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The value of ammonia towards integrated power
and heat system decarbonisationt
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As the United Kingdom (UK) is legally bound to Net Zero goals, deep decarbonisation of wide power and
heat systems constitutes a focal point of research. With heat being the biggest energy consumer in the
UK, sector coupling emerges as imperative towards cost-efficient decarbonisation. Pathways including
dense energy carriers, which can store excessive intermittent renewable energy, offer alternative options
for optimal system operation. In this work, the role of hydrogen and ammonia as energy vectors in Great
Britain's (GB) power system planning is examined. Dense energy carriers’ pathways are modelled to offer
additional energy storage, transport and electricity generation options for the system. A spatially explicit
snapshot model is developed, whose temporal resolution captures the short- and long-term dynamics
of demands and renewable sources through a novel chronological clustering method. Ultimately,
integrated capacity planning and operational optimisation in GB is conducted for a target year via the
snapshot model. Regional power and heat demands are determined as the heat fuel consumption mix is
optimised. Key findings include that under various scenarios up to 80% heat electrification can be cost
effectively achieved through the flexibility offered by up to 6 TW h of ammonia storage for annual inter-

rsc.li/sustainable-energy seasonal storage.

1 Introduction
1.1 Motivation of the study

According to Net Zero goals, the UK aims to radically reduce its
carbon emissions by 2050. The successful transition to a net
zero energy system is a challenging problem as the decarbon-
isation of a range of services and processes is necessary.' In
particular, the fulfilment of the UK's power system goals in the
future requires the transition from its current carbon-intensive
state (169.9 kgco, MW h™! in 2020 according to National Grid
ESO?) while honouring carbon emission goals, affordability and
reliability.> This problem requires sector coupling investiga-
tions, since different sectors, like heat and domestic transport,
are highly energy consuming and carbon-intensive.* Techno-
logical developments in electricity generation, energy storage,
heating systems and carbon capture and storage (CCS) tech-
nologies offer a wide variety of options to empower sector
coupling, heat electrification and decarbonisation towards Net
Zero. In particular, renewable energy sources (RES) are crucial
for such a power system as they provide zero-carbon electricity
generation and lead to sharp reduction of marginal cost in
power markets.’> Nevertheless, their integration into the power
grid warrants judicious planning and additional flexibility
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options; otherwise they can have adverse economic effects, as in
the UK in 2021 curtailment costs exceeded £500 million.® Due to
RES intermittency, a lot of research effort is put into the efficient
storage and transportation of energy. Battery energy storage
systems (BESS) have rapidly evolved during the last few decades
and transmission expansion of networks has been studied in
parallel with the systems' planning.”® Despite the importance of
the latter for the power system, the short-term duration of
BESSs (low ratio of its energy storage capacity to its power rating
capacity) and the increased volatility within the power grid
hinder the efficient exploitation of the increasing RES genera-
tion.® Thus, recent efforts have resorted to alternative options
for efficient integration of the excessive RES. These include
storage through dense energy carriers (DEC), such as hydrogen
and ammonia.’®"" As hydrogen is a challenging DEC due to the
cost and safety considerations regarding its storage and trans-
portation handling, this work further incorporates ammonia,
which has emerged as a promising alternative for cost-effective
hydrogen-based energy storage.'>'* For the sake of clarity, it is
mentioned that even though ammonia's handling is safer than
hydrogen's (e.g., no high pressure or cryogenic conditions
during ammonia’'s storage), there are still serious safety and
health concerns for ammonia, as in the case of hydrogen.*>**
Ammonia could be produced in the future by using low-carbon
hydrogen and electricity through the well-established Haber-
Bosch (HB) process, leading to a low-carbon alternative option
for hydrogen-based energy storage.'® The ultimate goal of this
work is to formulate a capacity planning and operational
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optimisation spatially explicit snapshot model for nationwide
coupled power and heat systems in order to evaluate the role of
both hydrogen and ammonia for energy storage and transport.

1.2 Existing literature

Energy systems modelling for the optimisation of future
decarbonisation strategies constitutes a challenging problem.*®
Such problems can also be categorised under the family of
Capacity Expansion Planning (CEP) problems and aim to opti-
mise the structure and operation of power systems and
networks in the future.*® Simplified versions of a CEP problem
can consider a single time stage planning (also denoted as
snapshot problems). However, long-term planning that spans
multiple time stages is the standard version of such problems
and they may also be mentioned as evolution models."” CEP
problems can determine the optimal capacity mix of generation
technologies, their locations and their operation while mini-
mising the total cost considering a complex set of constraints.
Typical constraints include restrictions such as technical,
operational, economical, and environmental as well as
constraints that account for complementary sectors. Depending
on the scope of the modelling approach, CEP can be extended to
include additional sets of constraints, which can help to model
in detail some specific aspects of the system. Some examples of
the latter are: (i) decarbonisation constraints, (ii) transmission
expansion modelling, (iii) power and other sector codepen-
dency, (iv) stability and security of the system, (v) energy
storage, and (vi) short-term unit commitment integrated into
long-term CEP.*> As the power system evolves towards deep
decarbonisation, more studies consider the integration of RES
into the CEP problem.>*® The same holds for integrated power,
gas and hydrogen systems and finally for the integration of
energy storage options into CEP problems."*°

Depending on modelling assumptions and goals, the choice
of an appropriate system and time representation is essential.
The computational complexity of CEP problems, including
coupling considerations along with integrated planning and
operational optimisation, is further exacerbated depending on
the selected temporal resolution for each time stage.”* Thus,
a wide variety of time aggregation methodologies have been
proposed to compress a full-year temporal resolution according
to the needs of the problem and to mitigate computational
limitations.**** Widely used methodologies include the genera-
tion of representative days to emulate the full-year resolution of
available data profiles and consequently of the system's opera-
tion. Poncelet et al** proposed an optimisation-based approach
for representative day selection that minimises the approxima-
tion errors to the original duration curves. In the work by Tso
et al.,”® representative days are chosen using an agglomerative
hierarchical clustering approach to optimise energy systems with
storage. However, while the latter approaches significantly
reduce the computational burden, they may lead to approximate
solutions to CEP problems compared to the problems using full-
year data.”*” In contrast, the chronological time-period clus-
tering (CTPC) approach can enhance performance in solving CEP
and capture the value of long-term storage, while honouring
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chronology and short-term dynamics. In particular, CTPC was
introduced by Pineda and Morales” and uses Ward's hierar-
chical clustering to reduce the number of time periods while
keeping the chronological order of the original data.*

Recent works regarding energy systems modelling indicating
basic concepts that are progressively considered in the problem
statements are outlined as follows. Koltsaklis et al.>®* proposed
a spatially explicit Mixed-Integer Linear Programming (MILP)
model integrating CO, emission constraints for Greece. Lara
et al.*® proposed an MILP model and a nested Benders decom-
position algorithm for capacity expansion planning in Texas.
Heuberger et al®* modelled the capacity expansion problem
considering endogenous technology cost reduction and imple-
mented it in GB's power system. The aforementioned studies
focused on the planning and operation of wide power systems
without considering power and heat sector coupling. A combined
gas and power network expansion problem for GB has been
presented by Chaudry et al.** Charitopoulos et al.* formulated
a capacity expansion planning MILP model coupling power and
heat sectors in order to study the cases of heat electrification in
GB. Finally, Hoseinpoori et al.** proposed a single node MILP
model for integrated power, heat and gas systems in GB
considering hydrogen production for heat satisfaction in order to
investigate heat electrification and decarbonisation strategies for
buildings.

Capacity expansion problems with high penetration of
renewable generation necessitate the efficient exploitation of
excessive renewable energy towards decarbonisation.” The
optimisation of the location, sizing and operation of storage
systems is challenging as BESSs are appropriate only for short-
term energy storage.** Thus, dense energy carriers (such as
hydrogen and ammonia) or pumped storage systems are
imperative for the efficient mid- or long-term storage of exces-
sive renewable energy.'*** Focusing on DECs, while hydrogen
has been demonstrated to have competitive advantages over
battery storage, ammonia further enhances hydrogen-based
storage.'®® Ganzer et al®*® employed the relaxed Linear
Programming (LP) version of the capacity expansion model of
Heuberger et al.** integrating the power-to-gas storage pathway
and employing full-year hourly resolution in order to evaluate
the role of inter-seasonal storage for GB's power system. They
selected methane for storage and showcased that inter-seasonal
storage provides value to the system despite its high cost and
low round-trip efficiency.

Focusing on hydrogen-led decarbonisation studies, He
et al* investigated the integration of hydrogen production for
electricity-grid storage in the United States Northeast region
and highlighted the role of hydrogen in deep decarbonisation
scenarios. Other studies have also highlighted the role of
hydrogen for storage in power systems towards decarbon-
isation.*®?*® Furthermore, research studies delved into the
hydrogen network expansion in the UK or the United States
considering detailed storage, transport and renewable
generation.’*** Finally, heat decarbonisation in the UK via
hydrogen pathways has been investigated by Sunny et al.*®

Beyond hydrogen, ammonia's optimal production constitutes
a focal point of research. Ammonia's conventional production is
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a power and carbon-intensive process (8.6 EJ power consumption
and 450 Mt CO, in 2020), which was mainly used during the last
century for fertiliser production.*® Ammonia as a fertiliser is ex-
pected to play a more significant role globally in the future as
estimations for up to 40% NH; production increase and the need
for 41 Mt H, in 2050 are reported. Moreover, the direct CO,
emissions from NH; production can be reduced by over 70%
with the installation of over 110 GW electrolyser capacity.*
However, ammonia has also emerged as a promising dense
energy carrier as its benefits for energy systems can be twofold:
(a) its long-term storage and transportation are inexpensive and
safe compared to other alternatives, and (b) the stored energy can
be consumed in a subsequent time period or be transported to
a different geographical region.">'* Particularly, renewable-based
green ammonia on a large scale could be a potentially valuable
asset towards a future decarbonised system.**** Therefore,
research studies on the scheduling, planning and optimal
operation of energy systems have recently included both
renewable-based ammonia production and ammonia-to-power
pathways in their considerations.**" Palys and Daoutidis>
proposed a capacity planning and scheduling MILP model in
order to minimise the levelised cost of ammonia in specific
locations. Moreover, techno-economic analyses have forecasted
the levelised cost of ammonia to be lower than $400/t by 2040,
which could enable the cost-efficient use of ammonia fuel for
electricity generation.>*?* While several studies focused on
islanded ammonia production (without electricity grid connec-
tion) or fixed electricity prices, Salmon and Bafiares-Alcantara®
studied how grid connections can assist to reduce infrastructure
costs and consequently the levelised cost of ammonia produc-
tion. Regarding supply chain optimisation, Allman et al>
examined the impact of renewable ammonia as a means for
demand satisfaction in the ammonia supply chain. Finally,
ammonia has also been considered within the context of whole-
system energy carrier supply chain optimisation.”

Ammonia is studied for a plethora of planning, scheduling
and supply chain optimisation problems. However, the inte-
gration of ammonia into a country's power system planning and
operational optimisation problem remains largely unexplored.
The evaluation of ammonia's role as a spatial energy vector and
energy carrier for inter-seasonal storage in a nationwide
coupled power and heat system has not been studied yet.

1.3 Contributions

This work aims to present a snapshot spatially explicit LP model
for capacity planning and operational optimisation towards
Great Britain's power and heat sector decarbonisation in
a future target year. The main contributions of this work
include:

e Selection of fine-grained spatial and temporal representa-
tions for detailed operational optimisation.

e A novel chronological time-period clustering approach to
better capture both renewable sources and demand variability.

e Determination of power system demand by optimizing the
heat fuel consumption mix considering heat electrification,
natural gas and hydrogen options.
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e Integration of hydrogen and ammonia pathways to offer
alternative options for energy storage and transport.

e Assessment of the role of ammonia for long-term energy
storage over a number of scenarios regarding technological
build rates, biomass availability and
efficiency.

The remainder of the article is organised as follows: in
Section 2 the superstructure of the problem is presented and in
Section 3 mathematical developments are outlined. In Section
4, the detailed case study results and different scenarios are
discussed to elucidate the impact of different factors on the
problem. Finally, conclusions and future directions are drawn
in Section 5.

renewable source

2 Problem description
2.1 Summary

This work aims to investigate the role of hydrogen and
ammonia as energy vectors in a nationwide power system when
the integrated power and heat sectors’ decarbonisation is
pursued. A spatially explicit snapshot model for planning and
operational optimisation for GB's power system decarbon-
isation is formulated. In parallel, heat demand's breakdown is
optimised, as it typically constitutes a significant component of
the total energy demand and an important source of CO,
emissions.* Towards the investigation of a future decarbonised
power system, several crucial components should be taken into
consideration, such as:

e Power and heat demand.

e Electricity generation and energy carrier production
technologies.

e Heat end-use options such as heat pumps, natural gas and
hydrogen boilers.

e Renewable technology penetration into systems along with
their availability profiles.

e Supply chain aspects such as storage and transmission/
transportation of electricity or DECs.

e Electricity transmission to/from interconnected countries.

e Regulations to secure the adequacy of the power system.

e Technological build rates and land availability for RESs.

e Statutory policies and goals regarding carbon emissions.

Given the relevant inputs and technological or physical
limits of the system, a snapshot model is proposed to optimise
the planning and operation of the integrated heat and power
system in a future target year. Regarding planning the model
determines: (i) the investments in capacity expansion of
generation and storage technologies and (ii) transmission
expansion, while using the current infrastructure of the system
(for the year 2020) as an initial point. The optimisation of the
system's operation includes the decisions for generation,
resources’ transportation and storage for the target year. Ulti-
mately, the model's output decisions include:

e Optimal heat fuel consumption mix breakdown.

e Optimised peak demand for the power system.

e Power system's capacity mix integrating conventional
technologies, RESs, DECs and alternative pathways.

This journal is © The Royal Society of Chemistry 2024
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e Optimal operation of the system including generation,
storage, transportation and interconnections towards
decarbonisation.

Various aspects of the problem statement are presented in
detail in the following sections.

2.2 Spatio-temporal analysis

In this work, we focus on GB's power system using a fine-
grained spatial analysis, as this is considered to be imperative
for the energy planning of the whole country's power system. To
this end, GB is divided into 13 regions (g € G) according to the
Local Distribution Zones (LDZs) of the gas network as shown in
Fig. 1a. Thus, both real-world profiles of several input parame-
ters (e.g., demands and availability of RESs) and consequently
the corresponding decisions are region-specific. Moreover,
bidirectional interconnection capability for electricity trans-
mission between GB and interconnected countries (i € I) is set.
This can be considered as an extension to the spatial resolution,
as the exact connections of a region (LDZs, g € G) to an inter-
connected country (i € I) are specified for the future.® Ulti-
mately, the fine-grained spatial resolution is adopted not only to
capture the geographical variation of power demand, heat
requirements and RES availability but also to gain valuable
insight regarding the energy resources' transportation between
the LDZs and between GB and the interconnected countries in
the results.

Regarding the temporal resolution, the power system's
planning and operation is optimised for a certain year in the
future. It can be stated that it is a single stage capacity expan-
sion planning problem or alternatively a snapshot problem."” As
a snapshot problem that aims at operational optimisation,
a full-year time horizon is employed. Using full-year hourly
profiles of demand and climate data (1 year = 8760 hours), the
operational decisions are taken on this time horizon (more
information regarding demand and climate data is provided in
Section 4.1 and in the ESI}). In particular, according to Poncelet
et al.”* the employment of a full-year horizon is ideal when
solving the CEP problem including long-term inter-seasonal

Residential
@ % Heat
NE Power Commercial
W \ L

5
28

SO gg
Industrial

Fig. 1 Basic components of the problem statement: (a) Local Distri-
bution Zones (LDZ) of Great Britain, (b) investigated systems and
sectors of energy demand.
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storage. A full-year approach is able to capture in detail the long-
term dynamics regarding RES generation, which displays sea-
sonality, and the long-term energy storage, which may also
display seasonality patterns. However, a full-year hourly reso-
lution might lead to computationally intractable optimisation
problems, as the problem's complexity increases significantly.
Thus, Gonzato et al.”” suggested the solution of such problems
with the use of CTPC and the inclusion of as many represen-
tative periods as possible. According to the findings in the
literature, this work insists on the preservation of a detailed
temporal resolution. The computational drawbacks of the full-
year problem are dealt with exploring CTPC methods, which
reduce the number of time periods employed and preserve the
chronology of the original full-year hourly input time series. In
particular, this work proposes a novel version of CTPC in
Section 3.2 and its accuracy compared to a full-year problem is
investigated in Section 4.2.

Further discussion on the variation of demand and climate
data of the problem on the spatio-temporal scale is provided in
Sections 2.1 and 2.2 of the ESI, respectively.

2.3 Ammonia as a DEC for long-term energy storage

Hydrogen may be a challenging carrier for long-term energy
storage not only due to safety and practical reasons but also
because of storage and transport cost considerations. Hence,
the ammonia pathway could be an alternative option for cost-
effective hydrogen-based storage in the studies of energy
systems planning.'* The advantages of ammonia for long-term
storage include its high volumetric density (3.53 kW h L™" for
liquid NH; compared to 2.35 kW h L™" for liquid H,) and its
cheaper storage and transportation costs compared to
hydrogen."** However, ammonia does not constitute the only
choice for cost effective long-term storage of hydrogen-based
energy.”” Liquid organic hydrogen carriers (LOHCs) are
considered another promising category of carriers, which
operate as “liquid hydrogen batteries”. In other words, these are
liquid or low-melting solid organic compounds that can be
reversibly hydrogenated or dehydrogenated at high tempera-
tures and in the presence of catalysts in order to store or release
hydrogen, respectively.**¢>

For the sake of comparison between ammonia and LOHCs,
several aspects regarding energy storage on these are analysed
as follows. Firstly, ammonia offers a relatively high energy
density of 3.52 kW h L', while LOHCs achieve slightly lower
energy densities, between 1.8 and 3.3 kW h L', depending on
the chemical compound.® Regarding the maturity of technol-
ogies, ammonia has been produced on a large scale for over
a century through the Haber-Bosch process, which is consid-
ered optimised. The technology of LOHCs has also existed for
many decades, as several aromatics have been hydrogenated or
dehydrogenated in oil refineries for decades. However, research
on chemical compounds, catalysts and processing conditions is
necessary to further improve the energy efficiency, flexibility
and market competitiveness of LOHC technology for hydrogen
storage.®* Moreover, supply chain considerations are positive
for both LOHCs and ammonia. LOHCs are considered
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compatible with existing fuel infrastructure, while for ammonia
global supply chain infrastructure and even pipeline systems
exist due to its importance for fertilizer production.* Focusing
on the behaviour of LOHCs and ammonia as fuels, LOHCs are
also considered as environmentally friendly carbon-free fuels,
as they do not emit CO, upon combustion. LOHCs retain their
initial structure after the release of stored hydrogen.® In
contrast, ammonia is typically combusted as a whole, which
leads to NO, (nitrogen oxides) emissions." Finally, LOHCs
present similar environmental and safety risk levels to
conventional fuels. Ammonia is a toxic compound and conse-
quently safety regulations for its handling and transportation
are well established.**

According to this comparison analysis, both LOHCs and
ammonia theoretically constitute promising options for long-
term energy storage in the future. However, comparative
economic assessment by Hank et al® indicates that NH;
displays 20% lower production and shipping costs than LOHCs
and consequently the ammonia pathway may be more cost-
efficient for long-term energy storage than LOHCs.* Thus,
this work accounts for the ammonia pathway in the investigated
CEP problem. Besides, the ammonia pathway is selected as the
concept of low-carbon ammonia production has been studied
in a plethora of techno-economical studies in the
literature.**>%%3¢

Beyond all the advantages of ammonia as a DEC, its
combustion for electricity generation is also a very challenging
research objective.®**® The main challenges include the
unstable combustion and the relatively high NO, emissions
upon combustion.® The mitigation of the latter constitutes the
most vital problem towards the establishment of ammonia as
an environmentally friendly fuel. Several studies and practical
applications in the literature focus on the reduction of NO,
emissions upon ammonia combustion. For instance, Somar-
athne et al” investigated the performance of an ammonia
combustor using a turbulent premixed flame at various pres-
sures to reduce both NO, emission and unburned ammonia.
Ultimately, they indicated an ideal operating point for the
implementation of a selective catalytic reduction (SCR) system
in the exhaust of an ammonia combustor. Moreover, Somar-
athne et al.”* proposed a two-stage combustion of ammonia
using a rich mixture in the first stage and a lean mixture in the
second stage in order to suppress NO, emissions. Beyond lean
ammonia combustion, Hussein et al’> presented that
combustion of mixtures of ammonia with hydrogen can lead to
reduced NO, emissions in the exhaust.

Based on the research advancements in ammonia combus-
tion, manipulation of operating conditions, use of ammonia as
co-firing fuel and two-stage combustion are the realistic options
for low-NO, combustion of ammonia at this moment. However,
researchers are optimistic that using the knowledge of the
dynamics and the chemistry of combustion the challenges can
be overcome and dedicated ammonia combustion without NO,
emissions will be available in the future.®”*® A significant role in
achieving this goal can be played by the development of either
a technology for catalytic combustion of ammonia or an effi-
cient system for selective catalytic reduction using unburned

2918 | Sustainable Energy Fuels, 2024, 8, 2914-2940
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ammonia in the exhaust of the combustor in order to remove
NO, emissions.'>®® The latter is similar to ammonia's use in de-
NO, processes for the control of NO, emissions in the exhaust of
diesel combustion engines.®® Alternatively, the development of
proton conducting electrolyte-based solid oxide fuel cells
(SOFC-H) using ammonia could enable electricity generation
without NO, emissions.”

Finally, the most encouraging results come from an initiative
by Mitsubishi Heavy Industries,”* which has developed 40 MW
ammonia-fueled gas turbines. In their official statement, they
mention successful testing on an ammonia burner with stable
operation and limited NO, emissions. Further results could
constitute a turning point towards the deployment of large scale
power generation using ammonia. Similar results and
suppression of NO, emission have been officially stated by IHI
Corporation” for a 2 MW ammonia-fueled gas turbine and by
a consortium including MAN Energy Solutions and BUTTING"®
for the first-ever SCR system deployment in ammonia-fueled
marine engines.

Ultimately, ammonia is selected as a DEC for long-term
energy storage in this study due to its advantages regarding
cost-effectiveness, renewable-based production, global supply
chain infrastructure and well-established safety regulations.
Moreover, based on the recent developments from the afore-
mentioned industrial initiatives, we consider that NO, emis-
sions mitigation technologies will be available in the near
future and consequently we assume that ammonia's combus-
tion does not emit greenhouse gases in the target year of the
CEP problem.

2.4 System superstructure

Electricity, hydrogen and ammonia systems' planning is inte-
grated into our proposed model to elucidate the complemen-
tarity and competition resulting from their integration. As the
proposed model aims to determine the mix of technologies and
optimise the operation of the power supply chain in a future
year, the demand mix of the heat supply chain is concurrently
optimised. Decisions on the latter are taken into consideration
due to its high energy requirements and consequent carbon
intensity.* We note that due to the technology uptake
complexities of industrial heat we do not consider this as part of
the study and aim to address this issue in future work. The
investigated systems along with the sectors of demand can be
envisaged in Fig. 1.

Regarding decisions on the GB's infrastructure, the status of
existing technologies’ (j € J) generation and storage capacities
as well as transmission capabilities is considered. Focusing on
electricity generation technologies, they can be categorised into:
(i) conventional and (ii) renewable technologies. Moreover,
DECs, i.e., H, and NH3, are included in this problem statement
introducing alternative electricity generation ways, energy
storage and transportation alternatives towards decarbon-
isation. In the problem statement, no classification of electricity
based on carbon intensity is assumed. Hence, the study does
not focus on exclusive green hydrogen or green ammonia
production using solely low-carbon renewable energy.** In

This journal is © The Royal Society of Chemistry 2024
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contrast, all generation technologies contribute to the electricity
grid. Then, electricity can be exploited either to satisfy demand
or by certain technologies for storage and the production of
dense energy carriers like hydrogen (via water electrolysis).
Consequently, carbon-based discretisation is employed neither
for hydrogen nor for ammonia. Instead, a system-wide carbon
goal is set.

A summary of all electricity generation, DEC production and
end-use heat technologies is given below. The superstructure of
the network for the problem can also be visualised in Fig. 2.
First, generation technologies that consume conventional fuels
are considered as they play a vital role in the system's
adequacy.” Combined Cycle Gas Turbines (CCGTs) and nuclear
power plants can generate electricity by consuming natural gas
and uranium, respectively. Coupling conventional processes
with CCS systems is also considered towards the reduction of
net carbon emissions.”®® Regarding CCS systems, several effi-
cient large-scale technologies for CO, capture exist (e.g:, tech-
nologically ready oxyfuel systems with TRL = 8-9) and we
assume unlimited available storage capacity for the captured
CO,. Thus, CCGTCCS is included and then Steam Methane
Reforming with CCS (SMRCCS) is added for hydrogen produc-
tion from natural gas. However, coal-based technologies are
neglected as their usage in GB already declines (9.7% load factor
in 2020) and schemes to phase out existing unabated coal plants
are established.®

As for renewable energy sources, solar farms and wind farms
(both offshore and onshore) constitute participants in the current
GB's system and are predicted to grow in the future.®* Further-
more, electricity generation from existing hydroelectric plants is
considered but investments in these are neglected. Finally,
biomass-fueled plants, which can be coupled with CCS systems,
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are taken into consideration, as they provide negative emissions.
In this work, biomass for electricity generation (BE and BECCS) or
gasification (BGCCS) for hydrogen production is considered.®***
Considering hydrogen, beyond SMRCCS and BGCCS it can
be produced via Water Electrolysis (WE).*** Regarding WE,
a plethora of literature studies investigate its operation
consuming electricity exclusively from RESs.*® Moreover,
Supercritical's “GreenNH,;” project for green ammonia
production in the UK investigates green hydrogen production
using wind energy through a power purchase agreements.”
However, in this work it is assumed that WE consumes elec-
tricity from the power grid. Produced hydrogen can be stored
and then it can be consumed in three main pathways: (i) for
ammonia production in the Haber-Bosch process, (ii) to
contribute electricity back to the system by its combustion in
hydrogen-fueled gas turbines (H,CCGTs) or (iii) by its
combustion to end-use heaters to satisfy heat requirements.
Ammonia’'s role as a DEC for a future power system is similar
to hydrogen's, but its storage and distribution are considered
more cost-effective.”” NH; can be produced using H, and elec-
tricity as initial flows to the Haber-Bosch process. In particular,
Haber-Bosch constitutes the traditional process to produce
ammonia on a large scale and can be exploited in the future for
low-carbon ammonia production.” In this work, HB's techno-
economic parameters are re-estimated in order to adopt the
costs for the accompanied air separation units (ASUs) for the
necessary nitrogen production.”® Produced ammonia can be
stored and energy can be contributed back to the system for
electricity generation in NH; gas turbines, which directly use
ammonia (NH3CCGTs). Even though technologies like
H,CCGTs and NH3;CCGTs are not yet commercially available for
large-scale employment (TRL = 7 according to the Reiner
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