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Abstract

Policy intervention is essential for enabling energy decarbonisation, and historic examples such as wind and
solar power show how well-designed policy can lead to long term system benefits. Hydrogen technologies are
emerging technologies that, with sufficient policy support, can also become established and provide valuable
energy services. In this study, the policies available for supporting emerging energy technologies and en-
couraging system decarbonisation are analysed, and their relevance to hydrogen technologies is considered.
Value chain optimisation is used to assess the effectiveness of these policies in a system undergoing trans-
ition to net-zero emissions. The optimisation results show that both carbon budgets and carbon taxation
approaches can be effective in achieving net-zero emissions, but that the details of the policy design can
significantly influence overall costs and emissions. The results also show that in a net-zero energy system,
hydrogen technologies have a role in industry without needing specific policy support, but policy intervention
is needed for hydrogen to become established in other sectors (such as domestic and commercial heating).
Both feed-in tariffs and obligations for hydrogen injection were found to be effective at increasing hydrogen
uptake, although with an increase in overall system cost of £11-14 for each additional MWh of hydrogen in
the system. This study shows the benefits of using value chain optimisation to analyse energy policies and
technologies. It also emphasises the importance of careful policy design in order to achieve the best overall

system outcomes.
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Nomenclature

Abbreviations

AIMMS Advanced Interactive Multidimensional Modeling System

BEIS Department for Business, Energy and Industrial Strategy (UK Government)
CCGT Combined Cycle Gas Turbine
CCS CO; Capture and Storage
CiD Contracts for Difference

CHP Combined Heat and Power
CO, Carbon Dioxide

010) ¢ Coefficient of Performance
CPF Carbon Price Floor

ETS Emissions Trading System
FIT Feed in Tariff

GB Great Britain

GHG Greenhouse Gas

H, Hydrogen

HP High Pressure

ICE Internal Combustion Engine
IEA International Energy Agency
LCFS Low Carbon Fuel Standard
LP Low Pressure

OCGT Open Cycle Gas Turbine
RHI Renewable Heat Incentive
RO Renewables Obligation

RPS Renewable Portfolio Standard
RTFO Renewable Transport Fuel Obligation
SMR Steam Methane Reforming
tCOq Tonnes of Carbon Dioxide
UoR Unit of Resource

VWM Value Web Model

Mathematical notation®

Indices and sets

beB Transport infrastructures
ceCcR Biomass resources (“crops”)
deD Daily interval types (e.g. weekday, weekend)

IThis section covers the new equations and constraints presented in this article. The complete mathematical formulation of
the model, and the nomenclature, can be found in a previous paper by Samsatli and Samsatli [1] and also in the supplementary
material for this paper.
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System impacts (e.g. costs, CO2 emissions)

Hourly (sub-day) intervals

Linepack technologies

Transport technologies

Conversion technologies

Commercial /industrial conversion technologies
Domestic conversion technologies

Conversion technologies that represent hydrogen injection into the gas grid (either
partial or complete conversion)

Conversion technologies that produce hydrogen
Resources

Storage technologies

Solar PV installation types (e.g. solar farm and rooftop)
Seasonal time intervals

Wind turbine type (e.g. onshore and offshore)

Long term planning time intervals (e.g. decadal)

Spatial zones

Annual CO5 budget during planning period y [MtCOq/yr]

System impact of producing a unit of biomass crop c in season ¢ of planning period y
[£/t or tCO2/t] (impacts of planting, cultivating and harvesting the crop)

System impact of importing a unit of resource r during hour h, day type d, season ¢
and planning period y [£/MWh or tCO3/MWh]

System impact of producing a unit of resource r during hour &, day type d, season ¢
and planning period y (e.g. domestic natural gas production) [£/MWh or tCO2/MWh]
System impact of exporting a unit of resource r during hour h, day type d, season ¢ and
planning period y [£/MWh or tCOy/MWHh]

System impact of the capital investment in a technology in planning period y [£ or
tCO3]. * represents transport infrastructures b, linepack technologies [, conversion
technologies p, storage technologies s, solar PV installations sl or wind turbines w
Distance between the centres of spatial zones z and z’ [km]

Factor for discounting operating (annual) impacts 4 incurred in planning period y back
to the beginning of the time horizon

Factor for discounting capital investments made in planning period y back to the
beginning of the time horizon (i.e. the start of the first planning period). * represents
transport infrastructures b, linepack technologies [, conversion technologies p, storage
technologies s, solar PV installations s/ or wind turbines w

Minimum allowable annual level of hydrogen injection into the gas grid in planning
period y [MWh/yr]

Duration of sub-day interval h [h]

Number of occurrences of day type d in a week (e.g. 5 for a weekday, 2 for a weekend)
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Variables

total
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Cost,y
total
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Hy

Number of repeated weeks in season ¢

Number of repeated years in planning period y

Number of pre-existing solar PV installations of type sl in zone z in planning period y
(accounts for estimated retirement dates)

Number of pre-existing wind turbines of type w in zone z in planning period y
(accounts for estimated retirement dates)

Taxation rate (cost impact) for one tonne of CO5 emissions during planning period y
[£/tCOx]

Feed-in tariff payment (cost impact) for one MWh of hydrogen injected into the gas
grid during planning period y [£/MWHh]

Conversion factor of hydrogen (r = Hy) by technology p in planning period y
Directionality parameter for transport infrastructures b: = —1 if one-way unidirectional
(can only be built and operated in one direction); = 0 if two-way unidirectional
(unidirectional infrastructure but can be built in both directions); = 1 if bidirectional
(only one infrastructure needed that can be operated in either direction)

Factor representing variations in the impact @ of production technology p in spatial
zone z

Factor representing variations in the impact ¢ of production technology p in planning
interval y (e.g. to represent cost learning reductions over time)

Annual O&M (fixed) impact of a technology in planning period y [£/yr or tCOqy/yr]|. *
represents linepack technologies [, conversion technologies p, storage technologies s,
solar PV installations s/ or wind turbines w

Variable operating impact of a technology in planning period y [£/MWh or
tCO2/MWHh]. * represents linepack technologies I, conversion technologies p, solar PV
installations sl or wind turbines w

Variable operating impact of a task for storage facility s in planning period y [£/UoR
or tCO2/UoR]. * represents either the “get”, “hold” or “put” task

Distance-dependent variable operating impact of transport process [ in planning period
y [£/km/MWh or tCO2/km/MWh]

Distance-independent variable operating impact of transport process [ in planning
period y [£/MWh or tCO2/MWHh] (e.g. flat rate freight charges)

Weighting factor for including performance indicator ¢ in the objective function

Total net present impact of performance indicator ¢ in planning period y

Total net present cost impact of CO4 taxation in planning period y [£M]

Total net present cost impact of hydrogen feed-in tariffs in planning period y [£M]
Total net present CO4 impact of all technologies and resources in planning period y
[MtCOs]

Total hydrogen injected into gas grids per year in planning period y [MWh/yr]
Total hydrogen produced by hydrogen-producing technologies per year in planning
period y [MWh/yr]
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Operation rate of a task by linepack system [ in zone z during hour h of day type d in
season ¢ of planning period y [MWh/h]. * represents either the “get”, “hold” or “put”
task

Import rate of resource r in zone z during hour A of day type d in season ¢ of planning
period y [MWh/h]

Total number of a technology in zone z during planning period ¥. * represents
transport infrastructures b, linepack technologies [, conversion technologies p, storage
technologies s, solar PV installations sl or wind turbines w

Number of new technologies invested in at the beginning of planning period y in zone z.
* represents transport infrastructures b, linepack technologies [, conversion technologies
p, storage technologies s, solar PV installations s/ or wind turbines w

Total emissions of (uncaptured) COq by conversion technologies in planning period y
[tCO2]

Total rate of operation of conversion technology p in zone z during hour h of day type d
in season ¢ of planning period y [MW]

Operation rate of transport technology m from zone z to zone 2’ during hour h of day
type d in season t of planning period y [MWh/h]

Operation rate of task by storage s in zone z during hour h of day type d in season ¢ of
planning period y [MWh/h]. x represents either the “get”, “hold” or “put” task
Utilisation of natural resource r in zone z during hour h of day type d in season t of
planning period y [MWh/h]

Export rate of resource r in zone z during hour h of day type d in season ¢ of planning
period y [MWh/h]

Objective function

Post-optimisation metrics
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1. Introduction

Average increase in net present system cost per tonne of COs saved, compared to a
reference case [£/tCOq]

Marginal change in net present system cost that would arise for a change in the CO,
budget of 1 tCO3 in planning period y [£/tCO2]

Total quantity of hydrogen produced across the entire scenario time horizon in the
reference case [MWh]

Total COy impact across the entire scenario time horizon in the reference case [MtCOs]
Total cost impact across the entire scenario time horizon in the reference case [£M]

Estimated trading price of CO4 allowances during planning period y

Energy systems are likely to require new energy technologies and carriers, such as hydrogen, in order to

decarbonise, but government intervention is likely to be necessary to help these technologies establish them-

selves. Well-designed government intervention requires an understanding of both the optimal pathway to



decarbonisation and the efficacy of the policy options available. In this study, different policies for bringing
about decarbonisation and supporting new energy technologies are considered and modelled through value

chain optimisation, focussing in particular on the role of hydrogen.

There is increasing consensus that energy systems will need to reach net-zero emissions in order to prevent
the worst effects of climate change [2]. Whilst this may be technically possible, it will require government
intervention to support low-carbon technologies and shift away from existing greenhouse gas (GHG) emitting
technologies. However, it is important that the energy transition is both equitable and cost-effective, so the

design of any government intervention must be considered carefully.

For energy systems to eliminate GHG emissions, various technology solutions will be needed, including both
well-established technologies, such as wind turbines and solar photovoltaic (PV), and emerging technologies.
Hydrogen is one emerging solution that may have an important role in helping to decarbonise energy systems
[3]. Hydrogen is an alternative energy carrier to electricity or fossil fuels, and can be converted to heat or
electricity without generating GHG emissions. If hydrogen is produced via electrolysis (powered by renewable
electricity), from bioenergy, or from fossil fuels with carbon capture and storage (CCS), then the production
of hydrogen is also low-carbon. There are many possible applications for hydrogen, including heating in

homes and industry; as a transport fuel; for bulk electricity storage; and as a chemical feedstock [4].

However, it is unclear exactly how hydrogen should be used to maximise its benefit to decarbonising energy
systems, and key hydrogen technologies (e.g. electrolysers and fuel cells) are yet to mature sufficiently to
make significant contributions to energy systems. Governments can support these technologies, and doing
so now could save GHG emissions and costs in the long run. However, government intervention must be

carefully designed to ensure that the energy transition is both cost-effective and equitable.

This study provides a detailed analysis of policy incentives for hydrogen, and considers hydrogen technologies
within the electricity, heat and industrial sectors. A range of policies are evaluated, including capital grants,
hydrogen feed-in tariffs, and obligations on hydrogen uptake. Additionally, different CO4 taxation and COq

budget policy strategies are evaluated.

The assessment includes value chain optimisation of a national energy system using the Value Web Model
(VWM), which was developed by Samsatli and Samsatli [1]. This study builds on the work of Quarton and
Samsatli [5], in which the VWM was used to assess the potential for hydrogen injection into the gas grid. A
number of new developments are included in this work compared to previous studies with the VWM, which
will lead to novel insights:

1. A 40 year time horizon is modelled, including the transition of a present-day system to net-zero
emissions. Value chains with net-negative CO, emissions are also modelled for the first time, in order
to help the system achieve net-zero emissions.

2. A full suite of policies is modelled, for supporting both the decarbonisation of the system (COq tax-
ation and COy budgets) and the uptake of hydrogen technologies (capital grants, feed-in tariffs and
obligations). This study represents the first time that value chain optimisation has been used for such
a comparison of different policy interventions, enabling a a holistic analysis of the different pathways
to net-zero and comparing them in their optimal configurations.

3. A new set of post-optimisation metrics is developed, for example hydrogen policy cost-effectiveness, to

enable better interpretation of the optimisation results.



4. Various sensitivity studies are conducted, for example considering the effect of the model discount rate,

to assess the robustness of the model and results, and to develop new energy system insights.

The remainder of this paper is structured as follows. Section 2.2 provides a literature review of modelling
to evaluate energy policy options, followed by an analysis of the available policies for encouraging an energy
transition. The scenario modelling method is then described in Section 3, including details of the Value
Web Model used for the value chain optimisation, and details of the scenarios that were modelled. Section

4 presents and discusses the results of these scenarios, and finally conclusions are given in Section 5.

2. Literature review

2.1. Modelling to evaluate energy policy options

Scenario modelling can be valuable for assessing the effectiveness of energy policies, by modelling scenarios
in which different policies are imposed and measuring the consequences using metrics such as technology
uptake, costs, and environmental impacts [6]. Chai and Zhang [7] used modelling to compare energy policies
within the China energy system, emphasising that increased spending was needed throughout the research,
development and demonstration stages for emerging energy technologies. Meanwhile, Martinsen [8] assessed
the interactions between domestic policies and global learning rates on the uptake of new technologies in
Norway, through MARKAL-based modelling, finding that domestic subsidies could encourage uptake of
technologies, but have limited impact on emissions. Global energy scenario studies, such as the World
Energy Outlook [9], also model energy policies but generally have little comparison of policy options. Often
these studies use explorative scenarios, which focus on policies that are already in place or planned, and they
can therefore underestimate the uptake of emerging technologies [6].

Whilst general policy studies are valuable, hydrogen has unique characteristics, so needs specialist consid-
eration. Many energy policy studies focus on the electricity sector, and hydrogen can contribute here, but
it could also span other sectors including heat, industry and transport. Furthermore, hydrogen is an energy
carrier that has multiple technologies and infrastructures associated with it, such as electrolysers, fuel cells,
hydrogen storage and hydrogen transportation infrastructures, therefore the challenge may be to establish

multiple different technologies concurrently: a chicken-and-egg problem [10].

Various reviews have assessed the potential of hydrogen and provided recommendations for future policies.
Ball and Weeda [10], for example, state the need for robust policy support of hydrogen, both in the level and
longevity of the support provided. The Hydrogen Council argue that hydrogen can scale up and become cost
competitive in many sectors, but only with significant support, including regulatory support, infrastructure
investment, financial support and new market creation [11]. The IEA have argued that policies are needed

to stimulate commercial demand for hydrogen, mitigate risks, and promote research and development [4].

Several studies have modelled hydrogen within energy systems but with little consideration of policies beyond
decarbonisation constraints. Panos et al. [12] and Blanco et al. [13] both used TIMES-based models, of the
Switzerland and EU energy systems respectively, to model hydrogen and other technologies under varying

decarbonisation constraints. McPherson et al. [14] used MESSAGE to model electricity storage options



(including hydrogen) in scenarios with and without a COs tax, finding that increased levels of R&D for
flexibility technologies were needed in scenarios without COz taxes. Cerniauskas et al. [15] optimised
hydrogen supply chains to compare the competitiveness of hydrogen with incumbent energy carriers under
various COs tax rates. In a roadmap study for hydrogen in the Flanders region of Belgium, Thomas et al.
[16] modelled various hydrogen case studies, and made recommendations for future hydrogen policies, but
did not model them.

Net-zero has only recently become an ambition for many energy systems, and is likely to affect hydrogen
uptake, however it was not modelled in any of the studies mentioned above. Panos et al. [12] and Blanco
et al. [13] both identified that more stringent decarbonisation constraints typically lead to a greater role for
hydrogen in the scenario results. For many of the hardest-to-eliminate emissions, for example in industry or
long-haul transport, hydrogen is the low-carbon alternative with the most potential [17]. Therefore, moving
to an ambition of net-zero emissions is most likely to increase the demand for hydrogen, so this should be
accounted for in modelling studies.

Some studies have modelled hydrogen-specific incentives but all have focussed on Feed-In Tariffs (FITs).
Scamman et al. [18] modelled a range of business case studies for power-to-hydrogen and injection into
the gas grid with varying FITs, capital grants and electricity prices, finding that with appropriate support
now, learning rates would make power-to-gas self-sustaining by 2030. Budny et al. [19] also modelled some
business case studies, focussing on storage and access to balancing markets in Germany, but found that high
FITs were necessary to achieve profitability. Finally, Quarton and Samsatli [5] assessed the prospects of
hydrogen injection into the gas grid in the UK through value chain optimisation, finding FITs of £20/MWh
to be sufficient to incentivise low levels of partial injection in the present-day system.

In this study, the approach used by Quarton and Samsatli [5] was developed further, for the first time
accounting for a range of policies beyond FITs, including capital grants, and obligations on hydrogen uptake.
Additionally, different policy strategies for achieving a net-zero energy system were considered, including
CO; taxation and COs budgets.

2.2. Policies to incentivise energy technologies

In the following subsections, the policy tools available to governments for encouraging energy transitions are
examined. Figure 1 presents an overview of the policy types considered in this section, including the stage of
technology development at which they are typically used. Policies are separated into two categories: policies
for penalising existing technologies and policies for supporting emerging technologies. More details on these
policies, including actual examples and discussion of how they may be applied to hydrogen, are given in the

following subsections.

2.8. Penalising existing technologies

A key challenge for energy policy is to correct for energy market failures, such as negative externalities [20].
For example, well-established, low-cost technologies often have adverse environmental impacts which can be
penalised by policy intervention. This may either encourage these technologies to innovate (e.g to reduce

COg emissions), or create a more level playing field for emerging technologies.
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Figure 1: Policy options for either penalising existing energy technologies or supporting emerging technologies. The vertical
positions of the policy types indicate the stage of technology development at which they are typically applied.

Table 5: Categorisation and examples of policies aimed at penalising existing energy technologies

Examples
Category . . L
Location Policy Sector/Application Ref.
Emissions pricing
Carbon tax British Columbia Carbon tax All * [21]
Carbon cap and trade EU Emissions Trading System (ETS) Industry, Electricity [22]
Direct legislation
Various Vehicles emission standards Transport [23]
Various Ban on sales of vehicles with Transport [24]
internal-combustion engines
UK Coal & wet wood ban (Clean Air Heat [25]
Strategy)

* Greenhouse gas emissions from all combustion of fossil fuels are included, excluding a few minor exemptions [21].

Table 5 summarises the policy types that are considered in this section, with some real-life examples. Typic-
ally these policies are used to penalise well-developed technologies, but could also be used for less-developed

technologies.

2.3.1. Emissions pricing

Emissions pricing is widely discussed for incentivising emissions reductions, and there are some examples
of successful emissions pricing policies. A detailed discussion of the wider economic merits and drawbacks
of emissions pricing is beyond the scope of this study but many valuable reviews have been written on the
subject. For example: Narassimhan et al. [22] reviewed the practical aspects of the emission trading systems
in several global regions; Sumner et al. [26] examined the effectiveness of policies aimed at reducing carbon
emissions; Goulder and Schein [27] compared the benefits and the impacts of carbon taxes against cap and
trade approaches; and Zhang and Wang [28] reviewed different policies for carbon mitigation in 144 countries
around the world. This section describes the main options for emissions pricing and discusses how they might
influence emerging energy technologies, in particular hydrogen.

Emissions pricing aims to account for the negative externality that is GHG emissions by imposing an addi-



tional cost on emitters [27]. Whilst this does not directly influence emerging technologies, it makes incumbent,
high-emission technologies more expensive, which may allow low-carbon alternatives to enter the market, or
encourage emitters to invest in decarbonisation. Two common approaches for emissions pricing are carbon

taxation or carbon cap-and-trade.

With a carbon tax, governments collect tax for each tonne of COy emitted by each organisation within
the taxation system [26]. Carbon taxes are relatively straightforward to implement and generate a revenue
stream for the government, but they are also a relatively blunt tool and could be regressive if the collected

revenue is not re-distributed equitably [28].

In British Columbia a carbon tax has been implemented relatively successfully: in 2015, Murray and Rivers
[21] estimated that the tax had helped to reduce emissions by between 5% and 15%, with negligible impacts on
the wider economy. The scheme was designed to be revenue-neutral, with tax revenues being redistributed
through various fiscal measures, to limit the social impacts. Carbon taxes have also been introduced in
Sweden, New Zealand, and Chile [28].

Carbon cap-and-trade (also known as carbon trading or emissions trading) is an alternative to carbon taxa-
tion, where an allowable level of emissions across the whole system is determined, and emissions allowances
are allocated to all organisations within the system [22]. Allowances can be traded so that emitters can
either reduce their own emissions or purchase allowances from others. The total number of allowances can
be reduced over time, reducing overall emissions. An advantage of carbon-trading schemes is that the market
determines the most cost-effective way to eliminate emissions, with the price of emissions allowances (COq
trading price) being influenced by the rate at which decarbonisation is achieved. However, the scheme must
be carefully managed to ensure that the CO5 trading price is sufficiently high and to prevent emissions

leakage into other countries outside the scheme [27].

Examples of carbon-trading schemes include the EU Emissions Trading System (ETS), and schemes in
Switzerland, South Korea, California, and China [22]. Early carbon-trading implementations faced some
operational issues, such as overestimation of allowable emissions, but more recent implementations (e.g. in

California and South Korea) have learned lessons from these issues and been designed more carefully [22].

In some cases, carbon taxes are used in combination with carbon-trading schemes, to cover aspects not
accounted for by the trading scheme. In the UK, for example, the Carbon Price Floor (CPF) sets a minimum
limit for the COx2 trading price. If the price falls below the CPF, the price difference is collected as tax [29].
In France, a carbon tax is imposed on emissions that fall outside of the EU cap-and-trade scheme, such as

transport and domestic heating [21].

2.8.2. Legislation

Direct legislation can be used to specify standards for technologies (e.g. allowable emissions levels), or
whether certain technologies are allowed to operate at all (e.g. banning the worst-polluting technologies).
In the transport sector, many governments have requirements for allowable levels of emissions for vehicles
[23], and several governments have announced plans to ban the sales of internal-combustion engine (ICE)
vehicles altogether [24]. Similar measures exist in other sectors: in the UK, for example, the sale of coal and

wet, wood for use in domestic heating has been banned on air-quality grounds [25].

10



Table 6: Categorisation and examples of policies for supporting emerging energy technologies

Examples
Category . . L.
Location Policy Sector/Application Ref.
Technology development
Innovation spending USA DOE Hydrogen and Fuel Cells program Various [30]
Japan Basic Hydrogen Strategy Various [31]
EU Fuel Cells and Hydrogen Joint Technology Various [32]
Initiative
Technology roll-out
Capital grant/subsidy  Various Support for wind and solar installations Renewable electricity — [33]
UK Hydrogen for Transport Programme Hydrogen refuelling [34]
California Alternative and Renewable Fuel and Vehicle Hydrogen refuelling [35]
Technology Program
Technology
competitiveness
Price-driven Germany Feed-in tariff (FIT) Renewable electricity — [36]
UK Contracts for Difference (CfD) Low-carbon [37]
electricity
UK Renewable Heat Incentive (RHI) Heat / Gas [38]
Quantity-driven UK Renewables Obligation (RO) Renewable electricity — [39]
UK Renewable Transport Fuel Obligation (RTFO)  Transport fuel [40]
California Low Carbon Fuel Standard (LCFS) Transport fuel [41]
New markets Various” Balancing markets Electricity [42]

* For example, the majority of EU countries have their own balancing markets, each with unique regulations [42].

These policies could influence hydrogen technologies. Hydrogen fuel cell vehicles are an alternative to ICE
vehicles, for example, so they are likely to benefit from the ban on ICE vehicles. Similar effects would be
achieved in other sectors: in the heat sector, for example, low-carbon technologies would benefit if natural-gas

boilers were banned.

A challenge for policies intended to penalise existing technologies, whether through emissions pricing or
direct legislation, is vested interests. Penalised technologies are likely to have stakeholders who stand to lose
if these technologies are made less competitive or banned altogether, and these stakeholders may attempt
to influence legislation to reduce its potency. Consequently, policies in this category may require a strong
mandate for the government to overcome these vested interests.

2.4. Supporting emerging technologies

Support for new energy technologies can be provided throughout the technology life-cycle, including: tech-
nology development and demonstration; commercial roll-out; and aiding the technology’s market competit-
iveness. Supporting new technologies may help them develop and become competitive in their own right, or
correct for market externalities. The policy categories considered in this section, along with examples, are
given in Table 6.

2.4.1. Supporting technology development

Government investment in technology innovation is important to help new technologies to develop, and

should be provided to support the research, development and demonstration stages of the technology. The

11



900 0O Other

@ Denmark

@ Norway

W Italy

@ Netherlands

B United Kingdom
B Canada

B Australia

@ Switzerland

@ Germany

O France

O South Korea

Hydrogen and Fuel Cells R,D&D Spend (€million)

@ United States

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 @ Japan

Figure 2: Historic research, development and demonstration spending on hydrogen and fuel cells in IEA countries. Data from
[43].

private sector may also invest in innovation, voluntarily or under government obligation, depending on the
specific technology and present market need. Investment in innovation can help to develop prototypes,

scale-up to demonstration and later commercial scale, improve performance, and reduce costs.

Most developed countries have energy innovation programmes, many including hydrogen. In 2018, Inter-
national Energy Agency (IEA) member states spent €15.4 billion on energy research, development and
demonstration projects, of which €478 million was spent on hydrogen and fuel cell projects [43]. Figure 2
shows historic innovation spending on hydrogen and fuel cells in IEA countries. Notable programmes include
the US Department of Energy’s Hydrogen and Fuel Cells programme [44], including the H2@Scale project
[45], various schemes as part of Japan’s “Basic Hydrogen Strategy” [31], and the Fuel Cells and Hydrogen
Joint Technology Initiative, part of the EU Horizon 2020 Framework [32].

For the energy transition, continued innovation spending will be valuable to hydrogen technologies at various
stages of development. Many hydrogen technologies have been shown to be technically viable, but need
further development and demonstration to prove functionality, scale-up, and achieve efficiency and cost
improvements: example technologies include large-scale electrolysis and fuel cells, hydrogen gas turbines,
hydrogen storage, hydrogen injection into gas grids, and use in long-haul and heavy duty transport [4].
Meanwhile there may be other technologies at earlier stages of development that have the potential for

significant future contributions [46].

2.4.2. Supporting technology roll-out

Capital grants or direct spending on a technology can be used to cover some or all of the upfront costs of
installation: to encourage technology learning, or simply to aid roll-out of the technology so that it can
provide system benefits (e.g. lower emissions) [33]. Capital grants and similar financial support have been
used in numerous countries to support renewable-energy technologies; early examples include subsidies for
wind turbines in the USA and Europe in the 1980s [47] and for solar PV in Japan in the 1990s [48].

This type of scheme already exists for hydrogen vehicle refuelling stations, including schemes in the UK

[34], California [35], and Germany [49]. This approach is valuable because hydrogen vehicles rely on a
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well-established refuelling infrastructure: by helping to install the infrastructure, the purchase of hydrogen
vehicles will be encouraged. Alternatively, grants for the purchase of the vehicle itself can be offered: such
schemes already exist in the UK [50], Germany [51], California [52], Japan [53], South Korea [54], and China
[55].

As with hydrogen for transport, hydrogen for heating relies on a hydrogen distribution infrastructure, so
investment support for new hydrogen distribution infrastructure, or conversion of existing natural gas infra-
structure to hydrogen, would reduce the obstacles to uptake of hydrogen for heating. Governments could

also support the up-front cost of converting homes to hydrogen (e.g. new hydrogen boilers).

2.4.8. Supporting technology competitiveness

Whilst early support of technology development is necessary, support within markets may also be needed
for technologies to establish themselves [20]. Penalising existing technologies can assist this by creating a
more level playing field for emerging technologies, but is unable to target specific emerging technologies, so
more developed (i.e. lower cost) technologies may be favoured. Therefore more direct support of emerging
technologies through intervention into existing markets may be preferred: for example with price-driven
incentives (adjusting market prices) or quantity-driven incentives (imposing requirements on the quantities
of energy supplied by certain technologies). Alternatively, new markets can be created that aim to reward

specific technology offerings.

2.4.3.1. Price-driven incentives.

Feed-in tariffs (FITs) are a type of price-driven incentive that have widely been used in electricity markets
to incentivise renewable generators, usually by guaranteeing a certain price for the renewable electricity.
A prominent example of a FIT scheme was implemented in Germany to incentivise wind, solar PV, and
biomass electricity generation by obliging electricity utilities to buy all generation from qualifying renewable
generators at a pre-determined price [56]. Different price-driven incentives have been used worldwide with
different formats but performing similar functions. For example the contract for difference (CfD) scheme in
the UK involves long term contracts with generators for a fixed price (the “strike” price). When the market
price is below the strike price, the government pays the difference, but if the market price exceeds the strike

price, the generator must pay the difference back [37].

Price-driven schemes also exist beyond the electricity sector. Under the Renewable Heat Incentive (RHI) in
the UK, the government pays an incentive of around £22-49 for each MWh of biomethane injected into the
natural gas grid [57], and similar schemes exist in other EU countries [58]. Price-driven incentives can also
support the energy consumer instead of the energy producer, for example making payments for each unit of
heat generated by qualifying heating technologies [38].

A challenge for price-driven incentives is determining the incentive level. In the original German FIT scheme,
the same fixed price was used for all qualifying generators [39], but this may enable projects with costs lower
than this fixed price to capture surplus profit, whilst higher cost (e.g. less developed) projects may still
struggle to compete [59]. Therefore a technology-specific tariff may be preferred, as was later adopted in

Germany [56]. Alternatively, auctions can be used to determine tariffs: in the UK CfD scheme, qualifying
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renewable generators bid with the rate they would receive for their electricity generation, and contracts are
awarded to the lowest bids [37]. In this way, generator surplus profit should in theory be reduced [36]. This
scheme also includes separate technology “pots”, so that less developed technologies do not compete with
more developed technologies [37].

Although no examples of price-driven hydrogen incentives for producers are currently in use, similar models
to those described above would be feasible for hydrogen. For example, studies have considered FITs for
hydrogen injection into gas grids (e.g. using whole-system value chain optimisation [5] and a feasibility
analysis [18]), which could resemble the biomethane injection tariffs described above. Other price-driven
hydrogen incentives are less obvious, as hydrogen is a separate energy carrier, so does not compete directly
with existing energy carriers. The European Commission is considering a price-driven incentive to support
low-carbon hydrogen in industry, using a contract-for-difference approach, linked to the carbon price [60].
Alternatively, payments could be made for the production of fuels synthesised from low-carbon hydrogen,
such as synthetic methane, methanol, or Fischer-Tropsch hydrocarbons [61]. On the consumer side, price
incentives could reduce the retail price of hydrogen as it competes with alternatives, for example transport

fuels.

2.4.8.2. Quantity-driven incentives.

Quantity-driven incentives, also known as Renewable Portfolio Standards (RPS), typically compel the market
to purchase a quantity of the supported resource, allowing the market to determine the most cost-effective
way of doing so [59]. Such schemes are often used in conjunction with tradeable certificates, which can be
traded between generators who have not reached their quota and those who have (and hence have surplus
certificates). There may also be the option for generators to buy-out if they have missed the quota, by paying

a pre-defined penalty price.

RPS schemes have been used in the electricity sector in various countries, including the UK and Italy [39],
and Australia and China [62], but can also be used in other sectors. For example, as part of the Renewable
Transport Fuel Obligation in the UK, large-scale suppliers of transport fuel must show that a percentage of
the fuel they supply has come from renewable and sustainable sources, and tradeable certificates are used
[40]. The Zero Emission Vehicle mandate, in use in 11 states in the USA, works on a similar principle,
mandating that vehicle manufacturers supply a certain proportion of low emission vehicles, with a tradeable
credit system [63].

Alternatively, quantity-driven schemes can specify a different parameter to control, such as CO5 intensity. In
California, for example, the Low Carbon Fuel Standard (LCFS) ensures that suppliers of transport fuel have
a maximum allowable CO intensity across all of the fuel they supply: credits are available for fuels with lower
COg, intensities (and are also issued for electric and hydrogen charging and refuelling infrastructure), and
can be traded to offset fuels with higher CO3 intensities [41]. A CO; intensity scheme may not achieve the
same results as a conventional RPS scheme: for example, a conventional RPS may not distinguish between
wind and solar electricity generation, despite the two technologies having different levels of embedded COs.

Whereas price-driven incentives determine the level of incentive in advance, quantity-driven incentives can

allow markets to determine how the quota is met, and the value of the qualifying generation (e.g. the trading
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price of certificates) [59]. This should minimise producer surplus profit, provided the certificate trading price
settles at the marginal cost of production from qualifying sources. However, as with price-driven incentives,
this may not be effective if some qualifying technologies have lower costs than others (e.g. because they
are more developed) [39], so may need to be managed with separate technology categories (with separate

certificates and quotas).

Accountability is important with quantity-driven schemes, as there have been instances where the quotas
have never been met, either due to no enforceability (e.g. in China [62]) or a low buy-out penalty price (e.g.
the UK Renewables Obligation [39]). Quantity-driven schemes may also present more investment risk, for
example if the certificate market is unstable, which could increase overall costs. Finally, Haas et al. [39]
suggest that quantity-driven incentives with certificate schemes may be more administratively complex and

therefore more costly to implement.

As with price-driven incentives, quantity-driven incentives are most easily applicable to hydrogen in markets
where it can compete directly with alternatives. For example in transport, hydrogen is already included
within the LCFS used in California and elsewhere. Quantity-driven incentives could be implemented in gas
markets if an obligation were imposed on gas suppliers to inject a minimum amount of hydrogen into their
gas grids. Tradeable certificates could also be used, with different values depending on the CO; intensity
of the injected hydrogen. Alternatively, a COs-intensity based scheme could be used, where gas suppliers
are required to achieve an average COs intensity for all injected gas; this approach would support both
hydrogen and biomethane injection. Applications of quantity-driven incentives to support hydrogen in other
sectors are less obvious but may be more achievable than price-driven incentives; examples could include an
obligation for industries to switch to hydrogen where possible (e.g. in steel production and refining [4]), or

a minimum required level of renewable hydrogen in industries that currently use fossil hydrogen.

In theory, quantity-driven incentives, especially those using tradeable certificates, may achieve lower system
costs than price-driven incentives, as they encourage more competition between supported technologies.
However, examinations of various EU schemes for supporting renewable electricity suggest that price-driven
incentives have achieved greater technology uptake at lower cost [39]. This may be due to the greater stability
and lower regulatory and market risks of price-driven incentives, and may explain why some countries that
initially adopted quantity-driven incentives, such as the UK and Italy, have more recently moved to price-
driven systems. For either price-driven or quantity-driven incentives, technology-specific schemes are seen
to be more cost effective than technology-neutral ones, as they help to minimise the surplus profit for the

operators of lower cost technologies [59].

2.4.3.3. Creating new markets.

If emerging technologies are unable to compete with incumbent technologies within existing markets, new
markets can be created that value different characteristics. For hydrogen, markets that reward flexibility
may be valuable. Flexibility is becoming increasingly important as intermittent renewables contribute more
to energy systems, but conventional energy markets do not necessarily value this, instead focussing on a fixed
price per unit of energy delivered [64]. Energy storage and transportation technologies, including hydrogen,

could provide valuable services to energy systems but need markets to recognise this value.
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Flexibility is most valuable in the electricity sector, due to the increasing penetration of intermittent re-
newables and the need for supplies and demands to be balanced instantaneously; in other sectors there are
often already flexibility solutions in place, such as gas grid linepack flexibility [6]. Electricity flexibility is
needed for a range of functions, including security of supply through backup capacity, rapid power ramping,
supplying peak energy demands, and managing power quality [65]; markets must be found that value these
services. In many countries the electricity transmission system operator already offers payments for flexibility
services [42]. Typically, services are categorised based on response speed, ramp rate and response duration;
payments may be a fixed payment per MW of capacity, per hour that the service is available, in addition
to a payment for each MWh of energy used. Procurement of these services varies: in the UK, suppliers are
selected from bids based on cost and the nature of the service being offered [66]. Localised flexibility markets
are also begin to develop, via distribution network operators or independent platforms, that could enable
small producers and even consumers to provide flexibility to the grid [67].

Hydrogen technologies could access these flexibility markets in various ways. Hydrogen is relatively easy to
store, so could be used in dispatchable hydrogen turbines or fuel cells to provide rapid response [68]. Further-
more, hydrogen technologies can also be used for frequency control, either through turbines as synchronous
generators, or with PEM fuel cells and electrolysers [69]. Power-to-gas with injection into the gas grid can
link the electricity system to the gas system, creating opportunities to exploit the flexibility of the gas grid

for electricity grid services [6].

Another example of new markets for hydrogen is in the chemicals and industrial sectors. Globally, around
33% of hydrogen usage is in refining, 27% is used for ammonia, and 10% is used for methanol, but more
than 99% of this hydrogen is produced from fossil fuels, and the supply chains are not typically viewed as
part of the energy system [4]. There could be opportunities for greater sector-coupling, with hydrogen for

chemical and industrial uses being supplied from the energy system, for example from power-to-gas.

3. Methods

The aim of this study was to examine the role of hydrogen throughout a transition from the present day to a
net-zero energy system in 2050, applying a variety of decarbonisation and hydrogen-focussed policies. This
was done by modelling different policy scenarios using value chain optimisation and comparing the optimal
energy system configuration under each policy. The value chain optimisation methodology and details of
the modelled energy system are given in Section 3.1. The design of the different policy scenarios, along with
how they are modelled, is discussed in Section 3.2. Section 3.3 describes the computational statistics of the
optimisation model. Finally, Section 3.4 provides a description of how the optimisation results were analysed

to obtain important metrics and insights.

3.1. Energy value chain optimisation
3.1.1. Value Web Model

The scenario modelling was performed using the Value Web Model (VWM), which is a mixed integer linear

programming optimisation model for designing, and determining the operation of, integrated multi-vector
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energy networks. The mathematical formulation was developed by Samsatli and Samsatli [1] and has recently
been applied to develop low-carbon scenarios for: interseasonal storage and renewable hydrogen for heat [70];
energy networks at the city level [71]; hydrogen and carbon capture, storage and utilisation [72]; and gas
grid linepack, power-to-gas and hydrogen injection into gas grids [5]. The full model nomenclature and
mathematical formulation are presented in the supplementary material. The following paragraphs provide

an overview of the model.

The VWM can simultaneously determine both the design of energy value chains and how they should be
operated in order to minimise the model objective function. In this study, the objective function, Z, is

defined as follows:

7 — Zwitﬂi;tal (1)
1y

Here, ffy"tal is the total impact of all resources and technologies in the model. The index i specifies the
performance indicator that is represented: in this study the indicators that were included were = Cost
and i= CO5. The parameterw; is a weighting factor to specify the relative importance of each performance
indicator in the objective function: in this study the objective was to minimise overall system cost (so

weost = 1 and wep, = 0). The index y represents each decadal planning interval that was modelled.

The definition of ﬂityOtal has 23 separate terms, so in the interest of space it is not presented in this section but
a full description can be found in the supplementary material. In summary, the terms include the following

components:

e Capital, fixed operating and variable operating impacts of all conversion, storage and transportation
technologies;

e Impacts associated with the utilisation of natural resources (e.g. production of natural gas or growth

of biomass);
e Impacts of any resource imports or exports; and

e Impacts of any policy interventions, such as CO5 taxation.

Impacts may be either positive or negative (for example negative CO2 impacts in the case of biomass growth
or offshore CO4 sequestration).

Optimisation decisions include which energy resources should be utilised and when, which energy technologies
should be installed, where and when, and how they should be operated. The VWM is a spatio-temporal
model, meaning that it can account for the spatial distribution and temporal variation of a number of
properties. These include: resource availabilities and energy demands that vary in both space and time,
decisions about where to locate new technologies and when to invest in them (i.e. long term energy system
planning over multiple decades) as well as how to operate them on a seasonal, day-to-day and hourly basis.
The spatial and temporal representation of the model allows it to include a detailed account of energy storage

and transportation /transmission of resources.
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This approach to modelling energy systems is valuable, as it is able to represent large-scale details, such as
the overall decarbonisation pathway and system costs, whilst also representing detailed aspects of the energy
system (which affect the overall performance of the system). For example, specific results such as how a
single technology is operated over the course of a day can be examined. Different modelling constraints
can be imposed to represent policy interventions on the system, for example controlling COs or subsidising
particular technologies. Hence the effects of these policy interventions on the system design, operation, costs,

and environmental impacts can be assessed.

3.1.2. Representation of energy value chains

The VWM can represent entire energy value chains, from primary resource to end-use. The value chains
are represented using a range of energy resources (e.g. electricity, hydrogen and natural gas) and techno-
logies (e.g. conversion technologies, storage technologies and transmission technologies). Figure 3 shows
a schematic of the resources and technologies that are included in the scenario studies and how they are

interconnected.

In general, there are three different types of resource that can be modelled in the VWM. Primary resources,
such as wind or natural gas, have limited availabilities (e.g. dependent on wind speed profiles and land area)
and can be extracted for use in the energy system. Some primary resources, such as wind and solar, require
“resource utilisation” technologies (wind turbines and solar PV) to extract and use the available energy. Some
resources represent final energy services, such as electricity and heat, and have spatio-temporal demands that
must be satisfied. Finally, the other resources represent intermediates or wastes, such as some energy carriers
and COsz (which can be a waste if it is emitted to the atmosphere, or an intermediate if it is captured stored

or utilised).

As illustrated in Figure 3, conversion technologies take certain resources as inputs and produce others as
outputs. Conversion technologies are governed by various constraints including the efficiencies, and other
requirements, with which they convert the input resources to the outputs, maximum and minimum operating

rates, and costs.

Also included in the VWM are storage technologies, that store given resources over one or more time inter-
vals. Storage technologies are governed by constraints including maximum and minimum storage inventory,

resource requirements, etc.

Finally, transmission technologies enable the transportation of resources between spatial zones: two repres-
entative spatial zones, 2 and 2/, are shown in Figure 3, but in practice any number of zones may be modelled.
Some transmission technologies also include some storage functionality, in order to represent gas pipeline

linepack.

In addition to these resource and technology constraints, further constraints in the VWM keep track of

overall system costs, environmental impacts and other factors such as land use.

18



Distributed
- = Electric Electric Electric Electric
Zone z Boiler Boiler Heater Heat Pump Heater Heat Pump
(Domestic) [Commerciall (Domestic) (Commercial) (Domestic) (Commercial)
atural lectricit
LP H, Pressure ydrogen lect Y
Distributed, o Distributed,
T NG Heat
Underground H, NG Grid with| J " q | N K Electricity
H, Storage Distn. Grid | |H2 injection Distn. Grid ESHON Distn. Grid
Electrolysis
Plant Electric
H, fivd Industrial
HP H, Pi ydrogen N
Vessel Storage Compressor (LP) H, Fuel Cell Heating Nuclear
H Power
2
xpender Industrial SRR (Y
[P NG Pressure Methane SMR Heating Heat (Rooftop)
Vessel Storage Compressor (with CC)
Solar PV
Methan A
Ex?:ta:deer/ \ Bty (Farm)
CHP*
Underground = "
@ / Methane ind Turbin,
(LP) (Onshore)
OCGT*
Emitted ind Turbin,
LP NG Pressure Anaerobic — (Offshore)
Vessel Storage Digestor + Gasification CO,
" (with CC) \ CCGT*
Upgrading \
Legend
O Resource Captured CO, Storage
Resource €O,
(primary) /
Transmission technology
(no linepack) H, NG co
Transmission technology DENEMIESE FEEIEEE Pipelizne
C> (with linepack) SYEtel] e
Resource utilisation \
technology
I:l Conversion technology Captured CO, Storage
(* = with or without CC) CO,
Cl Storage technology
Anaerobic | [E2qg ation /I ! "
Digestor + (with CC) CCGT!
LP NG Pressure Upgrading Emitted ind Turbin
Vessel Storage COZ (Offshore)
OCGT*
Methane ind Turbin
Underground (LP) s (Onshore)
NG Storage Methane
- Electricity Solar PV
Expander /' )
Methane Methane "
HP NG Pressure] Compressor (wistlr\:lsc) Indus_trlal Heat Solar PV
Vessel Storage Heating
H, (Rooftop)
Expander
Nuclear
HP H, Pressure Ha Hydrogen i el @ Electric Power
Vessél Storage CEIEESeT @) - Indusf:nal
Electrolysis Heating
Plant
H, NG Grid with| NG 5 E_Iectricit_y
Underground Distn. Grid H, injection -| Biin, @t | N eat . Distn. Grid
H, Storage ISENERGT etworl
atural
ydr_'ogen ~Gas lectricity
LP H, Pressure Distributed, istribute Distributed
Vessel Storage
Boiler Boiler Electric Electric Electric Electric
ZO ne z ! (Domestic)|| {Commercial) Heater Heat Pump Heater Heat Pump
T T (Domestic) (Commercial) (Domestic) (Commercial)

Heat
Distributed

Figure 3: Diagram showing the resources and technologies considered in this study. Primary resources are available that may be
converted by conversion technologies to eventually produce resources that satisfy energy demands. Transportation technologies
can be used to move resources between zones; two representative spatial zones, z and 2/, are shown in the diagram. Finally,

storage technologies can store resources over one or more time interval.
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3.1.3. Resources and technologies included in this study

The resources and technologies in Figure 3 were all included in the scenario modelling for this study. The
input data for these technologies was based on the data in [73] and are presented in detail in the supplement-
ary material. Uptake of hydrogen technologies was the focus of this study, so various hydrogen technologies
were modelled. Alternative energy resources and technologies were also included, such as electricity and

natural gas.

For hydrogen production, three value chains were modelled in this study: reforming of methane, electrolysis
(also known as power-to-gas), and gasification of biomass. Inclusion of a bioenergy production route allows for
the potential for negative CO5 emissions, if the CO4 emitted through gasification is captured and sequestered
in CO4 storage. Design of bioenergy value chains is complex, with different pathways available including
generation of electricity and heat, and the environmental impact of the value chain can depend heavily on
the biomass feedstock and conversion processes used [74]. Evaluation of these issues, specific to bioenergy,
is beyond the scope of this study. Here, a representative biomass to hydrogen value chain was modelled
in order to explore its possible interaction with other hydrogen value chains. The supplementary material
provides more details of the these value chains.

For utilisation of hydrogen, the following technologies were modelled: combined cycle gas turbines (CCGTs)
and open cycle gas turbines (OCGTs) for the conversion of hydrogen to electricity; fuel cells and combined
heat and power (CHP) plants for conversion to electricity and heat; and a range of heating technologies

including domestic and commercial boilers, and generic industrial heating technologies.

Hydrogen storage technologies were also modelled. For larger scale storage, hydrogen can be stored under-
ground in salt caverns and depleted oil and gas fields. Alternatively, hydrogen can be stored above-ground
in pressure vessels including “low pressure” (up to 80 bar) and “high pressure” (up to 500 bar) options.

Hydrogen transmission pipelines with linepack storage capacity were also modelled.

Injection of hydrogen into existing gas distribution grids was also modelled, either partially or via complete
conversion of the gas grid to hydrogen. Partial injection refers to the blending of hydrogen with natural gas,
up to a certain limit (20% by volume in this study). This process involves minimal alterations to existing
natural gas distribution grids, but requires injection equipment to ensure that the maximum allowable level
of injection is not exceeded. Alternatively, “100%” hydrogen injection involves the conversion of natural gas
distribution grids to hydrogen, so that they can no longer be used for natural gas. The practicalities of both
of these injection options, as well as further details of how they are represented in the VWM, are provided
by Quarton and Samsatli [5].

As Figure 3 shows, various other value chains were also modelled, beyond hydrogen. Methane-based value
chains were modelled, including production of either natural gas or bio-methane from biogenic waste. The
methane can then be used in SMR to produce hydrogen, in CCGTs or OCGTs to produce electricity, in
CHP plants, or in various heating technologies in the domestic, commercial and industrial sectors. For the
larger installations (e.g. gas turbines and SMR), the COs emissions can be captured and transported to
offshore CO4 storage sites. As well as using gas turbines, electricity can be produced from wind, solar or
nuclear power. The electricity can subsequently be used to satisfy electricity demands, or for heating in the

domestic, commercial and industrial sectors.
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3.2. Scenario design

Scenarios were modelled using the VWM in order to explore the impact of different policies on both the
transition of national energy system to net-zero by 2050, and the uptake of hydrogen technologies within that
system. Overall, 15 different scenarios were modelled, each with a unique configuration of decarbonisation
policies and hydrogen incentives. Additionally, 23 sensitivity scenarios were modelled, exploring the effects
of certain data assumptions. The policy scenarios were designed based on the information that was gathered

in Section 2.2, and are separated into two groups:

1. Scenarios with policies for penalising existing technologies, in order to achieve energy system decar-
bonisation, and
2. Scenarios with additional policies for hydrogen technologies (whilst still including policies to achieve

decarbonisation).

More details of these scenario groups are given in the following subsections.

The scenarios were designed to represent the Great Britain (GB) energy system. Demands for heat and
electricity in the domestic, commercial and industrial sectors were modelled, that must be satisfied at all
times. Any of the technologies shown in Figure 3 could be installed to convert primary resources into the
final energy demands, although subject to their operational constraints, and incurring costs for installation
and operation. Additionally, existing installed capacities of several technologies were modelled, including

natural gas transmission and distribution infrastructures.

In this study GB was represented with 16 spatial zones, based on the National Grid Seven Year Statement
zones [75]. Temporally, three seasons were modelled: “summer”, “winter”, and a short “peak” season (for the
most extreme energy demands). Within each season, days were represented with four sub-day intervals, rep-
resenting sub-day variability in resource availabilities and demands. Finally, four decadal planning intervals
were modelled, allowing new investment decisions at the beginning of each decade, and long-term trends in
energy demands and technology costs. The model input data used in this study, including technology data
and spatio-temporal resource availabilities and demands, was based on [73], the details of which are provided

in the supplementary material.

As the scenarios that were modelled represent the GB energy system, the currency used for modelling was
British pound sterling (£). In the remainder of this paper, cost data are reported in pounds. In 2019 the
average exchange rate between British pounds and U.S. dollars was £1 = $1.28 [76].

3.2.1. Scenarios with policies for decarbonisation

Table 7 gives a summary of the first set of scenarios, with policies to penalise existing technologies and
achieve decarbonisation. The modelled scenarios include: one in which CO5 was not constrained; a set of
three with different CO5 budget trajectories; and a set of three with different CO5 tax trajectories. Apart
from the “CO2 unconstrained” scenario, the goal of the scenarios is to decarbonise by 2050 at minimum
overall system cost. Although the decarbonisation target is to reach net-zero emissions, whether or not this
is achieved depends on the policies that are imposed (e.g. a CO» tax does not guarantee the system will

reach net zero by 2050, as discussed in Section 2.3.1).
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Table 7: Details of the first set of scenarios, focussing on policies for decarbonisation. The COq tax rates shown are model
input values, and are therefore un-discounted.

Scenario subset CO2 constraint/impact 2020 - 2030 - 2040 - 2050 -
2030 2040 2050 2060
CO2 unconstrained None - - - -
COz budgets CO2 budget (MtCO2/yr):
1) “Late” 236 236 236
2) “Steady” 236 160 80
3) “Barly” 236 100 50
CO2 tax CO2 tax (£/tCOz):
1) “Low” 54 116 177 240
2) “Medium” 54 132 209 290
3) “High” 54 148 241 340

3.2.1.1. COy unconstrained scenario.

In the “COy unconstrained” scenario, no constraints or other policies are applied to COy emissions, so
the optimisation simply seeks to meet all energy demands at minimal cost, irrespective of environmental
impact. This scenario gives an indication of the overall system costs and emissions in a case with no policy

intervention.

3.2.1.2. COs budgets scenarios.

In the “CO5 budgets” scenarios, a constraint was applied that limits the total allowable emissions in each

decade:

co
TEEN, < Bl WyeY (2)
In this equation, ﬂé‘g;ly (the total impact f{;"tal for i = COy) is the total COy impact (net CO5 emissions,
in MtCOy) in the entire system during planning period y; BS°? is the CO3 budget (in MtCO,/yr) in period

y; and n3Y is the number of years in period y.

Three CO2 budget scenarios were modelled with different budget trajectories, shown in Table 7. All cases
have a budget of 236 MtCO/yr in the first decade, estimated from the fourth and fifth carbon budgets set
by the Committee on Climate Change [77] for the sectors that are included in this study. The budget for
the final decade was set to 0 MtCOs/yr in all cases. Each case has different budgets for the intervening
decades: the “steady” case represents a consistent reduction of around 80 MtCQOs/yr per decade, whilst the
other cases represent either slower or faster decarbonisation trajectories that still reach net-zero emissions
by 2050.

With minimal policy intervention, the “late” case theoretically gives the cost-optimal pathway for achieving
net-zero emissions in 2050-2060. Comparison of the three cases shows the effects of different decarbonisation
trajectories on the overall energy system design, CO5 emissions, and costs. These scenarios are also analogous

to a CO4 cap-and-trade scheme, assuming that the entire energy system is included in the scheme.
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3.2.1.8. COy tax scenarios.

Three scenarios were modelled with COs taxes imposed on all CO5 emissions across the system, whilst
negative emissions (e.g. from bioenergy with CCS) are rewarded at the same rate. The net cost to the
system of the CO5 tax is defined as follows:

DEM

COsqtax __ gtotal COq ost,y

fCost,y — < CO2,y Vy DOM VyeyY (3)
COa,y

In this equation the total system COy impact, #&g32! , is multiplied by the CO; tax rate, V,°©2, which has a
pre-defined value for each decadal interval y. The final factor in Equation 3 relates to discounting of cost and
CO5 impacts. All annual impacts in Jigj"tal in the model include a discount factor D%M, which discounts
annual impacts in period y back to the present day (for example to represent the time value of money).
However, CO5 impacts are generally not discounted (but could be in principle, for example to penalise

earlier emissions, which remain in the atmosphere for longer, causing more climate damage). Therefore, the

oM

quotient Degg o

/ D(C)g[z’y is included to convert the discounting of COs into discounting of cost.

The net cost of the CO5 tax, ,ﬂgo?,i;ax, is included in the optimisation objective function (which is a sum of
all system costs), so will incentivise a reduction in CO4 emissions. However, CO emissions are not controlled
directly, so achieving net-zero emissions is not guaranteed, but depends on whether the tax rate is a sufficient

incentive to decarbonise.

In each scenario, the COs tax rate is increased in each decade, reaching its maximum in the final decade. The
tax rates that are modelled (VyCOQ) are given in Table 7 and are un-discounted values. The initial tax rate
of £54/tCO5 is taken from the National Grid FES 2019 “High” CO. price scenario; the rates in subsequent
decades rise linearly [78].

3.2.2. Scenarios with policies for incentivising hydrogen

The second set of scenarios includes policies for supporting hydrogen technologies, to explore their effect-
iveness for encouraging hydrogen uptake. All scenarios in this set also include CO, budgets, equal to the
budgets in the “steady” CO5 budgets case in Table 7, to ensure that the system still reaches net-zero emis-
sions by 2050. The policies that were modelled focus on the use of hydrogen in gas distribution grids, to be

subsequently used for domestic and commercial heat.

Table 8 gives details of the scenarios. The policies that were modelled are based on the information in Section
2.2, and include: a set of scenarios with obligations for hydrogen injection (quantity-driven incentives); a set
of scenarios with feed-in tariffs for hydrogen injection (price-driven incentives); and a set of scenarios with

capital grants for hydrogen boilers.

3.2.2.1. Hydrogen injection obligations.

The first set of hydrogen-focussed scenarios use a quantity-driven incentive. A constraint is imposed stating
that the total amount of hydrogen injected into gas grids in a given decade y must exceed the minimum

required level:
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Table 8: Details of the second set of scenarios, focussing on policies for incentivising hydrogen. The hydrogen FITs shown are
model input values and are therefore un-discounted.

Scenario subset Hs constraint/incentive 2020 - 2030 - 2040 - 2050 -
2030 2040 2050 2060

H, injection obligations ~ Minimum Hpz injection (TWh/yr):

1) “Low” 0 25 50 100

2) “Medium” 0 50 100 200

3) “High” 0 75 150 300
Hj injection FITs Hgz injection FITs (£/MWh):

1) £10/MWh 0 10 10 10

2) £30/MWh 0 30 30 30

3) £50/MWh 0 50 50 50
Hs boiler grants H> boilers capital grant (% of capex):

1) 50% 0 50 50 50

2) 100% 0 100 100 100

H;U > H;mn VyeY (4)

Where H;]”” is the minimum required level of hydrogen injection (the hydrogen injection obligation, in

TWh/yr), and H;”j is the total amount of hydrogen injected into gas grids per year in period y, given by:

inj -6 hd, dw, wt
HM =10 Z (nping"ny ,@pzhdtyaHz,py) YyeY (5)
zhdt,pePini

In this equation, hydrogen injection may be via partial injection, or completely converted gas grids: these
technologies make up the subset p € P, :@pzhdty is the total operating rate of all technologies of type p
in spatial zone z during a given time interval (hour h of day type d in season ¢ of decade y). am, py is the
rate at which a single technology p consumes or produces hydrogen: therefore the product of @pzhdty and
aH, py (for p € P™) is the total rate of injection of hydrogen in a given time interval (in MW). Finally, the
parameter nl'¢ gives the duration of each hourly interval h, nd"¥ gives the number of day types d in a week,

and n}'* gives the number of weeks in season ¢.

The optimisation seeks the system with the lowest overall cost that meets this constraint. In practice, these
scenarios could represent a tradeable obligation certificate scheme, where each gas supplier has an obligation
to inject a level of hydrogen into the gas grid. Three scenarios are included in this set, with required injection
levels in the final decade of 100 TWh/yr, 200 TWh/yr and 300 TWh/yr respectively. There is no minimum
level in the first decade, and the minimum level rises progressively in the following decades. For comparison,

the energy supplied to the GB natural gas distribution grid in 2019 was approximately 480 TWh [79].

3.2.2.2. Hydrogen injection feed-in tariffs.

The second set of scenarios use a price-driven incentive: a feed-in tariff (FIT) is paid for each MWh of
hydrogen injected into the gas distribution grid. The FIT is paid for either partial injection or 100% injection

into converted natural gas distribution grids. The FIT payment acts as a revenue to the system, therefore
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has a negative value when included in the optimisation objective function, which is the minimisation of total

cost. The total cost impact of FIT payments can thus be defined as follows:

Iosty = MV DO, Wy EY (6)
In this equation, H?i!nj is the total hydrogen injected per year in period y, as defined in Equation 5, VyFIT
is the value of a FIT payment (in £/MWh), and D@},  is the discount factor that discounts the annual
costs/payments in period y back to the present day. In the model, the FIT payments are seen as a system
revenue and are included in the optimisation objective function. In reality, this FIT payment would be
an additional revenue to the gas supplier, and would be paid by the government (or eventually added to

consumer gas bills).

Three scenarios were modelled with different FITs. In each scenario, no FIT is paid in the first decade,
followed by a constant FIT in the three remaining decades. The modelled FITs were chosen based on
previous work, where FITs of up to £50/MWh were found to be sufficient to incentivise partial hydrogen
injection into gas grids [5]. In this study, the FIT has been extended to also apply to 100% hydrogen

injection.

3.2.2.3. Hydrogen boiler capital grants.

Finally, scenarios were modelled with direct capital grants for domestic and commercial hydrogen boilers.
Within the VWM, this policy was modelled as a reduction in the capital cost of the boiler technologies (which
would thus reduce the overall cost in the optimisation objective function). In practice, this cost would be
covered by the government. In both cases, the grants are available in the third and fourth decades. The

grant is worth 50% of the boiler capex in the first case, and 100% of the boiler capex in the second case.

3.2.8. Sensitivity scenarios

In addition to the scenarios presented above, a series of sensitivity scenarios were modelled, exploring the

effects of two key assumptions. The full details of these scenarios are provided in the supplementary material.

8.2.8.1. Discount rate.

Given that the optimisation process includes decisions and costs over several decades, the net present cost
approach is used, where future costs are discounted to the present day. This discounting reflects the time
value of money and means that future impacts have a lower weighting in the overall objective function than

present-day impacts.

The discount rate may affect scenario results. For example, Emmerling et al. [80] assessed the impacts of
discount rates ranging between 1% and 8% on decarbonisation outcomes in integrated assessment models
and found that lower discount rates resulted in more action sooner and less need for NETs in the future. For
related reasons, Stern [81] proposed that a discount rate of 0.1% be used when modelling the economics of

climate change.
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A discount rate of 3.5% was used for cost impacts in the main scenarios in this study, in line with UK
government guidance [82]. However, sensitivity scenarios were also modelled with discount rates of 0.1%
and 8%. As the discount rate is most likely to affect decarbonisation decisions, such as when to invest
in decarbonisation and the impacts of COs prices, the discount rate sensitivities were performed for the

“decarbonisation” scenarios detailed in Table 7.

3.2.8.2. Electric heat pump coefficient of performance.

Electric heat pumps are seen as a valuable option for heat decarbonisation due to their high coefficient
of performance (COP); Quarton and Samsatli [5], for example, found that electric heat pumps may be
preferred to conversion of gas grids to hydrogen due to the greater energy efficiency from production end-
use. However, there is some uncertainty in the COP that may be achievable by electric heat pumps. In the
main scenarios in this study, COPs of 2.5 and 4 were assumed for domestic heat pumps and commercial
heat pumps, respectively. Sensitivity scenarios were modelled with a COP of 2 for both domestic and
commercial heat pumps, to determine whether this lower COP would affect electric heat pump uptakes and,
consequently, hydrogen uptake. These sensitivities were performed for the scenarios with hydrogen-focussed
policies detailed in Table 8.

3.3. Implementation

The VWM was implemented in AIMMS (Advanced Interactive Multidimensional Modeling System) and
solved with the CPLEX solver. Each scenario includes approximately 200,000 variables, of which around
4,000 are integer variables, and 330,000 constraints. The optimisation was performed on a workstation with

10 cores and 128 GB RAM. Each scenario took around 30 hours to solve with an optimality tolerance of 2%.

3.4. Interpretation of cost results

All scenarios in this study consider the transition of the GB energy system over four decades from 2020
with the optimisation objective of minimising system net present cost. The system cost includes all of the
costs incurred in the utilisation of the resources and installation and operation of the technologies shown
in Figure 3, thus representing the overall cost to society, including both costs incurred by energy producers
(e.g. installation and operation of a power plant), and costs incurred by consumers (e.g. installation and
operation of a boiler in the home or business). Although system cost is useful for comparing the overall cost
of different scenarios, additional metrics are described in this section that can be used to explore costs in

more detail, including the costs for particular policies or individuals.

Some of the implications of discount rates for optimisation modelling were described in Section 3.2.3. Dis-
counting of future costs also has implications when comparing model results and policies from different
decades. In this study, unless otherwise stated, the cost results that are reported are the present-day,

discounted costs. However, un-discounted values are reported in some cases where they are more relevant.
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3.4.1. Average COy cost

The average CO3 cost metric was used to compare costs and CO4 emissions between scenarios. For a given
scenario, the overall system costs and emissions are compared to a reference case (the unconstrained COq
case), to give the additional cost for each tonne of CO5 that is saved:

CCO2,avg _ Zy Cost,y ~Cost (7)
- IREF*Z <ﬂtotal
CO2 y < CO2,y

total REF
S,

In this equation %! and FE52 are the total cost and CO, impacts in each decade y for the scenario in

question, discounted to present day values; in Equation 7 they are summed over all decades y to give total
values for the entire time horizon. I&ky and IG5Y are the equivalent total cost and CO, impacts over the
entire time horizon for the reference case (the unconstrained CO case). As a result, a value for the average

cost of CO4 savings is obtained, which has units of £/tCO2 and is discounted to the present day.

3.4.2. Hydrogen policy cost-effectiveness

A similar metric to the average CO2 cost was used to assess the cost-effectiveness of policies for incentivising
hydrogen. This metric compares overall system costs and hydrogen uptake between a given scenario and a
reference scenario. Hydrogen uptake is measured in terms of total hydrogen production and is calculated as

follows:

prod __ § hd, dw,  wt
Hy - (nh Ng Ny ‘@pzhdtyaHmpy) vy ey (8)
zhdt,pePH

This equation has a similar definition to Equation 5 but is summed over all hydrogen-producing technologies,
denoted by the subset p € P, Hence, total hydrogen production in decade y is calculated by summing the
hydrogen produced by each technology p in spatial zone z, during time interval hdt.

In this case, the reference scenario is the “steady” CO5 budgets scenario, which reaches net-zero emissions by
2050 and has no specific hydrogen incentives. The hydrogen policy cost-effectiveness is defined as the increase
in overall system cost compared to the reference case, for each additional MWh of hydrogen produced over

the course of the time horizon. It is given by the following equation:

total REF
cﬂCost,y Cost (9)

CH27avg — Zy
Z ngOd*HREF
Yy

HREF

where is the total hydrogen produced over the time horizon in the reference case. CH2:2V8 signifies the

effect on the discounted overall system cost of the increased hydrogen usage in the system (units of £/ MWh).
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3.4.8. Marginal CO, cost

A marginal COy cost metric was used to represent the change in overall system cost for a change in total
system emissions of 1 tCOs, calculated using the shadow price property within AIMMS. The shadow price
of a constraint within AIMMS is defined as “the marginal change in the objective value with respect to a
change in the right-hand side (i.e. the constant part) of the constraint” and is calculated by the optimisation
solver [83].

Therefore for this study, the shadow price of the CO5 budget constraint (shown in Equation 2) in a given
decade y gives the change in the overall system cost (the objective function) that arises if the allowable
level of emissions in a decade is increased by 1 tCOs. This value is described as the marginal cost of COs,
CJO»mare - As a different CO, budget can be imposed in each decade, CJ°>™%8 has a different value for

each decade.

Scenarios with enforced CO2 budgets may represent a CO, cap-and-trade scheme, assuming that: all CO4
emissions across the entire system (e.g. including domestic emissions) are included in the scheme; there
is perfect operation of the scheme; and emissions allowances can be efficiently traded between emitters.
The marginal CO4 cost, C??Oz’marg, represents the cost of an emitter reducing their emissions by 1 tCOa,
discounted to present day values. The price at which an emitter would be willing to purchase a CO allowance
is likely to be equal to this value, although un-discounted in order to represent the actual price paid at that
time. Therefore the estimated CO5 allowance trading price is given by:

7CCOQ,marg
Yy

COy _
102 = Yy eY (10)

oM
DCost,y

3.4.4. Policy cost

Some scenarios in this study include fiscal intervention by the government: in particular, CO5 taxes represent
a cost to the energy system (and a revenue to the government), whilst hydrogen FITs are a revenue for
the energy system (but a cost to the government). The total financial values of these interventions, in
(discounted) present day terms, have already been defined in Equation 3 (CO; tax) and Equation 6 (hydrogen

FITs), and give an indication of the scale of government intervention in a scenario.

Although the financial values of these interventions are included in the optimisation objective function, they
are removed from the overall system costs that are presented in the results in this study. This means that
scenarios can be compared without financial interventions affecting the overall system cost: any differences in
costs are caused by differing decarbonisation pathways and investment decisions that arise from the policies,
rather than the policies themselves. This effectively assumes that the policy is revenue-neutral, in that any
costs or revenues imposed on the energy system by the government would be balanced by other policies

elsewhere.

3.4.5. Consumer costs

To assess the consumer impact of different decarbonisation pathways, two 2050 consumer heating bills were

estimated from the value chain optimisation results: one assuming electrification and the other hydrogen.
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Although the optimisation minimises net present (i.e. discounted) costs, the typical consumer’s energy bill

was post-calculated using un-discounted costs, as this what the consumer would actually pay.

The value chain optimisation results include the numbers of technologies installed in each decade, their
operating regimes, and the total costs of installing and operating the technologies. Therefore the average
unit cost (£/MWh) for producing a given resource, such as hydrogen, electricity or heat, can be calculated,
although assumptions are required when technologies and infrastructures are shared between multiple value

chains.

The electrification of heating scenario was calculated from the “steady” CO, budgets case, in which the
majority of heating is electrified by 2050, and represents an approximate annual heating bill for a typical
domestic consumer using an electric heat pump. The unit cost of electricity production was calculated from
the sum of all of the electricity production technologies in the scenario results, including wind power, solar
PV, nuclear power and natural gas power plants. The unit costs for electricity transmission and distribution
were each based on the associated technologies within the VWM, and assumed to be divided equally between
each MWh of electricity flowing through the networks. Annual electricity consumption was taken from the

average consumption of a domestic electric heat pump in the final decade of the scenario.

Other fixed costs that would usually be included in a consumer energy bill, such as supplier overheads,
are not included in the VWM, so were assumed to be the same, per MWh of electricity, as in present-day
electricity bills. These data were taken from Ofgem [84]. Finally, the annualised cost to the consumer of
installing the heat pump and any other necessary in-home upgrades was calculated, assuming that the initial
capital investment would be annualised over the lifetime of the heat pump. Although these costs would not
typically be included in an energy bill, they still represent a consumer cost, therefore it is important consider

them when comparing heating scenarios.

The hydrogen heating scenario was calculated from the “high” hydrogen injection obligations case, where
there is a required minimum injection of hydrogen into the gas grids of 300 TWh/yr in 2050-2060. The
annual heating bill was calculated in a similar manner to the electrification bill: unit costs were calculated for
hydrogen production, transmission, storage and distribution. The hydrogen production cost was calculated
from the costs of the hydrogen production technologies in the scenario results, including the cost of CCS,
which was assumed to be shared between all users, including SMR plants and other natural gas users.
The costs of hydrogen transmission and storage infrastructure from the scenario results were assumed to be
shared between domestic, commercial and industrial consumers of hydrogen. Likewise, hydrogen distribution
costs, including conversion of existing gas grids to hydrogen, were assumed to be shared between all users of
distributed hydrogen, based on their energy consumption. Other fixed costs were assumed to be the same
as in present-day natural gas bills [85]. Finally, annualised costs of a new hydrogen boiler and any necessary

in-home safety checks for conversion from natural gas to hydrogen were included.

For comparison, a benchmark present-day bill for a consumer using natural gas for heating was also estimated
from Ofgem [85] and BEIS [86] data. For equivalence with the other scenarios, annualised costs for a new

natural gas boiler were also included.
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Figure 4: Cumulative CO2 emissions (a) and costs (b) in a selection of scenarios. Costs are overall system costs, discounted to
2020.

4. Results and discussion

Results from the optimisation scenarios are presented and discussed in this section. The results from the
scenarios with policies for penalising existing technologies, to achieve system decarbonisation, are discussed
first. Then, the uptake of hydrogen in the scenarios is considered, including scenarios with and without
additional policies to support hydrogen technologies. Finally, the scenario results are used to consider the
impact on consumer costs of different decarbonisation pathways, in particular electrification vs. conversion

of gas grids to hydrogen.

4.1. Policies for decarbonisation

Figure 4 shows the cumulative costs and CO4 emissions for a selection of scenarios. The “CO5 unconstrained”
scenario has the lowest overall cost but the highest emissions, with annual emissions increasing by the
final decade, due to rising energy demands and a continued high contribution of natural gas to the energy
supply. The scenarios with CO5 budgets and CO; taxes all have lower COs emissions, but with different

decarbonisation trajectories and costs.

4.1.1. CO3 budgets

The emissions limits in the CO5 budgets scenarios are strictly controlled, so all achieve net-zero emissions in
the final decade (indicated by zero slope in the final decade of Figure 4(a)). However, the different budget
trajectories in each case result in different overall levels of emissions and net-present (discounted) system
costs. As Figure 4(a) shows, cases with more stringent budgets in the early decades result in significantly
lower emissions overall. For example, the total CO4 emitted over four decades in the “early” decarbonisation

case is more than 1.6 GtCO5 lower than in the “late” decarbonisation case.
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Despite the differences in total CO2 emitted, the range in costs of the different CO4 budget scenarios is small:
for example, the “early” decarbonisation case is only 3% more expensive than the “late” decarbonisation case.
As Figure 4(b) shows, the cases with more stringent CO» budgets in the earlier decades incur greater costs in
these decades, but by the final decade costs converge. This suggests that the overall costs of decarbonisation
arise predominantly from shifting the system to net-zero, and the timescales over which this transition is

achieved is not as significant.

As a result, if the objective is to minimise the total CO5 emitted into the atmosphere, earlier decarbonisation
is more cost-effective (per unit of prevented COy emissions). Comparing the CO5 budgets scenarios to the
CO; unconstrained scenario, the “late” decarbonisation case saves a total of 2.7 GtCO,, whilst the “steady”
and “early” cases save 3.3 GtCO5 and 4.3 GtCOs respectively. Since each case has similar overall costs, this
means that the “late” case has a higher average cost of CO5 saved: £45/tCO2 compared to the unconstrained

case, whilst the “steady” and “early” cases have average COx costs of £38/tCO2 and £36/tCOx respectively.

If the CO5 budgets were to represent a CO5 cap and trade scheme, the approximate CO5 allowance trading
price can be calculated from Equation 10. For net-zero emissions in 2050-2060, the trading price would
be approximately £1720/tCO4 in the “late” decarbonisation case, £600/tCO2 in the “steady” case, and
£460/tCO4 in the “early” case. Although these potential CO2 trading prices are very high, it is important
to note that they reflect the cost of removing the final tonne of CO4 of emissions from the system, and the

majority of emissions can be removed at lower cost.

The wide range in CO4 allowance trading prices between the cases is also significant. The very high trading
price, in excess of £1700/tCO2, occurs in the “late” case, which has no decarbonisation action until the
final decade; the final trading prices are much lower in the cases that have more stringent CO5 budgets in
the preceding decades. This shows that with more decarbonisation early on, a more gradual transition to
net-zero can be achieved, and the costs are shared over multiple decades. As a result, the final costs of

achieving net-zero are lower, and the resulting CO; trading price is more stable.

4.1.2. Carbon tax

Results from the CO4 tax scenarios can also be seen in Figure 4. Only the “high” taxation case achieves
net-zero by 2050-2060, suggesting that a CO5 tax rate greater than £300/tCOs is necessary to incentivise
the system to achieve net-zero emissions in 2050.

As Figure 4(a) shows, the CO2 tax scenarios typically deliver greater levels of decarbonisation in the early
decades than the COg budget scenarios (since the cumulative emissions are lower). Clearly this result
depends on the modelled CO5 tax trajectory, with higher taxes leading to greater emissions reductions. The
CO; tax trajectories that were modelled in this study were linear between the first and last decades. This
result shows that lower CO2 taxes can incentivise initial emissions reductions, when the cost of doing so is
lower, but an increasing tax rate is necessary as the net-zero target is approached. This emphasises that

stronger policy intervention earlier can be more effective for reducing the total amount of CO5 emitted.

As was discussed in Section 4.1.1, greater levels of decarbonisation early on result in a lower final marginal

cost for achieving net-zero emissions. This explains why the required CO2 tax rate for achieving net-zero
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(more than £300/tCO3) is lower than the CO; trading prices estimated from the COy budgets scenarios
(£460/tCO2 or more). With lower CO; tax rates in the early decades, a higher final CO; tax is likely to be

required to achieve net-zero.

Figure 4(b) shows that the COy tax scenarios are more expensive than the CO2 budget scenarios. These
results do not include the cost of the CO2 tax itself: it is assumed that the government would re-invest this
tax revenue into the energy system. Therefore for reaching a net-zero energy system by 2050, CO- taxes
appear to be more expensive overall, with an extra cost of £78bn in the “high” CO, tax case compared to
the “late” CO2 budget case. Nonetheless, given the lower cumulative level of emissions in the CO4 tax cases,
the average costs per tonne of COy averted are similar for the COs tax cases and the COy budget cases,
with a range of £35-38/tCO; for the CO- tax cases, compared to £36-45/tCO4 for the CO2 budget cases.
The total system cost (or government revenue) of the COs tax over all decades (Equation 3) ranges from
£125bn in the “high” tax case to £156bn in the “low” tax case.

4.1.3. Effect of discount rate

All the scenarios described so far were modelled with a discount rate of 3.5%. However, a sensitivity study
was also performed in which the same scenarios were modelled with discount rates of 0.1% and 8%. Detailed
results from these scenarios are provided in the supplementary material and are summarised here. The
discount rate determines the importance of future costs relative to present day costs. With a discount rate of
0.1%, future costs have almost equal weighting to present-day costs in the optimisation objective function,

whilst with higher discount rates the importance of future costs falls.

In the case of CO5 budgets, this means that with higher discount rates, investment in decarbonisation
is delayed until it is essential, as the associated costs are seen to reduce. The level of voluntary early
decarbonisation, i.e. the reduction in COy emissions in a given decade beyond what is required by the COq
budget, is notably higher in the cases with a discount rate of 0.1% than the cases with higher discount
rates. Examples of this voluntary early decarbonisation include earlier investment in renewable electricity
generation and long-life infrastructure such as electricity distribution networks. As a result, the cases with
a discount rate of 0.1% have lower total COy emissions than the cases with a discount rate of 3.5%: 21%

lower in the “late” CO2 budget case and 11% lower in the “steady” case.

The discount rate also reduces the importance of the costs arising from future CO taxes in the optimisation
objective function, thus reducing the impact of future COs taxes. This can be seen in the sensitivity study
results: with a discount rate of 3.5%, a CO3 tax of £340/tCO2 was required in 2050-2060 to achieve net-zero
emissions, but this was achieved with a CO2 tax of £290/tCO2 when a discount rate of 0.1% was used.

Finally, given that most decarbonisation spending occurs in later decades, the effect of the discount rate in
all scenarios is to reduce the apparent costs of this decarbonisation. This can be seen in the average costs of
CO; reductions compared to the respective reference cases (with no decarbonisation policies). From all of
the CO2 tax and CO2 budget cases, the average cost of COs is £80-103/tCO- for a discount rate of 0.1%;
£35-45/tCO4 for a discount rate of 3.5%; and £9-12/tCO; for a discount rate of 8%.

These results show the importance of the discount rate when considering investment decisions over long time
periods. Whilst it is difficult to know what the most appropriate discount rate is for a given assessment, it

is essential that the discount rate is taken into consideration when interpreting scenario results.
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Figure 5: Sankey diagram of annual energy flows in a net-zero energy system in 2050-2060. The results shown are from the
“steady” CO2 budgets scenario. The numbers denote energy flows in TWh/yr, and flows smaller than 1 TWh/yr are not shown.

4.2. Policies for incentivising hydrogen

The scenarios for supporting hydrogen technologies are studied in more detail in this section, including the
resulting energy system design and the role of hydrogen. First, the uptake of hydrogen in a scenario without
any specific hydrogen policies is considered. This is then compared to further scenarios with different policies

supporting hydrogen technologies.

4.2.1. Net-zero system without hydrogen incentives

To compare the effectiveness of policies supporting hydrogen technologies, first a scenario is considered in
which no specific hydrogen policies were included. The “steady” COs budgets scenario is used for this
purpose, as this represents the most probable decarbonisation pathway, reaching net-zero emissions by 2050
with equal reductions in each decade. In any case, the details of the final energy system in the other CO2-
budgets scenarios are similar. Figure 5 shows a Sankey diagram of the annual energy flows in the final decade
of the “steady” COs budgets scenario.

The optimised net-zero energy system includes a balanced mix of electricity supply. Offshore wind and
nuclear power are the main contributors, supplying 43% and 25% of annual supply respectively. Natural
gas with COs capture makes up 22% of annual supply (all captured COs is sequestered offshore). A small
amount of electricity balancing is provided at peak times by natural gas without CO4 capture and hydrogen
combined heat and power (CHP): each contributes around 1% to annual electricity supply. The heat from

the hydrogen CHP is used for commercial heating applications.

The optimal decarbonised heat supply is less diverse, with 87% of domestic and commercial heat demands
being satisfied by electric heat pumps. As found in previous work, electric heat pumps appear in the optimal
heat supply chain because the heat pump COP results in a high heat supply chain efficiency compared to
the alternatives [5]. Given the prevalence of electric heat pumps in the scenario results, a sensitivity study
was performed in which lower heat pump COPs were assumed. This had some impact on electric heat pump
uptake but they were still the preferred technology, satisfying 73% of domestic and commercial heat demands

in 2050-2060; further details and discussion can be found in the supplementary material. Other than electric
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heat pumps, the other main contribution to commercial heating is from natural gas CHP with COs capture.

Industrial heating is shared between electricity (54%) and hydrogen (44%).

The role of hydrogen in the optimised net-zero system is fairly limited, with an annual supply of only
64 TWh/yr. The main role for hydrogen is for industrial heat, although some is used in CHP, mostly
at peak times. Hydrogen supply is predominantly from SMR with COgy capture (67%). Bioenergy also
makes up 31% of the hydrogen supply, which utilises almost all of the primary biomass available. The
bioenergy-to-hydrogen value chain is responsible for 2% of final energy demands and delivers a total of 12
MtCO2/yr of negative emissions. Electrolysers are used to convert excess renewable electricity to hydrogen.
However, with large electricity demands for heating, there is limited low-cost electricity available. Therefore,
hydrogen production from power-to-gas contributes only 1% of the annual total. Although this contribution

of hydrogen is relatively small, it arises without any specific policy support.

4.2.2. Effect of hydrogen incentives

Various scenarios with incentives for hydrogen have been modelled, including: obligations for a minimum
level of hydrogen injection into the gas grid, FITs for each MWh of hydrogen injected into the gas grid,
and capital grants for hydrogen boilers. Each of these scenarios also included CO5 budgets, matching the

budgets in the “steady” CO2 budgets case, to ensure that the system reaches net-zero emissions by 2050.

Figure 6 shows details of total hydrogen production and consumption in each decade of each scenario. The
“steady” CO4 budgets case is also included, representing the comparative scenario in which no hydrogen

incentives are included.

As was described in Section 4.2.1, there is some hydrogen usage in the “steady” COs-budgets case, without
any specific hydrogen incentives. This is focussed on the industrial sector and only arises in the final decade,
when the net-zero CO5 budget is in place.

The hydrogen injection obligations scenarios, where a minimum level of injection is enforced, have a greater
uptake of hydrogen. In these scenarios, most hydrogen is produced from SMR with CCS and is used for
domestic and commercial heating, supplied through natural gas distribution grids that have been converted
to hydrogen. Total hydrogen usage rises with the gas grid injection obligation in each decade. Further details
of the “high” hydrogen injection obligations case are shown in Figure 7 to give an indication of the hydrogen

value chains used.

Figure 7 shows that hydrogen technologies are installed in most zones in 2050-2060, with most hydrogen
production (via SMR with CCS) focussed in Central and Northern England. Consequently, there is greater
use of hydrogen for heating in these zones, via converted natural gas distribution grids. Further from the
centre of the country, hydrogen uptake is lower, and electrification of heating is preferred. However, many
zones still have power-to-gas installations, with a total installed capacity of 11 GW. The power-to-gas absorbs
excess electricity at off-peak times and either feeds hydrogen into the gas grid or uses it in industrial or CHP

plants.

A total storage capacity of over 3 TWh of underground hydrogen storage is installed in the system, which

helps to compensate for the large seasonal variations in demand for hydrogen for heating. Although hydrogen
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Figure 7: Details of the energy system in the scenario with a minimum of 300 TWh/yr of hydrogen injection in 2050-2060 (“high”
hydrogen injection obligations case). Left: map of installed capacities of hydrogen and related technologies in each spatial zone
in 2050-2060; some technologies are not shown, including the natural gas transmission system, electricity generating technologies
and hydrogen pressure vessel storage. Right: map of annual heat provision in each spatial zone in 2050-2060; the columns in
each zone represent domestic, commercial and industrial heating respectively from left to right.

pressure vessel storage is not shown in Figure 7, it is installed in almost all zones, with a total storage capacity
of 260 GWh. This is used to balance within-day imbalances in hydrogen supply and demand. There is an
increased need for within-day storage for hydrogen compared to an equivalent natural gas system, because
a natural gas system can utilise the linepack flexibility of its transmission and distribution pipelines to a
greater extent. Due to the lower energy density of hydrogen, the linepack flexibility (storage capacity) of a

pipeline may be 70-83% lower with hydrogen than with natural gas under the same operating conditions [5].

As Figure 6 shows, hydrogen injection FITs are also effective for incentivising increased hydrogen usage.
A FIT of £10/MWh is insufficient to incentivise any further hydrogen usage but FITs of £30/MWh and
£50/MWh result in a significant increase. In these cases, FITs are available from 2030 onwards, causing a
greater uptake of hydrogen from this date onwards. In the final decade of the £50/MWh case, 261 TWh/yr
of hydrogen is used in converted gas grids, 57 TWh/yr is used in industry, and 4 TWh/yr is used in either
hydrogen turbines or CHP plants.

Partial injection of hydrogen into gas grids is also rewarded by the FIT, and has greatest uptake in the
early decades. For example in the £50/MWh case, 12 TWh/yr of hydrogen is blended into the natural
gas distribution network in 2030-2040, representing an average injection of 19 vol.% over the entire year.
However, due to the more stringent CO2 budgets in later decades, natural gas usage is reduced, so there
is little opportunity for partial hydrogen injection. Capital grants for hydrogen boilers are less effective for
incentivising hydrogen. With 100% capital grants in place, 19 TWh/yr of hydrogen is used in gas grids, 62
TWh/yr is used in industry, and 2 TWh/yr is used in CHP plants. Capital grants of 50% have a negligible

impact on hydrogen usage.
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Figure 8: Total hydrogen production and overall system cost in scenarios with different hydrogen incentives. Total hydrogen
production is for all applications, including industrial, commercial, and domestic demands. Overall system cost is the net
present (discounted) value and is measured relative to the case with no hydrogen incentives (CO2 Budgets Case 2).

There is little variation between scenarios regarding how hydrogen is produced or used. All scenarios have
a similar level of hydrogen usage in industry in the final decade, of around 60 TWh/yr (which also exists
when no hydrogen-specific incentives are included). Otherwise, hydrogen usage is focussed on the gas grid
(unsurprising, given that this is the focus of the policy incentives). Although SMR with CCS is preferred

for most hydrogen production, biomass gasification consistently provides around 21 TWh/yr of hydrogen.

The biomass to hydrogen value chain is valuable in all of the scenarios due to the negative CO2 emissions that
it provides, and therefore in most scenarios the total biomass utilisation is close to its maximum availability
in the final decade. Other biomass value chains, such as for electricity and heat, were beyond the scope of this
hydrogen-focussed study but may be more favourable than the biomass-to-hydrogen value chain considered

here.

A lower COP of 2 for both domestic and commercial electric heat pumps had a limited effect on the results

in Figure 6. More details and discussion can be found in the supplementary material.

The cost effectiveness of the different policies can also be compared. Figure 8 shows the total hydrogen
production across all decades for each scenario, plotted against the overall system cost. The overall system
cost is measured relative to the “steady” COs budgets case, thus showing the additional cost to the system
of the hydrogen intervention. These cost results assume that policies are revenue-neutral: for example, the
payments made by the government for FITs or capital grants would be recouped elsewhere, e.g. through
taxation. Therefore increases in system cost are not affected by the financial value of the policy intervention

but only by its influence on the overall system behaviour.

As Figure 8 shows, hydrogen injection obligations and FITs both show a similar relationship between the
increase in overall hydrogen usage and the impact on overall system costs. However, this policy cost-

effectiveness, as defined in Equation 9, shows some variation depending on policy type and magnitude.

Capital grants are clearly the least cost-effective incentive. The 50% capital grant has a negligible impact on

hydrogen usage, whilst increasing system costs by £4.5bn compared to the case with no hydrogen incentives.
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The 100% capital grant is marginally more effective, but the hydrogen policy cost-effectiveness is over
£100/MWh.

Figure 8 shows that the hydrogen policy cost-effectiveness is quite consistent for the hydrogen injection
obligations. In the “low” obligation case, with a minimum injection of 100 TWh/yr in 2050-2060, the
increase in system cost is equal to £11 for each additional MWh of hydrogen production; this value rises to
£14/MWh in Case 3 (with 300 TWh/yr of injection in 2050-2060). With a lower overall level of hydrogen in
the system, the most cost-effective applications are used first (for example, only gas grids local to hydrogen
production plants are converted); as the overall hydrogen injection requirement rises, more of the gas grid
will be converted to hydrogen, but potentially in regions where the cost difference between hydrogen and

the alternative (e.g. electrification) is greater.

As was shown in Figure 6, FITs of £10/MWh have a negligible effect on hydrogen uptake. However, FITs
of £30/MWh are quite cost-effective, increasing overall hydrogen uptake at a system cost of £11/MWh. In
the £50/MWh case, the cost-effectiveness falls to £14/MWh, as larger FITs incentivise hydrogen injection
in locations with a greater cost difference to the alternative. The total magnitude of FIT payments in the
final decade is £5bn/yr in the £30/MWh case and £13bn/yr in the £50/MWh case (un-discounted values).

Each of the scenarios in this section was constrained by the same CO, budgets and therefore has the same
pathway of COy emissions throughout its time horizon. Therefore the average CO2 costs in these scenarios
are driven by the additional overall system costs shown in Figure 8. The scenarios with lower levels of
intervention, such as the “low” injection obligations case, have an average COs cost of around £44/tCOs; the
scenarios with moderate intervention, including the “medium” and “high” injection obligations cases and the
£30/MWh FIT case, have average COg2 costs of £54-58/tCOs; finally the £50/MWh case has an average
COx cost of £76/tCO5.

4.3. Consumer costs

Overall system costs are useful for comparing the relative costs of different decarbonisation pathways but in
reality, it is likely that any energy policy costs will be borne by the consumer. Therefore, it is also valuable
to calculate and compare consumer costs. Figure 9 presents estimates for annual consumer heating bills for

three different heating scenarios. Details on how these bills were calculated are given in Section 3.4.5.

As can be seen from Figure 9, electrification results in lower overall consumer heating bills than hydrogen.
The annual electrification bill is £715/yr, which is 10% greater than a typical present-day natural gas bill
(£708/yr, based on 15 MWh /yr); meanwhile the hydrogen bill is £1070/yr, which is 51% higher than the
natural gas benchmark.

In the electrification scenario, the energy costs are relatively low, at only £18 per MWh of heat consumed.
There are two reasons for this. First, the cost of electricity production in the final decade of the optimised
electrification scenario is relatively low, at approximately £43/MWh. This is the average cost for the entire
energy mix (as shown in Figure 5), including the natural gas and hydrogen peaking plants. Second, heat
pumps require much less energy input to produce 1 MWh of heat than using a hydrogen boiler. The annual
electricity consumption for this bill was 5.1 MWh /yr, which is the average consumption for a household with

a heat pump in the scenario results.
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Figure 9: Annual consumer heating costs for three different heating scenarios. The electrification scenario is based on a
domestic electric heat pump and is calculated from the results of the “steady” COg budgets case. The hydrogen scenario is
based on conversion of gas grids to hydrogen and is taken from the “high” hydrogen injection obligations case. Finally, a typical
present-day natural gas bill for a UK consumer is presented for comparison (based on data from Ofgem [85] and BEIS [86]).

Infrastructure costs (including transmission and distribution) are also relatively low in the electrification
scenario, despite the fact that electricity infrastructure is relatively expensive on a per-capacity basis [73].
This is also partly due to the heat pump coefficient of performance: for each 1 MWh of heat delivered, only 0.4
MWh of electricity must be distributed. Furthermore, in the electrification scenario, electricity infrastructure
is used to deliver both heat and non-heat electricity demands. This has two benefits: the infrastructure costs
are shared across a larger total energy demand; and the non-heat demands are less variable, so the overall
utilisation factor for the electricity infrastructure is higher, resulting in a lower infrastructure cost per MWh

of capacity.

Finally, the in-home costs associated with electrification, including installation of a heat pump and any
further home upgrades, such as installing new radiators, are a significant contributor to the annual cost to
the consumer. Although these are larger than in the other cases, they are offset by the other cost components
being cheaper. The equivalent consumer heating bill was also calculated for the heat pump sensitivity case,
with a COP of 2, and the annual bill was found to be £863/yr: 21% greater than the electrification scenario
with a COP of 2.5, but still 19% lower than the hydrogen scenario.

As Figure 9 shows, the annual heating bill in the hydrogen scenario is dominated by the energy costs of
the hydrogen itself. The cost of the hydrogen production was based on SMR with CCS, with an average
cost of £44/MWh, driven primarily by a natural gas price of £24/MWh and the costs of the SMR +
CCS installations. SMR. with CCS contributes 81% of hydrogen production in the scenario results: the
costs of hydrogen from bioenergy and power-to-gas were not included, as these value chains have wider
system interactions that are harder to account for. For example, the average bioenergy hydrogen cost in the
scenario is around £126/MWh, but this does not account for the negative emissions benefits of this value
chain. Meanwhile power-to-gas primarily uses excess electricity with an uncertain price: assuming that the

electricity is zero-cost, the average power-to-gas hydrogen cost is around £19/MWh.
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Compared to the electrification scenario, the hydrogen scenario does not benefit from an apparent efficiency
of more than 1, so the final contribution of hydrogen costs to the heating bill is £48 per MWh of heat
(compared with £18/MWh for the electricity scenario). The annual hydrogen consumption for this bill was
13.9 MWh/yr, which is the average consumption for a household with a hydrogen boiler in the scenario
results. This value is lower than the benchmark present-day natural gas consumption of 15 MWh /yr, mainly

due to projected improvements in household thermal performance between now and 2050.

The costs of the distribution infrastructure in the hydrogen case are very similar to the costs in the present-
day natural gas bill and are driven by the fixed operating costs of the networks. The investment costs arising
from converting natural gas grids to hydrogen, assumed to be £3500 per MW of grid capacity [73], contribute

only £1.60 to the annual consumer heating bill.

Therefore, despite the relatively high costs of installing an electric heat pump, the electrification scenario
is cheaper than the hydrogen scenario overall. Between the three options shown in Figure 9, most cost
components are very similar. However, the high energy costs for hydrogen result in a significantly higher
annual cost in this scenario. These results also highlight the limited effectiveness of capital grants, for either
the conversion of distribution grids to hydrogen or the installation of hydrogen boilers in homes, as neither
of these is sufficient to reduce the consumer cost to less than the equivalent cost of electrification.

It may be possible for hydrogen to be produced more cheaply, for example through power-to-gas with low-
cost electricity. However, the results presented in Figure 9 represent the optimal supply chain identified in
this study for delivering 300 TWh/yr of hydrogen to the gas grid. At this scale, SMR is the lowest-cost
option. The results in this study suggest that the capacity for low-cost power-to-gas is limited, due to a
limited availability of low-cost electricity, and competing electricity demands. For example, in all of the
scenarios with various hydrogen incentives presented in Figure 6, the largest contribution of power-to-gas is
25 TWh/yr.

5. Conclusions

This study examined energy and decarbonisation policies and evaluated their applicability to hydrogen. The
Value Web Model, an energy value chain optimisation model, was developed and applied to a representative
national energy system to quantify the effects of different policies on the pathway to a net-zero energy
system and the role of hydrogen within the system. This is the first study to use spatio-temporal value chain

optimisation to evaluate the effectiveness of energy policies.

The optimisation results showed that both CO5 budgets and CO, taxation can achieve net-zero emissions
but result in different system costs and decarbonisation trajectories. Policies that promote earlier reductions
in COy emissions are slightly more expensive overall but result in significantly lower total emissions, hence
lower costs per tonne of CO2 saved. For carbon cap-and-trade schemes, earlier decarbonisation allows costs
to be spread over a longer time period, with a lower final CO; trading price. COs prices depend on pricing
policy, e.g. taxation or trading, and may need to be in excess of £300/tCO2 in 2050 to achieve net-zero
emissions. These results suggest that the overall policy choice is less important than ensuring that the
scheme is well-designed. Ensuring that the policy is robust and incentivises early emissions reductions can

lead to both lower overall emissions and less sharply rising costs as the net-zero deadline approaches.
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Without direct policy support, hydrogen could have a significant role in industry in a net-zero system but
limited penetration potential elsewhere. Considering the costs of conversion of gas grids to hydrogen, for
example, consumer heating bills may be 50% higher when using hydrogen for heating than when using
electric heat pumps. This cost difference is driven by energy costs; infrastructure costs for the two heating

value chains were found to be similar.

Obligations and feed-in tariffs for injection of hydrogen into gas grids were found to be similarly effective for
incentivising hydrogen technologies, with overall system costs increased at a rate of £11-14 per additional
MWh of hydrogen used. Capital grants for hydrogen boilers, however, were not found to influence the

optimal decarbonisation pathway.

Steam methane reforming (with CO2 capture and storage) was found to be the preferred hydrogen produc-
tion method in all scenarios with a significant level of hydrogen uptake. Both power-to-gas and biomass
gasification were found to make only modest contributions, though they are valuable for providing system
flexibility and negative CQO, emissions, respectively, due to limited availability of low-cost electricity and

sustainable biomass sources.

The results highlight that policymakers should be cautious in designing policies to support specific energy
technologies and should carefully consider the impact on consumers. Different technology pathways (e.g.
hydrogen for heating versus electrification) may have similar overall system costs but consumer costs could
be significantly different.

Future work includes modelling with higher spatio-temporal resolutions for more insight into the flexibility-
provision of the technologies considered, although computational tractability is a challenge. Value chain op-
timisation is a valuable tool for exploring the implications of net-zero energy systems and negative-emissions
technologies (NETs), and this study has begun to do this. It is expected that NETs will start to play a role
in decarbonisation when the marginal system cost of reducing COy emissions exceeds the unit NET costs;
thus, the NETs would be used to decarbonise the last few percent of emissions. Further work in this area
would be valuable in determining the optimal levels of NET investment required and to examine the wider
impacts of NETs such as biomass energy with COs capture and storage (BECCS).

Although this study provides insights into the optimal pathways to reach net-zero and the potential effects of
different policy interventions, challenges exist in converting optimisation results into real-life policy actions.
For instance, CO> budgets were found to be the most efficient way of achieving a net-zero system by 2050.
However, this assumes that all emissions across the system can be tracked and controlled, which would
be challenging to implement. Carbon cap-and-trade and similar schemes can assist with this, but work is
required to design sector-specific regulations that will likely be needed. A further case is where technologies
provide valuable services that are not rewarded by conventional energy markets. Hydrogen was found to
have a valuable role in providing system flexibility, with underground and pressure vessel hydrogen storage
being used in net-zero energy systems. Through optimisation, it is clear that these technologies can reduce
overall system costs. Future work can explore how these flexibility services should be valued, e.g. through

specific support of the technologies or creation of flexibility markets.
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1. Model input data

The VWM input data used in the study, including spatio-temporal resource data (availabilities and demands)
and technology data (costs, capacities and operational characteristics), are based on the dataset presented
in [1]. The following subsections provide details of any input data used in this study that are not detailed in

[1].

1.1. Bioenergy value chains

Two bioenergy value chains were modelled in this study: conversion of biogenic waste to biomethane and
gasification of a biomass crop to produce hydrogen.

A representative conversion technology was modelled for conversion of biogenic waste to biomethane, rep-
resenting a biogas plant that carries out anaerobic digestion of waste to biogas and upgrading of biogas to
biomethane. The produced biomethane is indistinguishable from natural gas (which is predominantly meth-
ane) in the model. Key data for the anaerobic digestion & biogas upgrading plant are taken from [2] and are
shown in Table 1.

A total availability of biogenic waste of 36.5 Mt/yr was assumed, allowing for biomethane production of up
to 21 TWh/yr, as in [3]. This waste availability is shared amongst all 16 spatial zones, with the availability
assumed to be proportional to total electricity demand in the zone (i.e. electricity demand and waste
generation are both dependent on the population in the same way). Utilisation of the waste receives a gate-
fee revenue of £25/t. The entire waste-to-biomethane value chain, including end use of the biomethane, was
modelled with a COy impact of zero, in accordance with UK government guidance for COy accounting of
biogas [4].

The other bioenergy value chain modelled in this study represents conversion of “non-waste” biomass to
hydrogen. A generic biomass energy crop was modelled, using data representative of a miscanthus-type crop.
The crop can be converted to hydrogen through a gasification plant that includes COy capture at a rate of
91%.

The biomass crop is assumed to have a yield of 35 MWh/ha/yr, which includes energy requirements for
processing into pellets. The cost of biomass pellets was assumed to be £24/MWh [5, 6], which includes all
costs upstream of the gasification plant, i.e. biomass cultivation, processing and transportation. Available
land for growing crops was taken from [7], where it was assumed that the crop would be grown on grassland
and a GIS analysis of GB was used to find available land.

For the first decade (2020-2030), it was assumed that only 18% of the total suitable land could be used
for bioenergy, giving rise to a primary energy availability of 20 TWh/yr. This constraint is relaxed in each
decade, reaching a limit of 58% of suitable land in the final decade (2050-2060), giving rise to a primary
energy availability of 64 TWh/yr. This availability is in line with Committee on Climate Change estimates
3, 6].

The biomass gasification to hydrogen is based on data for the integrated gasification combined cycle (IGCC)
with CO5 capture (excluding the power island) in [5]. Key data for this technology are shown in Table 1.

Assessing the value chain impacts of bioenergy crops is complex, as biomass cultivation can have far-reaching
impacts, including on greenhouse gas emissions, water usage, food security and soil erosion [8]. Furthermore,
the magnitudes of these impacts will vary depending on which of the various crops and land types are used.

Estimates for the CO5 impacts of bioenergy crops vary widely. Typically, it is assumed that the CO5 released
when biomass is converted to another energy form (e.g. through combustion or gasification) is balanced by
the CO4 consumed by the crop during growth. Hence, if CO2 capture is used at the energy conversion stage,
it may be possible to achieve net negative emissions. This is the reason for the strong interest in Bioenergy
with CCS (BECCS) for future energy systems [9].

However, bioenergy value chains have other CO5 impacts, arising from the crop cultivation, processing and
transportation for example. Depending on the crop used and processing and transport required, estimates
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Table 1: Model input data for bioenergy conversion technologies.

Anaerobic digester + Gasification to hydrogen
upgrade to biomethane
Input resource Biogenic waste Biomass pellet
Output resource Methane Hydrogen
Conversion efficiency 0.57 MWhcyp4/twaste 0.34 MWhyo/MWhy e
COz capture rate See Note 1 0.10 tCO2/MWhyy
CO» emission rate See Note 1 1.00 tCO2/MWhyys
Maximum operating rate (MW output) | 8.4 358.0
Minimum operating rate (MW output) | 4.2 179.0
Plant capex (£M) 18.5 556
Plant fixed opex (£M/yr) 4.7 27.8
Plant lifetime (yr) 20 25
Reference [2] [5]

Note 1 - Anaerobic digester plant emissions are modelled as zero, as it is assumed that any CO2 emitted along the biogas value
chain is biogenic [4].

for the COy impacts of these stages range between 20 and 240 kgCO5 per MWh of biomass [9]. Moreover,
further COy impacts may arise from converting land to grow energy crops (land use change emissions).
These emissions depend heavily on the land type, with estimates of 0-0.07 tCO3/ha for marginal land, 75-200
tCO2/ha for grassland, 350-720 tCO4/ha for forest, and in excess of 1,000 tCO3/ha for wetland [9]. Further
emissions may also arise from land-use change elsewhere as a consequence of the primary land use changes,
known as “indirect” land use change emissions.

Clearly, bioenergy value chains are complex and it is important that they are designed carefully to ensure
that their overall system impact is positive. However, optimisation of bioenergy value chains was not the
focus of this study. Instead, the reason for including bioenergy in this study is to explore the implications
of bioenergy value chains with the potential for net-negative emissions on the role of hydrogen in the energy
system.

In this study, the CO2 impact of producing the biomass pellets, including cultivation, processing and trans-
portation, but excluding COs consumed by the crop during growth, was assumed to be 130 kgCO5 per MWh
of biomass. Assuming that the CO5 consumed by the crop during growth is equal to the CO5 emitted during
gasification (before CO» capture), and with the conversion technology details in Table 1, this results in a net
COq impact for the hydrogen produced from biomass of 610 kgCO2 per MWh of hydrogen.

1.2. Hydrogen fuel cells

Hydrogen fuel cells are an interesting option for generation of electricity and heat from hydrogen, as they
have the potential to achieve high efficiencies with flexible operation. Worldwide there are relatively few
large-scale fuel cell installations, although there are several in South Korea, including a 59 MW plant (the
world’s largest) [10].

The data for hydrogen fuel cell plants in the VWM were updated in this study, based on a state-of-the-
art commercially-available fuel cell system [11]. Two sizes of fuel cell plant are modelled, with maximum
electricity outputs of 10 MW and 100 MW. Each plant requires 1.67 MWh of hydrogen per MWh of electricity
produced and also produces 0.2 MWh of heat, that for example can be used for district heating [11]. The
fuel cells have a lifetime of 10 years and can be operated flexibly. Plant costs have been estimated from [12]:
the 10 MW plant has a modelled capex of £35m in 2020, falling to £21m in 2050; the 100 MW plant has a
capex of £320m in 2020, falling to £192m in 2050. The plant fixed opex is assumed to be 4% of the capex.

1.8. Other data alterations

Two other alterations were made to the previous model dataset ([1]):

e The fixed operating costs for natural gas (and hydrogen) distribution grids were reduced from 3% of
capex to 1% of capex, giving a new operating cost for each MW of grid capacity of £13,400 per year.
This results in a more representative figure for the average operating costs per customer [13].



e As four decades were modelled in this study, estimates for the future cost of producing or importing
natural gas were included, based on the base case in the National Grid Future Energy Scenarios [14].
The cost in the first decade (2020-2030) is £18.10/MWh, rising to £23.90/MWh by the final decade
(2050-2060).

2. Semnsitivity studies

In addition to the 15 scenarios that were described in detail in the main text, a further 23 scenarios were
modelled to explore sensitivities for two critical input data: the discount rate, and the heat pump coefficient
of performance.

2.1. Discount rate

2.1.1. Sensitivity scenarios

In the main scenarios that were modelled in this study, a discount rate of 3.5% was used, following UK
government guidance [15]. However, as discussed in the main text, the choice of discount rate can significantly
influence results when considering decarbonisation decisions over long time periods. Therefore additional
sensitivity scenarios with different discount rates were modelled in order to assess the impact of the discount
rate on the scenario results. Scenarios with discount rates of 0.1% and 8% were modelled. All of the scenarios
with policies focussing on decarbonisation, detailed in Table 3 of the main text, were repeated with these
alternative discount rates. Consequently, 14 additional scenarios were modelled.

2.1.2. Results

The results for the sensitivity runs with a discount rate of 0.1% are shown in Figure 1; equivalent results for
a discount rate of 8% are shown in Figure 2. Finally, Figure 3 provides overall (discounted) cost and COq
results, and the average cost of CO; savings, for each scenario.

The discount rate determines the importance of future costs relative to present day costs. With a discount
rate of 0.1%, future costs have almost equal weighting to present-day costs in the optimisation objective
function, whilst with higher discount rates the importance of future costs falls.

In the case of CO2 budgets, this effect means that with higher discount rates, investment in decarbonisation
is delayed until it is essential, as the associated costs are seen to reduce. The level of “voluntary” early
decarbonisation, i.e. the reduction in CO5 emissions in a given decade beyond what is required by the CO9
budget, is notably higher in the cases with lower discount rates. With a discount rate of 0.1% for example,
as Figure 1 shows, COs emissions in the “late” CO5 budgets scenario follow a very close trajectory to the
“steady” scenario, despite having not being required to by the CO5 budgets. Examples of this voluntary early
decarbonisation include earlier investment in renewable electricity generation and long-life infrastructure such
as electricity distribution networks. As can be seen in Figure 3(b), the result of this earlier decarbonisation
is a lower overall level of CO5 emissions. For example, in the “late” COs budgets cases, overall emissions
are 21% lower with a discount rate of 0.1% than with a discount rate of 3.5%, and 27% lower than with a
discount rate of 8%.

The discount rate has a less significant effect on the scenarios with CO; taxes, however a lower discount
rate does appear to increase the potency of a tax. For example, with a discount rate of 0.1%, a CO5 tax
of £290/tCO- is sufficient to achieve net-zero emissions by 2050-2060, whilst in the scenarios with higher
discount rates, a tax rate of £340/tCOx is necessary.

Finally, given that the majority of spending on decarbonisation occurs in later decades, the effect of the
discount rate in all scenarios is to reduce the apparent costs of this decarbonisation. Figure 3(c) shows
the average costs of COs reductions for each scenario (as defined in Equation 6 of the main text). For each
discount rate, this cost is calculated with respect to the “CO5 unconstrained” scenario with the same discount
rate. As Figure 3(c) shows, the average CO3 costs range widely, from a maximum of £12/tCO5 in the cases
with a discount rate of 8% to a maximum of £103/tCO- in the cases with a discount rate of 0.1%.
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Figure 1: Cumulative CO2 emissions (a) and costs (b) in scenarios with decarbonisation policies and a discount rate of 0.1%.

Costs are overall system costs, discounted to 2020.
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Figure 2: Cumulative CO2 emissions (a) and costs (b) in scenarios with decarbonisation policies and a discount rate of 8%.

Costs are overall system costs, discounted to 2020.



2.1 Discount rate 6

2500

@EDR=0.1% M@DR=3.5% MEDR=8.0%

2000 A

1500 1

1000 4

500

Overall (discounted) system cost (£bn)

CO, Budgets CO, Taxes

Unconstrained

(a)

8000

EDR=0.1% BEDR=3.5% DODR=8.0%

7000 -

6000 -

5000 -

4000 A

3000

2000 A

1000 4

Overall system CO, emissions (MtCO,)

Late
Steady
Early
Low
High

Medium

CO, Budgets CO, Taxes

CO2
Unconstrained

(b)

[uy
N
o

@DR=0.1% EDR=3.5% MDR=8.0%

100 4

80 A

60

20 A

Average cost CO, emissions saved (£/tCO,)

CO, Budgets CO, Taxes

Unconstrained

(c)

Figure 3: Cost and COg results for scenarios with decarbonisation policies and of discount rates of 0.1%, 3.5% and 8%: (a)
Overall (discounted) system cost; (b) Overall system COq emissions; (c) Average cost of COasavings



2.2 Electric heat pump coefficient of performance 7

2.1.3. Conclusion

These results show the importance of the discount rate when considering investment decisions over long time
periods. Whilst it is difficult to know what the most appropriate discount rate is for a given assessment, it
is essential that the discount rate is taken into consideration when interpreting scenario results.

2.2. Electric heat pump coefficient of performance

2.2.1. Sensitivity scenarios

In the scenario results presented in the main article, electric heat pumps were found to have a high contribution
to the decarbonised energy system. In the “steady” COs budgets case, for example, 87% of domestic and
commercial heat demands in 2050-2060 were satisfied by electric heat pumps. In the context of heat provision,
electric heat pumps are an alternative to hydrogen, and therefore the uptake of hydrogen is likely to be
adversely affected by their uptake. Therefore, the modelling assumptions behind electric heat pumps should
be considered carefully.

The coefficient of performance (COP) represents the amount of heat energy delivered per unit of electrical
energy input. Since heat pumps can have COPs in excess of two, this means they have an apparent efficiency
of greater than 100% (whereas alternative technologies all have efficiencies lower than 100%) and thus the
value of the COP is a key assumption for modelling heat pumps. In the main scenarios that were modelled in
this study, the COP was assumed to be 2.5 for domestic electric heat pumps and 4 for commercial electricity
heat pumps, based on values in the literature [3, 16]. As a sensitivity study, further scenarios were modelled
in which the COP was set to 2 for both domestic and commercial heat pumps. The “steady” CO, budgets
case and all of the scenarios with specific policies for incentivising hydrogen were included in this sensitivity
study, in order to explore the effect of the COP assumption on hydrogen uptake.

2.2.2. Effect on heat pump and hydrogen uptake

The results from these sensitivity scenarios are shown below. Figure 4 shows the overall provision of domestic
and commercial heat in 2050-2060 in each of the scenarios, for both the original scenarios and the sensitivity
scenarios with reduced heat pump COPs. Figure 5 shows results for hydrogen uptake in the sensitivity
scenarios (the equivalent results for the original scenarios are shown in Figure 6 of the main text). Figures
4 and 5 suggest that the heat pump COP does have an impact on hydrogen uptake, but that it is relatively
small.

The impact of the reduced heat pump COP is most significant in the domestic sector and in the cases with
less hydrogen uptake overall. In the “steady” CO, budgets cases, for example, use of hydrogen for domestic
heat is 28 TWh/yr in 2050-2060 in the case with a reduced electric heat pump COP, compared to 0.3 TWh/yr
in the original scenario. Interestingly, although capital grants for hydrogen boilers were found to be relatively
ineffective for incentivising hydrogen in the original runs, with a lower COP assumption their effectiveness
increases. This can be seen by comparing provision of heat by hydrogen between the case with 100% capital
grants and the equivalent case without this policy in place (the “steady” COs budgets case): with the original
heat pump COP assumptions, 100% capital grants increase hydrogen usage in domestic heat by 17 TWh/yr
in 2050-2060; with reduced COP assumptions, the increase is 56 TWh/yr.

Meanwhile, as Figure 4(a) shows, the effect of heat pump COP on hydrogen uptake is smaller in the cases
that already have higher hydrogen uptake. This suggests that in these scenarios the hydrogen incentives
have been effective and have already helped to overcome the cost difference between electric heat pumps and
hydrogen; therefore, the reduced COP has little impact. In the cases with less support for hydrogen, the cost
difference between heat pumps and hydrogen still exists in the original runs, but reducing the heat pump
COP increases the competitiveness of hydrogen.

Finally, as shown in Figure 4(b), heat pump COP also has less influence on hydrogen uptake in the commercial
sector. This is partly because in the commercial sector, natural gas is also a competitive low-carbon heat
source, due to the availability of natural gas combined heat and power (CHP) plants with CO. capture.
Therefore, the reduced competitiveness of electric heat pumps tends to lead to increased natural gas usage,
rather than hydrogen. In fact, in cases with obligations for hydrogen injection, hydrogen usage in the
commercial sector reduces with a lower heat pump COP. This is because total hydrogen injection into the
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Figure 4: Heating provision in (a) the domestic sector and (b) the commercial sector in 2050-2060 for a range of scenarios,
comparing the original COPs with the sensitivity scenarios with COP = 2.
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Figure 6: Annual consumer heating costs for a range of different heating scenarios. “Electrification (HP COP = 2)” was calculated
from the “steady” CO2 budgets scenario in the sensitivity study; the remaining cases are replicated from Figure 9 in the main
text.

gas grid remains constant (at the level specified by the obligation) and domestic hydrogen usage becomes
more favourable when the COPs are reduced; therefore, domestic usage increases and commercial usage
reduces.

These results show that, to some extent, the competitiveness of heat pumps is affected by their COP. Fur-
thermore, lower COPs for heat pumps do lead to an increase in competitiveness for hydrogen. However, in
the sensitivity study performed here, the impact is relatively small. In particular, in all scenarios the overall
mix of heating provision and the preferred heating technology remains unchanged when the heat pump COP
is reduced.

2.2.8. Effect on consumer heating bill

Finally, a typical annual domestic heat bill was calculated from the “steady” COg budgets case, with a heat
pump COP of 2. This can be compared to the annual heating bills presented in Section 4.3 of the main text,
including the annual heating bill for a heat pump with a COP of 2.5. The new heating bill for a domestic
electric heat pump with a COP of 2 is shown in Figure 6, with the original heating bills that were presented
in the main text.

The new annual electric heat pump heating bill, with a reduced COP of 2, is 21% higher than the original
electric heat pump bill, at £863/yr. This is due primarily to increased electricity demand, which is reflected
in increased costs from electricity production and from the fixed costs arising from the supply of electricity
(although these are “fixed” costs, it is assumed they would be shared amongst electricity users based on their
electricity consumption; therefore, domestic users would pay an increased proportion of these costs if their
electricity demand increased).

The new annual heating bill is now closer to, but still lower than, the annual bill that was calculated for
hydrogen, which was calculated to be £1070/yr. This helps to explain the previously-discussed result, that
the “smaller” hydrogen incentives become more effective when the electric heat pump COP is reduced. In
the original scenarios, the difference between the electrification heating bill and the hydrogen heating bill
was £355/yr; this is reduced to £207/yr with the electrification bill based on a heat pump COP of 2. This
difference is easier to overcome for hydrogen incentives.

2.2.4. Conclusion

In conclusion, the reduced heat pump coefficient of performance modelled in this sensitivity study increases
the consumer costs of heating using a heat pump by around 19% and, as a result, hydrogen becomes more
competitive as a decarbonised heating option. This leads to greater uptake of hydrogen, in particular in cases
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with small but previously ineffective hydrogen incentives. However, despite the reduction in heat pump cost-
effectiveness, they remain the lowest cost decarbonised heating option in the majority of cases. Therefore,
the reduced heat pump COP does not lead to a significant change in hydrogen uptake in the scenario results.

3. Value Web Model formulation

The complete mathematical formulation of the Value Web Model (VWM), including the nomenclature, is
explained in this section. The VWM was developed by Samsatli and Samsatli [7, 17], and more details on
the model can be found in those publications.

3.1. Model Nomenclature

As the majority of the resources that were modelled are energy vectors, the most convenient unit for quantities
of these resources is MWh and for flows of these resources is MW (MWh/h). However, these units may not
be appropriate for all resources in a value web. For example, in this thesis, the units used for CO5 are t
and t/h (tonnes and tonnes per hour). In the following nomenclature section, the units for each resource
are indicated by the unit “UoR”, for “unit of resource”, which stands for the relevant unit for that resource:
e.g. MWh for most energy resources, t for CO4, and so on. The rates of operation of conversion technologies
are all in MW, since most are concerned with the production of energy vectors. The units of the conversion
factors convert from operation in MW to production of each resource in its own units: thus the units of the
conversion factors are (UoR/h)/MW.

Indices and sets

beB Transport infrastructures c

ceCcCR Biomass resources (“crops”)

deD Daily interval types (e.g. weekday, weekend)

EcCR End vectors

feF Transportation direction of flow

iel System impacts (e.g. costs, CO2 emissions)

heH Hourly intervals

lelL Linepack technologies

meM Transport technologies

pelP Conversion technologies

PP CP Domestic conversion technologies

PCCP Commercial /industrial conversion technologies

PHIGG C pC Conversion technologies relating to partial hydrogen injection
PPist C pC Gas distribution conversion technologies (including natural gas and hydrogen)
reR Resources

sES Storage facilities

SPist C § Gas distribution storage technologies (representing gas grid linepack)
sl € SL Solar PV installation types (e.g. solar farm and rooftop)
teT Seasonal time intervals

weW Wind turbine type (e.g. onshore and offshore)

yeY Long term planning time intervals (e.g. decadal)

JeyY Yearly intervals used for discounting costs

z€Z Spatial zones
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Parameters

‘W,max
szy

S,max
Aslzy

Bio,max
A

Ay

a/SZ

city

c%hdty
C}'Jihdty
Ciiihdty

DC

*1yY

Total area of land available for wind turbine type w in zone z in planning period y [m?|
Total area of land available for solar PV installation type sl in zone z in planning
period y [m?]

Total area of land available for growing biomass in zone z in planning period y [ha]

Binary value determining whether there is availability to build a connection (pipeline)
to linepack system [ in zone z (a;, = 1 if a connection may be built, 0 otherwise)

Binary value determining whether there is availability for a storage facility s in zone z
(as, = 1 if a facility may be built, 0 otherwise)

Total allowable number of conversion technologies p that may be built in planning
period y (build rate)

Maximum flow rate of transport infrastructure b [UoR /h]

System impact of the capital investment in a length of transport infrastructure b in
planning period y [£/(connection-km) or tCOgz/(connection-km) |

System impact of the capital investment in a conversion technology p in planning
period y [£ or tCO4]

System impact of the capital investment in a storage facility s in planning period y [£

or tCO4]

System impact of the capital investment in a connection to linepack system [ in
planning period y [£ or tCO3]

System impact of the capital investment in wind turbine type w in planning period y [£

or tCO9]

System impact of the capital investment in solar PV installation type sl in planning
period y [£ or tCO3]

System impact of producing a unit of biomass crop ¢ in season t of planning period y
[£/UoR or tCO2/UoR] (impacts of planting, cultivating and harvesting the crop)
System impact of importing a unit of resource r during hour h, day type d, season ¢
and planning period y [£/UoR or tCO2/UoR]

System impact of producing a unit of resource r during hour h, day type d, season t
and planning period y (e.g. domestic natural gas production) [£/UoR or tCO2/UoR]
System impact of exporting a unit of resource r during hour h, day type d, season ¢ and
planning period y [£/UoR or tCO2/UoR]

Factor for discounting capital investments made in planning period y back to the
beginning of the time horizon (i.e. the start of the first planning period). * represents
transport infrastructures b , conversion technologies p, storage technologies s or
linepack technologies I.

Factor for discounting O&M impacts incurred in planning period y back to the
beginning of the time horizon

Factor for discounting capital investments in new wind turbines made in planning
period y back to the beginning of the time horizon

Factor for discounting capital investments in new solar PV installations made in
planning period y back to the beginning of the time horizon

Demand for resource r in zone z during hour h, day type d, season ¢t and planning
period y [UoR/h]

Compulsory demand (that must always be satisfied) for resource r in zone z during
hour h, day type d, season ¢ and planning period y [UoR/h]

Optional demand (that may be satisfied if there are system benefits, e.g. revenues) for
resource 7 in zone z during hour h, day type d, season ¢ and yearly period y [UoR/h]

Distance between the centres (demand-weighted) of spatial zones z and 2’ [km]
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loc
2y

fnat
Y

lget,max
l
lput,max
l
lhold,max
l

hold,min
ll

M By,

max

mrzhdty

npd
ngw
nt
niy
NES

slzy

EW
Nwzy

EPC
Ny,
NREPC

pzy

NES

Sz

NRES

52y

sy'y

Maximum allowable fraction of suitable biomass growing area in zone z that may be
used in planning period y

Maximum allowable fraction of suitable biomass growing area across the entire country
that may be used in planning period y

Maximum withdrawal rate from a linepack system [ via a single connection (pipeline)
[UoR/h]

Maximum injection rate into a linepack system [ via a single connection (pipeline)
[UoR/h]

Maximum storage inventory represented by each single connection (pipeline) of linepack
system [ [UoR]

Minimum storage inventory represented by each single connection (pipeline) of linepack
system [ [UoR]

Binary value that determines whether transport technology ! can use infrastructure b,
(= 1if it can, 0 otherwise)

Maximum allowable import rate of resource r in zone z during hour h, day type d,
season ¢ and planning period y [UoR/h]

Duration of hourly interval h [h]

Number of occurrences of day type d in a week (e.g. 5 for a weekday, 2 for a weekend)
Number of repeated weeks in season ¢

Number of repeated years in planning period y

Number of pre-existing solar PV installations of type sl in zone z in planning period y
(accounts for estimated retirement dates)

Number of pre-existing wind turbines of type w in zone z in planning period y
(accounts for estimated retirement dates)

Number of pre-existing commercial conversion technologies of type p in zone z

Number of pre-existing commercial conversion technologies of type p in zone z that
retire at the beginning of planning period y

Number of pre-existing storage technologies of type s in zone z
Number of pre-existing storage technologies of type s in zone z that retire at the
beginning of planning period y

Number of pre-existing transport infrastructure connections of type b between zones z
and 2’

Number of pre-existing linepack connections (pipelines) of type [ in zone 2z

Number of pre-existing linepack connections (pipelines) of type ! in zone z that retire
at the beginning of planning period y

Number of households in zone z in planning period y
Maximum operating rate of technology p [MW]

Minimum operating rate of technology p [MW]

Maximum operating rate of solar PV installation sl [MW]
Maximum operating rate of transport technology { [MW]
Rotor radius of pre-existing wind turbines of type w [m]
Rotor radius of new wind turbines of type w [m]

Binary value determining whether conversion technology p, invested in at the beginning
of planning period ¥/, retires at the beginning of planning period ¥ (1 if it does retire, 0
otherwise)

Binary value determining whether storage facility s, invested in at the beginning of
planning period y’, retires at the beginning of planning period y (1 if it does retire, 0
otherwise)
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L
Rle’y

RTW

wy'y

get,max
e

s?old,max

put,max
Sg

cut-in

UV

cut-out
Uy

rated
w

eriy
CO2
Vy

v,

Vwzhdty

T
Yz
YBio

czty

Qrpy

Bb

Binary value determining whether a connection of linepack system [, invested in at the
beginning of planning period ¢/, retires at the beginning of planning period y (1 if it
does retire, 0 otherwise)

Binary value determining whether wind turbine type w, invested in at the beginning of
planning period 3/, retires at the beginning of planning period y (1 if it does retire, 0
otherwise)

Maximum withdrawal rate from storage facility s [UoR/h]

Maximum storage capacity of a single storage facility s [UoR]

Maximum injection rate into storage facility s [UoR /h]

Minimum operational wind speed for wind turbine [m/s]

Maximum operational wind speed for wind turbine [m/s]

Wind speed at which wind turbine produces maximum power (rated power) [m/s]
Value (e.g. price) of a unit of resource r in planning period y [£/UoR or tCO2/UoR]
The cost impact of 1 tonne of CO5 emissions (i.e. the COg price) in planning period y
|£]

Wind speed for turbine type w in zone z during hour A of day type d in season ¢ of
planning period y [m/s]

x-coordinate of the centre of demand of spatial zone z

y-coordinate of the centre of demand of spatial zone z

Biomass yield potential for crop ¢ in zone z for season t of planning period y
[UoR/ha/season]

Conversion factor of resource r in technology p in planning period y

Directionality parameter for transport infrastructures b: = —1 if one-way unidirectional
(can only be built and operated in one direction); = 0 if two-way unidirectional
(unidirectional infrastructure but can be built in both directions); = 1 if bidirectional
(only one infrastructure needed that can be operated in either direction)

Weighting factor for including total energy production in objective function
Finance rate

Wind turbine efficiency for wind turbine type w

Discount rate

Economic lifetime of technologies |year| (x € {b,p, s} for transport infrastructures,
conversion technologies and storage technologies, respectively)

Conversion factor for performing “get” task with linepack technology [ on resource r in
planning period y

Conversion factor for performing “hold” task with linepack technology [ on resource r in
planning period y

Conversion factor for performing “put” task with linepack technology ! on resource r in
planning period y

Binary parameter, 1 if zone z is adjacent to zone z’

Air density [kg/m3]

Conversion factor for performing “get” task with storage technology s on resource r in
planning period y

Conversion factor for performing “hold” task with storage technology s on resource r in
planning period y

Conversion factor for performing “put” task with storage technology s on resource r in
planning period y

Scaling factor for impacts in the objective function. Multiplies by 10 to improve
scaling in the optimisation (£ to £M and t to Mt)
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7__mrfy
Tmr fy

B
¢biy

P.
piy

S
sty
L
sty

\4%
wiy
S
sliy

max
szhdty

Wy

Conversion factor for transport technology [ transporting resource r in planning period
y (distance-independent)

Conversion factor for transport technology [ transporting resource r in planning period
y (distance-dependent)

Annual O&M impact of transport infrastructure b in planning period y [(£ or
tCO3)/(connection-km-yr)]

Annual O&M (fixed) impact of conversion technology p in planning period y [£/yr or
tCOg/yr]

Annual O&M (fixed) impact of storage facility s in planning period y [£/yr or tCO2/yr]

Annual O&M (fixed) impact of a connection to linepack system [ in planning period y

[£/yr or tCO2/yr]
Annual O&M (fixed) impact of wind turbines in planning period y [£/yr or tCO2/yr]

Annual O&M (fixed) impact of solar PV installations in planning period y [£/yr or
tCO4/yr]

Variable operating impact of conversion technology p in planning period y [£/UoR or

tCOQ/UOR]

Distance-dependent variable operating impact of transport process [ in planning period
y [£/km/UoR or tCO2/km/UoR|

Distance-independent variable operating impact of transport process [ in planning
period y [£/UoR or tCO3/UoR] (e.g. flat rate freight charges)

Variable operating impact of “get” task for storage facility s in planning period y
[£/UoR or tCO2/UoR]

Unit variable operating impact of “hold” task for storage facility s in planning period y
[£/UoR or tCO5/UoR]

Unit variable operating impact of “put” task for storage facility s in planning period y

[£/UoR or tCO2/UoR]

Variable operating impact of “get” task for connection to linepack system [ in planning
period y [£/UoR or tCO5/UoR]

Unit variable operating impact of “hold” task for connection to linepack system [ in
planning period y [£/UoR or tCO2/UoR]

Unit variable operating impact of “put” task for connection to linepack system [ in
planning period y [£/UoR or tCO2/UoR]

Maximum export rate of resource r in zone z in planning period y [UoR /h]

Weighting factor for including key performance indicator ¢ in objective function

Positive variables

ABio

czy

S
Asl
IET
(gzhdty
US
nghdty
Dsat

rzhdty

Erzhdty

heat
Py

Area allocated to production of biomass (crop) ¢ in zone z during planning period y [ha]
Total area occupied by solar PV installations of type sl in zone z during planning
period y [m?]

Amount of “capturable” CO5 emitted in zone z during hour h of day type d in season ¢
of planning period y [tCO,]

Amount of CO, utilised or stored in zone z during hour h of day type d in season t of
planning period y [tCO,]

Optional demands satisfied in zone z during hour h of day type d in season ¢ of
planning period y [UoR/h]

Excess production of resource r in zone z during hour h of day type d in season t of
planning period y [UoR/h]

Fraction of heat satisfied by domestic heating technology p in zone z in planning period
Y

15
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FX

Yy
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Inventory in storage facility s in zone z during hour h of day type d in season t of
planning period y [UoR]

Inventory in storage facility s in zone z at the start of day type d of season ¢ in
planning period y [UoR]

Inventory in storage facility s in zone z at the start of the simulated cycle for day type
d of season t in planning period y [UoR]

Total net present impact of all resources and technologies in planning period y [£M or
MtCOq]

Total net present impact of the CO5 price in planning period y [£M]

Total net present impact of building new conversion technologies in planning period y
[£M or MtCOQ]

Total net present impact of building new storage technologies in planning period y [£M
or MtCOs]

Total net present impact of building new transport infrastructures in planning period y
[£M or MtCOQ]

Total net present impact of building new linepack connections in planning period y [£M
or MtCOs]

Total net present capital impact of building new wind turbines in planning period y
[£M or MtCOQ]

Total net present capital impact of building new solar PV installations in planning
period y [£M or MtCOq]

Total net present impact of importing resources in planning period y [£M or MtCOq]

Total net present fixed O&M impact of conversion technologies in planning period y
[£M or MtCOQ]

Total net present fixed O&M impact of transport infrastructures in planning period y
[£EM or MtCOs|

Total net present fixed O&M impact of storage technologies in planning period y [£M
or MtCOQ]

Total net present fixed O&M impact of linepack connections in planning period y [£M
or MtCOg]

Total net present O&M impact of wind turbines in planning period y [£M or MtCOq]

Total net present O&M impact of solar PV installations in planning period y [£M or
MtCOq]

Total net present revenue from the sales of energy services for satisfying demands in
planning period y [£M or MtCOs]

Total impact of utilising natural resources in planning period y [£M or MtCOq]
Total impact of resource curtailment in planning period y [£M or MtCOs]

Total net present variable operating impact of production facilities in planning period y
[£M or MtCOQ]

Total net present variable operating impact of storage facilities in planning period y
[£M or MtCOs,]

Total net present variable operating impact of transport technologies in planning period
Yy [£M or MtCOQ]

Total net present variable operating impact of linepack connections in planning period
Y [£M or MtCOQ]

Total net present impact of exporting resources in planning period y [£M or MtCOs3]

Inventory in linepack system [ during hour h of day type d in season ¢ of planning
period y [UoR]

Inventory in linepack system [ at the start of day type d of season ¢ in planning period
y [UoR]
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Inventory in linepack system [ at the start of the simulated cycle for day type d of
season ¢ in planning period y [UoR]

Import rate of resource r in zone z during hour A of day type d in season ¢ of planning
period y [UoR/h]

Millions of domestic conversion technology p € PP in zone z in planning period y
Utilisation of natural resource r in zone z during hour h of day type d in season t of
planning period y [UoR/h]

Maximum availability of natural resource r in zone z during hour h of day type d in
season ¢ of planning period y [UoR /h]

Export rate of resource r in zone z during hour A of day type d in season ¢ of planning
period y [UoR/h]

Total rate of operation of hourly variable conversion technology p in zone z during hour
h of day type d in season ¢ of planning period y [MW]

Total rate of operation of daily variable conversion technology p in zone z during day
type d in season t of planning period y [MW]

Operation rate of transport technology [ from zone z to zone 2’ during hour h of day
type d in season ¢ of planning period y [UoR/h]

Operation rate of “get” task by storage s in zone z during hour h of day type d in
season ¢ of planning period y [UoR /h]

Operation rate of “hold” task by storage s in zone z during hour h of day type d in
season ¢ of planning period y [UoR/h]

Operation rate of “put” task by storage s in zone z during hour h of day type d in
season ¢ of planning period y [UoR /h]

Operation rate of “get” task by linepack system [ in zone z during hour / of day type d
in season ¢ of planning period y [UoR/h]

Operation rate of “hold” task by linepack system [ in zone z during hour h of day type
d in season t of planning period y [UoR /h]

Operation rate of “put” task by linepack system [ in zone z during hour A of day type d
in season ¢ of planning period y [UoR/h]

Net rate of transfer of resource r into zone z from the linepack transmission system
during hour h of day type d in season ¢ of planning period y [UoR/h]

Net rate of production by hourly variable technologies of resource r in zone z during
hour h of day type d in season ¢ of planning period y [UoR/h]

Net rate of production by daily variable technologies of resource r in zone z during day
type d in season t of planning period y [UoR/h]

Total (net) production of COs by conversion technologies in planning period y

Net transport rate of resource r into zone z from all other zones during hour h of day
type d in season t of planning period y [UoR/h]

Net, production of resource r in zone z due to the operation of storage technologies
during hour h of day type d in season ¢ of planning period y [UoR/h]

Objective function

Net surplus put into storage s in zone z over one day in day type d in season t of
planning period y [UoR]

Net surplus put into storage s in zone z over one week in season t of planning period y

[UoR]
Net surplus put into storage s in zone z over one year in planning period y [UoR]

Net surplus put into linepack system [ over one day in day type d in season ¢ of
planning period y [UoR]

17
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At

Ity

y
Aly

Net surplus put into linepack system [ over one week in season t of planning period y

[UoR]
Net surplus put into linepack system [ over one year in planning period y [UoR]

Integer variables

B
szz’y

PC
NPZZJ

NsSzy
Nley
Ny,
Nsslzy

NIP

zz'y

PC
NI,

NIS

szy

NIZI;y

NI

wzy

NIsSlzy

NRPC

pzy

NRS

SzY

NRL

lzy

NRW

wzy

NRS

slzy

Number of transport infrastructure b installed between zones z and 2’ during planning
period y

Total number of commercial conversion technology p € PC in zone z during planning
period y

Total number of storage technology s in zone z during planning period y

Total number of connections of linepack system [ in zone z during planning period y
Total number of wind turbines of type w in zone z during planning period y

Total number of solar PV installations of type sl in zone z during planning period y

Number of new transport infrastructure b invested in at the beginning of planning
period y between zones z and 2’

Number of new commercial conversion technology p € PC invested in at the beginning
of planning period y in zone z

Number of new storage facility s invested in at the beginning of planning period y in
zone z

Number of new connections of linepack system [ invested in at the beginning of
planning period y in zone z

Number of new wind turbines of type w invested in at the beginning of planning period
y in zone 2

Number of new solar PV installations of type sl invested in at the beginning of
planning period y in zone z

Number of commercial conversion technology p € P€ retired in zone z at the beginning
of planning period y

Number of storage facility s retired in zone z at the beginning of planning period y

Number of connections of linepack system [ retired in zone z at the beginning of
planning period y

Number of wind turbines of type w retired in zone z at the beginning of planning
period y

Number of solar PV installations of type sl retired in zone z at the beginning of
planning period y

3.2. Objective function

The objective function in the Value Web Model is a weighted sum of “impacts” in the overall energy system,
and is defined as follows:

7 = Zwi(ﬂiyotal (1)
1y

Most impacts are included in the variable %ﬁjml , which is the sum of all resource and technology impacts, for
each performance indicator ¢ in the model in decadal interval y. The range of possible performance indicators
is defined by the set I, which for this study is:

I = {Cost, COy}
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The parameter w; in the objective function is a weighting factor that determines the weighting of the CO-
and cost impacts in the model: for example, a cost minimisation optimisation would have wcos = 1 and
wco, = 0; a CO2 minimisation optimisation would be vice versa.

The sum of all impacts Jf;t‘” includes all of the cost and COs impacts arising from the resources and
technologies in the VWM. It is defined as follows:

total __ w SL P S Q L W 51 fp f: fq fl
Fig " =S+ Iy Ty Iy Iy T Iyt Ty Ty Ty + Ty Sy Ty
I+ Iy I T £ I Ty Ty TG I TGO O (2)

Each of the terms in this equation represents the impact of a different activity in the model, and is defined
in detail in the relevant subsection below. Briefly, the first six impacts shown are the investment impacts
(i-e. capex) of the technologies in the model: wind turbines (ﬂl‘;v), solar PV (JSJL), conversion technologies

P . S . . Q . . L
(), storage technologies (.#;;), transportation technologies (.#;) and linepack technologies (.#;). The

following six impacts represent the fixed operating impacts for the same technologies. The impacts ﬂg), ﬂzfys,

J;;f and jz?; are the variable operating impacts of conversion technologies, storage technologies, transport
technologies and linepack technologies respectively. The next five impacts relate to the impacts of resources in
the model: .7} and .7 are the impacts of importing and exporting resources respectively; f}?j is the impact
of utilising primary resources (e.g. biomass); .7 is the impact of any resource curtailment, for example if
a penalty is imposed for curtailed wind energy; and f};c" is the revenue that can be received if demands

(either compulsory or optional) are satisfied in return for a price. Finally, j‘yoz is the CO5 impact of any

7

uncaptured CO, that is produced by conversion technology, whilst fi(ijQp "€ s the cost impact of a COy

price.

3.2.1. Discounting

The objective function considers the “net present value” of all impacts. Hence, for i = Cost, discount factors
are used to calculate the net present value (at the beginning of the modelling horizon) of costs incurred in
later time periods. Discount factors for capital and operational costs are included in the definitions of the
impacts Zy.

The discount factor for capital costs is defined as follows:

c _
D*iy -

{ [(13—1;;7121*1} [22;1 1+ L)_ﬂ {(1 + L)_"’);y(y_l)} Vi = Cost,y €Y 3)

1 Vi # Cost, y € Y

This cost discount factor is the product of three terms. The first term calculates the annual repayments that
must be made for the capital investment, assuming that the investment is financed over the economic lifetime
of the technology, given by \.. The annual repayments are calculated based on a finance rate of ~y; the first
repayment occurs one year after the release of the funds. The second term calculates the factor to apply to
each annual repayment to discount it back to the beginning of the given period y, using a discount rate of ¢.
Finally, the third term calculates the factor to apply to discount these values back to the beginning of the
first period in the model, the time for which the net present value is calculated, also using discount rate ¢.

Given that different technologies may have different economic lifetimes, A,, they may also have different
discount factors, Dfiy. This is why the % subscript is used, replacing p, s or b depending on whether
production technologies, storage technologies or transport technologies are being considered.

For key performance indicators other than cost, there is no change in the “value” of the impact over time, so

the discount factor is equal to one.

It is assumed that operating and maintenance costs are paid at the beginning of each year in each planning
period y. The net present value of these costs are calculated with a similar discount factor to the capital cost
discount factor, except that in this case a term for the calculation of annual repayments is not required:
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DOM _ { {Zgiyl (1+ L)l_ﬂ {(1 + L)_"{’y(y_l)] Vi = Cost, y € Y @

nyY Vi # Cost, y € Y

Operating impacts for performance indicators other than cost occur each year, but do not require discounting,
so the discount factor is equal to the number of years in the planning period, n}Y.

3.2.2. CO4 pricing

Depending on the design of the COs pricing system that is being used, it may be represented differently
within the model. In this study, the CO5 pricing system covers all emissions across the entire energy system.
Therefore the total cost impact of the CO5 price can be easily calculated from the total level of CO5 emissions,
which is given by 7,74 . (Equation 2 for i = COs). Thus the overall impact of the CO; price is given by:

DQIVI
; g lotal Y C02 ZisCostu fj — Cost, y € Y
%§O2przce — 1i=CO02,y "y D?:Mcoz,y » Y (5)

0 Vi # Cost, y € Y

Here, VyCO2 is the COs price, which has a pre-defined value for each decadal interval y. The final expression
in Equation 5 relates to discounting of costs and CO,. As was shown in section 3.2.1, cost impacts and
COs impacts have different discount factors included within their definitions; therefore an expression must
be included to convert from a CO, impact to a cost impact.

3.8. Resource balance

The resource balance is essentially an energy balance that applies to all resources, r, in all zones, z, and at
all times: every hourly interval, h, of every day type, d, of each week in every season, ¢, and yearly planning
interval, y. The flows of resource into each zone must be equal to the flows out as follows:

h d
Urzhaty + Myznaty + Pronaty + Preaty + Srzndty + Qrzndty + Laindty

. comp sat

= D haty T Diohary + Xrzhaty + Erzndty

VreR,z€Z, heH,deD,teT,yeY (6)

Here, U,.naty is the rate of utilisation of naturally available resource r in zone z during hour h, day type d,
season ¢ and planning period y. Examples of naturally available resources include natural gas, biomass and
wind. The utilisation rates for each of these resources are defined in section 3.4.

h
Przhdty

section 3.5.

and P4 dty are the net rates of production of resource r by conversion technologies, and are defined in

Srzhdty is the net flow of resource r into zone z due to the operation of storage technologies, and is defined
in section 3.6.

Qrzhdty is the net rate of transport of resource r into into zone z from all other zones, and is defined in
section 3.7.

Lihaiy is the net flow of resource r into zone z due to the operation of linepack technologies, and is defined
in section 3.8.

M, 2hdty and X, pary are the rates of import and export of resource 7, and are defined in section 3.4.5.
comp sat H H
Drzhdty and D% 5., are the demands for resource 7, and are defined in section 3.9.

Finally, E;.paty is the excess production of resource r. The excess production variable allows the production
of a resource in any zone to exceed the total demands on it (actual demands plus any consumption in
conversion technologies, transport out of the zone or injection into storage). This can sometimes occur because
many conversion technologies have minimum operating rates and there may be occasions where some energy
production needs to be curtailed. Depending on the resource, and the scenario being considered, the excess
production variables can be strictly set to zero or can be constrained using a suitable upper bound and/or
using impacts in the objective function (e.g. disposal costs or curtailment costs) to penalise overproduction.
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3.4. Natural resources

Some naturally-occurring resources may be utilised without requiring conversion technologies. The utilisation
rate of a resource r cannot exceed its natural availability:

Urzhdty < Upshaty VreR-C,z€Z, hcH,deD,teT,yeY (7)

The availabilities of the different natural resources are defined differently: this is described in the following
sections.

3.4.1. Natural gas

The zonal, hourly availability of natural gas, UNG 2 hdty: 18 defined as an input parameter.

3.4.2. Electricity

Renewable electricity sources are included as natural resources. The hourly availability of renewable electricity
is defined as follows, including both wind and solar power:

ind,max lar,
uTEnﬁiﬁ,zhdty = u‘];]Vllgc,zmh?lty + usEoleCZzYZny vz € Z’ h € H’ d € ]D)’ te T’ Y €Y (8)
The definitions of the wind availability and solar availability are given in the following subsections. Electricity
can also be generated from other resources, such as natural gas, but this is represented using conversion
technologies (described in section 3.5).

3.4.2.1. Wind. The maximum available wind power is dependent on the amount of power in the wind (based
on the wind speed) and the number, size and performance characteristics of the wind turbines (both newly
installed, and pre-existing) available to capture it. The index w is used to represent the different types of
wind turbine that can be installed (onshore and offshore).

ind,me —6 i W W 2 W wy2 EW] ~
ug{;lc,zlji‘]zz):‘,(y = Z (05 x 10 6pa1r |:Nwzyﬂ— (Rw ) Nw + ijzyﬂ- (R’L]::) ) 775 ] v?uzhdty)
w

VeeZ,heH,deD, teT,yeY 9)

Here, ¥y znaty is the effective wind speed, based on the wind turbine power curve, defined by Eq. 10:

’U;ﬂted if Ugﬂ»ted < Vwzhdty < U&Ut_om
@wzhdty = § Vwzhdty if Ug}ut—m < Vwzhdty < ’Uqrjted (10)
0 otherwise.

For wind power, a technology (wind turbine) is required to extract the wind resource. Pre-existing wind
turbines that were installed before the beginning of the model time horizon may be included. New wind
turbines may also be installed in each planning period, and likewise some wind turbines may retire. Hence,
the number of wind turbines in existence in a planning period (excluding pre-existing wind turbines — the

parameters NE;}Z are inputs to the model and already account for the retirement of existing wind turbines)
is tracked based on investments NIV and retirements NR, :

wzy wzy*

NV —NW 4+ NIW _ NRW

wzy z,y—1 wzy wzy

VeeZ,yeY, weW (11)

The number of wind turbines retired at the beginning of a given planning period is determined using a matrix
RTHY‘;/y, that specifies for a wind turbine installed in planning period 3’, the planning period y in which it
will retire (based on the technical life of the turbine). An example of this matrix is shown in Table 7 , for a

generic technology with a technical lifetime of 20 years (assuming that y is a 10-year planning interval).

wzy wy'y

NRWY :ZRTW NIZE  VzeZ, yeY weW (12)
y/
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Table 7: Retirement factors for a technology with a lifetime of 20 years.

Retirement period, y

Investment period, y’
2020-2030  2030-2040  2040-2050  2050-2060

2020-2030 0 0 1 0
2030-2040 0 0 0 1
2040-2050 0 0 0 0
2050-2060 0 0 0 0

A land (or seabed) area constraint is included to ensure that the area occupied by new wind turbines does
not exceed the maximum available suitable area:

2

7 (BRY) Ny, < AW VzeZ yeY, weW (13)
The maximum suitable area for wind turbines, Am;ﬂax, is a model input parameter. The area already
occupied by pre-existing wind turbines was excluded from Ayggm.

Finally, wind turbines have impacts associated with their capital investment and operation.

The total net present capital impact for new wind turbines is dependent on the number of turbines installed,

N[X};y, and their capital cost, Cﬁyi

IW =D, N oW NIW Viel,yeVY (14)

wiy wiy wzy
zw

The total net present O&M impact for wind turbines depends on the number of new (N ) and pre-existing

wzy
(NUEXX) turbines in operation, and the operating costs of those turbines, qSXYiy:

wzy wzy

Iy =DM W (N, + NUEW)  VielyeY (15)

3.4.2.2. Solar. The availability of solar power is represented in a similar way to wind power, and it depends
on the availability of the solar resource (irradiance) and the solar PV panels installed:

solar, S
ugglarmar ™ ((Nsslzy +NES ) 2 gfmflszhdt) VeeZ heH,deD,teT,yeY  (16)

sl

where the index sl represents the different types of solar PV installation (solar farm and rooftop solar); N ssl 2y

and N, gjy are the number of new and pre-existing solar PV units installed respectively; I5_, ;. represents
the solar irradiance (expressed as a fraction of the maximum possible irradiance); 2. is the maximum
electrical capacity of single PV unit; €3 is reduction factor representing imperfect panel siting; and 1?3 is the

auxiliary system efficiency.

The number of pre-existing solar units already installed at the beginning of the time horizon, N, gg’y, is a pre-
defined input to the model, and accounts for retirements of these units throughout the time horizon. However
the number of new solar units installed in each time interval is a variable that is subject to optimisation by

the VWM. The number of solar units installed in a given time interval, N sSzZ@,a is tracked based on retirements,

NRSlzy and new investments, NISSlZy:

N§.,=N2,  + NI}, — NR; Vsle SLz€Z,yeY (17)

slzy slzy

The number of solar units retired at the beginning of each planning period is calculated based on the number
of units installed in previous planning periods and the technological lifetime of the solar unit.
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A land area constraint is included to ensure that the area occupied by new solar units does not exceed the
maximum available suitable area:

AS, < A5 ygleSLzeZ, yeY (18)

slzy slzy

Finally, solar units have impacts associated with their capital investment and operation.

The total net present capital impact for new solar units is dependent on the number of units installed, N Islzy,

and their capital cost, Cmy

‘ﬂiiL = slly Z Cslzy slzy Vsl € SLi € ]L Yy e Y (19)

The total net present O&M impact for solar units depends on the number of new (Nsslzy) and pre-existing

(NES ) units in operation and the operating costs of those units, ¢°

slzy elvy

il = ¢poM Z Oy (NS, + NS, VsleSLiel,yeY (20)

3.4.3. Biomass

Unlike other natural resources, such as wind and natural gas, biomass can only be harvested at certain times
of the year. The model assumes that once the biomass is harvested, it can be stored and utilised as required
within the same season. Longer-term storage would require dedicated storage facilities to be installed (also
supported in the model). The total utilisation of biomass over a season is thus constrained by the availability
of the biomass in each season, which depends on the yield potential of the crop in that season (which may
be zero in some seasons) and the land area allocated to its production:

> Uesharynp®ng nyt < ABoYBle ¥eeCCR,z€Z,teT, ye¥ (21)
hd

The total fraction of area occupied by a biomass crop can be constrained per-zone (Eq. 22), and/or across
the whole system (Eq. 23):

D ABe < flocABlomax - vreZ, yeyY (22)
(&
DA <ty ADeme ey (23)

The maximum suitable land area for biomass, , was determined by performing land suitability

analysis using GIS software.

Bio,max
A%y

3.4.4. Resource utilisation impacts

Resource utilisation can incur an “impact”, such as a cost or CO- emissions, which is included in the objective
function. This impact f}j is calculated from the impact of one unit of resource (c¥,;, dty> OF cmlt‘; for biomass)
multiplied by the resource utilisation and summed over all time intervals:

U oM .
‘ﬁiy = gDiy ( Z Z Crindty TZhdtynh nd ny’ o+ Z Cczty czhdtynh nd ny ) VielLyeY (24)
r€R—C zhdt czt

Note that the unit impacts for biomass production, cg-it‘;, include the costs associated with the storage of

harvested crop while it is being utilised throughout the season.
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3.4.5. Imports and exports

The maximum import and export rates of resource r in and out of zone z can be constrained based on
specified limits. The constraints are as follows:

Moy bty VreR,z€Z, heH,deD,teT,ye¥Y (25)
Xrzhdty VreR, z€Z, heH,deD,teT,yeY (26)

Mrzhdty <
szhdty <

Imports and exports are included in the objective function and may have financial and environmental impacts
(e.g._ the emissions due to the import of electricity that is generated from fossil fuels). The net present impact
of imports is:

oM M hd, d :
Iy =Dy, E Crindty Mrzhdtynp ngny" Viel,yeY (27)
rzhdt

Similarly, the net present impact of exports is:

I =DM > Ny Xeznanymingnt Vi€l yeY (28)
rzhdt

3.5. Resource conversion

3.5.1. General conversion technology constraints

Conversion technologies take certain resources as inputs, and produce other resources as outputs. Constraints
are required to manage both the flow of resources between conversion technologies, and the numbers and
impacts of conversion technologies in existence.

Resource conversion technologies are defined as “hourly”, if they are able to vary output on an hourly basis,
or “daily”, if they are less flexible and can only vary output on a daily basis. The net rate of production (or
consumption) of resource r by hourly and daily technologies is given by equations 29 and 30 respectively:

Plyity = Prponaryrpy VrER z€Z heH deD, teT, yeY (29)
pePD
Plaw =Y Poaryrpy IrER 2z€Z deD teT, yeY (30)
pePC

Note that the units for both of these constraints is UoR /h.

Constraints are included for the maximum and minimum operating rates of conversion technologies. The
overall operating rate of the technology type p depends on the number of technologies installed, N'C  and

pzy’
the physical maximum and minimum (part-load) operating rates of the technology:
NYSPE™ < Pty < Npopp®™> VpePP z€Z, heH, deD, teT,ye¥Y (31)
NySpy™ < Py gry < Npsupp™ VpePC z€Z,deD,teT,yeY (32)

The total number of technologies installed in a given zone z in a given planning period y is tracked based
on the number of pre-existing technologies, NI?ZPC, the number of new technologies installed, NIFC  and the

pzy’
number of new technologies and pre-existing technologies retired (N RE% and N REZF;C):

— pzY DZY
Py NPC 4+ NIPC - NRPC — NREPC vwpecPC 2cZ,y>1

pzy pzy pzy

NEPC  NJPC _ NRPC ¥pePC, zeZ, y=1
NPC_{ Pz + p e , 2 € Y (33)

pzy—
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The number of technologies retired is determined using a matrix RFZfD in the same manner as for wind

Y'Yy’
turbines (see Table 7 for an example matrix):

P2Y py'y- " “pzy’

NR}S => REL, NI VpePC z€Z yeY (34)
yl

The maximum total number of commercial technologies that can be built in planning period y (i.e. the build
rate) is also constrained:

pzy

Y NIJS <BR,, VpeP® yeY (35)
z

3.5.1.1. Domestic conversion technologies. Given that domestic conversion technologies are likely to be in-
stalled in very large number, they are counted with a continuous variable, NEZB, rather than an integer
variable. The total production rate of all domestic technologies p € PP in zone z is therefore:

Py niry < 1CNDpR YpePP z€Z, heH, deD, teT,yeY (36)
Domestic heating technologies are also constrained so that the fraction of overall heat provided by a given
technology in a zone in any time interval is fixed across the whole year. This is to prevent, for example,
heat pumps being used at maximum capacity throughout the year, and gas boilers being used for “peak”
heat demands during the winter (this is not realistic as it does not represent one-technology-per-home). The
quantity of heat provided by each domestic technology in each time interval is constrained to equal a given
amount based on an annual fraction of the overall heat demand in that zone.

P bty @rpy = Dyopary fosat ¥r="heat” z€ Zh e Hd e Dt € Ty € Yp € PP (37)
Finally, a constraint is also included to ensure that at least one domestic heating technology is installed in
every home.

S ONJD =N VzeZ,yeY (38)

p€ePP

3.5.1.2. Distribution technologies. Constraints are included to manage the relationships between existing
natural gas grids and the technologies that represent partial hydrogen injection and complete conversion to
hydrogen.

“Complete conversion” of natural gas distribution grids to hydrogen is represented by the installation of a
new conversion technology that converts “centralised” hydrogen to “distributed” hydrogen. Each “complete
conversion” technology has equivalent operating parameters to a single natural gas distribution technology
(although accounting for the differing behaviour of hydrogen and natural gas). The number of “complete
conversion” technologies that can be installed cannot exceed the existing number of natural gas distribution
grids available for conversion:

PC PC
NHIGG—ComCon,zy < NNG DistGrid,zy Vz € Zy ey (39)

Otherwise, “complete conversion” technologies are governed by the same constraints as any other conversion
technology.

Partial hydrogen injection is modelled with a new technology, with a capacity equivalent to a single existing
gas distribution technology, that converts hydrogen and natural gas in a fixed ratio (e.g. 0.07 H2 : 0.93 NG)
to the “distributed” gas. In any given time interval, either the existing gas grid technology can operate (i.e.
no hydrogen injection), the new injection technology can operate (i.e. maximum hydrogen injection), or a
combination of both can operate (for partial hydrogen injection below the maximum limit). Because the new
injection technology does not increase the capacity of the grid, a constraint is included to ensure that the
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maximum operation of the gas grid in a given spatial zone, with hydrogen injection technologies installed, is
no more than the upper bound on the gas grid capacity:

E PC PC max
zhdty = (NNG DistGrid,zy — NHIGG—ComCon,zy)pNG DistGrid

pCPHIGG

VeeZ, heH,deD, teT,yeY (40)

The subset PHISG includes the natural gas distribution technology and the partial injection technology. The
total operating rate of all of these technologies in a spatial zone cannot exceed the maximum operating rate
of a single natural gas distribution technology (PN p;staria), Multiplied by the number of available natural
gas distribution technologies (excluding distribution technologies that have been converted completely to
hydrogen).

3.5.2. Conversion technology impacts

Conversion technologies are included in the objective function, as they incur impacts from their investment
and operation.

The total net present capital impact for building new conversion technologies depends on the number invested
in and the capital cost:

P C P PC C P PD .
I =Y | Y DS, Cr NIV Bpizkipiy + > 10°D5, Ch NEP Bz iy Viel,yeY (41)

z pePD p€ePC

The total net present O&M impact for conversion technologies depends on the number in operation and the
O&M impact of the technology:

jfp - (Z Z DOM > NPCszszzy + Z 106DOM : NPD/BpizK:piy Vi € ]I, Yy e Y (42)

piy*  pzy piy’ pzy
z  \pePP pePC

The total net present variable operating impact of conversion technologies depends on the operating rates
and the variable operating impacts of the given technology:

vp __ OM hd, dw, wt dw,_wt .
'ﬂiy - g‘Diy E E cppzy pzhdtynh Ng My + E E <)Opzy pzdtynd Ty Vi € ]Iv y e Y (43)
pEPD zhdt pePC zdt

Impacts are calculated on a overall system basis, rather than “per plant”. For example, the operating impact
for a particular technology does not directly include the impact of any raw materials consumed. The resource
balance ensures that consumption of a resource must be balanced by: import, transport from another zone,
production by other technologies, utilisation of available resource (e.g. wind, biomass) or utilisation of stored
resource. Each of these options for providing the resource have their own impacts associated with them, such
as the costs of import, or CO5 emissions from the production process. Hence, the “life-cycle” impacts for a
given plant are not specifically calculated, but the overall system impacts are accounted for correctly.

3.5.2.1. COy emissions associated with conversion technologies. The impacts described in section 3.5.2 are
used to represent indirect emissions associated with conversion technologies (e.g. the CO2 emitted in the
construction of the technology). However, CO, is also modelled as a resource in the model, and many
conversion technologies produce COs, which may be captured and utilised or stored. Therefore, a separate
impact must be used to keep track of any COs resource that is produced by conversion technologies but not
captured. First, the net production of COs by conversion technologies is calculated:
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P,COy __ hd, dw,_ wt
Py P = E (arpy(Przhdty + Przdty)nh Ng My )
pzhdt

Vr=COy,2€Z, heH,deD,teT,yeY (44)

This annual quantity of CO5 emissions is then converted to a system impact:

(45)

0 otherwise

o _ {ngMP;’vcoz Yy eY,i=CO,

3.6. Storage

3.6.1. General storage technology constraints

In any given time interval, resources can be loaded into storage (put), held in storage (hold), or extracted
from storage (get). The flows of resources into and out of storage are tracked as follows:

— put hold hold get gct
S’”Zhdty - Z (yszhdty sr src Y + ‘Sﬂ zhdty sr,dst,y + yszhdty ST dat,y) (46)
S

VreR, z€Z, heH,deD, teT,yeY

Syzhaey 1s the net flow of resource from a storage technology into a zone. For the resource being stored, it is
negative if the storage is being filled (the zone has to produce resource in order to store it) or it is positive
if the storage is being emptied (the zone gains resource to use by taking it out of storage). Other resources
can be produced in or required of the zone, such as emissions and energy required to power the storage
activities. Each storage task has a conversion factor, o3, ,, (* €{put, hold, get}), associated with it, which

when multiplied by the rate of operation of the tasks (2, , 5, and .7E5 ) gives the flow of each

resource into and out of storage (the index f describes the source or destination of the storage task).

The overall maximum rates at which resources can be loaded into storage (put), or withdrawn from storage
(get), are constrained based on the number of storage facilities installed and the physical limitations of those
facilities:

Sty S NE, P ag, Vs€S, 2€Z, heH, deD, teT,yeY (47)
Ly < NS, sE M ay, Vs€S,2€Z, heH,deD, teT,ycY (48)

where sPUHMaX and s8°4MaX are the maximum rates that a resource can be loaded into storage and withdrawn
from storage for a single storage facility of type s; as, is a parameter than can be set to 0 or 1 to specify
where certain storage facilities may be placed.

As well as tracking the resource flows into and out of storage, the overall inventory of a given storage
technology s is also tracked (note the value of the index f is the opposite of that in Eq. (46) — whatever
goes into storage has to be provided by the zone, and whatever comes out of storage is made available to the
zone):

__ . hd put put hold hold get get
Iszhdty =Ny E : (yszhdty sr dst,y yszhdty ST,SrC,Y rEﬂszhdtyUST src,y (49)

Vs€S,2€Z, heH, deD, teT,yecY
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The rate of operation of the “hold” task is defined as the current inventory level divided by the length of the
time interval:

‘yie}?z?llc}dty - IO;ZI;Z nllld Vs € Sv S Z? de D’ te T’ ye Y (50)

S

Iy = Lzh—vaty/my'  Vs€S,2€Z, h>1€H,deD, teT,yeY (51)
The daily storage “surplus” is the change in inventory level between the first and last hourly intervals of the
given day type d:

0% 4ty = Lomm ey — Igjjf; VseS,z€Z, deD, teT,yeY (52)

The surplus for a week in season t is then calculated from the sum of the daily surpluses of each day type d
in the given week, accounting for the number of repeated day types n‘jw:

Oty =D 0L gynd  Vs€S, z€Z,teT ye¥ (53)
d

The surplus for a season is the weekly surplus in that season multiplied by the number of weeks in that
season. Finally, the surplus over year y is the sum of all seasonal surpluses:

szty'“t

0= 0t ni"  Vs€S z€Z teT,yeY (54)
t

If it is necessary to keep the storage inventory over one year stationary, i.e. no yearly storage surplus (or
deficit), then an optional constraint can be included:

6.y =0 VseS, z€Z,yeY (55)
The inventory levels over the entire time horizon need to be evaluated in order to ensure that the storage
capacity of all installed storage technologies is not exceeded and to calculate the total impacts of holding
inventory. Due to the repeated days in a week and repeated seasons in each year, the full inventory profile can
be obtained from only the I paty, 5gzdty, 04,1, and 6y, variables. Therefore the total impacts and resource
requirements are easily calculated, but these can equivalently be calculated by using an inventory profile
averaged over all of the individual days, weeks and years in each day type, season and yearly period. Thus, it
can be shown that if the initial inventory at the beginning of the first day in day type d, first week in season
t and first year in yearly period y is Ig;ﬁ;, then the inventory profile given by equations 49, 50 and 51 will
give the correct average impacts and resource requirements if:

Ig;dlg = Igjjzz; + [(ngw - ]‘) égzdty + (n‘tNt - 1) 6;zty + (nzy - 1) 5Zzy] /2 (56)
VseS, 2€Z,deD,teT,yeY

and if the 13;332'; variables are linked as follows.

The inventory level at the beginning of a day type is calculated from the inventory at the beginning of the
previous day type, plus the storage surplus over all days in the previous day type:

O,act __ 70,act dw ¢d
Iszdty - Isz,d—l,ty + nd—l(ssz,d—l,ty

Vs€S, 2€Z,d>1€D,teT,yeY (57)

The same procedure is used to link seasons and years:

Igjblc,tty = Igz’jlc,ttfl,y + n;SN—t 6;z,t—l,y VS € S? S Za t> 1 S ’]rv Yy € Y (58)
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I =T Y0, VsES z€Zy>1€Y (59)
Maximum and minimum storage capacities are defined (sh°ldmax and sholdmin regpectively), and constraints

are put in place to ensure the inventory is kept between these limits. Since the daily storage surpluses are
identical for each day of a given day type, maximum and minimum inventory levels will occur in the first or
last days of the day type. Hence, only these days need to be constrained within the storage capacity limits.
The same applies for weeks in a season, and years in the planning period. The combinations of first and last
day, first and last week, and first and last year result in a requirement of 8 constraints, which is then doubled
to 16 in order to constrain both the minimum and maximum inventories. These 16 constraints are shown in
shorthand below, where all eight possible combinations of plus and minus should be taken to give each pair
of constraints (minimum and maximum inventory level constraints):

dw _ d wt t yy
hold mlnNS <7 + (nd 1) §szdty + (nt ) 652159 (ny 1) 55274 <s hold maxNS
5zyasz > Lszhdty 2 szy

VseS,z€Z, heH,deD,teT,yeY (60)

As with conversion technologies, the total number of storage technologies installed in given zone z in a given
planning period y is tracked based on the number of pre-existing technologies, NE5, number of technologies

installed, NI, , and number of technologies and pre-existing technologies retired (NRS,_ and NRES ):

szy? szyY szyY

NES + NIS, — NRS Vs €S Z,y=1
NSSZy + 52y g Rszys - SES, zE LY (61)
sty 1+ NI, —NR;, —NRZ, Vse€S, z€Z,y>1
Again, the number of technologies retired is determined using a matrix RF sy v (see Table 7 for an example
matrix):
NRS,, = ZR SN Vs€S, z€Z, yeY (62)

Finally, compressors and expanders are included in the model to enable resources such as hydrogen to be
converted to and from the high pressures needed for storage. These conversion technologies are sized to
exactly match the storage technologies in the model, so to prevent them being installed for other (incorrect)
purposes, constraints are included that limit the number of compressors/expanders to no more than the
number of corresponding storage technologies. An example of these constraints for the case of a large
hydrogen storage tank (CGHyS — L) is shown below. Note that an inequality is used as it is still possible for
the number of storage technologies to exceed the number of compressors/expanders if the storage gas does
not require compression/expansion (e.g. if it is obtained from, or subsequently used for, a high-pressure
purpose).

A

N(IJDOMP—L,Z < NCSGHQS—L,Z VzeZ (63)
Nfxp_1. < NgGHQSfL,z VzeZ (64)

3.6.2. Distribution storage (linepack) constraints

The storage (linepack) capacities of natural gas and hydrogen distribution grids (for natural gas and hydro-
gen) are included in the model by including “dummy” storage technologies, that are coupled to the equivalent
distribution grid conversion technologies. These technologies behave in the same way as other storage techno-
logies, but have no impacts associated with them (all impacts are accounted for by the conversion technology),
and the number installed is constrained to equal the number of equivalent conversion technologies installed
(in this case, each storage technology is directly linked to the corresponding production technology):

NS, =NPC  VseSPst »ecZ yeY, pePPs (65)

SzZY PRy
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3.6.3. Storage technology impacts

The total net present capital impact for building new storage technologies depends on the number invested
in and the capital cost:

sty sty szy

Ih =Y DS, C5 NI Viel,yeY (66)
Sz

The total net present O&M impact for storage technologies depends on the number in operation and the
0O&M impact of the technology:

f oM S arS .
‘jzg? = gDiy Z ¢sinqzy Vi € ]Iv Yy ey (67)
Sz
The total net present variable operating impact of storage technologies depends on the operating rates and
the variable operating impacts of the given technology:

Vs __ OM SP put SH hold SG get hd, _dw,_ wt .
“ﬂiy - gDiy (@siy‘yszhdty + @siy‘%@zhdty + (psiy szhdty) nh nd nt VZ S H7 Yy S Y (68)
szhdt

3.7. Transport

Transport of resources between zones is allowed through transport technologies, which utilise transport
infrastructures. In many cases, the technology and infrastructure may be the same (for example, electricity
transmission lines). However in some cases the distinction is useful, for example in road transport, where more
than one resource can be transported by road: individual transport technologies represent the transport of
each resource and they all require the road itself (the infrastructure) to operate on. Constraints are required
to manage the flow of transported resources and the installation and operation of transport technologies and
infrastructures.

The distance between spatial zones is used to calculate losses and impacts associated with transport, and is
calculated based on the geographical locations of the zones’ demand centres:

dyy = \/(mz —2.)° 4 (y. — yar)’ Vz, 2 €Z (69)

Resource flows are calculated from the operating rate of the transport technology, ... hdty, and both
distance-independent and distance-dependent conversion factors (7, fy and 7o,y ry, respectively). Similar to
the storage tasks, these conversion factors allow for the both the flow of the resource being transported as
well as any other resource requirements or losses associated with the transport process. The net flow of
resource into a zone due to the operation of transport technologies is:

Qrzhdty = Z Z [(fmr,dst,y + %mr,dst,ydz’z) sz’zhdty]

2 |v i, =1 meM
+ Z Z [('fmr,src,y + 7A—'mr,src,ydzz’) szz’hdty]
2'|v, 1 =1meM
VreR, 2€Z, heH,deD,teT,yeY (70)

The rate of operation of each transport technology m cannot exceed its maximum operating rate multiplied
by the number of infrastructures in place between zones z and 2’

Dinzonaty < OO0 ND oy lMmBy=1v,. =1 VmEM; 2,2 €ZiheH,deD, teT,yeY  (71)
beB
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where the binary parameter, M By, is used to determine which transport technologies use which infrastruc-
tures and v,,. defines all possible connections between zones (it is 1 if zone z may be connected to zone
2.

Where transport infrastructures b differ from the transport technology m, a constraint is included to ensure
that the operating rate of all transport technologies does not exceed the capacity of the infrastructure.

> PonzenayMBy <UPNS ., VbEB;z 2 €Z;heH deD, teT, ye¥Y (72)
meM

Similar to conversion and storage technologies, the total number of transport infrastructures installed in zone
z in a given planning period y is tracked based on the number of pre-existing infrastructures, NZEE,, and the
number of new infrastructures installed. It is assumed that transport infrastructures have a lifetime longer

than the model time horizon, so retirements are not included.

NB Ny + NI ., VbEB, 2,2 €Z,y=1 (73)
Y TANE, L +NIB,, VbEB, z €L y>1

The model distinguishes between transport infrastructures that may only be operated in one direction (one-
way unidirectional, e.g. some pipelines), infrastructures that can be only operated in one direction, but can
be built in combination with an identical infrastructure in the opposite direction (two-way unidirectional, e.g.
roads), and infrastructures that can be operated in either direction (bidirectional, e.g. electricity transmission
lines). Constraints are defined for these configurations used the directionality parameter g8, (8, = —1 for
one-way unidirectional, 8, = 0 for two-way unidirectional, and S8, = 1 for bidirectional):

Ny =Npooy VWEB|B=1,2+#2€Z (74)
Np oy +Npproy <1 VbEB|B=—1,2#2 € (75)

3.7.1. Transport infrastructure impacts

The total net present capital impact for building new transport infrastructures depends on the number
invested in, the infrastructure length and the unit capital impact:

I =¢Y D CR NIE ydo (1—05]5—1)  VielyeY (76)

bzz'

The total net present O&M impact for transport infrastructures depends on the number in operation, the
infrastructure length and the unit O&M impact:

I =DM P NP yde (1—05]5,21)  Vielyey (77)

bzz'

The total net present variable operating impact of transport technologies depends on the operating rates, the
infrastructure length and the unit variable operating impacts:

Tt =DM > (@S”ydzz, + @3@) Drernarymindnlt Viel yeVY (78)
lzz"hdt

Given that bidirectional infrastructures are modelled by effectively building a unidirectional infrastructure in
both directions (see Constraint 74), the 0.5|g,=1 is included in Eqs. 76 and 77 (for bidirectional infrastructures
only, B, = 1) so that the impact incurred is only representative of building a single infrastructure. For the
case where real unidirectional infrastructures are built in both directions, §, = 0 and the term disappears.
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3.8. Linepack

The formulation for linepack technologies is very similar to storage. The only difference is that whilst storage
technologies are built in each zone and kept separate, linepack “connections” are built in each zone, and join
up- This means that one overall storage inventory is calculated for all linepack connections, and that resource
can be added to the linepack in one zone and withdrawn from another.

Flows of resource into and out of linepack are tracked using “put”, “hold”, and “get” tasks, in the same way
as for storage:

t t hold yhold t t
Lzlhdty = Z (”E’ﬂlglflzdty)\?rusrc Yy + %h?ity)‘lr(jdst,y + "%gzehdty)\lgfdst y) (79)
l
Viel 2€Z heH deD,teT,yc¥Y

Lihdiy is the net flow of resource from a linepack technology into a zone. The net flow is negative if resource
is being added to the linepack system, or it is positive if the linepack is being depleted. Each linepack task
has a conversion factor, A, (% €{put, hold, get}), associated with it, which when multiplied by the rate of

operation of the tasks (£, Zhok, and ZE5, ) gives the flow of each resource into and out of linepack

(the index f describes the source or destination of the linepack task).

The overall maximum rates at which resources can be loaded into linepack (put), or withdrawn from linepack
(get), are constrained based on the number of linepack connections installed in a given zone and the physical
limitations of those facilities:

Loy, < NE P, VieL,z€Z heH,deD, teT,yeY (80)

Ly < NE Iy, VieL,z€Z heH,deD,teT,yeY (81)

where IP"*™* and [#°™** are the maximum rates that a resource can be loaded into linepack and withdrawn
from linepack for a given linepack system [; a;, is a parameter that can be set to 0 or 1 to specify whether a
zone may connect to the given linepack system.

The overall inventory of a given linepack system is tracked in the same way as for storage, except that it is
also summed over all zones:

P‘lt put hold hold get get
thdty - nh Z ( lzhdty lr Ldst,y + "%hdty Ir,src,y + "%zhdty Ilr,src y) (82)
VieL,heH,deD, teT,yeY

The rate of operation of the “hold” task is defined as the current linepack level divided by the length of the
time interval:

LNy = Tttt VieL, deD,teT, yeY (83)

Ly = hon-van/ni VIEL h>1eH deD,teT,yeY (84)

The daily linepack “surplus” is the change in linepack between the first and last hourly intervals of the given
day type d:

Ay = Jumiay — Ty V€L deD teT yeY (85)
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The surplus for a week in season t is then calculated from the sum of the daily surpluses of each day type d

in the given week, accounting for the number of repeated day types nng

Ay =Y Afgng”  VIeL teT yeyY (86)
d

The surplus for a season is the weekly surplus in that season multiplied by the number of weeks in that
season. Finally, the surplus over year y is the sum of all seasonal surpluses:

A}, = A VIeEL teT,yeY (87)
t

If it is necessary to keep the linepack over one year stationary, i.e. no yearly linepack surplus (or deficit),
then an optional constraint can be included:

A}, =0 VieL,yeY (88)

The linepack inventory over the entire time horizon need to be evaluated in order to ensure that the linepack
capacity of the whole system is not exceeded and to calculate the total impacts of holding linepack. Due
to the repeated days in a week and repeated seasons in each year, the full inventory profile can be obtained
from only the Jipaty, Afdty, Afty and A;/y variables. Therefore the total impacts and resource requirements
are easily calculated, but these can equivalently be calculated by using a linepack inventory profile averaged
over all of the individual days, weeks and years in each day type, season and yearly period. Thus, it can be
shown that if the initial linepack at the beginning of the first day in day type d, first week in season t and
first year in yearly period y is J 0:act then the inventory profile given by equations 82, 83 and 84 will give the

ldty
correct average impacts and resource requirements if:

Toim = ot [ (nd = 1) Ay + (07 = 1) Al + (0 — 1) A, | /2 (39)
VieL,deD, teT,yeY

and if the Jl?j’z;t variables are linked as follows.

The linepack inventory at the beginning of a day type is calculated from the linepack at the beginning of the
previous day type, plus the linepack surplus over all days in the previous day type:

Tt = JP gAY, VIEL d>1€DteT, ye¥Y (90)

The same procedure is used to link seasons and years:

O,act __ 70,act t t
lefty = Jz,ftq,y + A1y VielL,t>1e€eT,yeY (91)
O,act __ 70,act yy y
Ty = Niiny-1 TR, VIEL y>1€EY (92)
Maximum and minimum linepack capacities are defined (l?t’ld’max and l}"ﬂd’min, respectively), and constraints

are put in place to ensure the inventory is kept between these limits. Unlike with storage technologies, one
. : hold,max hold,min . . .

linepack system spans multiple zones, so and describe the linepack storage capacity of a
single linepack “connection”: the overall linepack storage capacity is the sum of all of the linepack connections
in all zones. Otherwise, the constraints are set up in the same way as for storage technologies, with only the

first and last time intervals being constrained to be within the allowable limits.

The combinations of first and last day, first and last week, and first and last year result in a requirement of 8
constraints, which is then doubled to 16 in order to constrain both the minimum and maximum inventories.
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These 16 constraints are shown in shorthand below, where all eight possible combinations of plus and minus
should be taken to give each pair of constraints (minimum and maximum linepack inventory constraints):

hold,min L hold,max L
I E NiZyarz < Jindty £ Guary <) E Nizyaiz
z z

(ngw - 1) A?dty + (”yt - 1) A}:ty
2

VieL, heH,deD, teT,yeY (93)

+ (ngy -1) Alyy

where Glaty=

As with conversion technologies, the total number of linepack connections installed in given zone z in a given
planning period y is tracked based on the number of pre-existing connections, NEY, number of connections

installed, NI lI;y, and number of connections and pre-existing connections retired (N Rley and NRFY):

lzy
N = NE+ NIL, — NRL, Viel, z€Z,y=1 (04)
¥\ NE:_ +NIL, —NRL, —NRE: Viel, zeZ,y>1

Again, the number of technologies retired is determined using a matrix RTI;,y (see Table 7 for an example
matrix):

NRp, =Y RTy, NI., VI€L,z€ZycY (95)
y/

3.8.1. Linepack technology impacts

The total net present capital impact for building new linepack connections depends on the number invested
in and the capital cost:

S =¢> DE,CL NI,  VielyeY (96)

lz

The total net present O&M impact for linepack systems depends on the number of linepack connections in
operation and the O&M impact of each connection:

IR =DMN gl NE, VielyeY (97)
Iz

The total net present variable operating impact of linepack systems depends on the operating rates and the
variable operating impacts of the given technology:

vl _ _OM LP ¢oput LH ¢shold LG coget hd, dw, wt .
S =sDyy (@liy"%zhdty + Oliy Linaty T Piiy fzzhdty) Ny Ng Ny Viel,yeY (98)
Lzhdt

3.9. Demand satisfaction

For some resources, it is compulsory that demands are satisfied, so these are included in Dﬁzfﬁy. For others,

a demand may exist but it is optional whether this demand is satisfied. For example, optional demands can
be used for resources that are outside the main scope of the study, but can be sold to provide a revenue. The
total level of optional demand (i.e. market size) is defined by DeP? The level of optional demand that is

rzhdty*
then actually satisfied is constrained as follows:
D3y <Dy, VrER z€Z, heH, deD, teT,ye¥Y (99)



REFERENCES 35

3.9.1. Impacts of demand satisfaction

Revenues from the sale of resources and energy services (satisfying demands) may be included in the objective
function using the following impact. The parameter V,;, specifies the unit impact of the demand satisfaction
(i-e. market price at which the resource is sold):

IR =DM N Ve (DS, + Diaey ) nbnn} VieLyeY (100)

rzhdty
rzhdt
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