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1 Introduction

Various modelling approaches have been used tosmahe development of a hydrogen
economy in the UK. This include the MARKAL energygsgeem model. This paper details the
modelling of potential UK hydrogen developmenthie UK MARKAL model and compares

this approach to the MARKAL models in the Nethedamnd the United States. A review of
other models of hydrogen development are explaratepth in UKSHEC Working Paper 29
(Joffe and Strachan 2007). These include modelsifgpéo the UK namely the Hydrogen

Infrastructure Techno-Economic Spatial (HITES) niddeffe et al, 2004), and the THESIS
model (Dutton 2005).

1.1 Background tothe UK MARKAL energy systems model

MARKAL (acronym for MARKet ALlocation) is a widelyapplied bottom-up, dynamic,
linear programming (LP) optimisation model. It wdsveloped in the late 1970s at
Brookhaven National Laboratory and has been coaliynsupported by the International
Energy Agency (IEA) via the Energy Technology andt8ms Analysis Program (ETSAP).

MARKAL portrays the entire energy system from imgoand domestic production of fuel
resources, through fuel processing and supply,i@xpkpresentation of infrastructures,
conversion to secondary energy carriers (includitegtricity, heat and hydrogen), end-use
technologies and energy service demands in thesindl) commercial, residential, transport
and agricultural sectors. A highly simplified reface energy system — focusing on the
electricity component of the full model — illusteathow these components are linked to each
other as in Figure 1 below.
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Figure 1: Highly aggregated example of a MARKAL referenoergy system (RES)

As a perfect foresight optimization model, MARKALimmizes the total system cost by
choosing the investment and operation levels afhallinterconnected system elements. The
participants of this system are assumed to haviegienter-temporal knowledge of future
policy and economic developments. Hence, undemge of input assumptions, which are
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key to the model outputs, MARKAL delivers an ecoryawide solution of cost-optimal
energy market development.

The construction of the UK model entails definitiohthe specific characteristics of the UK
energy system, including resource supplies, energgversion technologies, end-use
demands, and the technologies used to satisfy tte¥eands. In particular, the current model
is developed based on a previous model (FES, 2G08), supplemented by stakeholder
workshops and a wide range of peer reviewed dateces. Inputs into the model include
base levels for global energy price curves (DTD&0and detailed energy service demands
in units of useful energy. These energy servica®ahds were calibrated to final energy
consumption projections that were published by gowernment (DTl 2006). A full
description of the UK MARKAL model is given in Stiaan et al (2006).

In order to replicate the physical, regulatory gudicy aspects of the whole UK energy
system in MARKAL, some hundreds of constraints iateoduced to the model. These are
designed such that the optimization of the modé&htssse of technological pathways occurs
under a realistic engineering and economic framkwof the deployment of new
infrastructures, fuels and technologies.

The model is calibrated in its base year (2000)vitiin 1% of actual resources supplies,
energy consumption, electricity output and insthltechnology capacity. The principal

calibration source is DUKES (2006). In additioansiderable attention is given to near-term
(2005-2010) convergence of sectoral energy demamts carbon emissions with the

econometric outputs of the government energy m@dé&l 2006). The model solves in 5-

year time steps for an optimal evolution of engogyhways and technology deployment and
use.

Further detailed information on the MARKAL modeljirsystem, including the economic
rationale of this partial equilibrium model, an &qmtion of the linearization process for
energy supply and demand as well as explicit remtesions of the mathematical equations
used in the solution algorithm is given in Louldwa&(2004).

1.2 MARKAL strengthsand limitations

MARKAL is widely used, proven and continually evislg model for assessing a wide range
of energy and environmental planning and policyuess Its well understood analytic
framework (least-cost equilibrium computation ifi@ént or regulated markets) is ideally
suited for assessing the role of technology inedhg environmental and policy goals. One
of the major strengths of MARKAL is that it represe the entire energy system and the
entire energy chains from primary energy resourcenergy service demand. This allows the
model to chooseombinationsof primary energy resources and technologies mmising
the cost of meeting energy service demands withensipecified constraints. Hence it can
identify synergies between measures on the demandsapply sides, as well as the
infrastructure that connects them.

This, in turn, allows competition in areas of thery system not captured by more specific
models that focus only one part of the system. iRstance, competition could be for finite
primary energy resources between different eneagyiers, e.g. electricity and hydrogen,
which might be used for differing end uses, sucd@asestic energy vs. transport. Imposition
of a CQ emissions constraint adds an extra dimensionisocttmpetition, as it enables the
optimisation of the energy system for cost-effectigmissions reduction. The use of
resources is then driven not only by cost, but bisthe efficiency of whole energy chain and
consequent emissions per unit of energy servides dhables the best use to be identified for

! Three stakeholder workshops on road transportagohnologies, electricity generation technologies a
hydrogen were held. For further details on modébcation and validation, please see Strachah(€086).



low-carbon energy sources in reducing £&missions, e.g. renewable electricity being used
directly as electricity or natural gas used in foombined heat and power (CHP).
Additionally, MARKAL allows for analysis of variousther constraints on either demand or
supply side of energy system making it a powerfabltin investigating various
environmental policies, such as imposing the sludreenewable resources in electricity
generation.

One of difficulties of representing infrastructurelinear programming (LP) models such as
MARKAL has been that discrete, large investments ba difficult to represent properly.
This is because the model will try to build a frantof such investments, e.g. half a nuclear
plant or 10% of a large-diameter hydrogen pipelinghis has been addressed within
MARKAL by the introduction of a ‘lumpy investmentption which only allows whole
numbers of certain large scale investments to octtwe use of this feature turns MARKAL
into a mixed-integer linear program.

Last, MARKAL it is a coherent, open-source and $garent framework, where the data
assumptions are open and each model output magdeadtto its technological cause.

MARKAL’s weaknesses includes its data intensivenassluding characterization of
technologies and the UK reference energy systeike &ll models, results are driven by the
quality of input technology and other parameteadahd can be sensitive to small changes in
data assumptions. However, stepped supply curaed, market share algorithms can
partially remedy this. In practice when running thedel, extensive sensitivity analysis is
used to explore thresholds and tipping points betwadternate energy technology pathways.

MARKAL has a limited ability to model behaviour, du as hidden costs of technology
switching. However, growth constraints, damping tgosand “hurdle” rates, demand
elasticities partially remedy this. Also, MARKALak a limited representation of economic
impact of energy policy, although an extended wers{MARKAL Macro), links the energy
system to a simple neoclassical Macro module (segos 2.5). This linkage facilitates a
demand feedback (in addition to technological cledmngresponse to price signals.

MARKAL as a non-geographical model, is limited imetttly representing the spatial aspects
of the system, such as the locations of resouncdsdamands, as well as the infrastructure
required to link the two. For incumbent energy @ypnfrastructures, such as those for
electricity and natural gas supply, changes aremgdlg small and incremental additions to an
already established system. As such, these lionstdo not present an insurmountable
barrier to approximating the costs and trade-offgoived in any further infrastructure
development. However for hydrogen, infrastructisrékely to develop in areas of resource
availability and where potential demand is suffithg dense to justify these investments.
One approximation to remedy this problem might bé&oduction of these resource-
infrastructure-demand options explicitly as compgtiechnologies. There is ongoing work to
link it to a geographical information systems (Gl@mework (See Section 2.5 and Strachan
et al, 2007).

A further limitation of the MARKAL framework is itgepresentation of energy storage
technologies, of which hydrogen may be one. Thktyako store energy is essential in any
energy system, whether this is in the form of prynanergy (coal, natural gas, biomass,
hydro); indirect storage of electricity (batteriggymped hydro, supercapacitors); or as
hydrogen. In particular, storage of electricitybuafer variations in both supply and demand
is essential, especially in a context of an indregproportion of inflexible power generation
(nuclear and renewables, except hydro). A moreildlexand detailed seasonal and diurnal
structure is being enabled through a project betvwiee MARKAL model developers and the
US MARKAL team at the U.S. Environmental Protectidgency (MARKAL/ANSWER,
2006)., and is discussed in section 2.5



1.3 Background to key hydrogen technologies

Production

There are generally considered to be four majordgyeh production pathways for the UK:
steam methane reforming, coal gasification, biongassfication / pyrolysis and electrolysis.
These production technologies are reviewed in demaiUKSHEC Working Paper 25
(Hawkins and Joffe, 2006)

Large scale fossil routes to hydrogen currentlyigi® the cheapest option for production,
although their large-scale implies a substantiglirement for H distribution. Small scale
SMR currently appears more expensive, but with rdom significant reductions if it
becomes widespread.

Fossil fuel pathways contribute to g@missions, coal more so than gas. Adding C&pture

to fossil plants may increase the cost of hydroggri0-20%, excluding the costs of €O
transport and sequestration. The cost of, @@nsport and sequestration are difficult to
predict, since the technologies are uncertain,scast likely to be very site-specific, and
depend on economic factors such as enhanced ogascecovery revenues.

Estimates for cost of hydrogen from biomass vargelyi; a major uncertainty is the cost of
biomass, and the size of the resource potentialst&®vhiomass may be available much
cheaper than dedicated fuel crops, though not large or predictable volumes.

Electrolysis is currently the most expensive optitre major component is electricity price,
and unless stranded electricity resources are useddifficult to see electrolysis being
competitive in many situations.

Storage & Distribution

Hydrogen storage and distribution technologies hasen reviewed in detail in UKSHEC
Working Paper 21 (Hawkins, 2006). The charactesstiof hydrogen transmission
technologies are summarised in Table 1. The maintdo note is that costs are very
sensitive to distance and capacity (flow rate)eviRrius research has illustrated the trade-offs
between the least cost option, depending on distand capacity, as shown in Figure 1.
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Figure 2. Least-cost kidistribution method as a function of distributidistance and flow
rate



(Source: Yang & Ogden, 2034

However, Figure 1 is based only cost, not practicadsiderations. For example, delivering
500 kg/h by tube trailer would require more thae @ruck delivery per hour. Simbeck and
Chang (2002) suggest tube trailer delivery is dlgtaip to capacities of up to about 13 kg/h,
and LH; trucks are suitable up to 1000kg/h, while pipedican deliver up to 100 000kg/h.

Also pipelines offer a storage and buffering caiyaend their useful lifetime is likely to be
longer than their investment lifetime, so compamaght see investments in pipelines as
strategic. However, the high capital cost of pipesi makes investment less likely if the
market for hydrogen is uncertain. Decisions onrtteele of transport are linked to the mode
of storage, for example if both the producer andsamer are using liquid storage, then it
makes sense to transport hydrogen as a liquid.

Comparing transportation costs with the cost ofdpobion is difficult since both vary
depending on the pathway and technology. The clseéapgsions for producing hydrogen
(large scale fossil fuel routes) might cost aroti¢kg. The cheapest option of transporting
hydrogen is by high capacity pipeline, which castdess the $0.1/kg over 100km. However,
if hydrogen is liquefied and transported by ro&e, tost is likely to be over $1/kg — possibly
more than the cost of production. Hence the coktsydrogen transport are a significant
factor when analysing the cost of hydrogen.

2 The exact trade-offs between the different distiisu modes will depend on energy prices, changes in
technology costs and other things such as poligyventions. However, while the ‘switching pointsay shift,
the underlying relationships remain the same aadkiapes on the graphs would be largely unchanged.



Table 1: Characteristics of major hydrogen transportatiptions

Advantages

Disadvantages

Suitable for

Capacity

Capital costs

O&M costs

Total cost

$/kg/100km

Energy required

Efficiency

Pipeline

Large volumes

High efficiency

Also provides storage and buffering
Low variable cost

Capital intensive

Needs large volumes of hydrogen to justify
pipeline costs

Required volume increases with distance

Large and very large quantities of gas

Where pipeline storage is used

Up to 100 000 kg/h (3.9GW)

$200,000 - $1,000,000 /km

$0.1 - $2.0 per kg H2 or more depending on
distance and capacity

Energy costs of pipeline compressors
~$0.03 /kg

$0.10 - $1.00

Pipeline compressors

99.2% per 100km

Liquid (road)
Higher volumes than compressed gas

High efficiency

Expense and inefficiency of the liquefaction
process

Boil off losses

Increases road traffic

Large quantities of gas

Where liquid storage is used

Up to 4000kg per truck

$300,000 - $400,000 per truck

$0.3 / kg H2 (excluding liquefaction plant)
Driver labour @ ~ $18 /h
$0.02 - $0.20 /kg

$0.3 - $0.5

Transport fuel

99% per 100km for transport

75% efficiency of liquefaction.

Liquid (ship)
Could allow international transport

Very high volumes

No experience of LH2 shipment
Not feasible until large supply and demand

exists

Boil off losses are more significant than road

Very large quantities of gas

International transport

Potentially 10 million kg per shipment

$155 million for LNG barge

could be 3-4 times higher for LH, barge
Crew labour and fuel

Uncertain

$1.8-$2.0

Transport fuel

fuel use unknown

boil-off 0.3% per day

Tube trailer

Can be deployed at small scales

Small deliveries per truck

Energy inefficient

Can't handle large capacities
Increases traffic

Small quantities of gas

Small distances

Up to 400kg (delivered) per truck

~$300,000 per truck

$0.10 - $0.40/ kg
Driver labour

$0.5 - $2.0/ kg

$0.5-$2.0/ kg

Transport fuel

94% per 100km

Source: Hawkins (2006)




Fuel cell vehicles

Hydrogen vehicle technologies have been reviewedetail in UKSHEC Working
Paper 22 (Hawkins and Hughes, 2006). Fuel cellokehi(FCVs) are estimated to be
about 2-3 times more efficient than conventionaaofjae vehicles and 1.5-2 times
more efficient the diesel electric hybrids. Weliwheels analysis suggests
greenhouse gas reductions of 30-60% compared withientional gasoline vehicles,
if hydrogen is produced by SMR and transported ipglme. Comparable savings -
25-50% compared with conventional gasoline - app®arbe achievable with
advanced diesel hybrids. GHG gas savings will begi@ater if carbon capture
technologies, renewables, or nuclear energy is tesptbduce hydrogen.

Long-term costs of FCVs are somewhat uncertaihpatih comparison with baseline
vehicles suggests FCVs will cost anywhere betwdeb(P% more than conventional
vehicles, once in mass production.

Performance of fuel cell vehicles does not matamveational vehicles, but is close
given the early stage of development, and likelyinoprove. The performance of
FCVs is well matched for urban driving. The mogingiicant challenge is improving
the storage capacity to give an adequate rangeebatwefuelling; this may be
addressed by the use of lightweight materials &risle body, substantially reducing
the vehicle’s energy demand.

Hydrogen internal combustion engine (ICE) vehiclgsyticularly in a hybrid

configuration with a battery, offer a lower costtiop for H, vehicles in the early
stages of a hydrogen economy. It is likely thaséhwill gradually be displaced by
fuel cell vehicles as the costs converge and thkdrmiefficiency of FCVs comes to
the fore.

Power generation

Hydrogen power generation technologies have be@ewed in detail in UKSHEC
Working Paper 24 (Hawkins, Joffe and Hughes, 2006)the near term, it seems
unlikely that fuel cells running on pure hydrogenll wWind widespread market
applications for stationary power production. Hoeevopportunities for hydrogen
fuel cells look more encouraging for certain nieépplications, in particular for back
up or off grid power, or as an energy carrier fgrgrios where the primary resource
is remotely located, or the availability of theaesce does not coincide with demand,
e.g. for intermittent renewable electricity.

The market prospects for hydrogen fuel cells irtrifisted CHP applications are
currently limited by the high capital costs of t@ts. This is evidenced in part by the
fact that manufacturers are currently concentratiagy efforts on niche applications
such as uninterruptible power supplies, where mpn@ can be demanded. The quick
start up capability of PEM fuel cells would be ugdbr load following in small scale
domestic applications, and this technology lookglji to benefit from future cost
reductions as a result of the research being devoté for automotive applications.
However, the requirement of PEM cells for pure loggn means that domestic
applications would be heavily dependent on a hyeinagfrastructure.

1.4 Background to E4 modelling of hydrogen

1.4.1 Representing the potential roles of hydrogen

One of the main challenges in modelling hydrogeto isepresent the ways in which it
might actually be used. Like electricity, hydrogeran energy carrier that produces



zero emissions at the point of use. However, urtij@rogen, electricity technologies
are widespread and there is an already-establisfredtructure for its production and
distribution. It therefore becomes important to nicly the situations in which
electricity, natural gas and petroleum, the curegrninant energy carriers, are not
cost-optimal to meet the demands of the energesysind where hydrogen might be
able to do so.

Environmental issues, notably @@missions and resulting concerns over global
climate change, and local air emissions and headticerns could be significant
drivers of hydrogen diffusion. This would requimv-carbon sources of hydrogen
and/or low polluting end-use applications. Segudf supply is another potential
driver with the option of restructuring an energystem to utilize more domestic
fossil or renewable resources. In addition, joiduction process where hydrogen is
a co-product of industrial production may offerasiceffective supply of hydrogen.

Additional opportunities relate to the storage pdifogen. While storage of hydrogen
is not trivial, it is easier to store significaniantities of energy as hydrogen than by
storing electricity in batteries. Hydrogen coulérfore potentially have a role where
energy storage is important:

» fuel storage onboard vehicles;

portable power;

back-up power; and
* energy storage to buffer the electricity system.

The main role of hydrogen in end-use sectors ®lliko be in the transport system,
with possible niches in the portable power and hgtlower markets. However, the
latter point on ‘electricity storage’ is potentiaNery important in an energy system
such as the UK’s which could potentially incorperaubstantial proportions of
intermittent renewables, and/or other inflexibleatticity generation such as nuclear.

Its potential role as a buffer for the electrigiystem needn’t necessarily mean that all
of the hydrogen produced at times of excess eb#gtrsupply would be used to
regenerate stationary power. Much, or indeed &lthis hydrogen could be diverted
to the transport sector.

Major uncertainties in the development of hydrogera significant proportion of the
UK’s energy supply, include the funding and timioigfuel infrastructure provision,

the requirement and opportunities of hydrogen gmrahe total productive capacity
from alternate feed-stocks at various cost levalsd the safety (and public
perceptions of safety) of hydrogen supply and wse,well as development and
diffusion of cost-competitive hydrogen end use texdbgies.

1.4.2 Key modeling issue - resource competition

In general terms, the primary energy resources thight be used for hydrogen
production have other potential uses in generatfaiectricity or heat. As such, there
is competition for these resources for meetinged#it energy service demands. For
each type of resources, the available technoldwgs differing costs and efficiencies
for conversion of primary resources to secondagrgnsuch as electricity, hydrogen,
heat, biofuels etc.

Modelling of a developing hydrogen energy systemui@s that this resource
competition be taken into account, so that thelrésinydrogen supply in the context
of the overall energy system. One approach towhsld be to project forward the
prices of energy supplies, so that a model cardédtie least-cost hydrogen pathway
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given these energy prices, as well as technologiscélowever, energy prices are, in
most cases, thesultof the competition for the resources.

An alternative approach is to model the energyesysis a whole, together with a full
representation of available energy resources doda abmpetition for these resources
to determine both their prices and how they arel.use

1.4.3 Key modelling issue - hydrogen infrastructur e development

Except in a very few industrial areas, there is pme-existing infrastructure for
hydrogen supply; as such, hydrogen infrastructumlev develop from scratch.
Furthermore, a number of different approaches tardgen infrastructure
development exist, using different scales of préidncand requiring different types
of distribution links:

» Large-scale centralised ;Horoduction, requiring extensive ;Hlistribution
links to points of demand (e.g. refuelling statiprsither by road in liquid
form, or via an extensive pipeline system;

* Small-scale onsite production, requiring no disttibn infrastructure;

e ‘Medium’-scale production within urban ‘distributagetworks’, distributing
hydrogen via short pipelines.

In selecting pathways for hydrogen infrastructurevelopment, a model must
effectively trade-off between centralised productand minimisation of distribution

infrastructure, i.e. between the economies of saadélable in H production and the

costs of H distribution. Economies of scale for productiae &nown, or can be

estimated. However, as discussed by Martinus, ne& Rdsler (2005), costs obH

distribution — particularly for pipelines — areatgly dependent on the distribution
distance and flow rate.

The least-cost method of distributing pure hydrogepends both on the flow rate
and the distance of distribution, as illustratedrigure 1. In particular, pipelines are
favoured at short distance and high flow rates]eMmjuid hydrogen is the favoured
distribution method over long distances.

2 Overview of UK MARKAL depiction of hydrogen

The UK MARKAL model has a representation of hydnodbkat covers production,
distribution and end-use in transport and poweregaion. The structure of the
hydrogen module is illustrated in Figure 2. Imgliai the model (although not shown
in Figure 2) is the dynamic nature of the hydrogaains with costs reflecting new
vintages of technologies or global learning rates.
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Figure 3. Structure of the hydrogen module in the UK MARKAodel

2.1 Hydrogen production

As presented in Figure 2, the UK MARKAL model indes a very detailed
presentation of K production technologies. These are electrolydisam methane
reforming, gasification of coal and biomass, ad welmunicipal waste and import of
hydrogen from outside the UK. CCS is included m®ption for the reformation and
gasification processes.

These production options are represented at twéessoaith the corresponding
technologies as follows:

» Large-scale production from reforming of natural gas, electrolysis of arat
or gasification of coal, biomass or municipal waste

» Small-scale production from natural gas reforming or water electrolysis.
The option to import from outside the UK is alsoluded for liquid hydrogen.

2.2 Hydrogen infrastructure

Where hydrogen is imported or produced at a lacgdesit is assumed first it arrives
at a transmission point, and then it is distributedsupply to potential end uses. All
three main hydrogen distribution technologies hagen included: via pipelines or
distribution by road in either liquid or compresdedn. As pipelines deliver Hto
the point of use, there are distribution technaegpecific to the end use sectors.

However, as mentioned earlier, the flow rate amtritution distance have a key role
on the distribution costs of H Additionally, on the demand side, each type of
transport would require a filling station at diet capacities at different spatial
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proximity. For example, while air and rail transpaould require few large fuelling
hubs — which might be close to resource or impibelss- due to their large scales,
while cars would need filling stations throughotme tcountry with lower flow
demands to each station. On the other hand, husealsl use relatively small depots
when travelling in short distances as they are ndssed in urban areas. Heavy
good vehicles, though, would need few truck sesvioeated on major road networks
with high flow demands.

Hence, the UK MARKAL model has been updated to tmvea H distribution
system that takes into account distance and flote realationship as well as
characteristics of the end use options. Followytagng and Ogden (2006), fouraH
distribution systems are assumed to take placedb@selistance and flow rate. Yang
and Ogden (2007) argue that a distribution distasfcBOkm versus 300km, and a
flow rate of 15t/day versus 100t/day significaralfect the costs. Hence, in the UK
model, each transport mode is assigned to a quaitran2x2 grid, formed by these
two axes for all three distribution networks. Tald below presents each transport
mode in one of these quadrants.

Table 2: UK hydrogen distribution network by transport reod

Distribution Distance

Short (50 km) Long (300 km)
z . High (100t/day) Air, rail, ship Heavy goods vehgl@GV)
= ® [Low (15tday) Bus, 2 wheeler Car, LGV (LGV)

However, these different types of transport alspire H in different forms. While
air transport requires only liquid-Hthe other transport types may takgimliquid or
compressed form with the exception of 2-wheelerd &l transport. Hence, for
several types of road transport — namely, buses, ¢#GVs and LGVs — and air
transport on-site H liquefaction technologies are introduced, in additto the
centrally produced and distributed liquid, KHhain. These on-site liquefaction
technologies can take gaseous eélther centrally produced and distributed via
pipelines or tube trailers, or locally producedegass H.

For the distribution of Kto the power generation sector, it is assumedttiet are
low flows and will be travelling in long distances.

As the small scale Hproduction is assumed to take place at a siteedoslemand
points, there are no distribution or transmissiostg associated with them. Instead
the distribution is via the electricity or natugas infrastructures.

2.3 Hydrogen end-use technologies

Technologies to use hydrogen in the transport sext® available for air transport,
rail and several types of road transport: busess, dght goods vehicles (LGVs),
heavy goods vehicles (HGVs), and 2-wheelers. bdrvansport fuel cell vehicles
use gaseous Hwhereas vehicles with internal combustion engewire liquid H,
and these both are enabled in the model. Vehiaantdogies are vintaged to
represent the development over time of the chaiatits of new vehicles.

In the stationary power generation sector, stotagenologies, large poly-generation
H, production plants, and micro-generation optioniszitg hydrogen (both CHP and

electric-only) have been introduced. From thesegéherated electricity can flow to
the dedicated service and residential sector @dgtrand heat carriers or to the
generic ELC and LTH carriers (which also flow tdistry, and transport).



2.4 Technologies and data sources

Within the UK MARKAL model, the hydrogen modulease part of the larger model

of the energy system. The hydrogen-specific tedgydata that is included in the
model is presented in the Appendix, within varitalsles. Consolidated data is given
for transport technologies dues to the sheer nurobeintaged technology in this

module. Further explanation for this data is givenStrachan et al (2006). Not
included in the Appendix are additional technolsdieat serve multiple purposes in
the model (including servicing hydrogen chains)

An important aspect of the technological repregemawithin MARKAL is how
costs and performance of technologies change wvitbh, tespecially those that are
immature, such as hydrogen and fuel cell technekgin order to represent the
changes in the technology over time, the modelusasl technologies vintages. This
means that the technology is represented by sedatabbase entries, each applying to
installation of that technology in a particular gedse of this approach enables
representation of the gradual turnover of the tetdgy stock as the technology
improves.

While the best data and projections from literatu@ge been used, clearly the future
development of immature technologies is, to sontergx uncertain. It is therefore

very important to undertake sensitivity analyses tftese parameters, in order to
ascertain the degree to which this affects thealviersults.

2.5 Extensions

While UK MARKAL has considerable strengths in itstegrated approach to the
energy system, and specifically captures importhsiribution aspect of flow and
distance in its hydrogen module, it is importantidentify areas where it can be
improved.

An innovative modelling project sponsored by the DEpartment for Transport will
address two major limitations of current energytesys modelling of hydrogen
infrastructure development. Firstly, MARKAL is a mgeographical optimisation
model, which therefore does not consider directig focations of demand or
resources in its representation of the future gnesgstem. H has no existing
transmission infrastructure and would be expeatedetvelop different in areas with
concentrated demands and/or access to primary reesoudor H production.
Secondly, the current model has only limited depicbf seasonal and daily demand
changes and the resultant need to balance supplydamand. Understanding
temporal aspects is especially critical considetimg potential requirement to store
significant amounts of § especially if it were required to provide a balag
mechanism in electricity provision.

This project will develop a Geographical Informati®ystems (GIS) based spatial
model for the optimisation of Hinfrastructure for the UK, to allow the explicit
consideration of kidistributiorf. This spatial model will have an integrated twoywa
linkage and interaction with the UK MARKAL model.e&ndly, this work will
extensively improve the temporal representatiodeshands in the MARKAL model,
to 5 diurnal and 12 seasonal slices. This willalexplicit consideration of daily load

% e.g., natural gas pipeline can deliver gas to p@lants or distributed $broduction sites

*i.e., improving the current approximation of hygea distribution flow rates and distances as in the
current MARKAL model



duration curves as well as peak seasonal supplgaménd periods, thereby enabling
the explicit consideration of the role of kh energy storage.

To our knowledge this is the first time that aregrated E4 energy model has been
linked to detailed spatial and temporal componeirtewever, this research topic has
been discussed within energy modelling forum andfer@nces for some time,
including the publication of proposals and method@s on linking energy models
and GIS frameworks (e.g., Biberacher, 2006).

One additional extension that has been implemeistdte MARKAL-Macro model,
which link UK MARKAL to a simple neoclassical growinodel. This has the twin
advantages of allowing energy service demands teng@genous and to explicitly
calculate GDP, investment and consumption effectshe overall economy from
various energy and environmental policies changeshé energy sector. In the
lexicon of energy modelling, this links the ‘bottamp’ technology focused approach
to the ‘top-down’ macro economic approach. MARKALabto hence combines very
rich technological characterization of energy syswwith a dynamic inter-temporal
general equilibrium model.

2.6 Summary

The current hydrogen module of the UK MARKAL modetludes all of the main
technologies that are expected to feature in aduhydrogen economy’.

It also encompasses a very detaileditdrastructure system by taking into account
the two key determinants of this system cost, ngnflelv rate and distribution
distance. Hence the model allows for analysishefttade-offs between the central
production of H and its distribution via pipelines or road tranggor each transport
type. This is done by representing all resoursgrtiution-end use options explicitly
as competing technology.

While this representation allows for analysis @fde-offs between different uses as
well different distribution systems in any transitito a hydrogen economy, there are
other MARKAL approaches to address these issueswo ®f these (for the
Netherlands and the USA) are discussed in SectioAdlitionally future extension
in the UK model are being pursued to improves dtisphand temporal resolution

3 Comparison with other MARKAL models

3.1 ECN Netherlands

The ECN MARKAL model is being used as part of th€ HyWays project to
develop a roadmap for hydrogen and fuel cells & Buropean Union, as well as
another project called Cascade Mints. The modebingydrogen using MARKAL is
an extension of ECN’s existing MARKAL model for Wem Europe, incorporating a
greater level of detail and sophistication than firevious characterisation. The
description here of ECN’s modelling of hydrogerMARKAL is based on Martinus
et al (2005), and is summarized in Figure 3.
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Figure 4. Structure of the hydrogen module in the NethmettaMARKAL model

3.1.1 Hydrogen production

Potential sources of hydrogen included in the ECNRWAL model are production
via electrolysis, steam methane reforming, diretarsproduction and gasification of
coal and biomass, as well as by-product hydrogepl®d from industrial processes
and import of hydrogen from outside the region ntiede However, by-product
hydrogen offers limited penetration, due to a hagsumed cost compared with
dedicated production. CCS is included as an opfion the reformation and
gasification processes.

The model categorises production into at two scalestralised and decentralised.
Decentralised production can either by via elegtisl or SMR. All of the above
production options are available at the centralseale, including the option of CCS
for the thermal routes (SMR and gasification).

Speculative H technologies, such as biological production, hiagen excluded due
to insufficient detail available to represent teehnology fully.

3.1.2 Hydrogen infrastructure

Infrastructure for transportation and distributimhhydrogen covers each of the main
options:

» distribution by road in compressed or liquid form;
» development of a dedicated@ piipeline distribution network; or
* mixing H, with natural gas in the existing pipeline system.

However, the latter option of mixing.Hand natural gas requires the development of
separation technologies, e.g. membranes which atlaly H, molecules to pass
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though them. These have not been assumed in thenidcidl and the mixture would
therefore only be used in natural gas applicatiassa way of reducing the carbon
content.

As discussed in section 1.4.3, the least-cost ndetifodistributing pure hydrogen
depends both on the flow rate and the distributdbstance. In particular, as
acknowledged by Martinus et al (2005), represemnatif pipeline distribution is

difficult, due to the number of independent pararetthat characterise pipeline
development. The issue of distances is handledrdnyidg a distinction between the
local hydrogen ‘distribution’ pipeline systems atahger distance ‘transmission’
pipelines, in a similar way to the treatment ofunak gas pipeline infrastructure.

Handling of flow rates is a particularly importaisisue for H pipelines, as the
incremental unit cost of energy transmission capadalls substantially with
increasing diameter, and therefore capacity (Yan@dten, 2004). The ECN model
addresses this using the ‘lumpy investment’ featwhich is a relatively recent
development in MARKAL, allowing different capacsieof pipeline to be specified
and only of each built. This representation of loggm pipelines is being investigated
as part of ECN’s Cascade Mints project.

For distribution by road, hydrogen will tend to tb@nsported in liquid form over long
distances, while tube trailers carrying compredsgdrogen are more favoured by
shorter distances. The ECN work has therefore asduan different distribution

distance for each method. The flow rate is a leg®ortant factor for distribution by

road, as this would only affect tHeequencyof delivery, which makes the cost of
distribution approximately proportional to the gtigndistributed.

The ECN model explicitly represents refuelling tistas in its infrastructure
representation, with the option to dispenseskther in liquid or compressed with two
different sizes available. The inclusion of differesizes of refuelling stations again
requires the use of the ‘lumpy investment’ featame is seen as important in looking
at the initial build-up phase of infrastructure, esd low utilisation of refuelling
facilities could adversely affect the economic#ief

3.1.3 Hydrogen end-use technologies

In the ECN MARKAL model, end-use technologies thaé hydrogen appear in the
transport and industrial sectors as well as in dings within the residential,
commercial and service sectors.

Hydrogen in the transport sector

Demand for transport services is quite disaggrelgatehe ECN model, with fixed
splits between different modes, e.g. public and/gbe transport. Furthermore, for
private vehicles, demand is split between city,ioegl and inter-regional drive
cycles. Hydrogen vehicles using both fuel cells amgrnal combustion engines
(ICEs) are included, with liquid hydrogen an optfonlarger vehicle types.

Hydrogen in buildings

The hydrogen technologies in buildings are fuelscé#lat would provide distributed
combined heat and power (CHP) generation. The ctaarsation of these fuel cells is
not very detailed, due to the current immaturityGHP fuel cells. The possibility to
mix hydrogen with natural gas, supplied via thesemg pipeline network, is not
treated as a hydrogen end-use, as it is assumethikamixture is used in the same
technologies that use natural gas.
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Hydrogen in industry

Inclusion of technologies in the industrial sedtmat use hydrogen as an energy input
are limited to the generation of heat and powerileBaechnologies have been
included, which could use surplus hydrogen producesther industrial processes. In
addition, CHP technologies similar to those in theildings are included for
distributed production of heat and electricity.

3.1.4 Data sources

Technology data in the ECN model has been contyhuapdated including
implementation in the framework of two projects tigly funded by the European
Commission: Cascade Mints and HyWays. Key datacesuinclude Amos (1998);
and Krewitt and Schmid (2005). In addition the wdetechnological clusters for
endogenous technological change in implementedosdigt (e.g. in hydrogen
production, and this approach is discussed in Bettesl (2003)

3.1.5 Summary

The ECN MARKAL model represents a hydrogen ‘systéma similar way to that
usually used for electricity systems, separatingdpction, distribution and end-use.
Hydrogen can be used for applications in the trarispector, distributed heat and
power generation and in industry. It can also beechiwith natural gas in the existing
pipeline system, although no separation technotogi@ve been assumed, so this
mixture would be used directly in existing natugak technologies.

The ECN model allows the model the flexibility tbamse appropriate combinations
of H, production and distribution technologies. Howewehjle this flexibility allows

a large number of plausible solutions foriKfrastructure development, it also allows
some implausible solutions as well.

3.2 USEPA mod€

The US MARKAL model is run by the Environmental fction Agency (EPA),
with a focus on regulated pollutant emissions fremergy use in the US. While GO
is tracked, the focus of the modelling is on mareal pollutants such as NOx and
SO. A full documentation is given in Shay et al (2D0&nd the hydrogen module is
summarized in Figure 4.
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Figure5: Structure of the hydrogen module in the US MARKodel

3.2.1 Hydrogen production
The hydrogen production technologies considereciiigree scales:

* Central (large) scale production, 1200 tonnes /#hy capacity, via coal
gasification or steam methane reforming (SMR);

» ‘Mid-size’ production, 24 tonnes H day capacity, via SMR, grid electrolysis
or biomass gasification;

» Decentralised (small-scale) production, 480 kg/dtay capacity, via SMR or
electrolysis using electricity from the grid or agnd solar or wind power.

All of the thermal (i.e. non-electrolysis) produstiroutes are represented as options
both with and without carbon capture and storag€ES); with the exception of
decentralised SMR.

3.22 Hydrogen infrastructure

The hydrogen component of the US EPA model is basegnalysis of infrastructure
development in a report by the National Academgmgineering (NAE). This report
analyses the different types ob khfrastructure that would be appropriate to supply
hydrogen based on different situations and usiffgrént production scales.

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

® National Academy of Engineering - The Hydrogen EeoyoOpportunities, Costs, Barriers, and
R&D Needs (2004)http://www.nap.edu/books/0309091632/html/
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As such, each of the options is equivalent from end 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 investmenbopdb ensure that only whole

numbers of each option can be selected.

3.2.3 Hydrogen end-use technologies

In the US EPA MARKAL model, hydrogen is only considd as an option in the
transport sector. Within the extensive represestadif the transport sector within the
model, hydrogen can be used in a subset of vehgtesped as ‘personal automotive
services’: cars, minivans, pickups, large vans apdrts utility vehicles (SUVSs).
Hydrogen is not considered as a fuel for busesradir trains, heavy trucks, marine
transport or ‘transportation off-highway’.

The model has quite extensive aggregation of tiemservice demands. Within the
personal automotive services demand, cars, vadigimdtrucks compete on cost to
fulfil the demand for vehicle-miles. In this subie¢ hydrogen options for each of
these vehicles compete with those fuelled by gaspldiesel, ethanol, methanol,
liquefied petroleum gas (LPG), compressed natwaal(@NG) and electricity. Bounds
are used to constrain some options in certain ya@alsextensive vintaging is used, to
represent the changing performance of vehicleshasexd in different years.

3.2.4 Data sources

The data on infrastructure costs was drawn fronNAE report, based on the scale of
production and required infrastructure for delivéoyrefuelling stations. In addition,
endogenous technological learning was assumed foprbduction technologies,
using a progress ratio of 92% for production tetbgies with CCS, and 90% for
those withott The cumulative deployment oblechnologies to date was taken from
Suresh, B., R. Gubler, et al. (2001).

As the focus of the EPA modelling has a partictdaus on the emission of local and
regional pollutants, their model also includes samigal amounts of data on the
emissions for each technology. This data was obdafrom three reports: Contadini
& Diniz, et al (2000), S&T Consultants Inc. (20@G8)d Mann & Spath (1997).

3.25 Summary

The US EPA model uses a very ‘aggregated’ reprasentof H infrastructure to
circumvent the limitations of MARKAL in its optiméion. Instead of allowing the
model to choose potentially implausible combinatioof H production and
distribution, the model instead incorporates disttion infrastructure into its
representation of Hproduction technologies. This means that all pfoduction
technologies represent options for ‘delivered’ log#m and allows centralised and
decentralised options to compete on a level plafjeid.

However, this approach removes the flexibility lé (MARKAL to a wider variety of
combinations of K production and distribution pathways, potentidiiyiting the
results to a subset of the possible or plausibleitisas for H infrastructure
development.

® The use of endogenous technological learning in MAR links the costs of technologies to their
cumulative uptake, on the basis that learning tgkase as a product matures, resulting in cost
reductions. A progress ratio is applied to the nedbgy cost, reducing the cost by a certain fracfar
each doubling of cumulative uptake. Thus a prograss of 90% means that each time that the uptake
of that technology double, the cost decreases b. 10
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4 Conclusions

The MARKAL framework provides a way of modelling ethdevelopment of a
hydrogen economy within the context of the oveeakkrgy system. However, it also
presents a number of challenges in representingobgd as part of a future energy
system. It has strengths in analysing the eneygies as a whole, enabling analysis
of issues such as resource competition, selecfientoe energy chains and synergies
between choices in different parts of the syst&avertheless, key challenges exist in
relation to its representation of infrastructureelepment, particularly in the case of
hydrogen.

The current UK MARKAL model includes all of the manydrogen technologies and
provides a framework to analyze the developmenhyafrogen within the overall
context of the energy system. All possible opti@hshydrogen infrastructure are
represented by taking into account the impactsgifidution distance and flow rates
on the cost of distribution technologies, hencetlo@ network cost. Further, it
encompasses a framework to analyze the impactesktiparameters on distribution
network for each transport type explicitly. Henttegllows the analysis of trade-offs
inherent in determining the degree of centralisatd H, infrastructure and selecting
distribution options.

The Dutch MARKAL model has used a similar appro&etihis, although attempts

have been made to address specific issues famftastructure such as pipelines and
refuelling stations. The US model takes a differapproach, bundling the

distribution infrastructure together with,Hroduction, so that all of the supply
options are for ‘delivered’ hydrogen. In doing fus takes plausible descriptions of
H, infrastructure produced ‘off-line’ and include®th in the model wholesale.

Work on the UK MARKAL model is ongoing and the modeill be gradually
improved. Within this process, changes to the lagdf energy storage, variable
demands and inflexible energy generation will becorporated, which will
substantially improve the model’s capability tonesgent to potential role of hydrogen
in energy storage. In particular the model’s terapdisaggregation will be radically
improved.

Furthermore, a parallel model will be developedun alongside, and interact with,
MARKAL to provide spatial optimisation of Hinfrastructure development via a
geographic information systems depiction of the €hérgy system. By running the
two models iteratively, it is hoped that the resudtill produce insights that depict
detailed driver forces and potential outcomes dinogd and feasible Hinfrastructure
development.
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Appendix: UK Markal Model Hydrogen Technology Data

Technologies that explicitly define the Hetwork system are listed below. They are
presented in the following four groups: resourcepcpss, transmission, and
distribution technologies. End-use technologiesfarther broken out into electricity
(and heat) conversion technology and transportigolgies (by mode. Large-scale
conversion technologies are poly-generation (at@ttrand hydrogen) plants that
include CQ capture and are vintaged. Small scale converplants are micro-
generation plants utilizing distributed hydrogenpi@duce electricity (and heat for
CHP options) which can be distributed to the rasidé commercial and residential
energy carriers. Transport hydrogen technologme&ica wide range of modes and
are vintaged every 10 years to reflect improvement®fficiencies, capital and
operational costs. The main technology classesbare b ICEs, bus H FCVs, bus
methanol FCVs, car HCEs, car H FCVs, car methanol ICEs, car methanol FCVs,
HGV H, ICEs, HGV B FCVs, HGV methanol FCVs, LGV HCEs, LGV H FCVs,
LGV methanol ICEs, LGV methanol FCVs, air domestig air international ki rail
(freight) H, FCVs, rail (passenger),HCVs, 2-wheel K FCVs, 2-wheel methanol
FCVs. Further details for the complete technoldgyaset is given in Strachan et al
(2006).

Table 3: H, resource technologies

No | Technology First year Cost
description (£2000/GJ)
(note 1p/kWhr = £2.78/GJ)
1 Imported liquid hydrogen 2000 23.33 falling to 15.41 by 2050 ’

Table 4: H, process technologies

No | Technology description Year Efficiency Invest cost Variable Lifetime
(%) (£/G3/yr) costs (years)
(£/GJ)
3 Current coal gasification 2000 60% 11.44 0.71 30
4 Current coal ga_smcatlon plus 2000 50% 11.69 0.71 30
CO, sequestration
5 Future coal gasification 2015 70% 8.62 0.51 30
6 Future coa_l gasification plus CO, 2030 60% 8.62 0.51 30
sequestration
7| Future membrane coal 2030 70% 6.16 0.51 30
gasification
8 Future membrane coal
gasification plus CO, 2030 65% 6.19 0.51 30
sequestration
9 | Current large SMR 2000 80% 4.05 1.37 30
10 | Current Iar_ge SMR with CO, 2000 65% 761 1.37 30
sequestration
11 | Future large SMR 2015 80% 5.85 0.71 30
12 | Future Iarge SMR with CO, 2015 75% 6.20 0.71 30
sequestration
13 | Current small SMR 2000 65% 46.07 1.37 20
14 | Future small SMR 2015 70% 32.03 0.71 20
15 | Electrolysis — small current 2000 75% 70.98 15
16 | Electrolysis — small future 2020 85% 15.87 20
17 | Electrolysis — large current 2000 60% 42.08 15
18 | Electrolysis — large future 2020 75% 4.89 25
19 Eiomass gasification to 2000 50% 32.05 0.71 30
ydrogen - current
20 | Biomass gasification to 2020 50% 19.23 0.71 30

” Combination of solar electricity, electrolysis and liquefaction annualized over 30 years, plus operating liquefaction
plant costs and second step for international LNG, includes learning economies of solar PV (commercial)
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hydrogen - future
21 | Biomass pyrolysis to hydrogen 2010 50% 11.20 0.71 25
22 | Waste gasification - hydrogen 2000 65% 22.80 0.71 30
23 | Liguefaction of hydrogen 2000 70% 18.37 0.78 30

Table5: H, transmission technologies

No Technology description Year Efficiency Invest cost Variable Lifetime
(%) (£/G3/yr) costs (years)
(£/G)
24 Hydrogen tube trailer 2000 89%
25 Hydrogen pipeline 2000 98.7% 11.97
26 Liquid H2 transmission 2000 98%
Table 6: H, distribution technologies
No | Technology description Year Effici Invest cost Variable Lifetime
iciency
(%) (£/G3/yr) costs (years)
(£/GI)
27 | Hydrogen pipeline (SD,HF) 2000 1.57
28 | Hydrogen pipeline (SD,LF) 2000 4.70
29 | Hydrogen pipeline (LD,HF) 2000 3.13
30 | Hydrogen pipeline (LD,LF) 2000 16.84
31 | Hydrogen tube trailer (SD,HF) 2000 3.13
32 | Hydrogen tube trailer (SD,LF) 2000 3.52
33 | Hydrogen tube trailer (LD,HF) 2000 11.75
34 | Hydrogen tube trailer (LD,LF) 2000 12.13
35 | Liquid H2 by road (SD,HF) 2000 0.39
36 | Liquid H2 by road (SD,LF) 2000 0.39
37 | Liquid H2 by road (LD,HF) 2000 1.17
38 | Liquid H2 by road (LD,LF) 2000 1.17
39 | On-site liguefaction (SD,HF) 2000 70% 18.37 0.78 30
40 | On-site liguefaction (SD,LF) 2000 70% 43.04 0.78 30
41 | On-site liquefaction (LD,HF) 2000 70% 18.37 1.17 30
42 | On-site liquefaction (LD,LF) 2000 70% 43.04 1.17 30

* As distribution technologies are defined to refléhe impacts of distribution distance and flowesaon the cost
of these technologies, they are presented explibitke where SD: short distance, LD: long distahtie;, high
flow and LF: low flow. The costs follow Yang andg@en (2006), and efficiency losses are accountettién
transmission technologies that were listed in tie¥ipus table.
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