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1 Introduction

Analysis of the possible roles of hydrogen in thi€ Enhergy system and how this

might evolve continues to be of considerable irgete policy makers as well as to
the interdisciplinary scientific community (includj engineers, social scientists and
economists). As such a hydrogen system does naxyst, a number of hydrogen

visions and pathways to reach them from presenhdsg been put forward based on
a literature review, a stakeholder workshop, arapsg interviews (see Eames and
McDowall (2006)).

The objective of this paper is to provide insigbitsthe development of a foreseeable
hydrogen economy in the UK energy system. Thidyaisais carried out using the
UK MARKAL energy system model developed in 2006rg8han et al, 2006). The
UK MARKAL model has provided substantive analytiagaut to the policy making
process, notably the 2007 Energy White Paper. nidyae the hydrogen visions of
UKSHEC', the model has been further updated with the @ioiu of detailed
hydrogen pathways using up-to-date data availabiled literature.

A review of other approaches as well as MARKAL talyze the development of a
hydrogen economy in the UK has been presented tig¢ dod Strachan (2007). In
their review, Joffe and Strachan point out that anglysis of the possible pathways
for hydrogen development is bound to face a sethallenges that are inherent to
hydrogen economy. In particular, any quantitativel needs to be coherent and
sophisticated enough to take into account resocwogpetition, the spatial nature of
hydrogen infrastructure development and a greaelleM technical detail in
representing the various hydrogen pathways. Asudsed extensively by Joffe et al
(2007), the first and the latter issues are MARK®\Istrengths, while methods to
represent spatial aspects of hydrogen can only gmrogimated in a standard
MARKAL model.

This paper is organized as follows. Section 2 gjae overview of the UK MARKAL
modelling framework. Section 3 presents how hydrogathways are depicted in the
model. Section 4 discusses an overview of UKSHE@rdgen visions and how they
are modelled in MARKAL. Section 5 presents indwaimodel outputs, and the final
section is devoted to conclusions.

2 The UK MARKAL energy systems model

MARKAL (acronym for MARKet ALlocation) is a widelyapplied bottom-up,
dynamic, linear programming (LP) optimisation mod&l was developed in the late
1970s at Brookhaven National Laboratory and has loeatinually supported by the
International Energy Agency (IEA) via the Energychirology and Systems Analysis
Program (ETSAP). It has being used by around 1€iveateams in over 30
countries.

MARKAL portrays the entire energy system from imjgaand domestic production of
fuel resources, through fuel processing and suppkplicit representation of
infrastructures, conversion to secondary energyiezar (including electricity, heat

! This paper is also one of the outputs of UKSHEC. HES, the UK Sustainable Hydrogen Energy
Consortium, is one of the Supergen consortia furlidethe UK’s Engineering and Physical Sciences
Research Council, to whom gratitude is expressedujpport of this research.



and hydrogen), end-use technologies and energyceetiemands in the industrial,
commercial, residential, transport and agricultusaktors. A highly simplified
reference energy system — focusing on the eletytra@mponent of the full model —
illustrates how these components are linked to ettodr as in Figure 1.
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Figure 1 Highly aggregated example of the UK MARKAL Referertenergy System (RES)

:

As a perfect foresight optimization model, MARKALmmizes the total system cost
by choosing the investment and operation levelsalbthe interconnected system
elements. The participants of this system aremasduto have perfect inter-temporal
knowledge of future policy and economic developraenHence, under a range of
input assumptions, which are key to the model dsipMARKAL delivers an
economy-wide solution of cost-optimal energy madetelopment.

The construction of the UK model entails definitiohthe specific characteristics of
the UK energy system, including resource suppbkegrgy conversion technologies,
end-use demands, and the technologies used ttysagse demands. In particular,
the current model is developed based on the previmdel used in the Energy White
Paper 2003 (DTI, 2003), and supplemented by std#tehevorkshops and a wide
range of peer reviewed data soufcemputs into the model include base levels for
global energy price curves (DTI, 2006), and dethdaergy service demands in units
of useful energy. These energy services demands wadibrated to final energy
consumption projections that were published bygbeernment (DTI 2006). A full
description of the UK MARKAL model is given in Stiaan et al (2006).

In order to replicate the physical, regulatory gradicy aspects of the whole UK
energy system in MARKAL, some hundreds of constsiare introduced to the
model. These are designed such that the optirarzadf the model database of
technological pathways occurs under a realisticre@ging and economic framework
of the deployment of new infrastructures, fuels teahnologies.

2 Three stakeholder workshops on road transportégicimologies, electricity generation technologies
and hydrogen were held. For further details onehodlibration and validation, please see Stragtan
al (2006).



The model is calibrated in its base year (2000within 1% of actual resource
supplies, energy consumption, electricity outpudl amstalled technology capacity.
The principal calibration source is DUKES (200&).addition, considerable attention
is given to near-term (2005-2020) convergence atosal energy demands and
carbon emissions with the econometric outputs efgtbvernment energy model (DTI
2006). The model solves in 5-year time steps foroptimal evolution of energy
pathways and technology deployment and use.

In order to analyze the UKSHEC hydrogen visiong tHlK MARKAL model has
been extensively restructured with detailed repriegmn of hydrogen pathways. The
next section presents how hydrogen pathways atietddpn the model.

3 Overview of UK MARKAL depiction of hydrogen

The updated UK MARKAL model has a representatiorhpdrogen that covers a
range of technologies and resources in productiistribution and end-use. The
structure of the hydrogen module is illustratedFigure 2. Implicit in the model
(although not shown in Figure 2) is the dynamiauratof the hydrogen chains with
costs reflecting new vintages of technologies obgl learning rates.

Hydrogen Pathways in the UK MARKAL
-alasii(;z:tsiin ] Onsite_
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[ Waste gasification ]—
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Coal gasification L. Local
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with CCS 7'y
——— Natural
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CCS - Carbon Capture and Storage

Figure 2 Structure of the hydrogen module in the UK MARKAIlodel

3.1 Hydrogen production

As presented in Figure 2, the updated UK MARKAL raebttas a very detailed
presentation of hydrogen production technologidsckwvare reviewed in detail in the
UKSHEC Working Paper No.25 (Hawkins and Joffe, 2008/ajor categories of
hydrogen production technologies are steam methafioeming (SMR), gasification
of coal, biomass and municipal wastes, and elgsiml These production
technologies are represented in two scales of ptaauas follows:



» Large-scale productionfrom SMR of natural gas, electrolysis, gasificataf
coal, biomass or municipal waste. CCS is includedraoption for the large-
scale SMR and coal/gas gasification technologies.

* Small-scale productionfrom SMR of natural gas and electrolysis.

In addition to the above, on-site liquefaction {mgnsport modal size) and imported
liquid hydrogen options are included.

3.2 Hydrogen infrastructure

Whether hydrogen is imported or produced at a tamge, the model structure
assumes it first is delivered to centrally localsdirogen distribution terminals and
then transported to potential end-users. Two rhgdrogen transmission options via
pipeline or road trailer (either liquid or compredsform) have been included. The
pipelines transmission is connected to end-usefgpdistribution networks based on
hydrogen flow rate and distribution distance, whieve a key role on the distribution
costs of hydrogen (see Table 1). The network tyresdetermined by requirements
on the demand side, as each type of transport wreddire a filling station at
different capacities at different spatial proximity=or example, while air and rail
transport would require few large fuelling hubs kieth might be close to resource or
import sites — due to their large scales, cars @voekd filling stations throughout the
country with lower flow demands to each statiom t@e other hand, buses would use
relatively small depots when travelling in shorstdinces as they are mostly based in
urban areas. Heavy good vehicles, though, woutdl few truck services located on
major road networks with high flow demands.

Hence, the UK MARKAL model has been updated to tgva hydrogen distribution
system that takes into account distance and flote relationship as well as
characteristics of the end use options. Followiang and Ogden (2007), four
hydrogen distribution networks are assumed to fd&ee based on distance and flow
rate. Yang and Ogden (2007) argue that a distobutistance of 50 km versus 300
km, and a flow rate of 15t/day versus 100t/day ificantly affect the costs. Hence,
in the UK model, each transport mode is assigned tadrant in a 2 x 2 matrix,
formed by these two axes for all the distributiagtworks. Table 1 presents each
transport mode in one of these quadrants. In anfgithydrogen distribution for
stationary micro-generation technologies for enel-sectors is similarly treated, with
low flow rates and long distances required to naesttibuted buildings applications.

Table 1 UK hydrogen distribution network by mode

Distribution Distance

Short (50 km) Long (300 km)
High (100 t/day) Air, rail, ship Heavy goods vehicles (HGV
Flow
rate Car, light goods vehicles (LGV),

Low (15 t/day) Bus, Two-wheeler

micro-generation

However, these different types of transport alspire hydrogen in different forms,
e.g. gaseous versus liquid. While air transpoguires only liquid hydrogen, the
other transport types may take hydrogen in liquidcompressed form with the
exception of two-wheelers and rail transport. Hgnfor several types of road
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transport — namely, buses, cars, HGVs and LGVsaanlansport — on-site hydrogen
liquefaction technologies are introduced, in additio the centrally produced and
distributed liquid hydrogen chain. These on-sitgi¢faction technologies can take
gaseous hydrogen either centrally produced andildigtd via pipelines or tube
trailers, or locally produced gaseous hydrogen.

As the small scale hydrogen production is assuroethke place at a site close to
demand points, there are no hydrogen distributioransmission costs associated
with them. Instead the distribution is via thec#lieity or natural gas infrastructures,
and incurs the efficiency losses and costs assatiatith those infrastructures
implicitly.

3.3 Hydrogen end-use technologies

Technologies to use hydrogen in the transport seg® represented in considerable
detail. These are available for air transport, aaidl several modes of road transport
viz. buses, cars, LGVs, HGVs, and two-wheelersrobd transport fuel cell vehicles
use gaseous hydrogen, whereas vehicles with idteorabustion engine require
liquid hydrogen, and these both are enabled innmbédel. Vehicle technologies are
successively vintaged to represent the developmenttime of the characteristics of
new vehicles.

Similarly, in service, residential and industrigcsors, a range of hydrogen-driven
fuel cell technologies are included for station@gwer generation and/or micro-
generation (both CHP and electricity only)

3.4 Technologies and data sources

Within the UK MARKAL model, the hydrogen moduleagse part of the larger model
of the energy system. The hydrogen-specific teagyldata that is included in the
model is presented in Appendix I, within varioublés. However, crosscutting
infrastructure$and technologies are not included in the Appendrnsolidated data
is given for transport technologies due to the sineenber of vintaged technologies
in the transport module. Detailed explanationtf@se data is given in Strachan et al
(2006).

An important aspect of the technological repredemtawithin MARKAL is how
costs and performance of technologies change witb, tespecially those that are
immature, such as hydrogen and fuel cell technekogin order to represent the
changes in the technology over time, the modelusasl technology vintages. This
means that the technology is represented by sedatabbase entries, each applying to
the installation of that technology in a particujaar. Use of this approach enables
representation of the gradual turnover of the teldgy stock as the technology
matured.

Further detail on the hydrogen structure within th€ MARKAL model and its
comparison to the approaches taken by the U.S. Metherlands MARKAL
modelling teams is given in Joffe et al (2007).

Finally, while the best data and projections frat@rature have been used, clearly the
future development of immature technologies is,stame extent, uncertain. It is
therefore very important to undertake sensitivihalgses for these parameters, in
order to ascertain the degree to which this affddverall results.

% e.g., natural gas pipelines can deliver gas toepqulants, residential boilers, distributed hydrmge
production sites etc.



4 Hydrogen transition scenarios

Eames and McDowall (2006) define a set of transitiosions on what future
hydrogen economies might look like through literatureview, a stakeholder
workshop, and scoping interviews. These visiorscdiee both an end point and an
indicative pathway to achieve this vision from tpdaBy acknowledging the role of
institutions on the development of hydrogen tecbg@s at different levels, they
identify four sets of visions in a 2 x 2 matrix ohefd by two axes as shown in Figure
3. The two key axes they identify from the literat are

1. The degree to which innovation is shaped by a ntvear guiding vision, or
might evolve without a coherent ‘action plan’.

2. The extent to which innovation can be driven bysg®g actors and
institutions, or whether new ones will be required.

Innovation driven by new actors/institutions

t

Structural Shift >| Corporate Race >

Electricity Store Ubiquitous Hydrogen
W<eak Guiding Vision Strong Guiding Visign
Disruptive Government
Innovation > Mission >

Synthetic Liquid Fuel Central Hydrogen for Transport

v

Innovation driven by existing actors/institutions

Figure 3 UKSHEC Transition Scenarios (Eames and McDowallg}00

The first of these scenarios is callekkctricity storewhich is defined by a ‘weak
guiding vision’ and ‘innovation driven by existingctors and institutions’. Even
though this scenario does not have a guiding visipecifically for hydrogen, its
development is driven by policies that give stramgentives to renewable electricity
and micro-generation, due to concerns about climasage and energy security. In
particular, the intermittency issue of the renewakhergy opens room for the
development of hydrogen as a storage medium tebthe electricity system. With
the widespread use of hydrogen for distributed ggnestorage, hydrogen becomes
viable as a transport fuel as well. Hence, undier $cenario hydrogen plays a dual
role, a buffer for the electricity system as wallaafuel for road transport.



The ubiquitous hydrogenscenario is defined by a ‘strong guiding vision’dan
‘innovation driven by existing actors and instituts’. Due to failure of governments
to take action on climate change, the existingracnd institutions, which are global
automotive companies and regional / local goverrngedrive innovation through
championing demonstration projects. In particuianovation arises out of the
research and development activities of the globahmanies who are in a strategic
race to enable a low carbon energy system. Theteitias are facilitated by
demonstration projects of the regional and localegoments. Even though hydrogen
penetrates rapidly in transport sector due to imgmeents in on-board storage and
fuel cell technologies, increasing natural gasgwi@cilitates use of gas grid to supply
hydrogen. Eventually, this integrated hydrogem gdiows for both centralized and
decentralized hydrogen production where the latterused for domestic and
commercial heat and power generation.

The central hydrogen for transposgcenario is defined by ‘strong guiding vision’ and
‘innovation driven by new actors / institutionsHence, national governments play a
key role by forming new institutions as a respoteéehe threat of climate change.

While these institutions might be industry parthgrs or regulations, they deliver

innovation for the development of hydrogen econoraynder this scenario, hydrogen

production takes place centrally and then it isrifisted by a network. This network

allows for delivery of both gaseous and liquid rogln as appropriate.

The synthetic liquid fuelscenarios is characterised by ‘weak guiding visiand
‘innovation driven by new actors / institutionsThis scenario assumes that due to
difficulties in its storage and distribution, hyden may not become a dominant
transport fuel. Instead, innovation in the elegirte sector and niches outside of
transport and energy systems brings in growth of markets for portable power and
synthetic liquid fuels. Hence, hydrogen is packiigethe form of a synthetic liquid
hydrocarbon, such as methanol.

4.1 Modelling of UKSHEC hydrogen visions in MARKAL

In order to characterize the four UKSHEC visionsMARKAL, a corresponding set
four core modelling scenarios have been developAdaumber of assumptions have
been made, some of which are generic to all, antesaf which are scenario specific.
In all the scenarios, it is assumed that hydroggmnemy will be realized in a low
carbon society. Hence, an economy-wide 60% €@issions reduction target by
2050 from the year 2000 levels is included in éise scenarios. In particular, this
constraint imposes half of this reduction be aahikly 2030 and the remaining half
by a linear trend from 2030 to 2050. This equdteshe long term C@target
outlined in RCEP (2000) and codified in the Enexyghite Paper (DTI 2003). In
presenting the results, this @Constrained model run is callegference casewhile
the business as usual case without any €Ap is callecase case In the base case,
all existing UK energy and environmental policiessluding fiscal instruments such
as the climate change levy, and regulatory instnimesuch as the power and
transport renewable obligations, are included.

The implications of these scenarios from energyjrenment and economic aspects
are analyzed using the UK MARKAL model. A brief sdeiption of how the
UKSHEC vision scenarios are characterized in MARK#odelling framework is
provided below for each scenario.

4.1.1 Central hydrogen for transport

This scenario assumes a hydrogen dominated trang@r In 2000, the transport
sector energy demand constitutes one-third of tkddtal final energy consumption.
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In the reference case, during the modelling horiziemm 2000 until 2050, fuel use in
transport sector varies between 22% and 31% ofithéenergy demand. However,
for technical and socio-economical readpitanay not be possible to move the entire
transport fleet to hydrogen. Hence, for this sdenat is assumed that 20% of the
UK'’s final energy demand would be met from hydrogewl used in transport sector.
This scenario is implemented from the references cas an additional constraint.
The constraint is linearly imposed from 2030, samy to when carbon cap is
imposed, so as to reach the 20% final energy shar@050. By imposing this
constraint from 2030 onwards, the carbon cap e¥elgt contributes to the price
signal for hydrogen take-up. In order to caveat thodel inputs assumptions,
additional sensitivities are carried out with highd low levels of resource and
technology costs (see section 4.2).

4.1.2 Ubiquitous hydrogen

The ubiquitous hydrogen scenario assumes a dualfoolhydrogen, a fuel for road
transport, as well as an energy carrier for doroestd commercial heat and power
generation. Hence, it would be reasonable to asghat the share of hydrogen in
total UK final energy consumption would be highdran the above case.
Consequently, a constraint is introduced into thredeh to deliver 50% of total UK
final energy from hydrogen. This constraint is inty imposed on the reference
case, in a linear form from 2030 to 2050.

4.1.3 Synthetic liquid fuel

The synthetic liquid fuel vision is envisaged vigeuof methanol in the transport
sector. Thus, methanol based production, disiobwnd transport technologies were
included in the model. A parametric study wasiedrout to estimate plausible level
of methanol use in transport sector. As notedthi reference case, fuel use in
transport sector varies between 22% and 31% offitte# energy demand. The
proportional energy use for car, bus, LGV, HGV &nwd wheeler fleets is about 83 -
90% of the transport sector fuel demand. Potdyntiaiethanol can be used in these
fleets. Thus, a foreseeable synthetic liquid Begnomy is envisaged as a maximum
of 20% methanol in the final energy demand. Thosstraint, as before, is
implemented on the reference scenario linearly f&80 onwards. The modelling
methodology is similar to the central hydrogen scen but methanol is imposed in
the system instead of hydrogen. Nonetheless, ikeme restriction in the model to
choose hydrogen, if it is cost-effective to do skm this scenario, four sensitivity
analyses are performed with different shares ofheredl in total final energy viz.
10%, 15%, and 30%. Then, additional sensitivitplgses are also carried out for
high and low fuel costs. However, due to inadeguméthanol technology data, no
technology specific sensitivities are performed.

4.1.4 Electricity store

Under the electricity store vision, hydrogen playsnajor role as a buffer for the
electricity system. In the standard MARKAL energygstem model, energy service
demands are represented in six annual time slizeswo diurnal (Day: 6.30am —
23.30pm & Night: 23.30pm — 6.30am) and three seagMinter, Summer &

Intermediate). If any demand technologies chotsese electricity, then the model
algorithm calculates the electric demand capaadityetich of the six time periods by
aggregating the variable demand in each periodnetins that total day- and night-
time electricity demands (GWh) are averaged toutale the capacity demand (GW)

* For example the use of hydrogen in very rurabtarid regions
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of day and night respectively in only two diurnangands. However, UK electricity
demand varies seasonally and diurnally, with thelydsariation being quite
significant (see Figure 4). Typically, peak demandurs in evening and lasts for less
than two hours depending on weekdays, weekendshtualidays. The shoulder load
occurs in the morning and lasts for five to six isourhus, the current simplified

diurnal representation in MARKAL underestimatesd@aome times overestimates)
the actual load demands.

Figure 4 shows the actual electric demand in acalmummer and winter day with
their representation in the current standard MARKAL can be seen that MARKAL

only approximates the demand profile, although ritviles a closer fit for total

electricity demand i.e. area under the two linessamilar. Thus the current model is
not accurate enough to study the electricity storagion.
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Figure 4 Typical winter & summer electric demand instandard MARKAL

In order to take this vision further, updates agag made in the UK model structure
to improve the approximation of load demand in dtad MARKAL, through a
flexible-time period (i.e. temporal MARKAL). Thiwork is being developed as part
of the DfT Horizons project (Strachan et al., 200fAe updated model will have five
diurnal time periods and an extension to twelve thigrseasons. Figure 5 shows the

revised representation of load profile in tempdvBRKAL in a typical winter and
summer day.
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Figure 5 Typical winter & summer electric demand intemporal MARKAL

The five-step diurnal periods enhance the reprasient of peak and shoulder
demands more efficiently and thereby enables @etathodelling of energy storage
(including hydrogen). The main advantages of hawmeater detail on seasonal
representations in temporal MARKAL is to model kargmtermittence renewable
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energy sources, and to hence fully investigatepibtential use of hydrogen as an
electricity storage medium. This would enable dytroptimal use of the electric
power capacity, as well as the development of radsv resources, energy
infrastructures (including remote grids), and hygno as a fully integrated process in
the energy supply chain. However this work is angand due to limitations of the
temporal scale of the current MARKAL model, theatlieity store scenario will be
analyzed as part of the ongoing UK MARKAL modellipgpgramme.

4.2 Uncertainty and Parametric Analysis

As a what-if analysis tool, MARKAL output resultseastrongly driven by input data
assumptions. Hence, it offers a systematic franlewm explore these uncertainties.
That is why it is important to carry out extensigensitivity analysis to explore
thresholds and tipping points between alternateggneechnology pathways. This
becomes more important for the analysis of possigtirogen pathways as there are
major uncertainties around the funding and timihguel infrastructure provision, the
requirement and opportunities of hydrogen storéggefotal productive capacity from
alternate feed-stocks at various cost levels, hadsafety (and public perceptions of
safety) of hydrogen supply and use, as well as|dpueent and diffusion of cost-
competitive hydrogen end use technologies (Joff@le2007). Additionally, the
relative cost of other fuels would also have andotn the penetration of hydrogen
in the UK economy.

However the strength of an integrated approachMR&RKAL is its ability to look at
equally plausible assumptions, and investigateeta@lts that might be due to data
assumptions. Hence, a parametric sensitivity ailpn the cost of hydrogen
technologies has been carried out. Appendix Imshthe range of variation that
hydrogen supply and distribution technologies mighiblve around based on the
literature review. When there is more uncertaaryund a technology or more room
for future development, then it is assumed thatcdst might vary by 40%. If,
however, the technology is more mature and thexenamajor innovations expected,
then it is allowed to vary by 10%. The model is for both + (the so-calledigh
technology co3tand — (the so-calledow technology cotvariation of these
technologies at these rates.

Similarly, the cost of fossil fuels might have afieet on the development and
penetration of hydrogen technologies. Hence, aiteity analysis on the costs of
fuel is carried out. For the range of costs ofdupossible high and low fuel costs
published by DTI (2006) are used. Appendix llig@ets high and low range of fossil
fuel prices.

Thus in the investigation of the main UKSHEC sc@safdetailed below in section
5), the results are compared with these equallysiide set of assumptions on
technology and fuel costs. Section 5.5 then swithe the key findings and
uncertainties from this initial modelling exercisethe characterisation of the long-
term evolution of hydrogen as a major componenhefUK energy system.

5 UK MARKAL model key results
This section details the model outputs definedhedrevious section.

« Base case UK MARKAL (with expanded treatment of hydrogen
infrastructure) run under a business-as-usual case.
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» Reference case UK MARKAL (with expanded treatment of hydrogen
infrastructure) run with an economy-wide &£©onstraint applied at 30%
below 2000 level in 2030 and declining linearlyd@ below 2000 levels in
2050.

* Transport case Same as the reference case, with an additiomadtiGnt to
deliver 20% of final energy from hydrogen by 20%0be used in transport
sector.

» Ubiquitous case Same as the reference case, with an additiometiont to
deliver 50% of final energy from hydrogen by 2050.

» Synthetic liquid fuel case Same as the reference case, with an additional
constraint to deliver 20% of final energy from neaatbl by 2050.

In presenting the results, the model outputs fréra three UKSHEC hydrogen
scenarios are discussed with respect to the bakeraeference case. As MARKAL
generates a large number of outputs, model refadts on the following key set of
parameters.

* Primary and final energy demand,

« Sectoral and end-use sectd@D, emissions,
» Hydrogen production and use,

* Fuel use in transport fleet,

» Electricity generation mix,

» Total system cost,

« Pricé of CQ,.

The model outputs for these parameters are presémteach scenario in time series
graphs from 2000 to 2050. The discussion of eaenavio results is followed by a
synthesis section where the results are compardiaim results are highlighted. To
compare the scenario results or to identify theirs#tivity to technology and/or fuel

cost assumptions, the model outputs for the yea® 20e used.

5.1 Base and Reference cases

As shown in Figure 6 and Figure 7, in the base,qasd use increases largely due to
increased electricity generation. Natural gas’'ralleshare holds steady at around
40% largely due to direct use in the residentalyise and industrial sectors. Oil use
shows a relative decline due to greater efficieimcyhe transport sector and latter
movement to hydrogen in some modes. Nuclear ergngys out of the UK energy
mix. In the reference case, primary energy demamdduced by 20% compared to
the base case where major decarbonisation occumirgpwer sector via carbon
capture and storage (CCS). Coal is restrictedetttricity generation using the UK'’s
finite carbon storage potential. The natural gatsins its primary energy share
around the same percentages due to relatively lmgstons and high efficiency.
Nuclear remains at low levels, even though it startgrow after 2030, and constitutes
5% overall primary energy share by 2050. The slo&nenewable energy sources

® In the end-use sectoral emission, emissions frowep sector and hydrogen production are allocated
to four end-use demand sectors based on their use.

® The average cost of GOs calculated from the model outputs for each aden based on the
differences in system cost and amount of emis@dnations from the base case
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and imported electricity also increase in this cakastly, there emerges demand for
imported liquid hydrogen due to carbon implication$ domestic hydrogen
production options. Even though not presentedhéngraphs, conservation measures
are also taken up at end use levels and reduaiethand for final energy thereby the
primary energy demand.

Base - BAU: Primary energy
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Figure 6 Primary energy use — base case

Reference case: Primary energy
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Figure 7 Primary energy use — reference case

Even though primary energy demand is significarglguced in reference case, final
energy demand levels are not reduced to the samkds presented in Figure 8 and
Figure 9 (only a 3% reduction from the base cad#iis is because power generation
is moving from coal to nuclear and more renewablies to the carbon cap. In the
base case, major final energy sources are el@girgas, petrol and diesel. About
2020, hydrogen starts to penetrate in transpotbsend constitutes around 15% of
the final energy demand by 2050 in both base afeterece cases. The reason for
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hydrogen penetrating around the same levels in it is due to cost and efficiency
assumptions of hydrogen end use technologies varelimplicitly driven by research
and development expenditures. The sectoral finatgy demand levels stay steady,
with only slight reductions in the transport, sees and residential sectors in the
reference case. The reductions in final energyashel® of services and residential
sectors are due to uptake of conservation meastitbe end use levels. In transport
sector, though, more efficient electricity drivexl engines are selected at the expense
of diesel driven ones, hence reducing sectoral fmergy demand. Demand for
manufactured fuels, which are derived from coal ased in industrial sector, is also
replaced by fuel oil in the reference case.

Base - BAU: Final Energy demand by fuel
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3000 1 0 Jet fuel
@ Diesel
2000 O Petrol
e —— S H Coal
1000 A O Gas
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Figure 8 Final energy demand —base case
Reference case: Final Energy demand by fuel
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Figure 9 Final energy demand —reference case

In the base case and reference case, hydrogeadssakely in transport sector. Also,
there is no change in the pattern of take-up ofrtyein vehicles between base and
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reference cases. Firstly, HGVs begin to use hyelrdgpm 2020 and then gradually it
penetrates into buses, LGVs, and cars. By 2050ytaf0% of transport final energy

demand is met from hydrogen.

Figure 10 shows tle® fise in major modes of
transport fleet in the reference case. Due tortieahand socio-economical reasons
the model is constrained to retain 10% of car feeetiesel, which is kept in all the
scenarios for consistency.
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Figure 10 Fuel demand for selected transport fleets reference case

On the supply side, there are differences in thecgoof hydrogen between base and

reference cases.

In the base case, hydrogentialynproduced from gas (steam

methane reforming) and then predominantly from c@aémbrane gasification).

Once the carbon constraint is in place, from 2080¢eference case the hydrogen is
produced by CCS-based coal/gas technologies rdtherconventional coal/gas based
technologies. However, when the limit for carbéorage is reached, then hydrogen

is produced from electricity via electrolysis.

Fhehift increases the demand for

electricity and the electricity is produced fromclaear. As the carbon cap tightened,
large amount of hydrogen is imported (about 50% 20%60) because imported
hydrogen price declines due to higher learningsrdte renewable technologies.
Figure 11 shows the hydrogen production in baseefedence cases.
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Figure 11 Sources of hydrogen production in base drreference cases
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With reference to the base case, undiscounted gsgsgem cost in 2050 is increased
by 1.4% which is about £ 4.6 billion. Average co§tCQO; is about £ 14 per tonne

CO, and marginal cost is over 50 £/t-€@e evolution of which are illustrated in

Figure 12.

Reference case: CO2 price (E/t)
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Figure 12 Marginal and average CQ prices - reference case

5.2 Central Hydrogen for Transport

As described in Section 4.1.1, in this scenarid%2tf the final energy demand is

delivered from hydrogen and used in transport sedtothe reference case, hydrogen
is already penetrated into transport sector ubib df final energy demand by 2050.

Hence, this scenario is very similar to the refeeecase.

As presented in Figure 13, this additional 5% hgeroproduction does alter the total
primary energy demand with slight changes in ithgosition. Mainly, demand for
natural gas increases (8% by 2050), while thatcfwal, oil and renewable/nuclear-
based electricity go down by 4%, 5% and 17%, rdspdg compared to the
reference case. The hydrogen production movesasobgsed CCS from the coal
based CCS in the reference case (see Figure 18ylitiénally, imported hydrogen
increases by 10%.
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Transport Hydrogen: Primary energy
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Figure 13 Primary energy use — transport hydrogencenario

As can be seen in Figure 14, total final energy alahis very similar to the reference
case. But the fuel mix is changed marginally. &oample, diesel demand declines
by 8% because transport sector switches furthemytfrogen. Then demand for
natural gas declines by 11%, even though more isfused in hydrogen production.
As a result, more district heating is used witht th@at produced from cogeneration
plants. At the sectoral level, final energy demarateases 1% by 2050 in transport
sector, while a reverse trend is observed in tingces and residential sectors. The
increase in transport sector fuel results fromhydrogen constraint. As can be seen
in the reference case, almost all HGV, LGV and fteets switch to hydrogen. In
addition to these, in this scenario rail trans@dsb moves to hydrogen. Because of
the 20% hydrogen constraint, the LGV fleet use If&6e hydrogen by not moving
to advanced vehicle technologies. Otherwise th#& 2ydrogen cannot be used
within the transport sector more cost-effectiveBue to high cost of hydrogen-driven
aircraft, hydrogen does not penetrate to air trarisp
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Transport Hydrogen: Final Energy demand by fuel
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Figure 14 Final energy demand — transport hydrogeiscenario

As mentioned earlier, in addition to imported hygkno (55% production share),
hydrogen is produced from coal, electricity andurat gas. Under the low

technology cost assumption sensitivity, importedrbgen is reduced to 47% and the
rest is produced from biomass and wastes. Howeawdhe high technology cost

assumption, imported hydrogen is increased to 70fb the remaining 30% is

produced from natural gas. As a result, demanckliectricity declines and so does
primary energy demand.

Transport Hydrogen: Hydrogen production by fuel type
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Figure 15 Source of hydrogen production - transportiydrogen scenario

Figure 16 shows the power generation mix in thenacio. Total electricity demand
declines slightly (0.8%) as rail transport movesirelectricity to hydrogen. In 2050,
compared to the reference case, gas-based elgctrgsieration is more than doubled.
This is resulted from the use of district heatimgservice and residential sector
thereby the gas used in these two sectors is alailar power generation. However,
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the nuclear-based power generation, imported @ggtand renewable electricity are
reduced by between 4% and 30%. With high techryolagst assumption, nuclear
based electricity declines to one third of thathe reference case. This is because
electricity is not used for hydrogen production.

Transport Hydrogen: Electricity generation mix by fuel
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Figure 16 Electricity generation mix — transport hydrogen scenario

Figure 17 shows the end-use sectoral emissionsmp@ed to the reference case,
service and residential sector emissions decliightf because these two sectors
switch from direct use of gas to district heatingdowever, the transport sector
emissions increase marginally from the increasedofi©iydrogen, which is produced
from natural gas.

Transport Hydrogen: Enduse sectoral emissions
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Figure 17 End-use sectoral C@emissions - transport hydrogen scenario
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The composition of fuel demand for transport fleetvery similar to the reference
case. The only difference is observed in railgpamt. In this scenario, use of diesel
in rail transport is phased out and replaced bydyeh as illustrated in Figure 18.
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Figure 18 Transport sector fuel demand by fleet -ransport hydrogen scenario

The undiscounted energy system cost is increas&¥bfrom the base case which is
about £ 6.3 billion. Comparing this cost with tleéerence case, the incremental cost
is about £ 1.7 billion and the total system cosahsut £ 326 billions by 2050. The
marginal cost of C@increased to 61 £/t-G@ompared to the reference case marginal
of 54 £/t-CQ. Similarly the average cost of G@ increased to 20 £/t-G@ompared

to the reference case price of 14 £/tz2C®igure 19 shows the evolution of marginal
and average cost of GO

Transport Hydrogen: CO2 price (E/t)
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Figure 19 Price of CQ - transport hydrogen scenario
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5.3 Ubiquitous hydrogen

This scenario assumes a dual role for hydrogera &snsport fuel as well as an
energy carrier for heat and power generation. Hetite model is updated with a
constraint to deliver 50% of final energy from hgden by 2050. On the supply side,
this constraint translates into 2489PJ of hydrogerduction. Due to losses in
transmission and distribution (which is 1%), 2470BJused in transport and
stationary applications. Of this, 39% is usedrams$port and the rest for heat and
power generation. In transport sector, 966PJ dfrdyen meets 78% of transport
energy demand.

Compared to the reference case, under this scelidigrimary energy demand

increases by 14% in 2050. While demand for oil andl go down, demand for

natural gas, nuclear and imported hydrogen inceea$be increase in primary energy
use is associated with hydrogen related thermodimbrsses which is explained in

the subsequent discussions.
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Figure 20 Primary energy use - ubiquitous hydrogeiscenario

Overall final energy demand decreases by 5%. &eamd residential sectors energy
demands go down by 8% and 14% respectively comgardte reference case. The
reduction in residential sector is mainly due ttalp of conservation measures at end
use devices (179PJ versus 424PJ at sectoral le@elinpared to the reference case,
further energy saving potentials, which have highgestment costs, are realized in
space heating (170PJ versus 415PJ), hence reduesiggntial sector final energy
demand. The uptake of conservation options inieersector is also higher than in
the reference sector (117PJ versus 162PJ in tdiad)to improvement potentials in
lighting. However, these efficiency improvements dmited in service sector, and
instead hydrogen-driven micro generation technelegire taken up. Even though in
the reference case, service sector uses 135PJatfihethis scenario it is almost
tripled, 356PJ by 2050. Heat generated from hyenedriven micro generation
technologies also contributes to lower residesgaltor final energy demands, but this
is quite limited (6.6PJ of heat demand in refererase versus to 9.1PJ in ubiquitous
scenario by 2050). The use of more heat producewh these hydrogen-driven
technologies result in lower demand for gas anctedity in service sector, as well as
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in total. Overall, total gas and electricity deman the final energy is declined by
19% and 8% respectively by 2050, compared to tferegece case. As Figure 21
reveals, demand for diesel and jet fuel are aldoaed due to penetration of hydrogen
in rail and air transport.

As expected in this scenario, 50% of hydrogen isseen in the final energy demand
graph (Figure 21) because hydrogen used in micysitergeneration technologies are
presented as electricity and/or heat rather thandgen. In the model, final energy is
defined as energy used in the final demand techiedo However, micro-generating
technologies are not defined as demand technolbgiesuse they produce electricity
and heat and which is further used in end-use ddntechnologies. For example,
heat produced from micro-generation is used inatads for space heating. Thus,
heat is presented as heat though it is produced frygdrogen. Similarly, hydrogen-

based electricity accounted for 44% of the totalfielectricity presented in the final
energy (As Figure 24 presents, 552PJ of electrisitproduced by hydrogen-based
micro-generation applications by 2050, by when |tdit@al electricity demand is

1241PJ). Thus, 44% of the electricity in FiguresBbuld be interpreted as hydrogen.
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Figure 21 Final energy use - ubiquitous hydrogen soario

An increased level of primary energy demand in thignario is due to use of
electricity in hydrogen production as presented Figure 22 and Figure 23.
Compared to the reference case, hydrogen produistimipled by 2050 (from 855 PJ
to 2489 PJ) under this scenario, 60% of which @dpced by electrolysis. While
25% of hydrogen is imported, another significantoant is produced from natural
gas, which has very limited application in the refee case.
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Ubiquitous Hydrogen: Hydrogen production by fuel type
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Figure 22 Source of hydrogen production — ubiquitoa hydrogen scenario

Figure 23 confirms the burden this high level oflfopgen production places on power
generation sector. Under this scenario, eleggrigéneration from central plants
increases by 34% by 2050 compared to the referess® in order to allow the energy
system to produce hydrogen. This higher elecyrigiéneration is made possible
mainly by nuclear power.
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Figure 23 Electricity generation mix - ubiquitous tydrogen scenario

In addition to these central plants, a substaati@unt of micro-generation and CHP
applications take place as well. Even though enrdference case these applications
do not take place, as Figure 24 illustrates, stgrfrom 2040 hydrogen becomes a
major energy carrier for heat and power generatidyn.2050, 570 PJ of electricity is
produced on-site, which rises total electricity g@tion to 2600 PJ, 70% more than
the reference case.
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Ubiquitous Hydrogen: Power generation mix
(Micro generation)
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Figure 24 Micro generation mix - ubiquitous hydrog& scenario

Hydrogen firstly penetrates into the energy systsma transport fuel from 2020
onwards. By 2040, it becomes an energy carriethéat and power generation in
services sector as Figure 25 demonstrates. Liaténds applications in heat and
power generation in industrial sector.

Ubiquitous Hydrogen: Hydrogen end use demand
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Figure 25 Sectoral use of hydrogen - ubiquitous hydgen scenario

This initial result and sensitivity indicate that extremely large scale deployment of
hydrogen appears to be thermodynamically inefficiehhis is because hydrogen is
initially produced from electricity via electrolgsiand then electricity (with some
heat) is reproduced from the hydrogen via microegation. In other words, this
represents thermodynamic losses in electricity-bgen-electricity processes. This
resulted in higher primary energy demand. Howelds, difficult to conclude that
production and use of hydrogen is always thermoahyoaly inefficient. It might be
partly because of the modelling limitation as therent model is not detailed enough
to use hydrogen as a medium of storage. If thernmttence renewable is used for
hydrogen production then hydrogen could be a patiesdurce of buffer storage.
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The use of hydrogen in transport sector is simdathe reference case, yet still with

some differences. In sectoral final energy demé#mtransport sector uses 5% more
energy than in the reference case. This is bedaudr®gen demand for rail transport

is higher than electricity use in rail sector, whits partially due to less mature

technologies in hydrogen based rail engines. Alairtrend is also seen in air crafts

between jet fuel and hydrogen. Overall, 78% afgport hydrogen energy demand is
met from hydrogen, compared to 71% in the referease.

At a more detailed level, as in the reference chgdrogen penetrates firstly to IC
engine-based HGV fleet by 2020, then to fuel caidal vehicles, as shown in Figure
26. However, in this scenario, hydrogen penetrattes cars and LGV fleet earlier
(2030 and 2035, compared to 2040 in the referease)cand at a wider scale. By
2025, hydrogen-based fuel cells find applicationsail transport as well. By 2050,
hydrogen penetrates further to air transport. hi reference case the early entry of
hydrogen-based IC engines in HGV fleet is phasddogufuel cells which are more
efficient with higher capital costs. In this sceoathough, these higher capital costs
prevent penetration of hydrogen-based fuel celis all HGV fleet. Hence, HGV
fleet runs on both IC engines and fuel cells. @gnently, overall road transport uses
more hydrogen than the reference case due to tffslddetween capital costs, fuel
efficiency and costs. By spending less on roadspart, there is room for use of
hydrogen by rail engine and air crafts which areyvexpensive technologies.
Additionally, hydrogen gets a wide range of usesenvice and industrial sectors for
stationary power generation. The costs of hydrqgeduction at small scale, which
avoids the investments to a distribution networlghthibe another factor contributing
to wide range use of hydrogen in power generation

Ubiquitous Hydrogen: Transport sector fuel demand by | DAI - Hydrogen
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Figure 26 Transport sector fuel demand by fleet - biquitous hydrogen scenario

" As the current structure of the model does natvallor explicit accounting of hydrogen generated
from small scale or large scale production faeiitand where it is used, it is not possible to draw
conclusions on this.
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However, sensitivity runs with high and low teclomy costs reiterate this finding.

Hence, when the costs of hydrogen increases, hgdregould be employed in the

more efficient applications with advanced techn@edike air crafts rather than in

low grade applications like generation of power dreht in industrial or service

sectors. The levels of technology costs also #ieeuptake of hydrogen technologies
in road transport. Under low technology cost agsions, fuel cell cars are widely

taken up despite their higher capital cost, whelagh technology costs force the
model to select IC engines as in the central hyaldgr transport scenario.

Under this scenario, the undiscounted energy systanis increased by 11% in 2050
from the base case, which is about £ 35.3 billidine incremental cost with respect
to the reference case is about 9% or £30 billidbsnder a high technology cost
assumption, this incremental cost doubled, 18% %2 Billion. Figure 27 shows how
the marginal cost of C{price evolves over the modelling horizon.
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Figure 27 Price of CQ - ubiquitous hydrogen scenario

5.4 Synthetic liquid fuel

In addition to the update of hydrogen infrastruesudepiction, new methanol-based
supply and demand technologies are now includefier Ahese additions, the model
outputs from the base and reference cases dolgldtdange. In the base case, for an
intermediate period methanol-based vehicles arentalp, e.g. IC engines based car
(2020-2040) & LGV (2020-2050). However, take-up loydrogen vehicles is
reduced. In other words, a proportion of somespan modes switch from hydrogen
to methanol. Methanol is predominately producemmfrnatural gas based steam
methane reforming and from hydrogen. Hydrogerraslpced from coal.

As discussed earlier, a parametric study is camigdin order to identify plausible
levels of methanol penetration in the overall ecopo Based on this, a foreseeable
synthetic liquid fuel economy is envisaged as ohen& a maximum of 20% of the
final energy demand is delivered from meth&nol

8 This also ensures comparability to the 20% hydrolgever constraint imposed in the transport
scenario.
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In this scenario, firstly LGV vehicles switch to thanol, then cars and HGVs as
shown in Figure 28. However, buses and two-whealernot switch to methanol, a
trend that is observed in the sensitivity runs ai.win this scenario, compared to the
reference case, transport fleet heavily runs onhamatl. About 77% of overall
transport fuel is methanol.

O Air - Hydrogen
Synthetic Liquid Fuel: Transport sector fuel demand by QAir - Jet fuel
fleet and fuel O Rail - Hydrogen
2000 o Rail - Electricity
O Rail - Diesel
oTW - Methanol
OTW - Hydrogen
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Figure 28 Penetration of methanol in transport flee

As shown in Figure 29, methanol is produced frora @2%), hydrogen (20%) and
imported (33%). On the other hand, hydrogen isipced from coal (with CCS) and
electricity (Figure 30).

Synthetic Liquid Fuel: Methanol production by fuel type
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Figure 29 Methanol production sources - synthetidduid fuel scenario
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Synthetic Liquid Fuel: Hydrogen production by fuel type
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Figure 30 Hydrogen production - synthetic liquid fuel scenario

Hydrogen production in this scenario is about 15%hat in the ubiquitous hydrogen
scenario. However, nuclear-based power generagian par with the ubiquitous
hydrogen scenario due to switching of residentia service sectors from natural gas
to electricity. As Figure 30 presents, in thisream#o hydrogen is produced from more
diversified resources. Due to storage limits, s#a@ne amount as in the previous
scenarios is produced from coal CCS. But, usdeatrcity in residential and service
sectors make hydrogen production from renewablauress viable for the first time.

As presented in Figure 31, electricity productiooni the central plants is highest in
this scenario (2109PJ compared to 2041PJ in ubiggiibydrogen scenario). In the
residential sector, electric boilers are used fpace and water heating (525PJ
compared to 75PJ in reference case), even thougl erergy saving options than
the reference case are taken up at end use dewvieks (329PJ compared to 179PJ).
In the service sector, more electricity is usedigtrict heating.

Synthetic Liquid Fuel: Electricity generation mix by fuel
(Central plants)
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Figure 31 Electricity generation mix - synthetic lquid fuel scenario

30



Figure 32 presents emissions by sectors understd@rario as well as by end use
sectors. When electricity and hydrogen emissioasacounted separately, emissions
from the transport sector are substantially reducetbwever, when these indirect
emissions are included in the relevant end usedhen it becomes obvious that
transport sector is hardly decarbonised. Inst@adlystrial, service and residential
sectors are decarbonised though switching to @édgtrwhich is produced from
nuclear.
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Figure 32 Emissions by sectors and end use sectersynthetic liquid fuel scenario

The total system cost is about 7.4% higher thahenbase case in 2050, (in absolute
terms by £ 23.8 billion), i.e. substantially higtiean the central transport hydrogen
case (with 20% hydrogen). Compared to the refererase, the incremental cost is
over £ 19 billion. The marginal cost of €& about 149 £/t-CPand the average
price is about 74 £/t-CO The marginal cost is far higher than the onthencentral
and ubiquitous hydrogen scenarios driven by theafisaethanol in less well suited
transport modes.

5.5 Synthesis of scenario results
This section provides a synthesis of the above imeed scenario results.

In a foreseeable hydrogen economy, imported zemoecahydrogen becomes one of
the energy sources in the overall primary energy rkirom the base case to the ¢CO

constrained) reference and hydrogen scenariogprih@ry energy demand declines
because of the carbon constraint. This is maimiyed by phasing out of energy

intensive coal-based power generation. Howevenpeoed to the reference, in all

three hydrogen scenarios the primary energy denmemelases due to thermodynamic
losses in electricity-hydrogen-electricity convers. Also the energy system is
moving more towards gas due to its low carbon. ufgg33 shows the range of

variation in key sources of primary fuel with respt the reference case. The length
of the red lines in each fuel bar indicates theatimn among the three scenarios. The
major variation occurs in natural gas, nuclear iamgbrted hydrogen. This is driven

by hydrogen production. The hydrogen is eitherangxd or produced from nuclear-

based electricity. Due to the carbon constraive,demand for coal is always below
the reference case. Similarly, the oil demandiss éower because the heavily oil

dependent transport sector migrates to hydrogdn fue
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Range of variations in the share of fuel in primary energy mix in 2050
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Figure 33 Changes in primary energy demand acrossé scenarios in 2050

Figure 34 shows the share of major fuels in thalfemergy demand. In all three
scenarios, the share of gas demand declines frémafhe final energy, down to
26% in the methanol case. This is because gaset for methanol production. As a
result, more heat is produced from cogeneratiomtplaas well as a switch to
electricity based space heating.
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Figure 34 Changes in final energy demand across tlseenarios in 2050

In the power generation mix, coal-based CCS, nucea biomass are the major
sources of electricity generation. Electricity geation is generally increased because
of hydrogen production from electrolysis. Fig@&and Figure 36 show the range of
variations in share of electricity sources. In thethanol case, the share of nuclear
based electricity generation is increased to 42%.
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Figure 35 Electricity generation mix across the scmrios in 2050
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Figure 36 Share of electricity generation by fuelytpe across the scenarios in 2050

In all the scenarios, hydrogen firstly penetratessttansport sector. However, in the
ubiquitous scenario, hydrogen finds a use in theice and industrial sectors for
micro-power generation (see Figure 37). In thatsstic liquid fuel, methanol is used
in transport sector and over 75% of transport fieiand is met from methanol.
Thus little hydrogen is used in the synthetic &mdnario.
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Hydrogen end use demand in 2050
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Figure 37 Hydrogen use by demand sectors across theenarios in 2050

From the hydrogen production perspective (see EiggB), imported hydrogen
becomes a major source of hydrogen supply, witkeleshares from coal gasification
(with CCS) and natural gas reforms. Electrolysisdmees a major source of hydrogen
production using electricity generated from nuclear

Sources of hydrogen production in 2050
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Figure 38 Sources of hydrogen production across thecenarios in 2050

In general, the transport sector is highly decaidsah through use of hydrogen.
However, there are some structural changes in @nsss In the central hydrogen for
transport scenario, the service sector moves todisooling thereby leaving room
for the use of gas in hydrogen production and paseetor. The emissions generated
from hydrogen production by gas increase transpector emissions compared to
those in the reference case. Similarly, more usgas in electricity generation
increases the power sector emissions, some of wdrehpassed onto industry and
residential sectors.
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On the other hand, in the ubiquitous hydrogen seenaydrogen is used both in

service and residential sectors through micro-geiwar. Thus, there is no significant
change in end-use emissions relative to the rederease. However, emissions from
power sector increase because of more gas basext generation.

In the synthetic liquid fuel (methanol) scenarioansport sector emissions are
decreased by 50% compared to the reference caseidgeof methanol use. Since
methanol is produced from natural gas and hydrogémch is also produced from
coal or gas, the resulted emissions from methamol laydrogen production is
increased. Similarly, emissions from power seatoreased due to more gas use. If
the emissions from methanol and hydrogen production allocated to transport
sector then the transport sector end use emissiogreased by 70%. All these trade-
offs between end use and power sector emissiordeanenstrated in Figure 39.
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Figure 39 End use sectoral emissions across the sagos in 2050

As expected, because of the carbon constraingwbrall system cost increases as the
entire energy system moves to low carbon and ereffigyent technologies. A major
shift occurs in power sector which is highly decanised. By 2050, the undiscounted
energy system cost increases about 1.4% whichosndr£4.6 billion. The total
system cost includes all the cost of supply andwes®ltechnologies (such as vehicle
costs, etc) and relevant infrastructure (electrid,gyas pipeline, etc.). The marginal
cost of CQ is about £ 54 per tonne of GO

When moving from reference to hydrogen for transmmenario, the additional
burden on the energy system is marginal as theemsfe case already deploys 70%
hydrogen in transport sector. Thus the incremerttat is about £1.7 billion. This
higher system cost results in higher marginal 06§02 which is 61 £/t-C®

In the ubiquitous hydrogen scenario, which depkyarge amount of hydrogen (50%
of the final energy demand), as can be expectedsybtem cost is increased by 11%
or £ 35 billion from the reference case. The nrabcost of CQ also reaches to 77
£/t-CO, (see Figure 40).

In the synthetic fuel scenario, as explained befarkuge structural change occurs in
entire energy system. Hence, the energy systenigoreases by 5.9% from the
reference case or incrementally by £19 billion 5@ although the hydrogen
produced is only about 15% of that produced in witdys hydrogen scenario.
Though methanol is deployed only in transport se¢h@ additional system cost is far
higher than in the 20% hydrogen scenario. Thidccbe due to immature methanol
based demand technologies as hydrogen has a wdge raf technologies with
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vintages. Because of this relatively higher enesgstem cost, the marginal cost of
CQO; is increased to 140 £/t-GQvhich is the highest among all the scenarios.s Thi
could also be due to the presence of limited methtacthnologies in the current
model.

Hence, when the energy system moves to hydrogencdst of mitigation becomes
higher so is the marginal cost. The marginal 06§80, is presented in Figure 40.
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Figure 40 Marginal cost of CQ across the scenarios in 2050

5.6 Limitations of study

One of the main limitations of this study is dudareatment of temporal aspects in the
current Markal model. This structure allows foabsis of 6 time slices, 2 diurnal
(day and night), and 3 seasons, (summer, winteririedmediate). However, this
structure does not allow for the analysis of UKctieity demand, which varies both
seasonally and diurnally. Thus, this structurevesy limited in capturing the full
characteristics of the demand load as well as Hadadility of intermittent energy
sources. This limitation certainly avoids the @xption of a possible role of
hydrogen as an electricity buffer storage. Hettuethermodynamic inefficiency that
is revealed by the use of electricity in hydrogeodpiction, then use of this hydrogen
in electricity production can be a side effect tluéhis limitation.

Nonetheless, this issue will be addressed by impgothe approximation of load
demand in the UK Markal model. The work is undgnaa part of the DfT Horizons
project (Strachan et al., 2007), which will haveefidiurnal time periods and an
extension to twelve monthly seasons. Hence, nbt will the peak and shoulder
demands be represented more efficiently, but algbthhe modelling of energy
storage be possible.

Another issue relates the need for addressingpagas aspects of possible hydrogen
development (Joffe et al 2007). The authors disths role of resource availability
and concentration of demand on the build up of bgdn network. It is most likely
that a hydrogen system would develop where thesefawators overlap or linked to
the each other in an efficient manner. Hence, ¢lrengh Markal does not allow for
analysis of these spatial aspects explicitly, thgie is addressed by including all
resource-infrastructure-demand options explicithe @ompeting technologies.
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However, there is ongoing work to link MARKAL to geographical information
systems (GIS) framework (see Strachan et al, 2007).

The other important issue relates to the assungptmm the characterization of
hydrogen technologies and uncertainty around th&ertainly, uncertainties in the
evolution of a hydrogen infrastructure are profoundhis study takes a step in
addressing these issues by carrying out paramaatatysis on technology costs and
fuel prices. However, there is a need for furtherk in this area.

6 Conclusions and Future Work

This paper focuses on the analysis of the energyrament and cost implications of
the UKSHEC hydrogen visions including an explonati@f their inherent
uncertainties. For this purpose, an updated versicdhe UK MARKAL model that
provided substantive analytical inputs to the EpelMyhite Paper 2007 was
developed. The updated model included a ranggdrolgen production and end use
technologies and relevant infrastructures. All uglale options of hydrogen
infrastructure are depicted by taking into accadistribution distance and flow rates
of hydrogen; and hence the distribution networkisos Thus this model provides a
systematic framework to analyze the developmentyoirogen pathways in the UK
energy system.

A set of hydrogen pathways and transition scenamdestified under UKSHEC

visions are modelled. These visions define fodifeddnt potential evolutions of a
hydrogen economy in the UK energy system viz. inté@ hydrogen for transport; ii)

Ubiquitous hydrogen — an economy wide use of hyeinogi) a synthetic liquid fuel,

such as methanol; and iv) Hydrogen as an elegtrgibrage medium to expand
intermittency nature of renewable energy in the Biergy system. Except the
electricity storage vision, the remaining threaons are modelled.

Energy, environment and economic implications @sththree hydrogen visions are
analysed and indicative results of key metrics, y@mary and final energy mix,
power generation mix, transport fuel use, sectemaksions, hydrogen production and
end-use pattern, average and marginal, @dces and energy system costs are
presented. Under given set of assumptions, theehymaints out a higher primary
energy demand to produce hydrogen under all thydeolgen scenarios. In particular,
a high level of hydrogen use economy wide can beé oost effectively by
electrolysis, based on nuclear power. As hydragembe used either as transport fuel
or an energy carrier for heat and power generaligh levels of deployment comes
with thermodynamic losses from electricity-hydrogsectricity conversion. Other
than electrolysis, gas based reforming and impemeésother hydrogen sources. The
sensitivity analysis emphasise the role of techgwloosts on the uptake of these
hydrogen production pathways.

On demand side, the cost of end-use technologiegkhss the network costs appears
to be the main factors in penetration of hydrogéihhydrogen technologies would
have higher costs, then the model indicates amaojpti use of hydrogen in transport
sector (including rail and air), rather than staéity power generation applications.

The sectoral emissions are very much linked to daployment of hydrogen at

sectoral level. When hydrogen is produced fronunmstgas, the residential and
service sectors switch to district heating. Heseetoral emissions are closely linked
to the pathways chosen for hydrogen production.

The overall system cost responds to the hydrogdmwags chosen as well as where it
is being used. Even though it marginally increaisethe hydrogen for transport
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scenario, it increases most in ubiquitous hydragesmario where 50% of final energy
demand is to be delivered from hydrogen.

However, this initial analysis identifies some fantental uncertainties for the
introduction of a new energy infrastructure paradithat need to be addressed in
future work in a greater detail. In particularsk issues are:

These indicative model outputs reveal that devetgrof hydrogen system is
very much dependent on cost of hydrogen productow distribution
technologies. Hence there is a need for more pransensitivity analysis to
increase the robustness of the modelling outputs.

As discussed by Joffe et al (2007), a hydrogen ostwnight be realized in
areas of resource availability and where potexégahand is sufficiently dense
to justify these investments. This indicates tbie 1of spatial aspects of the
hydrogen system, such as the locations of resoancdsdemands, as well as
the infrastructure required to link the two. Ewbough these spatial aspects
have been approximated by inclusion of these reseufrastructure-demand
options explicitly as competing technologies, thereongoing work to link
MARKAL to a geographical information systems (GI8amework (see
Strachan et al, 2007).

One of the possible roles for hydrogen in the dVexaergy system is its
emergence as a distributed storage medium to burfermittent renewable
electricity supplies in the energy sector. Howewuhis requires a more
detailed temporal resolution than the one in curdARKAL model. The
DfT research project that is mentioned in sectoh.4 would address this
issue.

It appears to be cost-effective to produce hydroffem electrolysis, via
nuclear-based electricity generation. However, rtay not be
thermodynamically efficient because the primaryrgpaise increased in all
scenarios. This thermodynamic inefficiency issumost probably driven by
the limitations on analyzing the hydrogen as arithsted storage medium.
Therefore the trade off between the uses of etdgtrior direct application
versus via hydrogen should be studied in detalil.

Though up to date technology data are includetdlemtodel, when envisaging
a large scale deployment of hydrogen, more advahgdtbgen technologies
should to be included.
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Appendix I: UK MARKAL Model Hydrogen Technology Dat a

Technologies that explicitly define the hydrogenwwk system are listed below.
They are presented in the following four groupsorgce, process, 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 classesdarshydrogen ICEs, bus hydrogen
FCVs, bus methanol FCVs, car hydrogen ICEs, cardgeh FCVs, car methanol
ICEs, car methanol FCVs, HGV hydrogen ICEs, HGV roggén FCVs, HGV
methanol FCVs, LGV hydrogen ICEs, LGV hydrogen FCV&V methanol ICEs,
LGV methanol FCVs, air domestic hydrogen, air intgronal hydrogen , rail (freight)
hydrogen FCVs, rail (passenger) hydrogen FCVs, 2elvhydrogen FCVs, 2-wheel
methanol FCVs. Further details for the completehtelogy dataset is given in
Strachan et al (2006).

Table A. 1. Hydrogen 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 A. 2. Hydrogen 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] gasification plus CO, 2030 60% 8.62 051 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 Elomass 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

Table A. 3. Hydrogen transmission technologies

No Technology description Year Efficiency Invest cost Variable Lifetime
(%) (£/G3/yr) costs (years)
(£/G3)
24 Hydrogen tube trailer 2000 89%
25 Hydrogen pipeline 2000 98.7% 11.97
26 Liquid HYDROGEN 2000 98%
.. 0
transmission
Table A. 4. Hydrogen distribution technologies
No | Technology description Year Efficiency Invest cost Variable Lifetime
(%) (£/G3/yr) costs (years)
(£/G3)
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 HYDROGEN by road 2000 0.39
(SD,HF) )
36 | Liquid HYDROGEN by road 2000 0.39
(SD,LF) )
37 | Liquid HYDROGEN by road 2000 1.17
(LD,HF) )
38 | Liquid HYDROGEN by road 2000 1.17
(LD,LF) )
39 | On-site liquefaction (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 liguefaction (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 explibitte where SD: short distance, LD: long distahtfe;, high
flow and LF: low flow. The costs follow Yang andg@en (2006), and efficiency losses are accountetien
transmission technologies that were listed in tle¥ipus table.
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Appendix Il: Hydrogen technology data for sensitivty analysis

Parametric analysis is used due to variability itdrdture and expert judgement
surrounding uncertainty of future costs. The @@nhd O&M costs are varied a base
level of +/- 25% change, ranging from 10% to 40%raie depending on uncertainty
level.

* Production uncertainty

0 Biomass and electrolysis most uncertainty

o Small scale production more uncertainty than |agae

o Coal gasification the least uncertainty

o In high cost case, not future vintages are not ld@eel (i.e. no innovation)
= Transmission and distribution uncertainty

o Liquefaction and liquid distribution the most urteén

o Gaseous hydrogen by road of medium uncertainty

o Pipeline the least uncertainty

The variation used in hydrogen technology data iteits analysis is presented
explicitly in Table A. 5, Table A. 6, and Table Abelow.
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Table A. 5 The parametric ranges used in hydrogeproduction technology sensitivity

Pagﬁgn‘ztgc LOW PARAMETRIC CASE CENTRAL CASE HIGH PARAMETRIC ca se
gzgzzgi?ogny o Invest | Variable o Invest | Variable o Invest | Variable
Efficiency cost costs | Efficiency cost costs | Efficiency cost costs
(%) (%) (%)
(E/IGIlyr) | (EIGI) (E/IGIlyr) | (EIGI) (E/IGIlyr) | (EIGI)
Current coal +/-10%
gasification 60% 10.30 0.64 60% 11.44 0.71 66% 12.58 0.7
Current coal +/-10%
gasification plus C@
sequestration 50% 10.52 0.64 50% 11.69 0.71 50% 12.86 0.7
Future coal gasification +/- 10% 70% 7.76 0.46 70% 8.62 0.51 N/A N/A N/A
Future coal gasification +/- 10%
plus CQ sequestration 60% 7.76 0.46 60% 8.62 0.51 N/A N/A N/A
Future membrane coal +/- 10%
gasification 70% 5.54 0.46 70% 6.16 0.51 N/A N/A N/A
Future membrane coal +/- 10%
gasification plus C@
sequestration 65% 5.57 0.46 65% 6.19 0.51 N/A N/A N/A
Current large SMR +/- 10% 80% 3.65 1.23 80% 406 371. 80% 4.46 1.51
Current large SMR +/-10%
with CO, sequestration 65% 6.85 1.23 65% 7.61 1.37 65% 8.37 15
Future large SMR +/- 10% 80% 5.27 0.64 80% 5.8b 10.7 N/A N/A N/A
Future large SMR with +/- 10%
CO; sequestration 75% 5.58 0.64 75% 6.2 0.71 N/A N/A N/A
Current small SMR +/- 25% 65% 34.55 1.03 65% 46.07 1.37 65% 57.59 1.71
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Future small SMR

Electrolysis — smal
current
Electrolysis — smal
future
Electrolysis - large
current
Electrolysis - large
future

O

Biomass gasification t
hydrogen - current

Biomass gasification t
hydrogen - future

O

Biomass pyrolysis t(
hydrogen

=4

Waste gasification
hydrogen

Liguefaction of
hydrogen

+/- 25%
+/- 40%

+/- 40%

+/- 40%

+/- 40%

+/- 40%

+/- 40%

+/- 40%

+/- 40%

+/- 40%

70%

75%

85%

60%

75%

50%

50%

50%

65%

70%

24.02

42.59

9.52

25.25

2.93

19.23

11.54

6.72

13.68

11.02

0.53

0.43

0.43

0.43

0.43

0.47

70%

75%

85%

60%

75%

50%

50%

50%

65%

70%

32.(

70.98

15.87

42.08

4.89

32.05

19.23

11.2

22.8

18.37

.710

0.71

0.71

0.71

0.71

0.78

N/A

75%

N/A

60%

N/A

50%

N/A

50%

65%

70%

N/A N/A

99.37

N/A N/A
58.91

N/A N/A
44.87 0.99
N/A N/A
15.68 0.99
31.9p 0.99
25.72 1.09
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Table A. 6 The parametric ranges used in hydrogerransmission technology sensitivity

Pagﬁ;nnztgc LOW PARAMETRIC CASE CENTRAL CASE HIGH PARAMETRIC ca se
Technology . Invest | Variable . Invest | Variable . Invest | Variable
description Eff|(%|/e)ncy cost costs Eff'(%'/e)”cy cost costs Eff|(%|/e)ncy cost costs
0 0 0
(E/Galyr) | (EIGJ) (E/Galyr) | (EIGJ) (E/Galyr) | (EIGJ)
Hydrogen tube trailer +/- 25% 89% 89% 89%
Hydrogen pipeline +/- 10% 98.70% 10.77 98.70M0 971. 98.70% 13.17
Liquid H2 transmission| +/- 25% 98% 98% 98%
Table A. 7 The parametric ranges used in hydrogenistribution technology sensitivity
) o Invest | Variable o Invest | Variable o Invest | Variable
Tech_no!ogy Parametric | Efficiency cost costs | Efficiency cost costs | Efficiency cost costs
description* Change (%) (%) (%)
(E/Galyr) | (EIGJ) (E/Galyr) | (EIGJ) (E/Galyr) | (EIGJ)
Hydrogen pipeline +/- 10% 1.57
(SD,HF) 1.41 1.73
Hydrogen pipeline +/- 10% 4.7
(SD,LF) 4.23 5.17
Hydrogen pipeline +/- 10% 3.13
(LD,HF) 2.82 3.44
Hydrogen pipeline +/- 10% 16.84
(LD,LF) 15.16 18.52
Hydrogen tube trailer| +/- 25% 3.13
(SD,HF) 2.35 3.91
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Hydrogen tube trailer
(SD,LF)

Hydrogen tube trailer
(LD,HF)

Hydrogen tube trailer
(LD,LF)

Liquid H2 by road
(SD,HF)

Liquid H2 by road
(SD,LF)

Liquid H2 by road
(LD,HF)

Liquid H2 by road
(LD,LF)

On-site liquefaction
(SD,HF)

On-site liquefaction
(SD,LF)

On-site liquefaction
(LD,HF)

On-site liquefaction
(LD,LF)

+/- 25%

+/- 25%

+/- 25%

+/- 25%

+/- 25%

+/- 25%

+/- 25%

+/- 40%

+/- 40%

+/- 40%

+/- 40%

70%

70%

70%

70%

11.02

25.82

11.02

25.82

2.64

8.81

9.10

0.29

0.29

0.88

0.88

0.47

0.47

0.70

0.70

70%

70%

70%

70%

18.37

43.04

18.37

43.04

3.52

11.75

12.13

0.39

0.39

1.17

1.17

0.78

0.78

1.17

1.17

70%

70%

70%

70%

25.72

60.26

25.72

60.26

4.40

14.69

15.16

0.49

0.49

1.46

1.46

1.09

1.09

1.64

1.64
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Appendix Ill: Fossil resource price

Table A. 8 below presents the ranges used in fasdilprice sensitivity analysis.

Table A. 8. The parametric ranges used in fossil &l price sensitivity

Baseline

> _ High price Low price
(Central price assumption)
Gas ARA Gas| ARA Gas | ARA
Oil p/ther| Coal | Oil | p/the| Coal | Oil | p/the| Coal
$/bbl m $/GJ | $/bbl| rm $/GJ | $/bbl| rm | $/GJ
2005 55 41.0 2.4 55.0 410 33.6 5.0 41.0 2
2010 40 335 1.9 67.0 499 36.5 20.0 18.0 1
2015 43 35.0 1.9 69.5 514 36.5 20.0 195 1
2020 45 36.5 1.8 72.0 530 36.5 20.0 21.0 1
2025 48 38.1 1.9 77.0 56.0 39.1 225 225 1
2030 50 39.6 2.0 82.0 59 41.6 250 24.0 1
2035 53 41.1 2.1 82.0 590 41.6 275 265 1
2040 55 42.6 2.2 82.0 59 41.6 300 27.0 1
2045 55 42.6 2.2 82.0 59 41.6 325 285 1
2050 55 42.6 2.2 82.0 590 41.6 350 30.0 1

o W W NP ONMMDBM

Source: DTI, 2006
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