranaki for sequestration.

Chain 8

Sub-bituminous coal mined in Rotowaro, Waikato rdantly power station
Truck transport 20km to gasifier at Huntly

Coal gasification plant with CCS

Compress hydrogen for tanker transport (using rebégt from grid)

Tanker transport 100km
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End point:

a) Refuelling station with compressors (electriciypply from the grid) with fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

¢) Small scale FC CHP

d) Distributed power FC

Carbon dioxide captured at the reformation planpijged back 350km to the gas field in
Taranaki for sequestration.

Chain 9

Forestry residue from the Central N. Island Plateau

Wood moved by trucks 50km to Tokoroa

Biomass gasification plant at Tokoroa (size todfger of 10-30MW)

200km large diameter hydrogen pipeline throughre¢wtuckland carrying the whole output of
the reformation plant

5km small diameter hydrogen pipeline to connectuidt to the main hydrogen pipeline

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into ICE

¢) Small scale FC CHP

d) Distributed power FC

Chain 10

Forestry residue from the Central N. Island Plateau

Wood moved by trucks 50km to Tokoroa

Biomass gasification plant at Tokoroa (size todhder of 10-30MW?)
Compress hydrogen for tanker transport (using ebétgt from grid)
Tanker transport 200km

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station with ICE

c¢) Small scale FC CHP

d) Distributed power FC

Chain 11
Forestry residue from the Central N. Island Plateau
Wood moved by trucks 50km to Tokoroa
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Biomass gasification plant at Tokoroa (size todhder of 10-30MW?) with CCS

200km large diameter hydrogen pipeline throughre¢ituckland carrying the whole output of
the reformation plant

5km small diameter hydrogen pipeline to connectuidt to the main hydrogen pipeline

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

¢) Small scale FC CHP

d) Distributed power FC

Carbon dioxide captured at the reformation planpijged back 200km to the gas field in
Taranaki for sequestration.

Chain 12

Forestry residue from the Central N. Island Plateau

Wood moved by trucks 50km to Tokoroa

Biomass gasification plant at Tokoroa (size todftger of 10-30MW) with CCS
Compress hydrogen for tanker transport (using rebégt from grid)

Tanker transport 200km

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

c¢) Small scale FC CHP

d) Distributed power FC

Carbon dioxide captured at the reformation planpijged back 200km to the gas field in
Taranaki for sequestration.

Chain 13
Windfarm around Palmerston North region (size tbelectrolyser average demand)

Electrical connection from windfarm to electrolyséa national grid of 500km in length (i.e.
new connection from windfarm to existing grid pktsengthening if required of existing grid
but treated as whole new connection)

Central electrolysis plant sited next to the naladectricity grid just south of Auckland

20km large diameter hydrogen pipeline through e¢tuckland carrying the whole output of
the electrolyser

5km small diameter hydrogen pipeline to connectguidt to the main hydrogen pipeline

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage
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b) Refuelling station into ICE
¢) Small scale FC CHP
d) Distributed power FC

Chain 14
Windfarm around Palmerston North region (size tbelectrolyser average demand)

Electrical connection from windfarm to electrolyséa national grid of 500km in length (i.e.
new connection from windfarm to existing grid pktsengthening if required of existing grid
but treated as whole new connection)

Central electrolysis plant sited next to the naladectricity grid just south of Auckland
Compress hydrogen for tanker transport (using ebétgt from grid)
Tanker transport 25km

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

¢) Small scale FC CHP

d) Distributed power FC

Chain 15
NZ Grid electricity mix supplied by national grid
Central electrolysis plant sited next to the nalaectricity grid just south of Auckland

20km large diameter hydrogen pipeline through e¢tuckland carrying the whole output of
the electrolyser

5km small diameter hydrogen pipeline to connectuidt to the main hydrogen pipeline

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

c¢) Small scale FC CHP

d) Distributed power FC

Chain 16

NZ Grid electricity mix supplied by national grid

Central electrolysis plant sited next to the nalaectricity grid just south of Auckland
Compress hydrogen for tanker transport (using ebétgt from grid)

Tanker transport 25km

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage
b) Refuelling station into ICE
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¢) Small scale FC CHP
d) Distributed power FC

Chain 17
Wind farm around Palmerston North region (sizeuib electrolyser average demand)

Electrical connection from wind farm to electrolyséa national grid of 520km in length (i.e.
new connection from wind farm to existing grid pktsengthening if required of existing grid
but treated as whole new connection)

Small-scale de-centralised electrolysis plant & si

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

c¢) Small scale FC CHP

d) Distributed power FC

Chain 18
NZ Grid electricity mix supplied by national grid
Small-scale de-centralised electrolysis plant & si

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

c¢) Small scale FC CHP

d) Distributed power FC

Chain 19

Natural gas from gas field in Taranaki

370km natural gas pipeline to site in Auckland
Small-scale de-centralised natural gas SMR plarsiten

End point:

a) Refuelling station with compressors (electricitypply from the grid) to fuel Cell
vehicle with compressed gas storage

b) Refuelling station into an ICE

¢) Small scale FC CHP

d) Distributed power FC

Chain 20

Sub-bituminous coal mined in Rotowaro, Waikato rti¢antly power station
Truck transport 20km to gasifier at Huntly

IGCC coal gasification and combined cycle hydrogas turbine plant with CCS
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Electricity transmission (to Auckland)
Electricity distribution (within Auckland)
End point:
Direct central use to generate electricity

Carbon dioxide captured at the reformation planpiged back 350km to the gas field in
Taranaki for sequestration.

Chain 21

Forestry residue from the Central N. Island Plateau

Wood moved by trucks 50km to Tokoroa

IGCC biomass gasification and combined cycle hyenogas turbine plant
Electricity transmission (to Auckland)

Electricity distribution (within Auckland)

End point:

Direct central use to generate electricity

Chain 22

Natural gas from gas field in Taranaki

350km natural gas pipeline to Auckland
Natural gas supply network to individual house
End use:

a) Small scale domestic FC CHP with onboard reformer
b) Distributed power PC with onboard reformer

Match domestic heat load — electricity produced mit meet local demand so either excess is
sent to the grid or extra requirements obtaineohfitoe grid

Chain 23
LPG recovered during natural gas processing innedia
350km tanker transport to domestic delivery in Aaoki

End use:

a) Small scale FC CHP with onboard reformer
b) Distributed power FC with onboard reformer

Match domestic heat load — electricity produced mot meet local demand so either excess is
sent to the grid or extra requirements obtainechfitoe grid
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Chain 24

Forestry residue from the Central N. Island Plateau

Wood moved by trucks 50km to Tokoroa

Ethanol production from wood waste.

200km natural tanker journey to domestic deliverpuckland

End use:
a) Domestic FC CHP with onboard reformer

Match domestic heat load — electricity produced mit meet local demand so either excess is
sent to the grid or extra requirements obtainechfitoe grid

Reference Chains used for modelling in E3

Chain Refla

Oil Well in Middle East

Crude oil pipeline to super-tanker docks

Transport to NZ by super-tanker (from Middle Eaship fuel)
Pipeline from docks to refinery at Marsden Point

Refining process (energy use — uses some oil fat &ed hydrogen, electricity from grid) to
produce Diesel fuel

Use Existing pipeline to Auckland
Tanker transport around Auckland — average 10km
End use:
Refuelling station for Diesel fuels (electricitypfm grid) to a diesel vehicle

Chain Reflb

Oil Well in Middle East

Crude oil pipeline to super-tanker docks

Transport to NZ by super-tanker (from Middle Eaship fuel)
Pipeline from docks to refinery at Marsden Point

Refining process (energy use — uses some oil fat &ed hydrogen, electricity from grid) to
produce Gasoline fuel

Use Existing pipeline to Auckland
Tanker transport around Auckland — average 10km
End use:
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Refuelling station for Gasoline fuels (electricitgm grid) to gasoline vehicle

Chain Reflc

Oil Well in Middle East

Crude oil pipeline to super-tanker docks

Transport to NZ by super-tanker (from Middle Eaship fuel)
Pipeline from docks to refinery at Marsden Point

Refining process (energy use — uses some oil fat &ed hydrogen, electricity from grid) to
produce Diesel fuel

Use Existing pipeline to Auckland
Tanker transport around Auckland — average 10km
End use:

Refuelling station for Diesel fuels (electricityon grid) to a fuel efficient Diesel
vehicle

Chain Refld

Oil Well in Middle East

Crude oil pipeline to super-tanker docks

Transport to NZ by super-tanker (from Middle Eaship fuel)
Pipeline from docks to refinery at Marsden Point

Refining process (energy use — uses some oil fat &ed hydrogen, electricity from grid) to
produce Diesel fuel

Use Existing pipeline to Auckland
Tanker transport around Auckland — average 10km
End use:
Refuelling station for Diesel fuels (electricityfn grid) to a hybrid Diesel vehicle

Chain Ref2a
NZ electricity generation mix
Transmission losses
Distribution losses
End use:
Electricity delivered to end user
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Chain Ref3a

NZ electricity generation mix
Transmission losses
Distribution losses

End use:

Electricity delivered to end user and convertedgace and water heating with high
efficiency (NB domestic space and water heatingidatad by electricity as the source
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Appendix C Detail of Chains Modelled leading to end use point

Table C1 - Chain data and scales

H2 prod
scale
MW
1 NG field/Central SMR / CGH2 Pipeline /end use 3.9
2 NG field/Central SMR / CGH2 Truck /end use 3.9
3 NG field/Central SMR + CCS / CGH2 Pipeline /ersg u 844
4 NG field/Central SMR + CCS / CGH2 Truck / end use 844
5 Coalfield / Central CG NI / CGH2 Pipeline /enaus 845
6 Coalfield / Central CG NI/ CGH2 Truck /end use 845
7 Coalfield / Central CG + CCS NI/ CGH2 Pipeliead use 845
8 Coalfield / Central CG + CCS NI/ CGH2 Truck /amk 845
9 Biomass Residue / Chips Truck / Cental GasificatiCGH2 Pipeline /end use 5.2
10 Biomass Residue / Chips Truck / Cental Gasifioat CGH2 Tanker /end use 5.2
11 Biomass Residue Gasification + CCS / Central IGH2 Pipe /end use 5.2
12 Biomass Residue Gasification + CCS / Central GiGH2 Truck /end use 52
13 Wind Electricity / Powerlines / Central Elecysis / CGH2 Pipeline /end use 2.3
14 Wind Electricity / Powerlines / Central Elecysis / CGH2 Truck /end use 2.3
15 Grid Electricity / Central Electrolysis / CGH®Eline /end use 2.3
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16 Grid Electricity / Powerlines / Central Elecysis / CGH2 Truck /end use 2.3 n/a 25 truck
17 Wind Electricity / Powerlines / SS Electrolygsid use 0.18 n/a 0 none
18 Grid Electricity / Onsite Electrolysis /end use 0.18 n/a none
19 Natural Gas / Onsite SMR /end use 0.96 no 0 none
20 Coalfield / Central CG + CCS / Combined CydgéCctricity production 845 yes 0 none
21 Biomass Residue / Central BG / Combined CyEle¢tricity production 5.2 no 0 none
22 NG Pipeline / Micro CHP n/a n/a none
23 LPG / Micro CHP n/a n/a none
24 Wood / Bio Ethanol / Micro CHP 138 n/a n/a none
refla Oil field/Crude Oil / Diesel / Current Vehicl
reflb Qil field/Crude Oil / Gasoline / Current Veld
reflc  Qil field/Crude Oil / Diesel / Fuel Efficiemehicle
refld OQil field/Crude Oil / Diesel / Hybrid Vehicle
ref2a NZ Electricity Mix / HV / MV Transmission / End use
ref8a NZ Electricity Mix / HV / MV Transmission /é&t end use
For example:
Chain 1 reads...Natural gas /central steam methdoeration / compressed gas hydrogen pipeline /used(transport or stationary) station
Chain ref 2a reads....... electricity from NZ grid / higoltage / medium voltage Transmission / Eledyyiend use
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Appendix D Results of E3 Modelling

Table D1 - Energy, Emissions and Cost for Transport Chais

FC Vehicle per km (a chains)

ICE Vehicle per km (lxhains
and ICE reference chains)

Energy | CO2eq | NZ$ | Energy | CO2eq NZ$
use per | emissions| per | use per | emissions| per km
km per km km km per km

1 SMR via pipeline 0.42 85.91 0.030 0.76 154.64 0.054
2 SMR via truck 0.43 87.39 0.035 0.77 157.30 0.063
3 SMR with CCS via pipeline 0.40 18.10 0.024 0.72 32.58 0.043
4 SMR with CCS via truck 0.40 19.72 0.029 0.72 35.50 0.0h2
5 Coal gasifier via pipeline 0.58 191.52 0.0p1 1.04 344.[74 0.038
6 Coal gasifier via truck 0.59 196.47 0.089 1.06 353.65 0.q70
7 Coal gasifier with CCS via pipeline 0.67 14.74 0.025 1.21 26.53 0.045
8 Coal gasifier with CCS via truck 0.68 21.24 0.043 1.2p 238.| 0.077
9 Biomass gasifier via pipeline 0.59 12.59 0.029 1.06 22.66 0520.
10 Biomass gasifier via truck 0.61 25.62 0.064 1.10 46.12 50.11
11 Biomass gasifier with CCS via pipeling 0.67 -177.02 038, 1.12 -318.64 0.059
12 Biomass gasifier with CCS via truck 0.69 -160.75 0.0681.24 -289.35 0.122
13 Central Wind Electrolysis via pipeline 0.45 3.64 0.0620.81 6.55 0.112
14 Central Wind Electrolysis via truck 0.45 5.29 0.066 10.8 9.52 0.119
15 Central Grid Electrolysis via pipeline 0.61 90.71 0.0621.10 163.28 0.112
16 Central Grid Electrolysis via truck 0.61 92.18 0.066 01.1 165.92 0.119
17 Wind Onsite Electrolysis 0.49 0.00 0.083 .088 0.00 0.149
18 Grid Onsite Electrolysis 0.67 100.09 0.083 1.2 180.116 0.149
19 Natural Gas Onsite SMR 0.42 85.41 0.040 0.76 153|74 0.p72
20 Coal combined cycle electricity
21 Biomass combined cycle electricity
22/23| Natural gas/LPG distributed FC
24 Wood to bioethanol distributed FC
refla | Crude oil diesel 0.59 170.03 0.039
reflb | Crude oil petrol 0.71 197.12 0.049
reflc | Crude oil diesel 0.55 154.44 0.036
refld | Crude oil diesel 0.45 126.8¢ 0.03Dp
ref2a | NZ electricity grid to electricity
ref3a | NZ electricity grid to heat
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Table D2 - Energy, Emissions and Cost for Stationary Chas

Distributed CHP per kwWh (c

Distributed Power FC' (no

chains) * heat) per kWh (d chains)*
Energy CO2eq NZ$ | Energy CO2eq NZ$
use per| emissions per | use per | emissions| per
kWh per kWh kWh kWh per KWh kWh
1 SMR via pipeline 1.78 367.67 0.1%4 2.98 614.00 0.2p7
2 SMR via truck 1.79 374.31 0.174 2.99 625.09 0.290
3 SMR with CCS via pipeline 1.66 62.72 0.1p7 2.77 104.74 0.211
4 SMR with CCS via truck 1.67 69.99 0.147 2.74 116.89 0.245
5 Coal gasifier via pipeline 2.48 842.55 0.113 4.15 140706 90.18
6 Coal gasifier via truck 2.52 864.84 0.192 4.20 1444)28 0.321
7 Coal gasifier with CCS via pipeline 2.89 47.62 0.131 4.83 .5279 0.219
8 Coal gasifier with CCS via truck 2.92 76.83 0.210 4.88 8,3 0.350
9 Biomass gasifier via pipeline 2.53 37.93 0.148 4.22 63.85 70.24
10 Biomass gasifier via truck 2.60 96.53 0.305 4.34 161,21 0.509
11 Biomass gasifier with CCS via pipeling 2.92 -812.40 168. 4.87 -1356.71 0.280
12 Biomass gasifier with CCS via truck 2.98 -739.24 0.8244.98 -1234.52 0.541
13 Central Wind Electrolysis via pipeline 1.92 0.00 0.2983.20 0.00 0.498
14 Central Wind Electrolysis via truck 1.93 7.41 0.318 223. 12.37 0.531
15 Central Grid Electrolysis via pipeline 2.61 391.55 0.298 374.| 653.88 0.498
16 Central Grid Electrolysis via truck 2.62 398.14 0.318 4.38 664.89 0.531
17** | Wind Onsite Electrolysis 2.12 0.00 0.393 3.54 0.0 0.657
18** | Grid Onsite Electrolysis 2.89 432.90 0.393 4.8 722.95 0.65
19** | Natural Gas Onsite SMR 1.78 366.90 0.200 2.97 61272 0.333
20 Coal combined cycle electricity 4,74 77.99 0.151
21 Biomass combined cycle electricity 4.1( 61.60 0.1r4
22/23| Natural gas/LPG distributed FC 1.22 90.37 0.p93 2.71 200.6D.206
24 Wood to bioethanol distributed FC 3.56 135.14| 0.089 7.91 300.60 | 0.197
refla | Crude oil diesel
reflb | Crude oil petrol
reflc | Crude oil diesel
refld | Crude oil diesel
ref2a | NZ electricity grid to electricity 1.51 225.92 ®50
ref3a | NZ electricity grid to heat 1.59 237.8051 0.068

* Except for Chains 20 and 21 where the transpaptieation is not relevant and the sole end uderisupplying
electricity directly to the grid and chains 22-#here the transport application is not relevant taiedstationary

applications are referred to as a) and b).

** Stationary applications for chains 17 to 19 wer included in the original list of options.
! The distributed power FC was modelled as a micr® €& system without the heat output. This is thoeeef
representative only but does illustrate the impartantribution heat use makes to distributed tedll systems

running on conventional fuels.
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2 Including negative biomass emissions. If negatieenass emissions are not included, this valueetses by 16%.
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Figure D1 - Coal with CO, Costs Ranging from NZ$0 to $100 per Tonne
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Figure D2 - Biomass with CQ Costs Ranging from NZ$0 to 100 per Tonne
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Figure D3 - Electrolysis with CQ, Costs Ranging from NZ$0 to 100 per Tonne
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Figure D4 - Natural Gas with CO, Costs Ranging from NZ$0 to 100 per Tonne

Figure D4 shows the individual data points for ttaural gas chains with and without CCS.
The CCS / no CCS lines are inverted, (i.e. theg@nase goes down when CCS is used). This
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apparent anomaly is due to the differences in pad (844MW c.f. 3.8MW) between chains
with and without CCS. Had a plant of a similar dimen considered in the no CCS chain then
this effect would not be seen.
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Figure D5 - Reference Chains with C@Costs Ranging from NZ$0 to 100 per Tonne
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Figure D6 - Coal with CO, Costs Ranging from NZ$0 to $100 per Tonne for CHP
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Figure D7 - Biomass with CQ Costs Ranging from NZ$0 to 100 per Tonne for CHP
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Figure D8 - Electrolysis with CO, Costs Ranging from NZ$0 to 100 per Tonne for CHP
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Figure D9 - Natural Gas with CO, Costs Ranging from NZ$0 to 100 per Tonne for CHP
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Figure D10 — “Appliance chains” with CO, Costs Ranging from NZ$0 to 100 per Tonne for CHP
The LPG chain 23 was modelled using the same energy ahassumptions as natural gas (chain
22).
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Figure D11 - Reference Chains with C@Costs Ranging from NZ$0 to 100 per Tonne for CHP
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