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1 Introduction

The possible future development of a ‘hydrogen) (@tonomy’ has been subject to
much speculation, discussion and analysis. As sumengy systems do not yet exist,
much of this analysis has been through scenariesceses and/or quantification
through the form of computer models, examining wag/'s in which hydrogen may
develop as an energy vector.

These models have taken a variety of approachn dféesed on existing methods to
modelling other aspects of the energy system, deed expanding such existing
models to include hydrogen. There are number ofllages inherent to the
development of a hydrogen economy that need tefesented within the modelling
approach, in order that the analysis produced gesvia reasonable analysis of the
possible pathways for hydrogen development.

Section 2 discusses three of the main challengsgah modelling:
e competition for primary energy resources with otbauts of the energy system;
» the inherently spatial nature of hydrogen infrastinte development;

» the level of technical detail required to approj@larepresent the various
hydrogen pathways.

It is noted that a number of additional factors megyi be important in modelling any
transition to a hydrogen economy including beharabahange and attitudes to risk,
and institutional drivers at the regional or urlvardl level. Other working papers in
the UKSHEC series investigate these issues (sesx&mple Ricci, 2006; Hodson,
and Marvin, 2005).

Sections 3 and 4 of this working paper then caisgan number of aspects of the
approaches to hydrogen modelling, especially wabard to optimisation models
versus those based on a scenario approach.

2 Challenges and methodologies in hydrogen modelling

2.1 Resource competition

A model that seeks to analyse the merits of diffepathways for hydrogen supply
will include a number of options that would depemd primary energy resources
which could be used elsewhere in the energy sydteime examples of this are the
use of renewable electricity for hydrogen produttia electrolysis vs. its direct use
in the electricity system, and the reforming ofumat gas or bio-methane into
hydrogen vs. using that methane direct for residengeating.

Where no account is taken in the hydrogen modebiinthese alternative uses of the
primary energy resources, the results can be niisigaFor example, as discussed by
Eyre, Fergusson and Mills (2002), while renewaldeteolysis could lead to a near-
zero CQ footprint for hydrogen supply, in most situatiahsvould actually lead to
higher CQ emissions than using the same renewable elegtitigitdisplace fossil
generation in the electricity system.



In addition to analysis of the impact of differgrathways for hydrogen supply on the
CO, emissions from the energy system as a whole, resocompetition tend to
provide an insight into future energy prices. Insindeveloped countries, the price of
energy in competitive energy markets is the prodificiemand and supply for that
resource. Simple projections for the evolution émgy prices that do not include the
impacts of resource competition on future demamddikely to diverge from actual
prices more quickly than those that include sutéractions.

2.2 The spatial dimension of hydrogen infrastructure deelopment

Due to the difficulties and expense of distributimgdrogen, the development of H

infrastructure is, by necessity, likely to be highgkographically dependent. Variation
in available resources, carbon sinks and densitgeshand in different locations
(notably urban vs. rural) are likely to lead torastructures that differ in capacity,
length, sectoral coverage, and the degree of disatiarr-

A non-geographical model is intrinsically limitedh irepresenting these issues
properly, although efforts can be made to ‘guided tmnodel by use of bounds on
energy chains and other constraints/assumptiorsisBues faced in representing the
modelled region’s geography/demographics are dsdlgritvo-fold: representation of
the use of local resources/sinks; and the degreerdfalisation of the infrastructure.
For a non-spatial model, the use of local resoufoe£ G, sinks) for B production
can be tackled ‘offline’ by bounding energy chaiies supply no more than the
proportion of demand is within a certain distantéese resources.

However, the degree of infrastructure centralisatis much more difficult to
represent. The optimal solution to how centralisedinfrastructure should be is a
trade-off between the economies of scale available, production and the costs of
H. distribution. While the economies of scale for qarotion are known, or can be
estimated, costs ofHlistribution — particularly for pipelines — arewstgly dependent
on the distribution distance and flow rate. Redednrg Yang and Ogden (2004) has
shown that the least cost option depends on distand capacity, as illustrated in
Figure 1.

Figure 1 Least-cost H distribution method as a function of distance andlow
rate’

! For detailed discussion of this see Joan Ogdeaik at Princeton and UC Davis, for example Ogden
(1999)

2 The exact trade-offs between the different distitm modes will depend on energy prices, changes
in technology costs and other things such as palgrventions. However, while the ‘switching
points’ may shift, the underlying relationships smthe same and the shapes on the graphs would be
largely unchanged.
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Therefore, without geographical representation ehdnd and potential production
sites, it is difficult to represent the distributiodistances and flow rates with
satisfactory accuracy. Approximations can be madmgu discrete infrastructure
options or modelling transmission vs. distributg&ystems in a similar framework as
natural gas networks. As such, increases jndidtribution costs with increasing
centralisation are only roughly gauged and it iere¢fore difficult to identify the
appropriate degree of centralisation, based oafttrementioned trade-off.

2.3 Level of technical detall

2.3.1 Temporal variations and the role of energy storage

Many models do not represent the temporal variatainenergy supply and demand
in sufficient detail to accurately analyse the ptit¢ role of energy storage
technologies, of which hydrogen may be one. Thétylbo store energy is essential
in any energy system, whether this is in the fofmpronary energy (coal, natural gas,
biomass, hydro); indirect storage of electricityat(bries, pumped hydro, super-
capacitors); or as hydrogen. In particular, storaigelectricity to buffer variations in

both supply and demand is essential, especiallya isontext of an increasing
proportion of inflexible power generation (nucleaud renewables, except hydro).

Demand for storage services — both inflows andloutf — are a residual, dependent
on the difference between demand and availablelgapny given time. This makes

the need for storage very sensitive to relativetyals changes in demand and/or
supply. Modelling of energy storage requirementsl g@erformance is therefore

crucially dependent on the level of detail with whithe variations of demand and
supply are characterised, on both the seasonalianthl timescales.

2.3.2 Constraints on infrastructure operation

While many models use a relatively simple repres@nt of the technologies that
would be used in a hydrogen infrastructure, this patentially miss important aspects
of how these technologies can be operated. For geasteam methane reformer
(SMR) plants operate at high temperatures, andithe taken to cool and heat up
properly means that a shut-down results in unavitithafor 24 hours. They must also



be operated at a minimum 30% of capacity to aveghiicant damage to the
reformer. As such, this 30% is effectively the minm level of demand which should
be in place before the SMR is installed.

Electrolysers also have operating constraints, asch minimum load of around 25%,
due to the danger of significant proportions of @y mixing with the hydrogen

output stream at lower loads (Joffe, 2003). Wheerajing on intermittent sources of
electricity, this can potentially cause significaptoblems, potentially requiring

buffering of the electricity supply with batterieldowever, recent developments in
PEM electrolysers are claimed to have solved tbhblpm of operation on intermittent
power supplies.

Models that ignore these constraints can poteptedlsume infrastructures that are
technically unviable, or at least suboptimal.

2.3.3 Hydrogen demand technologies

Hydrogen based technologies, for both the transpmitthe power sectors (including
micro-generation) are at an immature stage of ieehdevelopment, when compared
with current incumbent technologies. This is dustlf to technical parameters,

including operation aspects of fuel cells of inedrocombustion engines as well as
their integration with reformers, storage, liquéiac (as required), power electronics,
heat exchangers, emissions control etc. Thesenitadhparameters have a major
impact of efficiencies, availabilities, lifetimeamge (for transport), power output,
weight and size with resulting implications for tlieed and variable costs of

operating these technologies. A second issueeigtionomic development of such
immature technologies, which is partly related ngieeering improvements but also
to economies of scale, economies of learning imdgeton and the development of
niche markets (see Agnolucci and Ekins (2007) dothier discussion). Models tend to
deal with these future economics costs throughni@ogical vintages or learning

curves (exogenous and endogenous).

2.4 Categorisation of modelling approaches

A variety of modelling approaches have been takkannooking at the development
of hydrogen, often driven by a particular set oksfions to be addressed. Almost
inevitably, the choice of modelling framework wiksult in some question being
answered well and others less well. There are thspects to modelling of hydrogen
that appear to characterise the modelling approach:

* Optimisation vs. ‘scenario’-based models optimisation models generally
provide a least-cost approach to modelling hydrodevelopment. Their results
are ‘optimal’ in terms of the way the model is defil and the constraints within
which it is allowed to reach its solution. Howeveunch models can often produce
results which, while being optimal in this senge, falt to be unrealistic in the real
world, due to constraints that are not — and sonesticannot be — included in the
model. ‘Scenario’-based models are therefore sonmestiused to produce more
‘realistic’ stories to describe the developmentwgdirogen, although can give far
less information on the relative economics of hgém energy supply and
distribution.

e Spatial vs. non-spatial models the importance of the spatial dimension of
hydrogen infrastructure means that any model tfies to capture infrastructure
development in any detail must either have a dpal@ment or a way or
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representing this aspect within the model. Thitefaapproach will often have an
‘off-line’ assessment of possible infrastructurekating to different pathways for
hydrogen development.

» Internal resource competition vs. external methodsmodels that narrowly look
at the development of hydrogen can often miss asmddts interaction with the
wider energy system, especially with regard to tie= of primary energy
resources in different sectors. While competitioor fsuch resources can
potentially be captured within projections for epeprices — the result of resource
competition — this is an indirect method, makintgss likely to properly capture
this competition appropriately.

The following sections review approaches that hdeen taken to hydrogen
modelling, grouped into optimisation and non-opsation models. A particular focus
of this review is how each of these models addeedbe issues of resource
competitions and the spatial development of hydnag#astructure.

3 Optimisation models

Optimisation models that have been applied to hyeinoinfrastructure have taken a
number of approaches. However, a fundamental agpeeich of these models is that
the optimisation is based on life cycle cost misiation. For some models, this
covers the costs of the hydrogen technologies aedgg costs, while other models
including monetary valuations of other consequenckdydrogen infrastructure
develop, such as G@missions and effect on driving time.

3.1 The MARKAL modelling framework

The MARKAL (MARKet ALlocation) modelling frameworkis a highly used
optimization framework with over 30 years developinthrough the International
Energy Agency’s ETSAP network and around 100 adiaens in over 30 countries.
MARKAL is a data-driven, technology-rich energy ®ms economic optimisation
modelling framework. It encompasses the entire gnaystem, from the resource
base to end-use sectors, with a wide variety ohrtelogies and options for
conversion and distribution in between. It is atimgation model that minimises the
overall costs of the energy system, given the desiaravailable resources,
technologies and constraints. The model is drivgnsbbsectoral energy service
demands, e.g. the demand for lighting, space lgatin bus-kilometres. By
representing demand for energy services rather émemngy itself, the model can
substitute end-use technologies. This enables theiehto meet the service demand
with a technology that consumes less energy (elgwegenergy light bulb or a fuel
cell bus).

To construct a country or regional model, the dpecharacteristics of that energy
system are mapped into the model including a higlgiailed and validated set of
resource, process, conversion and end-use teches|ogisaggregated energy
demands, and constraints based on physical, regyland policy factors. The model
is exactly calibrated to actual resources supplegrgy consumption, electricity
output and installed technology capacity in theebgsar (generally 2000), and then
evolves in 5-year time steps through to the modwizbn, in a consistent and
powerful ‘what-if’ framework.



MARKAL is a ‘bottom-up’ modelling framework, whicimeans that its results are
driven by the detail of the available resourcesyise demands and technologies. As
such, it is necessary to have a model that is mchechnology detail, both on
economic and technical characteristics (e.g., imvest costs, efficiency etc).
Different approaches to the representation of hyeino within the MARKAL
modelling framework are discussed below. Thesgesare explored in more detail
in UKSHEC Working Paper 28 (Joffe et al, 2007).

3.1.1 Strengths and weaknesses

One of the major strengths of MARKAL is that it repents the entire energy system
and the entire energy chains from primary energpuece to energy service demand.
This allows the model to choossmbinationsof primary energy resources and
technologies in minimising the cost of meeting ggeservice demands within the
specified constraints. Hence it can identify syresgbetween measures on the
demand and supply sides, as well as the infrastregthat connects them.

This, in turn, allows competition in areas of theergy system not captured by more
specific models that focus only on part of the eystFor instance, competition could

be for finite primary energy resources between ed#iit energy carriers, e.g.

electricity and hydrogen, which might be used fiffiedng end uses, such as domestic
energy vs. transport.

Imposition of a CQ@ emissions (or other policy) constraints add amaedimension to
this competition, as it enables the optimisationhef energy system for cost-effective
emissions reduction. The use of resources is thgardnot only by cost, but also by
the efficiency of whole energy chain and consequenissions per unit of energy
service. This enables the best use to be identiiedow-carbon energy sources in
reducing CQ emissions, e.g. renewable electricity being usextty as electricity or
natural gas used in for combined heat and poweP{CH

One of difficulties of representing infrastructurelinear programming (LP) models
such as MARKAL has been that discrete, large imaests can be difficult to
represent properly. This is because the model twillto build a fraction of such
investments, e.g. half a nuclear plant or 10% @&& hydrogen pipeline. This has
been addressed within MARKAL by the introductionaoflumpy investment’ option
which only allows whole numbers of certain largalednvestments to occur. The use
of this feature turns MARKAL into a mixed-integéméar progran.

The fact that MARKAL is a model of the entire energystem means that it is

inevitably less detailed than models specificaligigned only to look at one part of
the system. This is a consequence of the integmatedgy system approach and it
therefore becomes important to understand and nsairthe extent to which its

simplifications impact on the model results. Thasdude are two key areas which
are important for representation of hydrogen withia energy system:

% A range of further MARKAL variants address addiabmethodological issues, including a Macro
component (via non-linear programming) to invegggaacro-economic implications, elastic demands
to endogenous behavioural change, stochastic agpmsafor characterizing uncertainty and goal
programming and other near optimal solutions.



* Energy storage— standard MARKAL uses 2 time-slices in each ade&sons,
combined with a peaking requirement to represepic#y peak, shoulder and
base-load demand periods in the electricity se¢tomwever, this resolution may
not provide sufficient detail to represent potdritigbalances in energy supply and
demand within each entire day of the year. Increagie resolution with which
electricity demand and available capacity are dtarsed would improve the
MARKAL model's representation of the demand for rage services, and
therefore the need for storage technologies iretbetricity system. Furthermore,
the possibility to use hydrogen to store energersffthe option either to re-
generate electricity or to use this hydrogen intthesport sector.

» Spatial representation —as a non-geographical model, MARKAL is inherently
limited in directly representing the spatial aspeat the energy system, such as
the locations of resources and demands, as weleasfrastructure required to
link the two. There are approximations to reprasgntmany types of
infrastructures within a model such as MARKAL, ailtigh this is potentially
more complex for hydrogen as a completely new stiftecture would be required.

A number of approaches have been taken for thémesd of hydrogen distribution
within MARKAL modelling and these are describedtie following sections.

3.1.2 The US Environmental Protection Agency (US EPA) MAKAL model

Rather than allowing a choice of distribution opgpthe US EPA MARKAL model
assigns it a distribution method to each scale ppkéduction technology. TheH
production-distribution combination is then the rastructure required to supply
delivered hydrogen for use, e.g. at a fuellingictat

The US EPA approach has different distributionasfructures, corresponding to their
different scales of K production: Central Station, Midsize and Distramlit The
distributed scale KHproduction requires no distribution infrastructunéile each of
the other two scales had their own correspondingistribution infrastructure. These
infrastructures were based on analysis based onidhtResearch Council et al
(2004). These distribution options were generic @mplied across the entire US.

The options in the model have been constructearm tomplete ‘production plus
delivery’ infrastructures, each of which would slyppydrogen all the way to the end
user. For the large-scale production facilitiepefine distribution is assumed, while
the mid-size production is combined with kuefaction and distribution by road.
The decentralised production option requires ntridigion infrastructure.

As such, each of the options is equivalent from ehd users perspective and the
option selected by the model is therefore simpiyration of the size and growth rate
of demand. The model uses the lumpy investmenbopgd ensure that only whole

numbers of each option can be selected. Only tahsplated hydrogen applications

are considered in the US EPA model

The US EPA MARKAL model uses an limited subsetargregated’ representation
of H, infrastructure. However this ensures options @®livered’ hydrogen compete
on a level playing field, and that only plausiblelutions for H infrastructure
development are considered.



3.1.3 The ECN MARKAL model

The ECN MARKAL model is being used as part of th€ HyWays project to

develop a roadmap for hydrogen and fuel cells g Huropean Union, as well as
another EU project titled Cascade Mints. The maaglbf hydrogen using MARKAL

is an extension of ECN’'s existing MARKAL model fowestern Europe,

incorporating a greater level of detaill and sojptasion than the previous
characterisation (Martinus et al, 2005).

As detailed in Figure 2, the ECN model has verysatgrable detail on hydrogen
production (both centralized and decentralized)pngu€lectrolysis, steam methane
reforming and gasification of coal or biomass. Magiorage and transportation
options include:

» distribution by road in compressed or liquid form;
» development of a dedicated plipeline distribution network; or

* mixing H, with natural gas in the existing pipeline system.

Finally a full set of end-use technologies are digpgl in the transport, buildings and
industrial sectors.

Figure 2 Summary depiction of ECN MARKAL hydrogen chains
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As discussed in section 2.2, the least-cost mettfodistributing pure hydrogen
depends both on the flow rate and the distributiistance and representation of
pipeline distribution is difficult in an optimizain framework. This issue of distances
is handled by drawing a distinction between thalldydrogen ‘distribution’ pipeline
systems and longer distance ‘transmission’ pips|inea similar way to the treatment
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of natural gas pipeline infrastructure, and by ggime ‘lumpy investment’ MARKAL

feature for different capacities of pipeline todmecified but only of each built. This
allows a description of how incremental unit cdséergy transmission capacity falls
substantially with increasing diameter, and theeefmpacity (Yang & Ogden, 2004).

The ECN MARKAL model allows the model the flexilylito choose appropriate
combinations of K production and distribution technologies. Howewshile this
flexibility allows a large number of plausible sbtns for H infrastructure
development, it also allows some implausible sohdias well.

3.1.4 The UK MARKAL model

The UK MARKAL model as been extensively updatedtuy Policy Studies Institute
on behalf of the UK Energy Research Centre (UKERThe UK MARKAL model
represents centralized hydrogen production via, diamass and waste gasification,
electrolysis, and steam methane reforming. With alddition of liquid hydrogen
imports, these options are distributed via gasdowsogen by road (tube trailers),
gaseous hydrogen by dedicated pipeline or liqudfiettogen by road. Transmission
and distribution is split out allowing differentatisport modes and micro-generation
to face different distribution costs based on Yand Ogden (2004). Through the use
of the electricity and natural gas distribution wetks, small scale hydrogen
production competes with large scale ptovision, to flow to hydrogen end-use
technologies by transport mode (fuel cell and ICghigles) as well as micro-
generation by sector and hydrogen storage optidinés detailed approach to
hydrogen energy pathways results in a similar aggirdo the ECN model.

Similarly to other energy system optimization motet UK MARKAL model is
limited in its temporal detail for energy storaged spatial details for infrastructure
development. However, under an ongoing project édny the UK Department for
Transport, this approach is being changed, to parate improved representation of
temporal and spatial aspects (Strachan et al, 200@¢ spatial aspect of ;H
infrastructure is being addressed by soft-linkingat GIS-based spatial model of H
infrastructure development for the UK. Linking aneegy system model to a GIS
framework has been in discussion at ETSAP and @hergy modelling forum, with
Biberacher (2006) giving one example of a methogpko undertake this.

This model will represent plausible spatial infrastures, corresponding to the
locations of different options, especially with aed to resources, and the distribution
options appropriate to differing scales of hydrogesduction. Connecting MARKAL
to a spatial model of infrastructure developmerit produce results that combine the
strengths of both approaches: an integrated ersrgfgm model that incorporates a
geographical representation of how energy infrattine develops. This change in
approach brings the model's representation of tyemocloser to the US EPA
approach of specifying distribution infrastructufeff-line’. However, unlike the US
EPA model, the infrastructures in the UK GIS-MARKAhodelling framework will
have the potential to be geographically-specifither than simply depending on the
scale of production. It will have the capability tepresent any number of,H
infrastructures, based on the actual geographlgeofUK and the locations of primary
energy resources, carbon sinks, existing energgstriicture and likely fHidemand.

Additionally, under this project, the resolutiontwviwhich both demand and supply
are captured will be substantially improved by Hert work to extend the number of
time-slices available to the model from the curssten to around thirty (both diurnal
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and seasonal) to better match actual UK demandesaohaximum. This will enable
the model to better capture the need for flexidBnpand energy storage services,
especially related to peak demands.

3.2 Spatial hydrogen infrastructure optimisation models

Models developed to ‘optimise’ the development pfifogen supply infrastructures

tend to incorporate a spatial dimension to theasgmtation of demand and the supply
infrastructure. However, to date at least, theyehawt internalised any aspect of
resource competition within the optimisatfprelying instead on projections of future

energy prices. Such an internalisation would regaisufficient representation of the
rest of the energy system to capture the effecttherentire system of the choice of
hydrogen supply pathways.

3.2.1 The bplC-H2 model

ThebplC-H2model by Hugo et al (2005) developed by BP GasdPd@Renewables
and the Centre for Process Systems Engineeringrial College London is a good
example of this approach to hydrogen infrastructypémisation. A mixed-integer
linear programming (MILP) model, it contains a regeEntation of a wide range of
hydrogen technologies.

Importantly, it also incorporates spatial repreagan of sites of hydrogen demand —
with evolving demand over a time horizon of 20 wear more — and potential
production. This aspects enable it to dynamicaltyimise hydrogen infrastructure
development, including the trade-offs between aedistd vs. decentralised
infrastructures. However, its representation of #patial aspects of the issue is
limited to these specified sites of hydrogen demand a number of specified
potential hydrogen production sites

As well as the costs associated with hydrogen stifuatures, this model also tracks
CO, emissions during the optimisation. As with MARKAIg, constraint can be
imposed on the maximum GOemissions allowed during a given run. This
functionality enabled Hugo et al to present theveun Figure 3, which shows the
trade-off between hydrogen supply infrastructureteand C@ emissions, over a
range of allowed C@emissions. The solutions on this curve represelyt @ subset

of the possible hydrogen infrastructures; many othastructures are possible but
are not least-cost under the £€bnstraint imposed, i.e. they are somewhere below
this curve.

However, while the trade-off between cost and,Gnissions is important for
consideration of hydrogen infrastructures, the nisdeptimisation algorithm does
not include resource competition with other sectoffis means that careful
interpretation of its results is needed to identifg infrastructures that would result in
cost-effective C@emissions reduction within the energy systemabale.

Furthermore, while the model contains sufficienfpresentation of hydrogen
technologies to include both the associated cost<C£) emissions, it is essentially a
high-level tool. It does not include constraints the operation of the technologies,

4 Other energy system interactions are also noudet (e.g., demand vs. supply side efficiency
improvements)
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nor does it have any representation of the vartghif resources on a seasonal or
within-day basis.

Figure 3 Optimal trade-off curve between cost andCO, produced by the
bplC-H2 model
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3.2.2 The Hydrogen Infrastructure Transition (HIT) model

The Hydrogen Infrastructure Transition (HIT) modieveloped at the University of
California, Davis is another spatial optimisationdal, this time based on a dynamic
programming (DP) approach (Lin et al, 2006). HI'E laamuch greater representation
of spatial information than thleplC-H2 model, including road networks and traffic
flows, as well as hydrogen demand distribution. chesnatic of the HIT model is
presented in Figure 4.

The HIT model is used to determine the ‘optimaltidens for the development of
hydrogen infrastructure. These decisions are trssd dor further calculations and
analysis, based on engineering economics.

The HIT model is the only model reviewed here tatsiders the optimal build-up of

refuelling facilities over time, for a given exogers-determined build-up of hydrogen
penetration from private vehicles. In order to Hestit trades off the coverage of

fuelling stations and the driving time requiredyt to the nearest station. The driving
time is calculated using spatial information abitn@ road network and its associated
traffic flows, and a monetary value is attachedhis driving time so that it can be

included in the optimisation model. This elementhef model is based on the work of
Nicholas et al (2004).

Figure 4 Schematic of the UC Davis Hydrogen Infrasucture Transitions model
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HIT also tracks C@emissions, but rather than this mainly being wedtie constraint
level, as per the use of thplC-H2 and MARKAL models, a monetary value is
attached to the CQOemissions. This is in the form of a uniform ‘canb@x’, rather
than a damage costs, due to the lack of data auayaor damage costs associated
with climate change in particular regions.

The model is purely focused on hydrogen infrastmgctand therefore does not
include any explicit aspect of resource competjti@mergy prices are an exogenous
input. While designed generically, for potentialdespread applicability, the HIT
model has been applied as a case study to thefddgijing, in Lin et al (2006).

3.2.3 Other spatial optimisation models of hydrogen infratructure

Other spatial optimisation modelling of hydrogefrastructure development has been
undertaken at Imperial College London by Martin &ahal, as part of the European
HyWays project, and by Stamatina-Parissis. Whetkasmodelling by Hugo had
been a generic approach that was not specificplyied to any particular country or
region, Martin and Rahal’s model was run for a namif European member states:
France, Germany, Greece, Italy, the Netherlands Nomvay. Stamatina-Parissis’s
modelling work has focussed on the optimisatiorresfewable hydrogen supply to
urban centres in the UK (Stamatina-Parissis é1G415).

4 ‘Scenario’-based models

While scenario-based models depart from the abaeeisf on ‘optimality’, they
attempt to model the consequences and implicabbmsultiple plausible storylines,
or scenarios. The move away from a modelling saiseptimality enables these
scenarios to include ‘soft’ drivers and constraititat are difficult to model, and
therefore to include in an optimisation. By extdisiag the decision-making aspect of
the development of the system in question, suckiedsi and constraints can be
included more fully. The role of the model is thiercalculate the implications of such
scenarios; in the case of hydrogen scenario motihelse implications normally focus
on the hydrogen infrastructure and energy systestsc@s well as COand other
pollutant emissions.
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4.1 Tyndall Hydrogen Energy Scenario Investigation Sui¢
(THESIS)

The Tyndall Hydrogen Energy Scenario Investigatwite (THESIS) is the tool that
was used by the Tyndall Centre for Climate ChangseRrch to assess the long-term
role of hydrogen energy economy in greenhouse gdsction in the UK to 2050
(Dutton et al, 2005). The model was used to esartta¢ reduction in greenhouse gas
and other pollutant emissions and the implicatimmscapital investment of a number
of transition pathways and end-states for the hyeinceconomy.

The model does not explicitly calculate the co$ta bydrogen economy, but instead
examines the implications for the energy systemd; aonsequently, CGemissions
— of using hydrogen in four end-use sectors: TrarisDomestic, Industry, and
Service / other commerce. Its structure is illusilain Figure 5. One of the main
strengths of this model is its ability to examinatgmtial interactions between the
transport sector and the electricity sector.

In order to look at the effects of hydrogen usdtepower system, THESIS includes
a detailed sub-model of the electricity productstock to 2050. This allows the
implications of competition for primary energy resces, e.g. the use of renewable
electricity for hydrogen production vs. direct uiseéhe power system, to be integral to
the model's results. This capability to analyse implications of primary energy
resource competition is one of the model’'s keyngfties.

Depending on the fuel demands that result fromedkfit scenarios for end-use
demand and supply options, the model will decidestivbr or not to add further
electricity generation and/or hydrogen productiapacity in each time period. New
capacity for hydrogen and electricity is introduaeztording to technology profiles
specific to each scenario. The model also tracksciee populations, again according
to the scenario’s end-use transport demands angbehetration of hydrogen into
different transport modes.

Before examining scenarios for hydrogen developmanion-hydrogen’ baseline

was established. THESIS was then used as a toexamine four socio-economic
scenarios for the transition to a hydrogen econaragh involving differing hydrogen

supply pathways and end-uses. The model was usddmonstrate the changes in
these energy flows, as well as the stocks of ébégtrgeneration and hydrogen
production capacities that would result from eadhtleese scenarios, and the
implications for greenhouse gas emissions.

While THESIS is not an economic model, the outpoftishe model include the
implications for investment in new hydrogen andceleity capacity and could
therefore be translated into capital and energyscétowever, the primary focus of
this modelling work was to analyse and understamel implications for C@
emissions of different ways in which a hydrogenregoy could develop.
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Figure 5 Schematic of the THESIS model
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4.2 Hydrogen Infrastructure Techno-Economic Spatial (HITES)
model

The HITES model was developed at Imperial Collegadon as part of a 3-year
project on the development of hydrogen infrastrectéior vehicles in London.
Initially developed as a technical and emissiongiehoit later incorporated a cost
database that allows it to analyse the costs déréifit infrastructures, based on
scenarios for technology costs, energy prices and tosts. While it was developed
to be applicable as a generic model, its applioatws far has been to London (Joffe
et al, 2003).

HITES is a scenario model that combines scenamdsassumptions about demand
growth, geographical areas of demand, approachnfi@structure development,
choice of technologies, availability of feedstochdaenergy prices. It explicitly
incorporates a representation of the spatial deweémt of H infrastructure,
including calculation of distribution distances atieir effects on the costs of;H
distribution, pressure gradients within pipelinesd adiesel consumption for road
distribution.

The technical simulation part of the model incogtes a detailed characterisation of
the technologies and simulates the operation ofige infrastructures, analysing
their performance and identifying potential areas ffefinement, such as storage
capacities and compression requirements. All ofgbenomic parameters, such as
technology costs, energy prices and land costexargenously specified.

There are many potential constraints on infrastmgctdevelopment in an urban
setting. Scenarios for infrastructure developmevehtherefore been built ‘by hand’,
including knowledge of the ‘soft’ constraints onfrastructure development and
economics of Kdistribution and refined using the results of tdxehnical simulation.

This modelling approach has the advantage of irmratpng a spatial representation
of H, infrastructure as an integral part of the modgllimork. The scenarios for
infrastructure development, while not being codirogl in the sense of having been
produced by a cost-optimisation model, have beermldped with cost minimising
and feasibility in mind. However, the model focusedy on one part of the energy
system — the development of hydrogen infrastructuaad its energy price scenarios
are exogenous inputs, rather than deriving fromptition for energy resources.

5 Conclusions

A variety of modelling approaches have been takehe question of how a hydrogen
economy could — or should — develop. It is cleanfithis review that, while a number
of models do many things well, each approach hasoiwn advantages and
disadvantages. These include the inclusion of gneygtem and wider economic
interactions, a focus on spatial aspects of hydrag&astructure development, and
the use of optimal vs. scenario solutions.

A model is a methodological tool to systematicg@lfgvide insights into transitions to
a hydrogen energy system. It is vital to understdred limitations, as well as the
strengths, of each modelling approach, and to cautyextensive sensitivity and
uncertainty analysis. That way, the correct model loe chosen to answer a particular
set of questions regarding the development of adgygh economy.
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