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A Power-to-X Study

Abstract

One of the critical challenges faced in the fight to mitigate the effects of
climate change lies in the uncertainty of the successful deployment of any proposed
means in light of an ever-dynamic socio-economic world. This study seeks to examine
one of the means of climate change mitigation within the context of road transport
via the deployment of electrofuels. The body of this thesis aims to explore gaps in
the analysis of the potential of fuels that could be made available for future vehicles
that rely on carbon-based fuels. The methodology takes a conservative yet realistic

approach - if near-term climate change targets remain unmet.

Using the United Kingdom as a case study, this study assessed the potential
of carbon dioxide that is readily available to be captured and valorised into electrofuels.
The fuels discussed were considered based on their immediate adaptability with the
current infrastructure. Process models were developed for the solid oxide electrolysers

and various fuel synthesis processes.

The techno-economic performance of producing each fuel in terms of their
profitability. The results showed that the economic viability of producing these fuels
is highly dependent on the source and, consequently, the price of electricity. Using
the net present value as a key economic indicator, profitability is achieved when the
electricity prices are below £17.4 per MWh. A fuel performance analysis is carried
out to understand how these fuels perform energetically and environmentally in
today’s vehicles. A well-to-wheel analysis showed that internal combustion engine

vehicles achieve efficiencies between 11.3% to 19.8%.

A discussion on the prospects and barriers to deploying electrofuels concludes
this study’s assessment. The current infrastructure and limitations are highlighted
at the close of this work. The significance of this study is to inform stakeholders of
the opportunities and consequences of deploying electrofuels as a climate mitigation
option and as a transitionary and enabling technology towards long-term climate

strategies. Figure 1 and Figure 2 summarises the analysis in this work.
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(a) Methane.

(b) Methanol.

Figure 1: Overview of comparative features of the synthetic fuels analysed in this work.

Fossil fuels and hydrogen are added for relative comparison.
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(a) Dimethyl Ether.

(b) Fischer-tropsh Diesel.

Figure 2: Overview of comparative features of the synthetic fuels analysed in this work.

Fossil fuels and hydrogen are added for relative comparison.
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Chapter 1

INTRODUCTION

This opening chapter introduces the motivation and research questions from the
study concerning global discussions on climate change and energy sustainability. This
chapter presents the then! current status of the current climate issue and proceeds
with a proposed resolution. Finally, the research questions to be considered across

the duration of the study are addressed in this thesis.

Lc. 2019 and Pre-COVID
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1.1 Background

The global population has increased by more than 400% over the 20th century. It is
projected to continually increase with the population momentum owing to relatively
higher fertility rates and a higher life expectancy — due to ever-developing global
industrialisation [1|. In parallel, the global energy demand required to sustain an
increased living standard and propel civilisation forward will continue to grow [2].
Adversely, the environment has been progressively areas impacted by industrialisation.
These environmental areas include the geosphere, hydrosphere, and the atmosphere
—, with the impacts becoming increasingly pernicious due to greenhouse gases (GHG)

released by the intensive use of nitrogenous fertilizers and fossil fuels.

Carbon dioxide (COz) constitutes 64.3% by the concentration of all GHG
— a compound gas that absorbs and re-emits infrared (thermal) radiation in the
atmosphere [3]|. This heat-trapping phenomenon initiated by the absorption of part
of the electromagnetic spectrum is known as the greenhouse effect, which induces
global warming — the gradual increase in the combined surface air and sea surface
temperatures average over the earth and over a period (usually expressed as relative to
the 1850 to 1900 period, an approximation of pre-industrial temperatures). Methane
(CHy), nitrous oxide (N2O) and fluorinated gases (HFCs, PFCs, SFg, NF3) constitute
the rest of the primary GHG that directly contribute to climate change owing to
their positive radiative forcing effect. Others include oxides of sulphur (SOx) and

non-methane volatile organic compounds (NMVOC) [4].

Climate-related hazards augmented by anthropogenic global warming (esti-
mated at 1.30 °C above pre-industrial levels as of 2022) other than rising temperatures,
include changes to rainfall patterns, rising sea levels, increasing ocean acidification
and extreme weather events, such as droughts, heat waves and floods have been

found to have direct adverse effects to the limits of human thermoregulation [5].

The adverse effects of climate change extend to the human system in

2 Chapter 1 Samuel Sogbesan
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instances where climate-sensitive biophysical environments and socio-economic and
political limitations on adaptive capabilities compound to prompt highly vulnerable
situations. Globally, heavy precipitation affects the availability and quality of fresh
water, inundations leading to the loss of coastal ecosystems and infrastructure, posing
a risk to livelihood. The IPCC report published in 2014 by Arent et al. [6] indicates
that the thermal efficiencies of power generation technologies show a reduction
due to the availability of cooling water, induced by increasing global temperatures,
consequently impacting energy systems directly related to the gross domestic product
(GDP). It has been estimated that the economic loss resulting from an adverse
climate change in the United States is equivalent to 1.20% cost of GDP per year per

1.00 °C increase in the average global temperature |7].

The issue of climate change is now apparent and poses a potentially irreme-
diable threat to humanity. In recognition of this, and a commitment to secure the
future of the next generations, 197 delegates representing their respective countries
signed an international treaty, the Paris Agreement, in 2015 [8]. The universal com-
mitment put forward during the COP21? (United Nations Framework Convention
on Climate Change in 2015) set out to increase efforts to accelerate the objective of
limiting the global temperature increase to 1.50 °C above the pre-industrial levels.
In addition to the Paris Agreement, public policies relating to global warming and
climate change are constantly developed at national, regional and local levels. These

policies can be categorised as follows:

1. Mitigation — These policies and actions focus on the attenuation of the rate of
global warming. The proposed strategies aim to reduce atmospheric GHG either
by reducing the sources of the pollutant; or by enhancing sinks that accumulate
and store more of these gases. Tree cover programs like reforestation could

achieve a global carbon storage potential of up to 205 Gt across its lifetime [9].

2COP26 is the latest edition held in Glasgow, UK, in 2021. Outcomes included increased

financing towards net zero amidst concern of reaching the 1.50 °C target
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2. Adaptation — Initiatives and measures to reduce the susceptibility of natural
and human systems to the present and/or anticipated detrimental effects of
climate change are the main goals of adaptation-driven policies. Disaster
risk reduction, migration and financial implications drive the formulation of
adaptation policies. Adaptation measures are generally location socio-economic
dependent as seen in studies in coastal cities in emergent economies [10] and

urban cities in advanced economies [11].

3. Resilience — Climate resilience focuses on the robustness of socio-economic
systems to withstand the negative impacts of climate change, its redundancy and
reliability capacities, and its resourcefulness to respond quickly to a changing
environment. Frameworks and measures to enhance the resilience to drought
in the case of cocoa farmers in Ghana and Teff in Ethiopia are suggested in
Messmer et al. [12|, which included reduced tillage and planting early mature

varieties.

On the whole, there is a view that the effects of climate change are inexorable
and mitigating strategies must take precedence as the overarching global objective
relating to climate change is to reduce the net GHG emissions while promoting an

environmentally friendly and socio-economically stable society.
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1.2 Climate Mitigation Strategies

The global warming potential (GWP) value of a GHG is a quantitative measure of
the radiative forcing impact relative to the reference gas; CO,. The ability to absorb
and emit infrared radiation within a spectrum and the atmospheric lifetime of the
gas determines its GWP. Despite being less potent than CH, and NoO (GWP: 36

and 298 respectively), COs is the most important GHG due to the quantity emitted.

1.2.1 Energy and Emissions Indicator

The intensive use of fossil fuels accounts for about 80% of the global CO,
emitted, with the rest attributed to land-use changes [13|. According to the IEA 2021
Net Zero report, it is anticipated that the total global energy demand will increase
by 30% between 2020 and 2050 under the current climate policies that are either

actionable or announced by government bodies [14].

As a consequence, the amount of CO4 emitted is projected to maintain the
same trajectory despite an increased market share from renewable energy sources
(RES), which coincides with a declining share of oil and coal in the global energy
resource being deployed. The emission trend can be attributed to the increase
in the prosperity of developing economies and emerging markets which outweighs
the current improvements in energy efficiency and the deployment of clean energy

technology.
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Figure 1.1: Projected COs emissions by regions under the current energy policy scenario,

up to 2050. Modified from [14].

The problem faced by the energy sector is the challenge to meet the demands

of a growing global populous and commit to reducing CO, emissions.

1.2.2 Mitigation Measures

Generally, the strategies proposed for climate change mitigation are consid-
ered to be built upon the pillars of gains in energy efficiency and substituting fossil
fuels with energy sources that emit much lower levels of GHGs. Carbon capture,
storage, and utilisation are considered short-term stop-gap technologies that may be

useful as long as the use of fossil energy sources is unavoidable.

Energy efficiency improvement practices, including the implementation of
energy efficiency-focused building codes and standards, appliance energy efficiency
standards and labelling, encouragement of energy efficient urban passenger transport,
and promotion of energy service companies (ESCo), have been shown to have cut
GHG emissions by 12% since 2000, as shown in Figure 1.2, and are expected to
reduce them by a further 12% by 2040 [15].
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Figure 1.2: Global energy-related GHG emissions, with and without efficiency

improvements [15].

Deploying clean energy sources such as renewable electricity and biofuels is
becoming essential to transitioning to a less carbon-intensive and more sustainable

energy system, with consumption from RES progressively increasing.

Carbon capture aims to separate or recover carbon dioxide from large point
sources such as waste industrial streams or directly from the atmosphere. The
captured carbon can be sequestered in subterranean geological formations such as
depleted oil and gas fields or salt caverns; in a process known as carbon capture and
storage (CCS). Despite the potential to reduce GHG emissions, CCS concurrently
has some downsides associated with leakages. The effect of migration of COy into
neighbouring geological formations to react with minerals in long-term underground

CCS remains uncertain [16].

Carbon capture and utilisation offer the prospect of re-using® the otherwise
waste COy as a useful intermediate for the synthesis of valuable chemicals or as part

of a process.

However, it is clear that there is no silver bullet to mitigate climate change

3Captured fossil carbon that is re-used is ultimately released into the atmosphere, albeit at a

reduced rate.
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as there are a number of trade-offs e.g., between socio-economic barriers and stringent
policies to accelerate deployment of technologies and changes in behaviour compatible
with a lower-emissions world. A solution lies within a ‘sweet spot’ of the three

mitigation options and is shown in Figure 1.3.

Figure 1.3: Pillars of climate mitigation strategies; where 1 is energy efficiency, C is

carbon flux, ¥ is environmental impact, €' is cost, and & is societal acceptance.
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1.3 The Case for Power-to-X as a

Technology Serving Decarbonisation

For this research, ‘Power-to-X’ (PtX) will be defined as the generic conversion
technology that converts electrical energy (‘power’) to another form of energy or
chemical feedstock, X including other forms of gaseous and liquid energy vectors;
with the application of an electrochemical process central to the whole operation. X
can be defined as the desired energy vector and P for electrical energy. P stands for
renewable electricity unless stated otherwise. Supplementary processes are employed

depending on the feedstock/energy vector desired, as shown in Figure 1.4.

H,0

J H (+ COy) X
P —»[ Electrolyser Cell ]74'[ Chemical Synthesis }— >
A

l |

0, e S CO,

4{ Storage ]47

Figure 1.4: A simplified schematic diagram of a generic PtX.

The PtX concept is not new. In 1923, John B.S. Haldane pre-empted
the need for a clean and renewable hydrogen economy and proposed using surplus
power from wind turbines for the electrolytic decomposition of water to produce
hydrogen [17]. A characteristic feature of PtX is that it combines mature or nearing
commercialisation processes to synthesise diverse products from various feedstock. It
is important that a transition technology effectively links the present with the future

without creating an expensive technology lock-in.

One of the key strengths of PtX in decarbonisation is its ability to produce
a large spectrum of end-products with high compatibility with the current infras-

tructures, including storage facilities, energy carrier networks, industrial processes
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and combustion designs (Figure 1.5). The latter is of particular advantage in hard-
to-decarbonise sectors like heavy transport (like road freight and aviation) where the
electrification and the extent of the application of fuel cells and batteries are still

uncertain [18].

Fossil
(oil, coal)

Aviation

Processing
and refining

Liquid fuels Internal combustion
Electrofuel (diesel, methanol) and hybrid engines
Bi synthesis Maritime
romass C-based gases

(methane, DME)

Road
i Fuel cell
Electrﬁ—’ Hydrogen vehicles

Nuclear

H,0

S Electrici
(solar PV, A ty -
. generation Rail
wind)
. Energy Propulsion Transport
Energy sources Energy conversion carriens technologies modes

Figure 1.5: A simple schematic of PtX routes to produce transport fuels.

Integrating large-scale renewable energy technologies towards the deep de-
carbonisation of an existing energy system is not without its challenges. Nevertheless,
the cost of the installation of RES (for example, solar PV and wind) is falling, and
the operational cost is relatively low [19], and as a result, the share of renewable

energy will increase as it falls below grid parity 2.

However, integrating RES is expected to increase the volatility of the existing
grid’s supply and load balance with variable time distribution of their outputs. The
variability of and the non-dispatchable nature of RES unveils the electrical grid
issues associated with stability. This leads to an increasing requirement for balancing

services that are to be delivered through reserve markets ° [20].

Power quality issues associated with renewable energy integration have
been highlighted in studies by Liang [21] and Sinsel et al. [22|. These issues include
fluctuations in frequency and voltage and harmonic distortion —due to the modularity

of variable renewable energy generators and their non-synchronicity.

4The point at which the cost of energy from alternative sources equals that from conventional

fossil sources
5A means to ensure the extra capacity on demand; to alleviate the volatility of electricity prices
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Energy storage can provide grid stability and flexibility opportunities. Short-
term options like batteries are predominantly implemented due to their ability to
provide quick response and frequency services [23]. Ethical, system and environmental
issues related to large-scale battery deployment are studied in the work of Dehghani-
Sanij et al. [24]. Compared with batteries, PtX provides the opportunity to effectively
absorb the growing capacity of renewable generation to minimise curtailment via
long-term storage, owing to its inherent low self-discharge and the potential to design
charge /discharge rates and storage capacities independently [25]. This makes cost
scaling with a storage capacity more feasible with a strong market growth forecast

post-2030 [26].

PtX processes in themselves offer a plethora of flexibility and adaptive
options as expressed in Figure 1.6, especially in the context of energy security via its
storage capabilities to manage the mismatch between supply and demand. Owing to
their average high energy densities, rapid reaction times and capacity, PtX fuels can

aid in power grid services, offering frequency and voltage regulation [27].

1

Operation flexibility

—/

« Ability to produce a product in multiple ways

-/

Process flexibility

* Array of products that the system can produce

Product flexibility ]

« Ability to remove an existing product, substitute or add a new product
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« Ability to produce a product by alternate process routes

Volume flexibility

—

» Ability and ease to vary product output

—/

Expansion flexibility

« Ability for capacity and capability to be increased

Market flexibility ]

« Ability and ease of process to adapt to a dynamic market environment

IR A R

Nature flexibility ]

» Ability to respond to nature’s resource seasonality and environmental constraints

Figure 1.6: Scope of flezibilities achievable by PtX [28, 29].
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Sectoral coupling is a multi-dimensional concept involving the energy-
economic integration of different energy markets (electricity, mobility and heat)
to improve grid flexibility issues in the wake of RES penetration. In addition to
flexibility, sectoral coupling aims to enable the supply and consumption of different
energy vectors and the application of storage technologies across different energy
supply infrastructures. Sectoral coupling of the gas and electricity supply systems will
require including thermal energy systems to utilise the heat generated and increase

overall system efficiencies.

Figure 1.7: Implementation of PtX technologies in sectoral coupling and storage facilities

in RES-based systems. Dashed lines represent storage lines. Adapted from [30, 31].

Significant developments in solid oxide electrolysis cells (power to gas
conversion), which can operate as reversible fuel cells (gas to power conversion), have
made sector coupling via PtX technologies more promising, and their implications
are studied in [32, 33|. An illustration of an example of sector coupling in a RES
system is shown in Figure 1.7. In the work of Connolly and Mathiesen [34], the
socio-economic feasibility of transforming the existing energy system to a 100% RES
in Ireland while implementing PtX for storage was assessed. The results suggest that
the transition is economically viable, with the added benefit of providing around

100,000 direct jobs.
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The conventional energy grid system configuration is based on a centralised
system. The remoteness between the producer and consumer in an energy supply
chain is often a cause of increased susceptibility to reliability issues, transmission
losses, and incurred related costs; consequently diminishing the quality of life of
the end-users socio-economically, and the liveability of the environment [35]. These
systems are managed by a uni-directional demand side management, which increases
the system’s complexity. The spatial distribution of high-capacity variable renewable

generation further compounds this problem.

It is widely accepted that, to move forward, the energy system should develop
towards a nexus configuration composed of a connected, integrated and decentralised
network of energy hubs to ease the transition towards a more decarbonised system
[36]. A constraint of RES is that the resources are merely energy vectors and are

inflexible. Figure 1.8 depicts the features of a flexible energy vector.

Transformability

Vector
flexibility

Transportability H Storability

Figure 1.8: Features of flexible energy vectors.

While electron vectors are the primary focus of many energy systems, their
storage is still economically infeasible on a large scale. The vast spectrum and storage
capabilities of the PtX vectors allow the technology to encourage the transition to
distributed and decentralised energy networks [37]. Analysis by Zeng et al. [38] on the
role of PtX in integrating natural gas and electric power systems with bi-directional
energy conversion in a distributed network shows that transmission losses in power

and total energy can be reduced with increased penetration of RES.

The development of an energy nexus via or including PtX can maximise
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the utilisation of the potential capacities and capabilities of RES, which are often
stranded due to its diversity, distribution and fluctuations. Figure 1.9 shows a

representation of centralised and decentralised systems.

(b)

Figure 1.9: Simplified illustration of (a) a centralised network and (b) a decentralised and
connected network with PtX. AD is anaerobic digestion; BM is biomass; GAS is
gasification; CC is captured carbon; DAC is direct air capture; s-e is surplus electricity; EC

is electrolyser cell; RE-e is dedicated renewable electricity; ST is storage; FC is a fuel cell.
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1.4 Decarbonisation or Defossilisation?

In light of the presented points, the question of whether the immediate need for
emission reduction is the absolute eradication of carbonaceous fuels or the substitution
of their primary sources in the quest for an energy transition strategy. Carbon and
its compounds have been woven into the very fibre of human civilisation of all
technological advancement. Bypassing a conscientious transition route based on a
molecular and compound bias rather than dealing with the issue on a source-by-source
basis may lead to unravelling a somewhat stable albeit environmentally unfriendly

energy system.

1.5 Research Questions and Contributions

The high-level research questions that are the focus of the work are:

1. How much carbon is available for CCUS?
2. What is the state of the possible synfuel routes?
3. What are the limitations to its deployment?

4. What scenarios are reasonable to achieve its deployment?

The primary aim of this study is to address specific knowledge gaps via the
qualitative assessment of carbon dioxide currently available in the United Kingdom
for the production of synthetic fuels via PTX, a transitionary technology. This
includes the potential to reduce the rate of GHG emissions, store renewable energy
in light of financial, political, and legislative restrictions, and address a "real-life"

problem in the transport underclass.
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Chapter Structure

10.

The chapters in the following section are:

Chapter 1 introduces the study motivation and research questions.
Chapter 2 reviews the technological process of interest to this study.
Chapter 3 reviews the academic literature on the associated study.

Chapter 4 assesses the technological process via model simulations.

. Chapter 5 assesses the potential, capture cost and distribution of carbon in

the United Kingdom.

Chapter 6 assesses the techno-economic impact of the studied processes.
Chapter 7 assesses scenarios in which the assessment may be applied.
Chapter 8 assesses the performance of the electrofuels.

Chapter 9 discusses the prospects and barriers to deploying electrofuels.

Chapter 10 presents the final discussion points, concluding remarks and

recommendations.
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Chapter 2

REVIEW OF FUEL SYNTHESIS
PROCESSES AND LITERATURE

This chapter reviews the current technological processes (emerging or established)
that are particularly interesting to this research study. The production of hydrogen
via electrolysis and recovery of carbon dioxide via carbon capture processes are
considered in this chapter. This chapter concludes with the commercialised and

state-of-the-art processes for synthesising the products of interest.

As previously mentioned in the Chapter 1, cost-effectiveness, energy ef-
ficiency, and environmental impacts are some of the key performance indicators
for any climate change mitigation measure. Therefore, this chapter also contains a
qualitative review of selected published work that focuses on the feasibility of PtX
industrialisation within the scope of the aforementioned criterion. This review aims
to position this study in context, validate its novelty, and present key results from
previous studies as a basis for comparison with the present work. This chapter will

also identify knowledge gaps and posit proposals to narrow them.
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2.1 Hydrogen Production by Water Splitting

Water splitting by electricity or heat is the primary process of producing hydrogen

based on renewable energy input.

2.1.1 Thermolysis

Thermolysis is the thermal decomposition of water to oxygen and hydrogen
when it is subjected to very high temperature, around 2500 °C, required to minimise
the Gibbs free energy to zero. Because of the high temperature required in thermolysis,
thermochemical water-splitting cycles have been proposed to lower the temperature
requirements and improve the overall efficiency. Such cycles include the single-stage
water decomposition reaction operating at 1000 °C; and the novel two-step SnOs/SnO

cycle reactions, operating at 1600 °C and 550 °C, respectively [39].

2.1.2 Electrolysis

Electrolysis is a basic technology that uses electrical energy (partly sup-
ported by thermal energy) to split water. Water electrolysis technologies can be
classified according to the applied electrolyte, which separates the two half-reactions
at the anode (oxygen evolution reaction) and the cathode (hydrogen evolution re-
action) of the electrolyser. The leading water electrolysis technologies are alkaline
electrolysis (AEL), polymer electrolyte membrane electrolysis (PEM) and solid oxide

electrolysis (SOEL), which are further discussed in the following.

Alkaline Electrolysis

Alkaline electrolysis is a mature technology that uses an aqueous alkaline
solution (KOH or NaOH) as the electrolyte to transfer electrons via hydroxide
anions (OH ) to dissociate water into hydrogen and oxygen. AELs can operate

atmospherically or under elevated pressure to produce a hydrogen quality of 99.5%
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and up to 99.99% after additional purification (deoxidiser). Depending on the size of
the electrolyser, which can range from tens of kWs to a few MWs, and the operating

conditions, the efficiencies vary between 66 and 78% [40].

The partial reaction at the AEL cathode is:
2H,O +2e — Hy, +20H (R1)
while the reaction at the AEL anode is:

1
20H — §OQ+HQO+2€7 (RZ)

AELSs can operate between 20% and 100% of their design capacity and
overload operation of up to 150% [41]. Fluctuating power sources mean that AEL
systems have a major drawback in the long start-up times of up to 60 min due to
purging operations with nitrogen [42|. Another disadvantage is that the utilised
electrolytes are highly corrosive and require a system overhaul every 7 to 12 years

[41].

Polymer Electrolyte Membrane Electrolysis

PEMEs, often known as proton exchange membrane electrolysis, use a
polymer membrane (e.g. Nafion®) as an electrolyte. A corrosive acidic regime
provided by the membrane requires using noble materials like platinum for the
cathode and iridium for the anode catalysts. PEMEs generally operate from 293 K

to 373 K with quoted efficiencies varying between 67 and 82% [41].

The partial reaction at the PEM cathode is:
2H" +2¢ — H, (R 3)
while the reaction at the PEM anode is:

1
H20H502+2H++26_ (R 4)
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PEMESs have a very short start-up time from both transient (in seconds)
and cold operation mode (a few minutes) and operate between a load capacity
of 0% to 100% to produce high-purity hydrogen (>99.99%) without the need for
additional purification equipment. However, PEMEs have a shorter lifetime than
AEL systems, and their lower technology readiness levels mean that it currently has

a higher CAPEX than AELs [43].

Solid Oxide Electrolysis

Solid Oxide Electrolysis is also known as high-temperature electrolysis
due to its high operating temperature range between 973 K to 1273 K. With high
operating temperatures, SOELs could theoretically achieve high electrical efficiencies
up to 100% ! due to improved kinetics and thermodynamics favouring internal heat
utilisation and steam conversion. Coupling SOELs with exothermal fuel syntheses
processes like methanation and Fischer-Tropsch presents an interesting option in
PtX systems. SOEL use ceramic electrolytes (e.g., ZrOy ceramic doped with Y503),
which at high temperatures are highly conductive for oxygen ions, and have a high

thermal and chemical stability [41].

The partial reaction at the SOEL cathode is:
I’IQ()+ +2e — HQ + 027 (R 5)
while the reaction at the SOEL anode is:

1
0* — 502 2e (R 6)

The biggest challenges SOEL systems faces are fast material degradation
and limited long-term stability resulting from the high-temperature operation. SOELSs
have an interesting feature of being able to co-electrolyse HyO and CO; to produce

syngas (CO, + H,), a primary feed for synthetic fuels.

!This is theoretically achievable through the utilisation of external heat source for steam

production, e.g. excess heat from industrial processes
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2.2 Biogas Conversion

Biogas is the product of organic material’s biological decomposition via anaerobic
digestion (AD). AD is a complex anaerobic process facilitated by a distinct consortium
of bacteria that drives individual phases of hydrolysis, acidogenesis, acetogenesis, and
methanogenesis of organic substrates to produce a mixture of gaseous compounds

(see Figure 2.1).

_______________________________________ Complex Polymers
[ (Carbohydrates, fats, proteins)

Fermentative bacteria

Hydrolysis

_____________________ Monomers and Oligomers
r (Sugars, faity acids, amino acids)

Fermentative bacteria Fermentative bacteria Fermentative bacteria

Acidogenesis

Intermediates
---------------------- (Volatile fatry acids. propionic
acid, butyric acid)

Syntrophic acetogens Syntrophic acetogens
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v Y A.

f _________________ Acetic acid Hydrogen + Carbon dioxide
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Aceticlastic Hydrogenotrophic
methanogens methanogens
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75% 25%

Biogas
(mainly methane)

Figure 2.1: Schematic diagram of the anaerobic digestion process of substrates in biogas

production (modified from [14]).

Biogas primarily consists of CHy (50 to 70%(v/v)) and CO4 (30 to 50%(v/v)).
Other components include Ny from the air saturated in the influent of up to 3%(v/v),
water vapour from medium evaporation at concentrations of (5 to 10%(v/v)), O

entering the process from the influent substrate at concentrations of, up to 1%(v/v).

Minor quantities of hydrogen sulphide (HsS) from the reduction of sulphate
contained in some waste streams up to 1cL/L, ammonia (NH3) from the hydrolysis
of proteinaceous materials at up to 200mg/m? and, siloxanes in concentration at

41 mg/m?3 may be present [45]. Removing harmful contaminants such as H,S and
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siloxanes and upgrading biogas is necessary to meet gas grid requirements and can
increase the calorific value by 80%. Biogas is commonly upgraded by one of the
following processes: (a) CO, stripping, (b) biological process, and (c) chemical

process of which a selected few are discussed in the following.

Physical absorption is the most common technique of biogas upgrading
by CO4 removal [46]. The process uses water as a scrubbing medium and relies on
the relatively high solubility of CO, in water compared to methane, according to
Henry’s law. The process can remove trace amounts of HsS to achieve high methane
concentrations of up to 99% upon dehydration [47]. Organic solvents like Selexol®
can absorb three times more CO, than water, allowing for a more compact design
without the need for dehydration. However, this process incurs a higher methane

loss than the former [45].

Membrane separation provides a more economically competitive alternative
to absorption techniques. The process is governed by the porosity of the membrane
material and the gas diffusion along the dense area, based on Fick’s law, to separate
the gas components. Materials like polyimide and carbon molecular sieves are
commonly used to achieve relatively low investment and operational costs for biogas
upgrades. Membrane separation is, however, characterised by yielding lower methane
concentrations (95% ?) compared to physical absorption techniques [45]. Pressure
swing adsorption (PSA) is based on the adhesive quality of gas components based on
their respective molecular sizes onto adsorbents like zeolites. PSA is energy-intensive,
incurring a high capital investment and operational costs, as it requires high-pressure

systems and dedicated vessels for operation.

While it is the least employed CO5 removal technique, the liquefaction
of biogas via cryogenic separation can provide the opportunity to increase the
volumetric density of biogas by a factor of 600 while storing pure CO, in a compact

solid phase [48]. The cryogenic method takes advantage of the different condensation

2The rest can either be recycled or emitted within the prescribed limits
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temperatures of biogas composites in a step-wise manner. Water and dissolved
organic compounds are condensed and removed at 6°C. After compression, the
temperature further reduces to —25 °C, where other impurities like HoS and siloxanes
are removed. COs is frozen at —78.50°C and removed with high purity in the
penultimate step before the remaining gas stream is liquefied at —190°C as CHy
with a purity of 99%, and the rest as No. However, cryogenic separation is very
energy intensive (operating conditions up to 200 bar) and incurs high investment
costs. Liquified methane can be directly used as a drop-in replacement for liquified
natural gas, even pricing better quality —, in which case the energy expenditure for

liquefaction would be justified.

The high COy content in biogas provides another pathway to increase
its calorific value via biological methanation. Unlike catalytic methanation, the
biological process alleviates the associated economic burden of the catalyst and energy
requirements by facilitating chemoautotrophic hydrogenotrophic methanogens, active
within a temperature range of 0°C to 122°C [49]. In addition, catalytic methanation
requires that the COy is free from impurities (such as siloxanes and H,S) for further
processing. In contrast, biological methanation has a higher tolerance for impurities

and can remove them, acting as a cleaning process [50].

Two technical configurations of upgrading biogas via biological methanation
are: in situ and ex-situ. In the in situ concept, Hy is directly injected into the
anaerobic digester to react with the internally produced CO; in the off-gas. A
methane recovery of 99% can be achieved in optimal conditions [45]. One technical
challenge to be overcome is the regulation of the pH to levels below 8.5, above
which inhibit methanogenesis is inhibited. The removal of the bicarbonate buffer,
produced by the utilisation of CO, (see Reaction (7)), is the primary reason for the

pH elevation.

H,O + CO, == H" + HCO4 (R7)
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The main difference with the ez-situ concept is the requirement of a separate
reactor. Some advantages include; (a) control of the conventional biogas process,
(b) independence of biomass source, (c) flexibility for external sources of COs,.
However, the process incurs additional investment costs for the extra process step.
Biological methanation is suited as a PtG concept, provided the electrical power is

from renewable sources.

Syngas is an attractive intermediate in the production of synthetic fuels.
Dry methane reforming (DMR) of biogas (see Reaction (8)) provides an opportunity
to convert its primary components (CO, and CHy, gases with high global-warming
potential in their own rights) to syngas and, in a Hy/CO ratio that favours the

carbonylation and hydroformylation process in the synthesis of liquid fuels.

CHy + CO, = 2CO + 2H, AH®=247.0 kJ/mol (R 8)

One major drawback is the highly endothermic nature of the process,
requiring high temperatures to reach acceptable conversion rates. In addition, accom-
panying reactions like the Boudouard process® and methane cracking increases the

likelihood of carbon formation and deposition, which leads to catalyst deactivation.

Steam reforming (SMR; see Reaction (9)) is the conventional method for
hydrogen production from methane and can thus be applied in the production of
syngas from biogas. The reaction is also endothermic and, like dry reforming, suffers
from the high energy demand. In the case of biogas reforming, HoS needs to be

removed to avoid catalyst deactivation due to sulphur poisoning.

3C +CO; = 2CO
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Partial oxidative reforming (POR; see Reaction (10)) uses oxygen to partially

oxidise CHy to yield syngas.

1
CH,; + 50; — CO + 2H, AH®=-252 kJ/mol (R 10)

POR is exothermic in nature and can be combined with DMR and SMR,
providing thermal energy for the endothermic processes. Chen and Lin [51] used
a spiral Swiss-roll reactor to investigate biogas conversion to syngas via catalytic
partial oxidation. The results yielded a 31.12% conversion of CO, and a syngas yield

of 2.80 mol/molcy, -
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2.3 Direct Hydrogenation of Carbon

The comparison of the energy density of Li-ion batteries with potential PtX products
in Figure 2.2, shows that the latter vectors (RHS of the figure) provide the opportunity
to alleviate the problems relating to energy storage density for transport applications,
also introducing an element of ease of handling. The figure also reflects the poor
capacity for batteries (LI-ion in the figure) to handle large-scale energy storage, in

comparison to other fuels.
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Figure 2.2: The energy densities of various H-containing fuels in comparison, where GAS

1s petrol, KRS is kerosene, DF 1is diesel fuel, and CO is crude oil.

This section addresses the processes that involve the direct catalytic reac-
tions between Hy and CO, (CO4 and/or CO) to produce fuels. The primary synthetic

fuels considered in this section are methane, methanol, DME, and synthetic diesel.

2.3.1 Fuel Properties
The quality of transport fuels in combustion engines is described by fuel
properties that include the kinematic viscosity, density, heating value, flash point,

and ignition quality.

The kinematic viscosity of a fuel governs the fluid’s internal resistance

to gravitational forces, fuel atomisation and its spray quality. The fuel kinematic
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viscosity is proportional to the fuel pump consumption and the required pump power.
A low viscosity may result in potential leakages. In contrast, a high viscosity may
inhibit the fuel flow rate intake, delaying the mixing of the fuel and air in the
combustion chamber [52]. The former attribute is often preferred in combustion

engines. Fuel density is directly proportional to its viscosity.

The heating value of a fuel defines the amount of energy generated upon
complete oxidation of the fuel. A high energy content is desired regarding engine
performance and thermal efficiency. The flash point is important for safely handling
the fuel as it indicates the lowest temperature at which the fuel’s vapour will

spontaneously ignite.

The two types of internal combustion engines —compression ignition (CI)
and spark ignition (SI); generally run on diesel fuel and gasoline fuel, respectively.
A fuel’s abnormal or uneven combustion is commonly called combustion or engine
knock. Anti-knock properties of fuels are described by standardised fuel ratings
—octane number (ON) and cetane number (CN). ON is the percentage of iso-octane
in the blend of iso-octane and n-heptane, and it describes the pre-ignition resistant
of gasoline fuel in an SI engine. The CN of diesel fuel is determined by a ratio of
cetane and iso-cetane. It describes the delay time in the ignition and the reliability

of the fuel ignition upon compression in a CI engine.

Table 2.1: Selected fuel properties.

Property Methane Methanol DME FT-D
Kinematic viscosity, 1075mm?/s 16.67 73.7 0.185 2.4
Lower heating value, M J/kg 45.0 19.9 28.7 42.5
Flash point, °C -188 11 -41.1 52-82
Fuel rating, 130*¢ 114*9 55-60*C  40-55*C

* O is the octane number, and C is the cetane number.

Chapter 2 Samuel Sogbesan 27



A Power-to-X Study

2.3.2 Methane

The methanation reaction, also known as the Sabatier reaction, was first
developed by Sabatier and Senderens [53|, and developed to remove carbon oxides
from feed gases in ammonia plants in the 1900s. Thermodynamically, the Sabatier
reaction (see Reaction (11)) is generally treated to be a linear combination of an
endothermic reverse water gas shift (rWGS) reaction (see Reaction (12)) and an

exothermic CO methanation reaction (see Reaction (13)).

COQ(g) + 4H2(g) == CH4(g) + 2H20(g), AH®=-164.7 kJ/mol (R 11)
COQ(g) + Hg(g) = CO(g) + HQO(g), AH®=41.1 k’J/mol (R 12)

CO(y) + 3Hy) = CHygy + HyOy, AH®=-206.0 kJ/mol (R 13)

The Sabatier reaction is a thermodynamically favourable process (AG® =
130kJ mol™!, at low temperatures). However, reducing the carbon oxide in the afore-
mentioned reaction (see Reaction (11)) is an eight-electron process with significant
kinetic limitations, hence requiring a catalyst to realise acceptable selectivity and
conversion rates [54]. Metals in groups VII to X have been the most suitable for
hydrogenating CO, to CHy. In a study by Vannice [55], these metals were ordered

according to their respective activity and selectivity:

Activity : Ru > Fe > Ni > Co > Rh >Pd > Pt > Ir

Selectivity : Pd > Pt > Ir > Ni > Rh > Co > Fe > Ru

Ruthenium (Ru) has the highest activity, a high CHy selectivity at low
temperatures and a high resistance to oxidising atmospheres [56]. However, Ru, as
with the other noble metals like platinum (Pt), palladium (Pd) and rhodium (Rh),

is not cost-effective for industrial-scale methanation processes (rising from 7.66€ /g
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in 2014, to 243.87€ /g, as at July 2020) when compared to nickel (Ni) and iron (Fe)
(with the former at 0.01€/g, as at July 2020) [57].

Fe-based catalysts gain from being the least costly of the aforementioned
metals for the hydrogenation of CO,. In a study by Kirchner et al. [58], a CHy yield
of 54% was achieved when using nano-sized v-Fe,O3 catalyst at 400 °C and ambient
pressure conditions; at a molar Hy/CO, ratio of 200. A CO, conversion of 17% and
CHy selectivity of 6% were increased to 20% and 8% respectively when the gas hourly
space velocity (GHSV) was reduced from 12 x 10°h~! to 3 x 10*h~1.

A higher selectivity for CHy of 65% was achieved when a pure a-Fe,O3
catalyst was promoted with 2 wt% of Mg, under higher pressure conditions (8 bar)
and a lower GHSV of 1 x 10*h~! [59]. An investigation by Franken and Heel [60], for
a set of catalysts with 1 to 10 wt% Fe-supported on zeolite 13X at elevated pressures,
showed a higher selectivity for CHy of 76%. However, Fe-based catalysts tend to
form undesired higher hydrocarbons due to their high activity towards the rWGS

reaction at elevated pressures.

Ni-based catalysts evidence high activity and selectivity towards the forma-
tion of CHy. The catalytic performance of Ni/HB40 revealed a yield and selectivity
of 80% and almost 100% in an experimental study in [61]. Comparable results of a
COg conversion of 87% and selectivity to CHy of >99% for Ni/MgO catalysts were

achieved by [62], at operating temperatures up to 375 °C.

To achieve high CO, conversions, the high activation energy barrier must
be overcome, which is otherwise difficult at low temperatures. However, Ni-based
catalysts are often subject to deactivation due to carbon deposition and sintering of
active Ni particles because of the exothermic nature of the Sabatier reaction [63]. On
the other hand, the formation of nickel carbonyls in CO rich conditions at low tem-
peratures also promotes the deactivation of Ni-based catalysts [64]. Nickel carbonyls

pose health and environmental issues due to their toxic characteristics. Neverthe-
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less, Ni-based catalysts remain the most common metals used in the methanation

processes.

In addition to the performance of the catalysts, insight into the mechanistic
steps involved in the hydrogenation of the carbon oxides is integral in identifying and
understanding the kinetic limitations that should be overcome in the process operation
[65]. For the hydrogenation of CO,, there are two widely accepted mechanism schemes:

(a) the dissociative scheme and, (b) the associative scheme.

The dissociative scheme postulates that gaseous carbon dioxide molecules
are initially adsorbed on the surface of the catalyst and dissociate into carbonyl (CO,q)
and oxygen (O,q) atoms. The adsorbed CO,q species is subsequently hydrogenated
to CHy. In the associative scheme, the CO; is adsorbed as CO3,q. This results in a
possibility oxygenates such as bicarbonate (HCO3,q), formyl (CHO,q) and formate

(HCOO,q), particularly the latter is formed as an intermediate [56].

The proposed elementary steps in the COs dissociative scheme is as follows
(where 1) refers to a surface site on the catalyst). Each following line refers to the

succeeding steps:

COyy + 2 == CO-4 + O
Hag + 20 == 2H-}
CO-p = CO +
CO-p + p == C-h + O
C-y + 4H-y = CHud + 41
CHy == CHyp + 40
O + 2H-§ == HyO-) + 21

HyO-p = HyO) + ¢
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And the associative scheme is as thus:

COqg) + § == COse)
Hyg + 20 == 2H-}

COqp + H-¢ == HCOO- + ¢
HCOO-) + H-y == HCO-y + OH-}
HCO-} + H-y == CH-y + OH-{)
CH- + 3H-) == CHyg + 40

OH-p + Ha == HO-) + 20

A study of the reaction mechanisms pertaining to the methanation of
COs on Ni-based catalysts was undertaken by Aldana et al. [66|, revealing that
the operating conditions (temperature and pressure) and the Hy:CO4 ratio heavily
influenced the pathway. As with COs, the hydrogenation of CO follows a dissociative
route where the C-O bond is severed at the active site or by the disproportionation
of CO in a Boudouard reaction; to form C,q for subsequent hydrogenation [67]. In
the associative mechanism of CO, carbon-hydroxyl (COH,q) and formyl (CHO,q)
intermediates are formed by the combination of H,q and CO,q to encourage the
breaking of the C-O bond; a kinetically difficult process in the absence of a Hy rich

environment [67].

The operating conditions and feed stream compositions influence not only
the rates and mechanisms but also the effluent composition. In addition to Reac-
tions (11) to (13), other possible side reactions can occur during the hydrogenation

of carbon oxides. Such reactions include;
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COy) + CHy(y) == 2CO0,) + 2Hyy, AH®=247.0 kJ/mol (R 14)

200 == Cu + COsy,  AH®=—1724 kJ/mol (R 15)

CHyp = Cu + 2Hyy,  AH® =746 kJ/mol (R 16)

COy + Hyy = Cy + N0y,  AH®=—-1313 kJ/mol (R 17)

COyg) + Hoy) == Ci) + 2Hy0y, AH®=-90.1 kJ/mol (R 18)

nCO) + (2n + 1)Hyy = CnHy, og) + nHyOy (R 19)
nCO) + (2n)Hyy == CnHyyg + nHyO0 (R 20)

It is important that the operating conditions are controlled to suppress
the formation of undesired by-products, such as solid carbon produced from the
reduction of carbon oxides (see Reactions (17) and (18)). The deactivation of the

catalyst due to carbon deposition is one of the technical challenges faced [68].

The catalytic methanation reaction is a highly exothermic process, so
good heat management and reactor design are crucial to mitigating thermodynamic
limitations, preventing hot spots that might damage catalysts, and allowing for
more reliable and efficient performance. Methanation reactors are generally classified
according to the temperature profile within the reactor; adiabatic, isothermal and
polytropic. A study by Kiewidt and Théming [69] demonstrated that the Semenov
number (Se) is appropriate to describe the kinetic and thermodynamic limitations

of methanation reactors as pertaining to temperature profiles.

~ Da;- B Heat production rate

Se (2.1)

St Cooling rate

Day, B and St, are the 1st Damkohler number and the Stanton number,

respectively, further described in [69].

A low Semenov number (Se — 0) describes isothermal reactors, which
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fluidized-bed reactors (FBR) and three-phase reactors (TPR) fall under. They operate
at moderate temperatures, promoting a high carbon oxide conversion but otherwise
inhibiting reaction rates. The heat removal from both reactors is considerably effective.
Common drawbacks with fluidized-bed reactors include attrition of catalysts and
thermodynamic limitations due to incompatibility with high-temperature conditions
[65]. Three-phase reactors are less susceptible to rapid temperature changes due to
the additional heat capacity of the liquid phase [70]. However, the liquid phase also

increases the limitations due to the mass transfer resistance.

Adiabatic fixed-bed reactors (AFBR) (Se — 00) have a simple design and
are characterised by having high reaction rates and a wide range of operations.
However, due to a high-temperature gradient, a product re-circulation system or

steam addition might be required, adding a complex process step.

Polytropic reactors (0 < Se < oo) like micro-reactors (MR) and cooled
fixed-bed reactors (CFBR) offer the opportunity to alleviate the drawbacks of high-
pressure drops and hots spots synonymous with Adiabatic fixed-bed reactors, coupled
with the low outlet temperature feature of isothermal reactors. Notwithstanding, the

reactor costs are considerably high.

Table 2.2 shows the characteristic features of different methanation reactors.
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Table 2.2: Comparison between methanation reactors (modified from [71]).

Concept FBR TPR AFBR MR CFBR
Mode Isothermal Isothermal Adiabatic  Polytropic Polytropic
Reactor Stages 1-2 1-2 2-7 1-2 1-2
Gas recycling Occasionally No Frequently No Occasionally
Temperature (°C) 300-400 300-350 250-700 250-500 250-500
Thermal stress? Low Low High Moderate = Moderate
Mechanical stress'  Low Low Low Low Low
Process Complexity Low Low High Low Low
Cost Low Low Medium Very high  High
TRL? 7 4 9 4 7

1 On the catalyst.
2 TRL: Technology readiness level
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2.3.3 Methanol

The earliest industrial production of methanol (methyl alcohol or MeOH
for the purpose of this study) was realised in 1923 by Badische Anilin und Soda
Fabrik (BASF), who had developed a metal-based catalytic hydrogenation process,
known as the BASF process. The primary reactions involved in MeOH synthesis are

shown below in Reactions (21) and (22):

CO, + 3H, = CH,0H + H,0 (R 21)
CO + 2H, == CH30H (R 22)

Reaction (22) is a combination of the following steps:
CO + Hy, = CH,0 (R 23)

Reactions (21) and (22) are exothermic ( —61.59 kJ mol~ and —100.46 kJ mol !,
respectively), thus favouring lower reacting temperatures and elevated pressures.
The BASF process employed ZnO/Cr,0O3 catalyst, and operating temperatures up
to 400 °C due to the low catalytic activity. In addition, pressure up to 350 bar is
required to compensate for a low syngas conversion arising from less favourable

thermodynamic equilibrium conditions at high temperatures [72].

Imperial Chemical Industries (ICI now Johnson Matthey) introduced a more
active Cu-based catalyst suitable for lower operating conditions of 100 bar and 100 °C.
An investigation by Fujitani and Nakamura |73], to ascertain the effects of ZnO in
Cu/ZnO showed that the resulting Cu—Zn alloy site increases in specific activity for
MeOH synthesis. Further work by the authors indicated that the synergistic effect of
Zn0O increases CO, adsorption and Cu dispersion, in addition to metallic Cu atoms

that catalyse a plethora of hydrogenation steps [74].

An understanding of the reaction mechanisms on Cu-based catalysts is
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essential for the enhancement of the production efficiency for the hydrogenation
of COx to MeOH. The formation of formate as an intermediate specie (HCOO,q)
is a proposed pathway for Reaction (21). HCOO,q is formed from the reaction
of the dissociated Hy adsorbed with CO,. The formation of a formyl intermediate
(HCO,q4) was proposed by Grabow and Mavrikakis [75] as a H-carrier in a CO-assisted
hydrogenation reaction. In addition to the formate route, the hydrocarboxyl route
has been identified as a key intermediate in the water gas shift reaction involving CO,
and CO on Cu-based catalysts |76]. Figure 2.3 depicts a summary of the proposed

mechanisms in the catalytic synthesis of CH3OH.

co, Cco
+H +H +oH +H
HCOO COOH 5o
FormariH Carbo?; Formyl
H,CO0 o
Formalin COHOH
+H Carbene diol Hz CO
H,COO -OH Formaldehyde
H—forma/in COH "
-OH Methynol
H,CO w3l
Formaldehyde Cﬂaj%]
CH,0H

Methanol

Figure 2.3: Simplified mechanistic pathway for the hydrogenation of COx to MeOH over
Cu-based catalysts. The WGS pathway is represented in the middle column (carboxyl route).
Modified from [77].

Much research has gone into improving the performance of Cu/ZnO systems
in terms of selectivity, resistance to poisoning and thermal stability with dopants
such as MnO/MgO [78] and Pd [79], and supports like GayCOs3 [80] and CryOj3 [81].
A comparative study by Angelo et al. [82] on the effects of supports of different
compositions (Al;O3, ZrOs, CeOq, CeOy—Zr0O) showed that the metal oxides present

favourable results, whilst operating at low pressures (circa. 50 bar.)

Recent developments in Cu/ZnO catalysts have achieved MeOH synthesis

at atmospheric pressure conditions [83, 84|. Wang et al. [85] employed a plasma-
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catalytic hydrogenation of COx with Cu/y-AlyO3 in a dielectric barrier discharge to
achieve MeOH yield and selectivity of 11.30 % and 53.70 %, respectively, at ambient

conditions.

An appropriate reactor is necessary to preserve the longevity of the catalyst
life while maintaining an acceptable product and rate of production. Methanol
reactor technologies generally fall into two main categories; gas phase and liquid

technologies.

Gas phase reactors are classed as either isothermal or adiabatic. Isothermal
methanol reactors are characterised by high conversion rates and increased catalyst
life due to an efficient heat recovery system [86]. Lurgi (acquired by Air Liquide
in 2007) developed a quasi-isothermal two-stage converter system that couples a
steam-raising reactor (for partial conversion) with an internally cooled tubular reactor
for high methanol capacities. The Linde isothermal reactor is uniquely designed,
with tubes installed in a helical configuration and positioned in the catalyst bed.
This design allows for a higher heat transfer on the catalyst side than configurations

with the catalyst in the tubes.

Unlike isothermal systems, adiabatic systems generally operate as a series of
reactors, like the Kellogg, Brown and Root (KBR, now Halliburton) design [87]. KBR
employ spherical reactors with inter-stage coolers, saving material and structural
costs due to a decreased wall thickness. This results in and an increased reaction

rate and decreased catalyst volume requirement.

The issue of coking in systems operating with low H/C ratio syngas (for
example, coal-derived syngas) can be alleviated by employing liquid phase reactors.
Liquid phase reactors allow for a more controlled removal of the reaction heat and
temperature control [88]. The liquid phase methanol (LPMEOH) process developed
by Air Products is based on a slurry bubble column reactor, employing fine catalysts

suspended in an inert mineral oil that acts as a heat transfer medium. Syngas
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compositions in excess of up to 50% of CO have been tested without adverse
effects on catalysts, due to its ability to perform a pseudo-isothermal operation;
avoiding excessive thermal peaks. Brookhaven National Laboratory (BNL) employed
a low-pressure and temperature liquid methanol process, achieving high reactant

conversions (>90%), negating the need for recycle systems.
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Dimethyl Ether

Dimethyl ether (CoHgO or DME ), by extension of the synthesis of MeOH,
is a synthetic fuel of interest. DME can be synthesised via two primary reaction
routes; (a) indirect route - methanol to DME (MTD), (b) direct route - syngas to
DME (STD).

The MTD route involves the dehydration of MeOH to DME (reaction (25)),
mostly performed over solid-acid catalysts such as y-Al,Og3, composite oxides (Si0y—Aly O3,

TiOy—ZrOs) and acidic zeolites (H-ZSM-5, HY, H-SAPO) [89].

The catalytic dehydration of MeOH to DME undergoes two competitive
reaction pathways (Figure 2.4): associative and dissociative [90]. The associative
pathway involves the adsorption of MeOH onto Brgnsted sites of the catalyst to
form DME and water. In the dissociative pathway, MeOH and water are adsorbed
to form an alkyl group to an H-eliminated zeolite, while another MeOH reacts with

the alkyl group to form DME, all happening sequentially.

A. CH,OH,, CH,0H,,

CH,O0H-¥ H,0,
)"/ cH300H3®
C}E\ CH,0-¥ /

H:0¢ CH,0H,,

Figure 2.4: Simple schematic of the (A) associative and the (B) dissociative pathway for

the MTD reaction. v is the catalyst’s active site.

The main reactions in the direct route for DME synthesis are shown in

Reactions (26) and (27), including the WGS and MeOH synthesis as side reactions.
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The WGS reaction is crucial in the synthesis of DME, as the generation of
COs can be used to facilitate the production of syngas in a methane reformer unit,

as shown in Reaction (28).

Catalysts employed for STD processes are bi-functional; composed of a
metallic active site such as CuO, ZnO and Cry03, for methanol synthesis; and a

solid-acid component for the formation of DME from the MeOH intermediate [91].

A higher CO conversion can be achieved in the STD process over the MTD
process, leading to a simpler reactor design and lower production costs [92]. However,
in the former, the separation process of DME from unreacted syngas and produced
COq is a highly complex process. The production of additional COy from the WGS
reaction in the STD increases the separation complexity. Despite the thermodynamic
advantage of STD, the MTD process is preferred at an industrial scale, owing to the
energy-intensive and high GHG emitting nature of the syngas-generating process in
STD. The MTD process has the flexibility to retrofit conventional methanol plants
allowing for the possibility to change product ratios according to the demands of the

market.
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2.3.4 Synthetic Diesels

The Fischer-Tropsch (FT) process is a thermochemical process, developed
by Franz Fischer and Hans Tropsch in the 1920s to catalytically convert synthesis
gas (CO, and Hy) to hydrocarbon products. The hydrocarbon products of FT are
mostly in a liquid phase at ambient conditions, but can also be gaseous and solid.
The FT process is an integral process in producing synthetic crude, or syncrude,
which can be further refined to energy fuels or base chemicals. The general FT

reaction stoichiometry of syncrude products is expressed in Reactions (29) to (31).

nCO + 2 (n + E)HQ - CnHZ(rH»E) + DHQO (R 29)

HCO —+ 2 (n — E)HQ - CnH(2n+17§)O —+ (n — 1) HQO (R 30)
Where &= 0 or 1

HCO —+ 2 (n — 1) H2 - CHHQHOQ + (n — 1) HQO (R 31)

The industrial application of the F'T process involves a complex integration

but consists of three fundamental operations (Figure 2.5):

1. Synthesis gas generation and preparation,
2. Fischer-Tropsch technology and,

3. Product refining and upgrading.

Fischer-Tropsch gas loop

[ f : ]
. ' C.HO. —>  Fuels
CO,, H, . ! vz .
Carbon source (e.g. i Synthe.sm £as o Fischer-Tropsch | o Syncrude refining and .
. . — production and . T . —> Chemicals
biomass, biogas, COy) ' . synthesis ' upgrading
preparation !

C0,, H,0

Figure 2.5: Main design features of a typical integrated Fischer-Tropsch system.
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Synthesis gas generation and preparation

The XtL (X converted to liquid fuel) classification of an FT system refers
to the feed used to produce the syngas prerequisite, where ‘X’ is a carbonaceous
feed such as biomass, biogas, gas or power via co-electrolysis. The rWGS reaction
often precedes the FT synthesis process in the event that CO, is used instead of CO.
The conversion of biomass to syngas has been discussed in an earlier section of this

chapter.

Design complexity in an FT system is that the FT reactor cannot be
designed in isolation and often requires coupling with the choice of technology used
to provide the synthesis gas fed to the FT reactor. While the feed for syngas
production does not dictate the F'T synthesis pathway, a recycle and gas loop system
can be designed to favour a specific type of FT synthesis, on the account of the

H,/CO ratio of the cleaned syngas feed, typically between 1.8 and 2.1.

Fischer-Tropsch Technology

The desired syncrude composition will depend on the variation from the
different F'T' technologies — influenced mainly by the catalyst type, reactor type,
syngas composition and the operating regime. The F'T operating temperature is the
most determinant factor in primary syncrude composition. Therefore F'T processes are
conveniently classified as either high-temperature Fischer-Tropsch (HTFT) operating
at 300 °C to 360 °C or low-temperature Fischer-Tropsch (LTFT) operating at 200 °C
to 240 °C, commonly employed in the production of liquid fuels [93]. Table 2.3 shows

the typical syncrude composition of both processes.
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Table 2.3: Syncrude properties from HTFT and LTFT based on a typical industrial
operation (modified from [94]).

FT Syncrude Property HTFT LTFT

Carbon number range Cy —Cs9 C;—Cyap
Primary product Olefins ~ Waxes

Normal product phases! (%)

gases (C1—Cy) 20-25 5-10
o1l 20-25 1520
wazx 0 20 — 25
aqueous organics 5) 1-2
water 45 - 50 50 — 552

Organic compound classes! (%)

paraffins 20-30  >70
naphthenes <1 <1
olefins >50 15 - 20
aromatics 1-5 <1
orygenates 10-15 5

L All percentages are on a mass basis.

2 Closed gas loop, i.e., no net water gas shift conversion.

The influence of the operating conditions of a FT process extends to
the conversion into different secondary products (Figure 2.6). At lower operating
temperatures, the syncrude composition mainly comprises primary F'T products —
paraffins, olefins, alcohols, aldehydes and carboxylic acids. Hydrocarbons account for
about 85% of all products of F'T synthesis and are rich in linear paraffins and linear
a-olefins. Secondary products like branched aliphatics and aromatics are formed at
higher process temperatures. The formation of oxygenates, in smaller percentages, is

found with increasing temperature.
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Figure 2.6: Simplified mechanism for possible products formed during Fischer-Tropsch
synthesis (modified from [95]).

Fischer-Tropsch Reaction The FT pathway is a surface polymerisation reaction
where Hy and CO react on the surface of the catalyst in situ. Despite being an
established process, great controversy still surrounds the reaction mechanisms in
FT. Based on different reaction intermediates, three common reaction mechanisms
have been proposed to govern the syncrude composition: the carbide mechanism,
CO insertion, and the hydroxycarbene mechanism [95]. The nature of the formed
units and the paths that the surface reaction dictates for the conversion to syncrude
for each mechanism are different but are still subjected to the three major steps of a

polymerisation reaction — initiation, chain growth and chain termination.

In the carbide mechanism, originally proposed by Fischer and Tropsch,
both reactants are chemisorbed on the metal surface (91), followed by a subsequent
molecular dissociation. The reaction of respective surface atoms forms intermediates
(9M-CHx) — monomers for syncrude chain propagation. However, the pathway fails
to describe the formation of oxygenates. The CO insertion mechanism by Pichler
and Schulz involves the insertion of additional CO molecules into the -CHx species

formed after the initial dissociation of a previous CO molecule. Chain growth is
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promoted further by inserting CO into absorbed hydrocarbon species [96]. The
formation of hydroxycarbene (9-CHOH) intermediates, as postulated by Anderson
and Emmett, is responsible for the formation of carbon-to-carbon bonds. The three

different mechanisms are summarised in Figure 2.7.

o — CH,
m Il m H, |
co(gg —> C — C C o+ C — m
| | Il Il I %Fz
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Figure 2.7: Schematics for Fischer-Tropsch reaction pathways: (a) initiation and chain
growth steps in the carbide mechanism, (b) general chain growth pattern in the
CO-insertion mechanism, (c) mechanism scheme of formation of hydrozycarbene

intermediates and chain growth pattern (modified from [95]).

Fischer-Tropsch Catalysts Metals with an electronic configuration of d” such as
Ru, Fe, Co, and Ni have been identified as the most suitable for FT catalysis. Aside
from costs, challenges in choosing F'T catalysts include chain growth probability and
the control of CO activation in the selective formation of desired products with high

selectivity and activity.
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Chain Growth Probability The degree of the carbon number distribu-
tion during the FT synthesis is determined by the chain growth probability property
of a catalyst (o), commonly described by the Anderson-Schulz-Flory (ASF) model,

represented in Equation (2.2).

r, =n(l —a)* o™t (2.2)

x,, is the mass fraction of the carbon atoms contained within the n carbon
atoms, and (1 — «) is the probability of chain termination. The chain growth
probability of a catalyst can be further expressed in terms of the propagation rate

(rp) to promote chain growth and the termination rate of monomers (7).

Tp

(2.3)

o =
Tp + 7y
The a-value has a correlation with the carbon length of syncrude; light
hydrocarbons (C; — Cy) are predicted with a higher selectivity at smaller a-values,
and heavier hydrocarbons (Cs; ) with catalysts with higher a-values. Figure 2.8

shows the distribution of syncrude composites as a function of a-values.

The typical a-values of Fe-based catalysts and Co-based catalysts are 0.5
to 0.7 and 0.7 to 0.8, respectively [95]. Surface desorption affects the a-values of
catalysts, thus influenced by the operating temperature and the choice of the FT
process (i.e. HTFT and LTFT) [98].

Hydrogenation Activity In addition to being CO polymerisation cat-
alysts, FT catalysts also partake in hydrogenation. Ni-based catalysts have a low
average molecular weight, and their small particle size leads to a very high hydro-
genation activity power compared to its chain growth ability, making it irrelevant as

an industrial FT catalyst [99]. The degree of the hydrogenation activity of iron is
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Figure 2.8: Product distribution in Fischer-Tropsch synthesis as a function of chain

growth probability [97]

less than cobalt, resulting in syncrude products from Fe-based F'T synthesis more

olefinic and containing more oxygenates than Co-based FT synthesis [98].

Water Gas Shift Activity Fe-based catalysts have a higher WGS reac-
tion (see Reaction (32)) activity compared to Co-based catalysts, which have very
little WGS activity. The WGS activity of an Fe-based catalyst can lead to a loss of
CO as an FT feedstock by forming CO,; and in the reverse reaction, increase the
production of water — a kinetic inhibitor for an Fe-based catalyst [95]. Conversely,
it allows the utilisation of a syngas feedstock containing COs or depleted of hydrogen
[97]. The WGS activity of an Fe-based catalyst has a significant effect on the FT gas
loop design due to its ability to self-condition the syngas by adjusting the Hy /CO

ratio [94].

Fischer—Tropsch Reactors The highly exothermic nature of the hydrogenation

and polymerisation of CO in F'T processes necessitates that heat management takes
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precedence in the design of reactors and subsequent development of catalysts. As a
result, the choice of catalysts and reactors goes hand-in-hand with F'T processing.
The different reactors can be categorised, depending on the cooling concept applied:
(a) internal cooling, (b) external cooling via gas or liquid recycle streams and,

(c) direct cooling by the staged distribution of feed streams.

The multi-tubular fixed-bed (MTFB) configuration is a robust reactor with
a design akin to a vertical shell-and-tube heat exchanger. A significant drawback in
MTFB reactors arises from the need to minimise pressure drop by adjusting the size
of the catalyst particles and tube diameters. Conversely, this can result in decreased

volumetric catalytic productivity and the formation of hot spots in the tubes [94,

97].

Slurry bubble column reactors (SBC), mainly applied in gas-liquid-solid
reactions, employ fine catalyst powders suspended in FT liquids. Whilst being less
expensive than MTFB reactors and having good thermal control, the catalyst must
be designed to be attrition resistant without compromising on activity and ease of
suspension. Unlike SBC reactors, fluidised bed reactors are only used for HTFT

processes due to its capacity for only gas-solid reactions.

Syncrude refining and upgrading

The refining of crude oil is comparable to F'T syncrude. However, the latter
consists of four phases: gas, organic liquid, aqueous liquid and organic solid, at
ambient conditions. While it is possible to repurpose conventional crude oil refineries
for F'T syncrude, the high proportions of oxygenates, olefins and the aliphatic nature

of the heavier fractions from LTFT processes must be considered [98].

The refining process proceeds with a syncrude recovery, separating it from
unconverted syngas. The recovered syncrude undergoes a stepwise cooling and

phase separation before the fractions are sent to an atmospheric distillation unit for
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further fractionation before refining. Alternatively, the F'T reactor product can be
directly fed into an atmospheric distillation unit (ADU), in a bid to reduce the energy
consumption in the aforementioned cooling steps. Rodriguez Vallejo and Klerk [100]
introduced the hot products of the FT reactor into a pressurised distillation unit,
and their investigation revealed an improved liquid recovery and reduced thermal

duties.

The refining technology applied in the downstream processing of syncrude
depends on the choice of the final products; fuels and/or chemicals.Refining tech-

nologies include [98]:

e Double bond isomerisation to improve the octane numbers of olefins,

e Dimerisation and oligomerisation of olefins, increasing their solubility, a desir-

able quality when blending with motor gasoline,
e Etherification to improve motor-gasoline quality,

e Aromatic alkylation for benzene reduction to meet the required regulations of

petrochemicals,

e Hydrotreating and hydroisomerisation for hydrocarbon processing.
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2.4 Large Scale Synthetic Fuel Production Facilities

The Lurgi and TREMP (Topsge’s Recycle Energy-efficient Methanation Process
by Haldor Topsge) concepts, based on adiabatic fixed-bed concepts, are the most
commercially established catalytic methanation technologies. The largest facilities
currently in operation have a daily output of 4.8 Mio. m?® and 3.8 Mio. m? of SNG

by the aforementioned companies, located in the USA and China respectively [101].

Methanex and Johnson Matthey are two of the largest producers of methanol.
They use natural gas as the primary feedstock and convert via a series of SMR and
ATR in different configurations. The Methanex plant in New Zealand has an annual
operating capacity of 2.2 Mio.t. At the same time, Johnson Matthey has recently
commissioned the largest coal-to-olefins facility, with an annual methanol capacity of

63 Mio. t in China [102].

Large-scale production facilities are often subsidiaries of methanol produc-
tion plants. TOYO Engineering operates a total of four fuel-use DME production
plants in China. DME is produced via the dehydrogenation of methanol starting
from natural gas or coal as a feedstock. The four plants have a combined daily
capacity 4.7t [103]. Liquid hydrocarbon production by FT is a widely commercialised
technology established in the 1940s. Sasol in South Africa is the largest FT facility
with an annual operating capacity for synfuel production over 8 Mio. t [104]. Sasol

combines the gasification of coal with FT to achieve their desired products.
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2.5 Previous Techno-economic Analysis Studies on

PtX

As of June 2020, there are 220 demonstration PtX projects in Europe (80% of
global projects), of which have either been realised, completed or are in planning
phases [105]. Despite the extensive ongoing research in this area, challenges remain
due to the number of possible system configurations, the diverse products, the
scale of deployment and the end-usages of PtX — there exists a complexity in the
standardisation of the feasibility of its deployment and establishment of PtX as a
climate change mitigation measure. For instance, Denmark is focused on injecting
hydrogen or synthetic methane into the natural gas grid. In contrast, hydrogen
as a transport fuel takes precedence in the United Kingdom. On the other hand,
Spain prefers to extend PtX for re-electrification with combined heat and power

technologies (CHP), while Germany promotes interest in all possible spheres.

Renewable energy-oriented technologies are subjected to stringent economic
assessments due to the high capital investments incurred due to their main character-
istic; replacing fuel costs with upfront investment. Despite the sizeable investments
needing to be reclaimed, the energy sector is a well-developed market with estab-
lished structures and pricing such that the periodic cost-effectiveness of emerging
technologies can be economically appraised. Techno-economic analysis (TEA) is a
conventional metric used to deduce a process’s technical feasibility and economic
viability, assessing the associated risks and consequently identifying the mitigation

actions. The conventional methodology of a TEA follows a pattern as follows;

1. Process design or configuration, depending on the end product or service

required,

2. Mass and energy balance to determine productivity and energy efficiency of

the process,
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3. Cost estimations to estimate capital investments and operating expenditure,
4. Profitability analysis to forecast the profit margins and,

5. Sensitivity analysis to negotiate through bottlenecks by evaluating how modi-
fying values of independent variables influence another selected variable under

defined sets of assumptions.

A key performance indicator commonly implemented in TEA is the levelised
cost of a predefined component ‘X’ (LCOX), where ‘X’ is usually represented as
electricity or as energy. LCOX is an economic metric used to comparatively assess
the cost of production of a unit ‘X’ over the assumed lifetime. Unless stated, the
currencies are converted to the Euro (€) by the year of publication, using the XE

currency converter [106].

ZN (I,+OM,+F,)

n=0" 1+ad)n
LCOX = — (2.4)
n=1"(1+d)"

N is the project operation time in years, [,, is the investment expenditure
in year n, OM,, is the operation and maintenance cost, F), is the fuel/energy input
cost, d is the discount rate, and @, is the amount of the key material/energy (X)
that is produced. A discount rate is the rate of interest that is applied to all future

cash flows of an investment over its lifespan to deduce its net present value.

The technical performance will primarily be evaluated by the system ef-
ficiency within the scope of the system being assessed, i.e. the ratio between the

energy vector produced and the electricity consumed by the process.

69% of Europe’s PtX projects are dedicated to hydrogen production, with
another 22% focused on further hydrogen processing to methane [105|. Using biogas
as a feedstock, the profitability of power-to-gas (PtG - hydrogen and methane) plants

with 6 different system ratings, with a central focus on the impact of the electrolyser

52 Chapter 2 Samuel Sogbesan



A Power-to-X Study

rating and technology (alkaline electrolyser; AEL and polymer electrolyte membrane
electrolyser; PEMEL) and overall system efficiency was assessed by Parra and Patel
[107]. The authors assumed that plants were connected to the Swiss wholesale market:
for the purchase of electricity and selling products to the gas grid. Simulated results
showed that the attainable life cycle system efficiency peaked at 65% in a 1 MW
plant. Despite the effect of the economy of scales, larger electrolyser systems (up to

1000 MW) did not significantly reduce the LCOE.

Conforming to the concept of levelised costs, the authors introduced a
levelised value (LVOX) metric representing the annualised total revenue accrued
by a PtX system regarding vector production. Regarding the LVOE at 1000 MW,
the longer durability of AEL allowed it to perform better than PEM electrolysers,
despite offering higher efficiencies, albeit prevalent only at the beginning of life. The
value of the plant increased when several value-adding services such as oxygen (a
by-product of electrolysis), heat and frequency control were included to generate
income. Optimum results yielded an LCOEy, of 89.97€/MWh, and an LVOEy, of
130.91€/MWh; , for a 1000 MW plant using alkaline electrolysis.

In a follow-up study in [108], a direct air capture (DAC) unit was employed as
an additional source of CO5 in a 1 MW PtG systems based on PEM electrolysers. The
size of the DAC unit was designed proportionally to the available heat provided by the
methanation reaction. The LCOE of hydrogen and methane was 98.24€ /MWh, and
178.53€ /MWh respectively; the LVOE was 121.85€/MWh, and 133.19€/MWh;
respectively. The economic performance was most sensitive to the cost of electricity,

natural gas prices, and the degradation rate of the stack.

However, the authors overlooked that the cost of COs (upgrading, compres-
sion and transportation) greatly contributes to the overall operating expenditure
(OPEX) in their assumption that it is obtained free of charge, especially when a
CO; levy and biogas premium has been added to the income generated. In addition,

the disclosure of the economic impact of the operation at partial loads when the
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wholesale electricity prices are very high would present a truer reflection of economic

viability.

The energy performance analysis through the thermal management of an
SOE was the foundation for a techno-economic analysis for the production of synthetic
natural gas by integrating high-temperature electrolysis and methanation in [109,
110]. The authors used Aspen Plus® software to model two power-to-methane (PtM)
10 MW, plants, based on the integration of steam electrolysis and co-electrolysis of
steam and carbon dioxide with a methanation reactor. By varying the operating
voltages of the SOE stack, the co-electrolysis plant achieved a higher efficiency of
81.4% against 76.0% for steam electrolysis. However, the higher efficiency rating was
offset by a lower cost of production of 637.87€/kW for steam electrolysis against

729.00€/kW for co-electrolysis due to the lower operating costs.

The same group proceeded to compare two 10 MW, PtG plants based on
SOE to synthesise methane and methanol following steam electrolysis with the
same methodology [111]. The methane plant yielded a higher efficiency at 77.1%
when compared to the methanol plant at 58.8% due to the former’s lower energy
demand for external heating and compression. The economic performances were
compared with the industrial price of natural gas at 32.84€/MWh and a domestic
price at 71.00€/MWh . The comparative lower and upper bound prices for methanol
(based on lower heating values; LHV) was set at 61.24€/MWh and 79.88€/MWh
respectively. By varying the capital costs of an SOE based on expert valuation
(2500 € /kW; current, 1050€/kW to 450€/kW in 2030), the production cost of the

methanol plant was about 31% higher than that of the methane-producing plant.

However, the sensitivity analysis demonstrated a similar economic perfor-
mance due to the larger methanol market. A near-zero electricity cost is currently
required to reach a break-even point for the lower boundary price of both fuels.
At lower SOE costs, the break-even point becomes more dependent on the cost of

CO;. The authors’ optimistic scenario further suggested a COs price of 2.66 €/t
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to 3.55€/t , coupled with the electricity price and carbon tax to be set at zero.
This implies that electricity will be provided from a surplus renewable source alone,

signifying a lower utilisation factor.

A comparable study investigating the relationship between various parame-
ters and the LCOE of methane via PtG with PEM routes was attempted in [112]. By
modelling various cost and efficiency scenarios, the obtained base values for the LCOE
were 124€/MWHh in 2020, 105€/MWh in 2030 and 93€/MWh in 2040, based on a
defined bid price and average electricity cost on the Irish single electricity market.
The LCOE was dominated by electricity costs (56%) in all scenarios, dropping to
55€/MWHh in a zero electricity cost scenario, i.e. exclusive consumption of otherwise

curtailed electricity.

The work, however, does not implicitly consider associated costs like grid
connection and equipment maintenance in the zero-cost electricity assumption and
its implication in low utilisation factors even in high renewable energy capacity
scenarios. This was followed by a subsequent study investigating the interactions
between the electricity bid price and operating hours in increasing VRE shares in
[113]. Nominal reductions in expenditure did not make the LCOE more competitive.
However, promoting renewable incentives, valorisation of oxygen, increased revenues
for gaseous fuels, and exemptions from taxes and grid access payments would make

PtG financially more viable [114].

The performance of PtG plants operating entirely on the German electric
residual profile of a future based only on RES was investigated in [115]. Methane is
produced via a methanation unit, thermally integrated with several SOE modules. A
projected installed RES capacity and demand profile were used to obtain a surplus
and deficit profile. The RES capacity was dominated by photovoltaic generation and
wind power, resulting in a high frequency of oscillations due to their fluctuations.
The PtG plant was sized based on the energy profile and a chemical storage facility

in the event of high surpluses to accommodate the continuous operation. Results
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demonstrated that the overall PtG system efficiencies slightly increased up to 77%
with increasing plant capacity. On the other hand, the plant utilisation factor
decreases as the plant capacity expands. Using estimated specific costs in 2050,
an optimal plant capacity of 7MW was determined based on an LCOE range of
60.20€/MWh to 224.90€/MWh; partially comparable with industrial and domestic
fossil-based natural gas prices at 56.70€/MWh and 110.36 € /MWh respectively.

Nonetheless, uncertainties owing to the unpredictability of future costs and
performance of electrolysers and electrochemical storage, as well as the forecasting
of future climatic events, could further limit the validity of the results. The authors’

assessment did not include the impact of oxygen valorisation and taxation.

A model of a biogas plant integrated into an SOE-based PtM system to
produce methane for a cogeneration system in Germany, with a design output of
2500 kW, and 1000 kW,, was developed by [116] using the ChemCad 6.3 software.
The required electrical power was assumed to be obtained from an off-shore wind
park. The resulting LCOE was 260€/MWh with a payback time of 4 years, making
the plant economically feasible. The author also accounted for economic incentives
according to the European Directive 2013/12/5; however, the research did not state
whether the wind farm was included in the overall capital expenditure (CAPEX)
and the impacts of electricity prices on the overall costs. It would be important
to consider the logistics of electricity transmission from off-shore to in-land where
the location of the biogas plant and the transportation costs of feedstock has to be

considered.

Recent improvements in biological methanation (further description avail-
able in other sections) give rise to using organic waste as a feedstock for renewable
fuels. The economic potential of an 18 MW, microbial PtG plant in Belgium was in-
vestigated in [117]. The energy model was designed in a Microsoft Excel spreadsheet.
The production cost of biomethane was estimated at 2.10€/m3 which is equivalent to

197.99€/MWh and 122.56€/MWh with grid and tax exemptions, and future costs
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of electrolysers. To meet requirements for unrestricted injection of biomethane into
the Swiss and German gas grid (CH, > 96 v/v%, Hy < 2 v/v%), the techno-economic
analyses of 6 configurations of two-step methanation and upgrading technologies;
fixed bed, bubbling fluidised bed, and membrane separation, was undertaken in [118,
119]. A fixed inlet volume stream of biogas at 200 Nm?/h was used as a basis for

the model designed on Athena Visual Studio and MATLAB software.

The production costs of biomethane were 102€/MWh to 108 €/MWh were
estimated with an optimum PtX efficiency of 59%. Revenues from the sale of process
heat and oxygen increased the profitability by 11€/MWh. Both studies were based
on AEL, which is not extensively considered within the scope of this study. It was
suggested that the business case could be improved if CO, valorisation for producing

synthetic liquid fuels and other added-value chemicals was considered.

The German Aerospace Centre has been active in power-to-liquid (PtL)
analysis, having conducted several TEA studies using Aspen Plus for process simula-
tions. A liquid hydrocarbon plant based on a 1 GWrgy input of hydrogen via PEM
electrolysis was modelled to investigate the potential of storing dedicated fluctuating
renewable energy in [120]. The PtL process incorporating reverse water gas shift
(rWGS) and Fischer-Tropsch synthesis (FT'S) processes achieved an efficiency of
44.6%, yielding net production costs of 11.17€ to 19.22€ per GGE (gasoline gallon
equivalent) for electrolyser costs of 306.00€/kW to 1147.52€/kW . Costs related
to the electrolyser and RES; and the load hours showed the highest impact on the
production costs. The study gives no indication on the source of COs; thus, its

related costs are not included in the analysis.

In a subsequent study by Albrecht et al. [121]|, the comparison of the
energetic and economic performances of biomass-to-liquid (BtL), power and biomass-
to-liquid (PBtL) and PtL processes was assessed with kerosene and diesel as target
products. Syngas was supplied by thermochemical conversion of biomass in the

BtL process, while hydrogen from water electrolysis via PEM and anthropogenic
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COg, and including CO, from DAC, was required as feedstock in the PtL and PBtL
processes. Based on the energy performance, an in-house economic tool was used to

simulate the production costs of the FT fuels, as shown in Table 2.4.

Table 2.4: Summary of the techno-economic study by Albrecht et al. [121].

XtL Concept BtL PBtL PtL
Efficiency % % %
X-to-Liquid 36.3 514 50.6
Overall Plant 82.6 65 66.8
Carbon Conversion 249 977 98
Plant Capacity (t/h) 2.9 11 29 11

Net Production Cost(€/lgg) ' 2.34 224 285 2.74

! Based on an electricity price of 105 €/MWh

Sensitivity analyses revealed that BtL is superior at high electricity costs,
while PtL and PBtL benefit from lower electricity costs. Results from a follow-up
study by Dietrich et al. [122] showed that the total capital investment for PtL was
37% lower than BtL, which was estimated at 1050 m€ for a plant capacity of 11t/h
fuel production, and PBtL at 742m€. Capital costs for the gasifiers and PEM
electrolysers dominated the plant costs. The authors obtained comparable results
of 2.01€/lgg based on an electricity price of 49.90€/MWh from wind turbines in
their most recent study in [123]. A more focused BtL analysis is found in the work
of Peduzzi et al. [124]|. The authors investigated the economic performance of the
production of liquid fuels by employing H,O and COs electrolysis via SOELs. Fuel
production costs between 1.71€/lpg and 1.95€ /Ipg, with electricity produced by

an onsite gas turbine using off-gases from a steam network via a Rankine cycle.

Additionally, analysis of PtL was carried out in the work of Schemme

et al. [125]. The authors investigated the economic assessment of many electrofuels,
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including paraffinic fuels and DME (dimethyl ether). For their analysis, the Hy
production from PEMELs was decoupled to yield a production cost of 2.30€/lpg for
synthetic diesel and 1.85€ /Ipg for DME, based on an electricity price of 0.10€ /kWh.

The techno-economic performance of producing aviation fuels via PtX was
studied in [126], considering DAC and concentrated sources of COs. The production
costs from the assessment was 139.68€/MWh from DAC and 96.12€/MWh from
concentrated sources when high temperature electrolysers were employed. With
low-temperature electrolysers, the production costs were higher at 148.68€/MWh
from DAC and 106.92€/MWh from concentrated sources [127], due to lower ef-
ficiencies and fuel output. The cost of renewable electricity was assumed to be
40.00€/MWh and a 43% load capacity. The report, however, did not include the
process specifications for the technical assessment, nor did it include carbon pricing

and taxes in the economic analysis.

The synthesis of methanol (CH30H) via PtX presents another proposi-
tion to produce speciality chemicals with CCU technologies. An investigation by
Nyari et al. [128] to assess the feasibility of the utilisation of COy in a 5kt/d
chemical-grade CH3OH plant presented a levelised cost of around 109.96 € /MWhy v
(700€/t) , based on a Oy valorisation target of 100€/t ad an electricity price of
30.00€/MWh. However, assumptions based on a daily reception of 7kt/d of pure
COs from unspecified industrial sources for high negative prices might be considered
very optimistic. A similar approach undertaken in [129], revealed CH3OH production
cost of 105.49€/MWhypy (589€/t), despite a CO, purchase at a sequester price.
The lower price could be attributed to the direct coupling of the PtX plant to a
coal-fired power plant, while on the other hand, it led to a severe decrease in overall

plant performance in the later study.

Bos et al. [130] considered integrating a stand-alone DAC system with PtX
for the production of CH3OH. Electricity is provided by wind turbines installed on site.
The cost of production of renewable CH3OH was estimated to be 143.28€ /MWhpyy
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(800€/t). It should be noted that the AELs were employed in this study and that
SOELs, though at higher current capital cost, could lower the production cost due to
the heat integration gains of the latter. Hank et al. [131] undertook a comparative
study in the production of CH30H via PtX using electricity from various sources and
COy from biogas and ammonia. A production cost of 108.90€/MWhrgy (608€/t).
The cost of electricity used in the analysis was 31.10€/MWh to 32.80€/MWh,

which included a tax reduction in the grid connection fees.

The direct integration of PtX with point sources to offset the current high
cost of carbon capture is becoming a subject of exploration as a decarbonisation
measure, as seen in [132]. The authors reviewed current projects that aim to
integrate PtX into the iron and steel industry (market entry from 2025) in different

configurations as in Figure 2.9.

[ Renewable Electricity ]
FeOx co, H,0
electrolysis electrolysis electrolysis
[ Hydrogen ]
RWGS co, Direct MeOH
methanation | reduction or synthesis using
Syngas Reducing agent | top gas
A 4 y ¥ .
methanation
[ Syngas |—-| Methane
Reducing Reducing
agent agent
Y A 4 Y
[ Iron ] [ Methanol ]

Figure 2.9: Configurations of PtX technologies integration in Iron and Steel production

plants.

The product of the PtX processes can either be incorporated into the iron-
making processes or as a final valuable chemical product. The direct integration of
hydrogen can achieve a carbon reduction of up to 21.4% compared to a reference plant,
while syngas and methane achieve 15.8% and 16.5% carbon reduction, respectively.
Integrating PtX technology with biomass gasification processes can greatly increase
carbon conversion from 35% to 100%, as shown in a study by Zhang et al. [133].
Depending on the fuel produced (CH4, CH30OH, DME or jet fuels), system efficiencies
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were up to 68% with the application of SOE, compared to 51% with state-of-the-art
biomass-to-fuel systems, based on a plant capacity of 60 MWy, biomass input. A

range of LCOX of 78.88€/MWh to 147.89€/MWh was estimated from the study.

In considering reference locations other than Europe, a study by Kassem
et al. [134] was carried out on integrating dairy farming with PtG to maximise waste
management and grid decarbonisation in New York state of the United States of
America (USA). The process components consist of dairy manure processing via
anaerobic digestion and hydrothermal liquefaction to produce CO, for the downstream

synthesis of gas grid compliant CHy.

The study yielded an LCOX range of 76.85€/MWh to 179.31€/MWh .
The revenues from hydrochar and biocrude oil co-products that lowered the LCOX to
32.02€/MWh to 115.27€/MWh . The study showed that the most critical factor for
the economic viability of the system were carbon credit incentives like the renewable
fuel standard (RFS) and the low carbon fuel standard (LCFS), both of which are not
actionable for this study; RFS does not incentivize PtM, and LFCS is only applicable

to transport fuels in the state of California.

California is the reference location for a study by Di Salvo and Wei [135]
for decarbonising the industrial sector via PtG. The CO, feedstock is assumed
to be purchased from a CCS process integrated with a cement production plant.
The LCOX of CHy from the PtG was estimated at 376.11€/MWh with a high
opportunity for cost reduction with the price of electricity and the capital cost of
the electrolysers. While there are no direct incentives for the proposed pathways,
the authors estimate that the range of carbon taxes required to achieve production
price parity with conventional CHy is 71.43€ /tco, to 714.34€ /tco, , dependent on

the system capacity factor.

As of 2020, Japan has the highest number of operational hydrogen refuelling

stations within the global context [136]. The anticipated increase suggests a growing
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interest in hydrogen deployment strategies, including PtG in Japan. A case study
by Li et al. [137] assessed the potential of PtG to resolve surplus RES generation
and decarbonise the energy system in Japan. The applied scenario was based on an
increased RES-grid connection encouraged by the feed-in-tariff mechanism and the
resulting balancing complexity caused by the former. The cost of Hy of production
was estimated at 146.33€/MWh to 292.66€/MWh based on low heating values.
The high values can be attributed to the low capacity factors, the gross share of RES,
RES generation mix, and patterns of electricity generation and consumption profiles.
In a follow-up study, the authors also concluded that further cost reduction relies on

improvements in conversion efficiencies and the capital costs of electrolysers.
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Figure 2.10: Summary of the levelised cost of the product (best case scenarios) from

selected literature [108, 112, 116-118, 121, 122, 124, 125, 128-131].

Figure 2.10 shows a summary of the LCOE of CH4, CH30OH and liquid
hydrocarbons from selected literature, revealing the wide range of values owing to the
plethora of techno-economic parameters considered and applied in the evaluations of

different authors.

Overviews of PtX demonstrations and projects have been previously covered
in the work of Chehade et al. [138] and Thema et al. [139]. Since most actionable
PtX tasks are situated in Europe, it will be the primary subject of study. The
primary source of energy is considered critical to the deployment of PtX. Around
48% of PtX projects employ RES, although there is no evident preference [105].
Twelve of those projects rely on surplus electricity from those sources that would
have been otherwise curtailed. 32% of all significant European PtX projects engage
in downstream hydrogenation of CO,, with 27 projects utilising biogenic carbon
sources. Seven projects integrate Climeworks AG DAC technology, often integrated

with SOEL, to produce COs.

The ETOGAS Audi e-gas plant, located in Werlte, Germany, is an estab-
lished power-to-methane facility in operation since 2013. The system comprises of
two 3MW AELs powered by four 3.60 MW off shore wind turbines [140]. CO, is

sourced from biogas from a biomethane plant near produce 1000t of CH4 per annum
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via chemical methanation, with a base system efficiency of 54%, based on a load
capacity of 45.7% [141]. The 12MW Energy Valley Delfzijl PtX plant was recently
launched in The Netherlands in 2020 to produce CHy for grid injection [139].

The George Olah Renewable Methanol plant in Svartsengi, Iceland, is the
first industrial-scale production of fuel from CO,, uses 6 MW electrolysers to produce
up to 4000t of CH30H per annum, has been operational since 2012. Currently, the
largest power-to-methanol plant is the 20 MW EU-funded Djewels project plant in
Delfzijl, The Netherlands. The demonstration project aims to produce CH30OH from
RES in a bid to scale up towards a 100 MW [142].

The reviewed literature shows a growing appreciation for PtX technologies.
However, most conclusions are drawn based on the product’s unit prices founded on
a predetermined set of parameters. Without proper consideration, this could reduce
the feasibility of the process to a false dilemma. The scope of the studies is often

limited to technical performance and optimisation of the product synthesis alone.

In contrast, extraneous variables like the availability of the feedstock, its
spatial distribution and the implication of the end-use of the products are not given
greater eminence. The categorisation and availability of the various feedstock present
the primary bottleneck in producing synthetic fuels. The spatial distribution of the
feedstock informs on the density of feedstock in relation to a pre-existing energy
system. An assessment dictates the prioritisation of the products and their end uses
based on a case-by-case socioeconomic perspective. The product greatly impacts the
economic viability and the associated supporting policies, whether as a precursor
to high-value chemicals, energy vectors or fuels. This study will build upon the
excellent work done in the previous assessments to address the gaps mentioned in

line with the research questions stated in earlier chapters of this study.
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Chapter 3

MODEL ASSESSMENT OF FUEL
SYNTHESIS

This chapter follows on from the preceding section of this thesis to model and simulate
the technological process of interest as discussed in Chapter 2. The modelling for all
processes is developed for this study by its author, with a licenced copy of Aspen
Plus® v.11.1 to maintain consistency of results and parameters. The models include
the production of hydrogen via co-electrolysis in SOE, recovery of CO, from a typical
point source and synthesis of the already discussed energy vectors. This chapter

concludes with a technical summary of the model simulations.
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3.1 Model Development of Electrolysis Process

In addition to the previously stated benefit of the thermal coupling between down-
stream processes and the SOEs to improve energy savings, the aspirations for a degree
of carbon neutrality via the utilisation of COs as a feedstock makes co-electrolysis a

suitable mode of operation in this work.

CO, +2¢ — CO + O* (R 33)

In co-electrolysis , Reaction (33) occurs simultaneously with Reactions (5)
and (6) summarised as Reaction (34). Additionally, chemical reactions such as the
reverse water-gas shift (rWGS - Reaction (35)) and methanation (Reaction (36))
would occur, often in favourable conditions where composites of metallic Ni are

present.

It is broadly postulated that the production of CO in the electrolysis process
is dominated by the endothermic rWGS reaction rather than the electrochemical
reduction of CO, due to the slower kinetics of the latter [143, 144]. Conversely,
some of the produced syngas may internally react to form methane. Due to the
exothermic nature of methane formation, operating at lower temperatures and higher
pressures will contribute to higher methane and lower syngas proportions in the
products. A high methane content is undesirable for downstream processes like the
Fischer-Tropsch and can result in up to a 20% decrease in efficiency, compared to

atmospheric pressures [145, 146].
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2CO — C(S) + CO, (R 38)

Other undesirable consequences of high-pressure operation include high
coke deposition during methane formation, carbon formation and deposition at the
cathode through Boudouard reactions (Reactions (37) and (38)). The effects of the
pressurised operation of co-electrolysis have been extensively studied by Wang et al.

[147].

The minimum energy required to sustain the co-electrolytic conversion of

H,0 and CO, is dictated by thermodynamics as described in Equation (3.1):

AH = AG+T-AS (3.1)

AH represents the total energy demand for the reaction as a function of
temperature, AG is the contribution in the form of electrical energy and TAS is
an entropy term representing the heat energy contribution. AH can be further
expressed in terms of the maximum cell potential, also known as the thermoneutral

voltage (V,), at a given temperature as seen in Equation (3.2).

Figure 3.1 further describes the relationship between the thermodynamics of
co-electrolysis for syngas production, operating temperature and the total electrical
voltage required, where n is the number of electrons transferred and § is the Faraday

constant.
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Figure 3.1: Thermodynamics of syngas production via co-electrolysis as a function of

temperature and specific energy demand [148].

The performance of the SOE to be developed in this work is predicted
by applying a one-dimensional, steady-state, macro-level model. This is achieved
through an electrochemical model to describe the relationship between the operating
conditions, gas specie concentrations, and current density with respect to the electrical

cell potential to ascertain the energy consumption of the process.

The electrochemical model introduces the concept of irreversible energy
losses in the SOE, also called overpotentials, that occur during the passage of current
through the cell to cause joule heating. The resulting cell performance is expressed
in a graphical representation of the relation between the voltage and current density

— polarisation curve.

The operating voltage (V,,) is obtained from the equilibrium voltages and
current-dependent overpotentials and, is different for each electrochemically active
specie. As a result, the electrolysis of HoO and CO, are considered as separate

transfer pathways in the model. V,, is expressed in Equation (3.3) as:
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V;)P = VN,i + V}ZZ% + aocettﬂi + ‘/ohm,i + ‘/int,i i = HQ’ CcoO (33)

a

The Nernst voltage Vi ; is the minimum voltage required to initiate the
electrochemical reaction at a given temperature. While it can be assumed that it
should be the same for the individual gas specie, studies have shown that they have

different values [149, 150], further expressed in Equations (3.4) and (3.5):

R-T Yu, /P P\
Vi, = 1.253 — 0.0002456 - T + In voz o ( ) (3.4)
2% YH,0 Pstd
R-T |Yco/Pyo, P\
Vn,co = 1.46713 — 0.0004527 - T + In X (3.5)
23 Yco, Pstd

T is the operating temperature, R is the gas constant, § is the Faraday
constant, P is the operating pressure and y; is the component molar fraction at the
triple-phase boundary (TPB). The Nernst equations above are valid at temperatures
between 600 K and 1200 K [149]. The ohmic overpotential V,,,, arises from resistance
to the ionic and electronic conductivity of electrolyte and electrode materials and
contact resistance between cell components. The electrode and contact are negligible

and are not considered in the expression below:

and in addition, the overpotential due to the interconnect, V;,;

V;n kzn _ Zint
j:d:'(Tt'egT) 37)
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J is the current density, d; is the thickness of the material of interest, k; is
the pre-exponential factor, and F; is the activation energy of the Arrhenius expression
of the material. The activation overpotential V,. is associated with overcoming the
reaction energy barriers at the electrode—electrolyte interface and the electric field due
to the transfer of charged particles across the interface by ions. The Butler-Volmer
equation is used to describe the relationship between V,. and j through a series of

equations below (Equations (3.8) to (3.13)):

Pi Edi .
pi=—tx 2 1 R-T-M xkgi e 5  i=H,,CO CO, (3.8)
i
Eq,09
p*02 — k‘d’02 .e ®’T (39)

p* is the equilibrium pressure of the specie at the TPB, IT' is the surface
site density, 7 is the sticking coefficient, M is the molecular weight, and F; is the

desorption activation energy.

act,i

ji=ki-e»1  i=H,y, CO,0, (3.10)

7% is the saturation exchange current density. The exchange current density

Jo is the net current at the TPB and can be determined as:
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PH 0-25 0.75
(32) oy

, «
jO,HQ = jO,Hz 0.5 (31].)
1+ (’ﬂ>
Py,
0.25
<p002>
Jo.co = Jo,co PCo PCO (3'12>
1 + * + *
Pco  Pcoa
0.25
&)
. o POy
]0,02 - ]0702 X 05 (313)
1+ (’ﬂ)
Pooy
The applied Butler-Volmer are found in Equations (3.14) to (3.17):
, 5B ) Vaci i _FBH Vacrwy
JH, = Jom, X | € nr — € *T (314)
, , 8B Vact.Hy _ BN Vacm
JH2 = J0,02 X (6 T —€ nT (3.15)
) ) §-BE Vasico _3'“*5(’53)"’:5{00
Jco =Joco X (e RT  —e R T (3.16)
) 5828 Vaet.co _K'ng‘vuoftfco
Jco =Joco X (€ NT —e€ nT (3.17)

[ is the asymmetry charge-transfer co-efficient of the electrodes, and the
superscripts oer and her are oxygen evolution reaction and hydrogen evolution

reaction, respectively.

The electrochemical model is validated with experimental data from [147,

151, 152] and is illustrated on a comparison basis in Figure 3.2.
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Figure 3.2: Parity chart illustrating the comparison between model results and different

experimental data from the literature. Modified from [147, 151, 152].

As shown, the model is in agreement with experimental data from Wang
et al. [147] and Zhan et al. [152|, with the largest variance at 4%. However, larger
differences of up to 12% were observed when compared with data from work at
DTU Energy conversion [151]|. The difference could be due to the difference in the
distinctive cell geometry - such as the electrolyte thickness and electrode thickness,
which affects the parametric values employed in the model (see Table 3.1) and,

ultimately, the cell electrochemistry.

The operation of the aforementioned SOE system is further illustrated in
the Aspen Plus® v.11.1 software. The Peng-Robinson property package is selected
for its suitability for non-polar or mildly polar mixtures like hydrocarbons and light

gases.
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Table 3.1: Electrochemistry parameters for the SOE model [147, 152].

Parameter H, CcO CO, O, Unit
k 594113.9 1.61E+07 - 41783.22 | A/em?
Euc 108400 131380 - 88750 J/mol
r 2.60E-05 2.60E-05 2.60E-05 - mol /m?
v 0.01 0.5 1.00E-05 - -
kq 1.453  3.56E+11 6.45E+07 4.90E-+09 1/s
E,; 88120 111270 25980 2.0E+05 | J/mol
M; 2015.68  28009.7 44008.7 31998 g/kmol
Bher 0.7 0.5 - - -
Boer 0.1 0.1 - - -
e 1.20E-05 m
Om 1.50E-05 m
ke 3.60E+4-05 S.K/m
Ko 5.2645 S.K/m
E, 8.00E-+04 J/mol
E,, 40850 J/mol
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The following assumptions are considered in this model [146, 153-156]:

1. One-dimensional flows,

2. Ideal mixing,

3. Thermo-neutral conditions in the electrolyser operation,
4. Steady-state operations,

5. Negligible heat losses in the stack,

6. Negligible pressure losses in streamlines,

7. Negligible impurities in the CO, input stream.

Due to the rWGS reaction being the dominant producer of CO, the SOE
process is modelled in three stages — equilibrium reactions on either side of the
electrochemical reactions. The RGIBBS (a Gibbs minimization reactor) unit is used
to model the former, and an RSTOIC (a stoichiometry-based reactor) is used to
model the electrochemical reaction, with a conversion set at 70% [146, 156]. The
hydrogen mole fraction in the electrolyser inlet stream was set to 10% to avoid Ni
re-oxidation at the cathode [157]. Uniform temperatures and pressures across units
within the SOE were achieved through calculator blocks written in FORTRAN to

obtain the desired syngas composition for downstream processes.
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3.2 Model Development of Carbon Capture Process

A model of a solvent-based carbon capture process, as described in a previous
chapter, is designed by the simulation software model, Aspen Plus® ».11.1. The
model is based on a COy post-combustion capture by chemical absorption-stripping,
consisting of reactive absorption by an aqueous chemical solution followed by a

solvent regeneration by reactive stripping.

Monoethanolamine (MEA) is chosen as the capture solvent due to its associ-
ated widespread studies [158|. The primary reactions involved in the CO;—~MEA -H,O

system are represented in Reactions (39) to (43).

2H,0 == H;0" + OH" (R 39)

MEA" + H,O == H;0" + MEA (R 40)
HCO; + H,0 == H;0" + CO5 (R 41)

CO, + MEA + H,0 == MEACOO™ + H;0" (R 42)
CO, + OH = HCO;3 (R 43)

The proposed design utilises a RadFrac™ model that accounts for reactive
absorption-stripping phenomena, including: (a) component diffusion in multiple
phases, (b) equilibrium and kinetic reactions, (c¢) vapour-liquid and gas-liquid equi-
libria, (d) non-ideal thermodynamics and, (e) simultaneous material and energy

transfer.

Due to a typically low Murphree efficiency (around 0.2) for the reactive
absorption of CO, as described in Figure 3.4 indicative of a deviation from phase

equilibrium conditions [159], a rate-based approach is used to model the process.
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Figure 3.4: Illustration of the Murphree efficiency Eyr, expressed in terms of mole
fractions. Eny = (Yn — Yn+1)/(Y* — Yn+1), where y* is the concentration of vapour in

equilibrium with the liquid on tray n.

The rate-based approach accounts for mass transfer limitations due to
chemical kinetics by separating the liquid and gas phases with respective films in an

interface, based on the two-film theory developed by Lewis and Whitman [160].
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Figure 3.5 shows the process flow diagram of the COy post-combustion
capture modelled on Aspen Plus® .11.1. The process is based on a typical industrial
flue gas with a composition of 21% of COy by mass and a 30 wt% MEA aqueous
solution. It is assumed that pollutants such as SOy and NO, has been removed a

PTLOTI.

The COs-rich flue gas enters the absorber in a counter-current fashion to
the liquid solvent, initiating the absorption process. Rich solvent from the bottom of
the absorber is heated in a cross-heat exchanger before entering the stripper column,
which is also counter-current with vapour from the reboiler. The stream exiting the
top of the stripper comprised mainly of CO5 and H5O is partially condensed, where
concentrated CO, in the gaseous phase is sent for compression. The regenerated
solvent exiting the stripper is recycled to the absorber via the aforementioned

cross-heat exchanger to continue the process.

Due to the exothermic nature of the absorption process, significant amounts
of solvents escape the top of the absorber along the exhaust gases due to vaporisation.
To reduce the solvent’s evaporative loss and minimise the economic and environmental
consequences thereafter, a wash water section is added using the water from the

condenser as a solvent.

The absorber and stripper models are validated using experimental data
from pilot plant facilities, especially in the analyses of the typical temperature bulge
in the absorber column and the evaluation of reboiler duty of the stripper column as

per the methodology in [161].

The operation of the absorption process is heavily typified by a plethora of
heat transfer phenomena, primarily due to the exothermicity and the counter-current
flow of the solvent and feed stream. The gradient in temperatures of the rich/lean
solvents results in water vaporisation/condensation at different column positions.

The resulting temperature profiles along the column show a distinct temperature
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bulge — indicating the column performance. The implications of temperatures in
CO4 absorption by aqueous monoethanolamine have been extensively studied by

Kvamsdal and Rochelle [162].

The developed absorber was validated using experimental from two pilot
plant facilities with different scales and operating conditions: (a) laboratory scale
absorption plant by Tontiwachwuthikul et al. [163] and, (b) large scale absorp-

tion/desorption plant described Razi et al. [164].

To determine the minimum height of the absorber column as a cost-effective
measure, a sensitivity to solvent flow was carried out without compromising the
column performance. The absorber performance is optimised under high-pressure
and low-temperature conditions to facilitate the interaction between the solvent
and the gas. Figure 3.6a shows that a depressing of the temperature profile as the
effective solvent flow rate Lgf 7 decreases — a decrease in the liquid /vapour ratio,
for better performance. The optimum effective flow achieved is 1.196 - LJ*", which
agrees with the value of 1.2 - L7"™ obtained from the experimental data sufficient to
ensure the absence of temperature bulges in the absorber. A CO, removal of 89.69%
was achieved as shown in Figure 3.6b, in agreement with the value of 90% obtained

from the experimental data in [165].

Using the same cost-cutting procedure for the stripper dimensions, a liquid
temperature profile assessment was carried out while varying the column height.
Operation of stripper columns are maximised under increasing temperatures to reduce
the solubility of the gas. It is therefore essential to avoid isothermal zones. Analyses
of Figure 3.7 shows that an MEA recovery rate greater than 99% can be achieved
whilst using the same optimum effective flow of 1.196 - L7 and a temperature
gradient that is higher than 1K /m. This is in close agreement with a 100% MEA

recovery achieved in experimental data in the work of Dugas [166] from a pilot plant.

The developed model achieved an 87% CO, removal rate at a purity greater

80 Chapter 3 Samuel Sogbesan



A Power-to-X Study

(a) Variation of liquid temperature for different multiples of the minimum solvent flow rate Lyyp

and column height, H.

ABSORBER {RaddFeax) - Prof ks ompesitions

(b) Absorber column composition.

Figure 3.6: Absorber column performance.
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(b) Stripper column composition.

Figure 3.7: Stripper column performance.
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than 99%. Additionally, in accordance with the threshold limit value — time-weighted
average of MEA in the exhaust gas is several magnitudes below the prescribed
3ppm limit. It is noted that whilst not within the scope of this work, an extra CO,
purification process could be retrofitted to capture COy from the exhaust gas if

required.
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Figure 3.8: Primary energy consumption for the carbon capture system modelled in this

work, in comparison to other projects [167].

The energy requirement is largely dominated by the heat of regeneration
for the solvent and is expressed by the stripper reboiler duty (@) as shown in

Equation (3.18).

Qreb = (nCOQ AHCOQ) + (msovap(T; - Tout)) + (nvap,HQOAHvap,HQO) (318)

[ J/ N J/ N J/

Vv B NV Vv
Heat of desorption Sensible heat Heat of vaporisation

Figure 3.8 shows the energy consumption based on the MEA-based post-
combustion carbon capture process in comparison to other current projects. The
variations are mainly due to to the different technologies applied for each project.
Global Thermostat and Climeworks utilised amine-based solid sorbents. A KOH-

based absorption process was utilised, which incurs a high amount of energy for the
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calcination process required for the solvent recovery. The resulting heat demand of
4.19GJ/tco, from the model is in agreement with value of 4.20 GJ/tco, achieved
in a separate work undertaken by Kothandaraman et al. [168]|. The relatively low
electricity demand could be attributed to the absence of compression of CO, for

transportation and storage purposes in this work.
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3.3 Model Development of the Hydrogenation of

COx to synthetic fuels

In this section, the synthesis of the fuels of choice is modelled and simulated in this
work for further assessment. The simulation for the design of a process is necessary
for the technical assessment, in optimising an established or recently developed
system and in the eventual scale-up of the process, as required. The software Aspen
Plus® v.11.1 will be used to simulate the processes onward to allow for detailed

designs and comparisons.

Figure 3.9: The onion model for a process design.

Based on the Douglas ‘onion’ model hierarchical structure of a process design
(See Figure 3.9), the reactor takes precedent [169]. This work simultaneously employs

two approaches for the reactor design —kinetic and thermodynamic modelling.

Kinetic modelling is essential to studies in identifying the interactions be-
tween the formulation of catalysts and their behaviour within a reaction environment.
The implementation of a catalyst’s kinetic parameters can be used to establish the
mode of operation of a reactor, to predict the size of the reactor, and to compute the
pressure drop along the dimension of the reactor, typically by the Ergun momentum

balance equation (See Equation (3.19)).

dP (1—¢)*uu (1—¢)pu
— =150 — 2 175 — 1 3.19
dz e3d? * e3d, (3.19)
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P is pressure, Z is reactor length, pu is the effectiveness factor used for the
intra-particle transport limitation, u, is the linear velocity of the fluid phase, d, is
the particle diameter, p is the density of catalytic bed, and ¢ is the void fraction of

the catalytic bed.

Kinetic models and data from selected published literature are employed
in Aspen Plus® using the Langmuir-Hinshelwood-Hougen-Watson (LHHW) rate

model in the following form:

. (kinetic term)'(driving force) (3.20)
adsorption term

Kinetic parameters such as the pre-exponential factors of the rate and
adsorption coefficients are derived from the Arrhenius and Van’t Hoff equations

(Equations (3.21) and (3.22)).

ki = exp{6.;} - exp {eE (1 _ Loy ) } (3.21)

T
K; = exp{ly,} - exp {eH,j (1 - Tf> } (3.22)
Ok = In(kir,.,) (3.23)

Ox; =In(K;z,,) (3.24)
Op; = mEﬁf (3.25)

On; = 9?5; (3.26)

k is the rate constant, K is the thermodynamic equilibrium constant, 6 is

the pre-exponential factor, ¢ and j are the reactions and species, respectively.

The Gibbs free energy minimisation method is implemented via Aspen

Plus® for the thermodynamic characterisation, which is based on the principle that
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the total Gibbs energy of a system (G") is at its minimum at chemical equilibrium.

G" is defined as:

N
G =) npi (3.27)
=1

n; and p; is the number of moles and chemical potential of species ¢, with

the latter defined as:

i =G +RTI (;—) (3.28)

G" is further expressed in Equation (3.29) as:

N N
Gt = ZniG;’i + ZHZ%TIH ( i ) (329)
i=1 =1

Niot

The Lagrange multiplier method is the most appropriate method to perform

the minimisation of the Gibbs free energy, and it is defined in Equation (3.30) as:

k N
L= Gt — Z )‘j (Z Q5T — AJ> (330)
j=1 i=1
N
> agni=A4;,  j=1,23,..k (3.31)
i=1
a;; is the number of atoms of the jth element in each mole of species i, A;

is the total number of atoms of the jth element in the reaction mixture, L is the

Lagrangian function, and A\; = Ay, ..., \; are Lagrange multipliers.

A study by Gao et al. [170] demonstrated that the Gibbs free energy

minimisation method in the thermodynamic analysis of the hydrogenation of COx is
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comparable with results from experimental data and is thus effective for understanding

the reaction environments.

The application of co-electrolysis of COy and HsO necessitates that the
syngas composition has to be monitored. A syngas modular (Z) is used to qualify

the feed composition for each fuel synthesised. Z is defined in Equation (3.32):

tz - xCOQ

7 = (3.32)

Tco + Tco,

x; is the molar fraction of the species in the feed gas.

Where possible, the mode of reactor operation will be adiabatic due to
its lower costs and simpler design over isothermal reactors, thus having a higher
potential for feasible scalability and energy integration, especially with the coupling

with a high temperature electrolyser system.

In a bid to recover useful heat energies and reduce the burden of the utilities
on operating costs, process heat exchangers are used to recover (a) the latent heat
of condensation of steam from inter-stage cooling trains and, (b) steam from the
combustion of unreacted gases via heat recovery steam generators.. Electrical work

is extracted from the high pressure steam as it expands through a steam turbine.

Further heat is recovered from the efluent stream by employing a Classius-
Rankine cycle, producing more electrical energy. Figure 3.10 shows the schematic of

a conventional Rankine cycle and is described as follows:

e 1-2: Working liquid undergoes isentropic compression via a system pump,

e 2-3: Heat is transferred from an external source to the pressurised liquid

isobarically until it reaches the saturation temperature,

e 3-4: The saturated vapour stream undergoes isentropic expansion through a
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gas turbine, where heat is converted to mechanical energy and subsequently

electricity via an electrical generator,

e 4-1: The working fluid is liquefied upon condensation facilitated by an external

cooling source before recycling to the pump again.

) Turbine

Evaporator

| = Electrical Generator

.| Condenser
4
Pump )

Figure 3.10: A simple schematic of a Rankine cycle
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Methane Synthesis

The physical property method employed to model thermodynamic and
transport properties is the Peng-Robinson property package method for non-polar or
mildly polar mixtures like hydrocarbons and light gases such as Hy and CO,. It is

based on a cubic equation of state model developed by Peng and Robinson [171].

The kinetic models (Equations (3.33) and (3.34)) employed were developed
by Kopyscinski et al. [172] over a commercial Ni—alumina catalyst (50% Ni/Al;Os3)
in a fixed bed reactor. The reactor is modelled using an RPLUG kinetic reactor

within the simulator.

ki Kcp&d py?

. — (3.33)
(1 + Kc pco + Kon pu,0 P, )
ks <Ka Pco PH0 — p_H2KpCO2)
. 2 (3.34)

_ 2
(1 + Kco pco + Kon pu,o pHS'5)

The rate equation is based on the assumption that the rate-determining

step for the proposed reaction mechanism is:

C) + Hp == CH-p + (R 44)

The conversion of the carbon oxides is considered the limiting step; thus,
the flow fraction of the Hy in the feed gas is varied to ascertain the optimum value

of the syngas modulus, Z.

By varying the syngas modulus of the feed flow rate on ASPEN, it can be
established that the optimum range for CH, output is when Z = 3+ 0.5 as described
in Figure 3.11 above. This value is kept constant throughout the course of this

assessment.
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Figure 3.11: Effect of syngas modulus on CH; production.

A series of sensitivity analyses were carried out to determine the effect
of the operating conditions on the catalytic performance within a single reactor.
From the analyses in Figure 3.12, the temperature range of interest is from 280 °C to
320°C. At this temperature range, the rate of CH, production increases with the
activity of the reactants. Based on previous results, varying the pressure as shown
in Figure 3.13 reveals that an increase in pressure has a minimal impact, especially

at higher temperatures due to the exothermal nature of the methanation reaction.

In addition, it is noted that CO is completely converted under the condition

of 15 bar and 280 °C.

However, the kinetic model is only valid for a temperature range 200 °C to
400 °C for isothermal reactors alone. Carbon deposition and pressure loss are also

assumed to be negligible.

The Aspen RGIBBS unit is used to design the reactor to simulate a thermo-
dynamic model. The operating feed gas composition and operating conditions from
the previous section are carried over into this design, especially a pressure upper
limit of 15bar. The reactor’s operation mode follows the conventional adiabatic

fixed-bed reactor model.

Due to the exothermic nature of methanation, a temperature increase within
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(a) 1 bar

(b) 10 bar

(c) 15 bar

Figure 3.12: Effect of pressure
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(a) 280 C

(b) 500 °C

(c) 320 C

Figure 3.13: Effect of temperature
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the system can create a thermal runaway and the deactivation of the catalyst. A
multistage intermediate cooling can be implemented to reduce the temperature of
the feed stream and encourage an equilibrium conversion. CO methanation is more
exothermic than CO,, and thus the formers’ conversion serves as the basis for the

reactor design with Equation (3.35).

=0 (3.35)

out

Q-W+ zn:FH
i=1

- Z F.H,
2 i=1

wm

F; is the molar flow and H; is the enthalpy of the species 7 in the reactor

and are further defined below in Equations (3.36) and (3.37) as:

F; = Feo,0(0; +viXco) (3.36)
T
H; = C,i dT (3.37)
TRef

The correlation between the conversion of CO and temperature can be

expressed in Equation (3.38) as:

T n
Sy X0 CdT

Xco = -
~ (AHUTnep) + [y, CpT)

(3.38)

Analysis from Figure 3.14 (base design), based on a feed inlet temperature
at 280 °C, show that a minimum of 4 adiabatic reactors would be required to achieve
a high CO conversion in a feed stream with a value of Z = 3. It also shows that the
exit temperatures are very high, especially after the first reactor, which may lead
to degradation and thermal instability due to the sintering of typical commercial

catalysts, such as Ni/Al,O3 [173].

A recycle gas loop can be employed to decrease the reaction temperature
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Figure 3.14: Relation between CO conversion and reactor temperature, with inter-stage

cooling, at 1 bar. Horizontal lines represent inter-stage cooling.

and consequently achieve higher conversion. The effect of varying the recycle ratio

with the conversion and CO and H, is shown in Figure 3.15.
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Figure 3.15: The effect of recycle ratio on the conversion of methanation reactants at 1

bar.

With an increasing recycle ratio, a decrease in the reactor outlet temperature
is seen and an increase in the conversion of CO, but this has minimal effect on H,
concentration. However, a higher concentration of CH, in the recycle gas can lead

to coke deposition due to thermal cracking. A minimum operating pressure of
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15 bar is therefore recommended to minimise the catalyst deactivation due to carbon

deposition [170].

Figure 3.16 shows the flowsheet of the modelled methanation process con-
sisting of four adiabatic reactors with inter-stage cooling and water condensation

between reactors.

The operating conditions for the reactors is 280 °C and 15bar with unit
pressure drops for the reactors and condensers, assumed to be 0.30 bar and 0.60 bar

respectively. All reactors operate at the same pressure.
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Figure 3.16: Process flow diagram for the methanation plant showing A) synthesis section and, B) heat recovery section.
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Methanol Synthesis
The modus operandi for assessing methanol synthesis follows the same

pattern as methane synthesis in the previous sections.

The Aspen RGIBBS unit is used to model a reactor to ascertain the optimal
feed composition and operating parameters. The influence of the syngas modulus Z

is shown in Figure 3.17:

Figure 3.17: Effect of syngas modulus on CH3OH production.

Analysis shows that the optimum flow of Hy is at Z = 2 4+ 0.25.

The employed kinetic model Equations (3.39) to (3.41) were developed
by Graaf et al. [174] over a Cu/Zn/Al/Zr catalyst, which is suitable for reactants
containing CO and CO,, and capable of taking the WGS reaction into account. The
reactor is modelled using an Aspen RPLUG model block. The RPLUG model block
is a rigorous model for plug flow reactors, which assumes that perfect mixing occurs

in the radial direction and that no mixing occurs in the axial direction.

kaKco [fool? — femson/ (fi2Kp.a)]
1+ Kcofco + Kcosfeo.) [fi2 + (Knao/K§?) fuso]

rco = ( (3.39)

98 Chapter 3 Samuel Sogbesan



A Power-to-X Study

ksKco, [fco, fu, — fu,0fco/Kp ) (3.40)
1+ Kcofco + Kco,feo,) /82 + (Kn,o/K%?) fuz0) .

THQO = (

keKco | feoo [P — femonfio/ (fi?Kpc)]
1+ Kcofco + Kco, feo,) [/ + (Kmo/KY?) fus0]

rco, = ( (3.41)

The rate equation is based on the assumption that the rate-determining

step for the proposed reaction mechanism is:

HQCO'q»)l —+ H(,!)Q == HgCO&[)l -+ 4)2

Figure 3.18 show that CH30H is favoured under conditions of low tem-
perature and very high pressures under adiabatic conditions. Results from the

thermodynamic and kinetic models also show a good correlation.

Figure 3.18: Effect of operating parameters on CH3OH production using thermodynamic

(T) and kinetic (K) models from author’s own analysis.

The kinetic model developed by Graaf et al. [174] was accounted to be valid

for an operating temperature range of 470 K to 550 K, and pressures up to 85 bar
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[175]. These operating conditions served as the model limits in this work. Two-phase
quenched reactor systems are favourably suited for CO-rich feed gas, for example,
from co-electrolysis, which is thus employed in this study [174]. The gases exiting the
reactors are cooled and separated. Some of the unreacted gases are recycled back to
the reactor while the rest are combusted in a heat recovery system described earlier.
The methanol stream is purified in a distillation column to obtain a high-purity

product.
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Figure 3.19: Process flow diagram for the methanol plant showing A) synthesis section and, B) heat recovery section.
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Dimethyl Ether Synthesis
The modus operandi for assessing DME synthesis follows the same pattern
as methane synthesis in the previous sections. The indirect MTD process is chosen

due to its maturity and simplicity.

The kinetic model employed in Equation (3.42) was developed by Bercic and
Levec [176] over a y-Al;Oj3 catalyst in a gas-phase reaction. The rate-determining
step was determined to be the intraparticle heat and mass transport limitations. The

reactor is modelled using an RPLUG model block.

kpame K on [Cényon — (Ci,oCome) /Kppue]
4
[1+2- (KenyonComson)”” + Ki,0Ch,0)

T'DME = (3-42)

Figure 3.20 shows the process flow diagram of the DME model as an
extension from the methanol synthesis section described in an earlier section. The
methanol output is converted to DME in an MTD reactor. The DME output is
cooled and purified in a distillation column. The set purity for the DME product is
set to 99.99%.

The concentration of methanol on the efluent wastewater was designed
to be below 10,000ppm, in accordance with the limits stated in [177]. Due to the
complexity and energy-intensive nature of the separation of methanol and water,
especially at lower concentrations of the former, a simple membrane block is employed,

as it is beyond the scope of this work [178].
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Figure 3.20: Process flow diagram of DME synthesis.
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Fischer-Tropsch Liquid Synthesis

The loss of tractability and heavy computational loads are constraints asso-
ciated with modelling systems with many molecular components like FT, especially
when employing rigorous and complex kinetic models. The ASF distribution method
is implemented to replicate realistic component distributions consistent with existing

kinetic models.

Following discussions in earlier sections, a low-temperature Fischer-Tropsch
(LTFT) process which utilises high a-catalysts like cobalt predominantly produce
a syncrude with a higher paraffin wax content is chosen in this study. Diesel is
the main target product of this study and is represented by n-alkanes. To further
simplify the model, only n-parrafins, 1-olefins and oxygenates are considered as the

main FT products in this study (See Table 2.3).

However, despite the elegance of the ASF distribution method, there are
observable disparities in comparison with FT product distribution from experimental

data as shown in Figure 3.21.

Figure 3.21: ASF product distribution in comparison to experimental FT. Modified from
[179].

The main deviations include (a) lower selectivity to methane, (b) higher
selectivity to ethylene and (c) divergence at long-chain hydrocarbons. The variances
have been further discussed in [180]. To better describe the deviation of the product

distribution at higher carbon numbers, a double-alpha concept is applied, as seen in
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Figure 3.22.

Figure 3.22: The ASF-plots of (A) molar distribution with one propagation probability o
= 0.95, and (B) where 90% of the distribution is produced with o = 0:95 and 10 is
produced with o = 0.75 [181].

Kinetic models developed by Todic et al. [182] on the hydrocarbon prod-
uct distribution based on the CO-insertion mechanism earlier explained are used
to describe the polymerisation growth factors for paraffins (ap) and olefins (ao)

respectively in Equations (3.43) and (3.44).

_ ks - K- Peo
ks - Ky - Poo + kv - /Ko - Py,

g = ay - %% (3.44)

(3.43)

03]

The reactions for the hydrogenation of CO for the F'T production of paraffins
and olefins are described in Reactions (45) and (46).

CO + U1H2 - ZVLICiHQiJrQ + HQO (R, 45)
i=1
CO + U2H2 - V172CH4 + ZViQCiHQi + HQO (R 46)
=2
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v;» and U; are the stoichiometric coefficients and the stoichiometric usage

of hydrogen is further described in Equations (3.45) to (3.48).

Vi1 = (1 - a1)2 : Oéliil (345)
vig = (1— ) ab™ (3.46)
Up=> (i+1) v, +1 (3.47)
=1
UQ = 2111,2 + ZZ % +1 (348)
1=2

To manage the possibly infinite number of molecular products, lumping of
components as described in [181] is introduced and described below in Equations (3.49)

to (3.55).

N
SNy = ) (3.49)
=1
M .
Sva = (1—a)) o (3.50)
i=N

M
U[N,M} = Z’UZ’ (351)

i=N
M
ZZ az—l
N, [N,M] = Z:]]\\; (3.52)
Z azfl
i=N
«
niNool = N 3.53
Mo, (Nooo) = N+ 77— (3.53)
M
Z Z’2 az—l
AW N = (3.54)
dYi-ai-!
i=N
@ (14-a)-«
n (V-1 ) (v ) (3.55)
W,[N,o0] N T ﬁ .

The FT product distribution is modelled on Aspen Plus® .11.1 and applies
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the Peng-Robinson property package method. The reactor is modelled using an
Aspen RSTOIC model block. The carbon selectivities towards methane, paraffins,
olefins and oxygenates is based on the work of Shafer et al. [183] over a Co/y-Al;O3
catalyst and a Hy/CO of 2. In light of recent developments, a slurry bubble column
reactor is chosen as it enables a high CO conversion per pass (between 80% and up
to 90%), compared to conventional fluidized and fixed-bed reactors (40% to 50%)
[93, 184, 185].

The correction of the ethylene deviation is based on the work of Pandey
et al. [186] over a 20% Co/ 0.5 Rey-AlyO3 catalyst. The experimental data show that

deviation is corrected by a factor of 94%, predominantly via the following reactions:

C2H4 + H2 - C2H6 (R 47)
CQH4 + CcO + H2 - Z CiH21+2 + HQO (R 48)
=3

A high content of heavier paraffins is a direct result of cobalt-based LTFT,
and thus further process steps are required to improve the yield and quality of
the target middle distillate cuts. While LTF'T products exhibit an advantageous
characteristic of high cetane numbers (>75) for transport fuels, n-paraffins display
undesirable cold flow properties — increasing the likelihood of inject nozzle blockages

as a result of the crystallization of high molecular n-paraffins.

Hydro-processing combines hydroisomerisation to improve the flow property
and hydrocracking to increase the yield of the middle distillate cuts. In accordance
with the work of Baltanas et al. [187], only the direct cracking of iso-paraffins is

considered, following the hydroisomerisation of n-paraffins.

The hydroisomerisation and hydrocracking reactions are modelled with

Aspen’s RPLUG model units with rate equations developed by Pellegrini et al. [188].
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k?so(i) : eiEiSO/mT
B ADS
ke (Z> ’ e_ECTk/mT : fisofC@')

rcrk(i) = ek ADS (357)

(famc(i) = fiso—c(i)/ Keg(i)) (3.56)

Tiso@)

70 70
ADS = fu, [T+ Y Kp, (i) fac(@)+ D> Kipy o(i) - fioc(D)|  (358)

i=1

Paraffin and olefins products up to Cyg, n-eicosane and 1-eicosane, respec-
tively, were added from the Aspen Plus® .11.1 component bank was added in the
model. Higher carbon number products were lumped into a pseudocomponent (Cyy ).
Oxygenates up Cs (1-pentanol) and the pseudocomponent (Cg, ) were also added.

Figure 3.23 illustrates the process flow diagram of the FT synthesis process.

The modelled process consists of a syngas conditioning section to set the
H,/CO ratio to the desired specification of 2. A series of conversion reactors is used
to model the F'T synthesis to account for the ethylene deviation. The FT products
are further processed in an atmospheric distillation unit. The primary target fuel
synthesised in this model is diesel fuel and, naphtha as a co-product. Light gases are
processed downstream to recover the otherwise expensive Hy for the hydro-processing
section via a series of autothermal and water gas shift reactors, making the system
more self-sufficient. A power generation section is also added to recover useful energy

from the heat of combustion of waste effluents.
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Figure 3.23: Process flow diagram of FT liquid synthesis showing A) FT product synthesis section, B) hydro-processing section, C) power generation

section, D) Hy recovery section and E) syngas conditioning section.
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3.3.1 Results from synthetic fuel simulation

The basis for the model simulation is a flow rate of 100kg/h of pure COy
fed into a co-electrolysis SOEL process. The electrolyser unit is coupled with the
modelled fuel synthesis unit to minimise storage and transportation-associated costs.
Where feasible, the exchange of materials between process units is employed to realise
a closed process cycle; for example, enriched sweep air from the SOEL unit can be

utilised as an oxidiser in downstream combustion processes.

Subsequently, heat integration is optimised following a heat exchange net-
work (HEN) design for each process to minimise utilities and save on related oper-
ational costs. The heat integration procedure is carried out on the Aspen Energy
Analyzer software, which applies principles from Pinch Analysis (10 °C in this work),
the Grand Composite Curve for utility load allocation and the heat exchanger area

target based on the Bath formula shown below Equation (3.59).

hot streams cold streams

I e VR i i
A_;'ATLW ( Z T > hz-) (3.59)

A is the target area, k is the thermal conductivity, ¢ is the i-th enthalpy
interval, ATy, is the logarithmic mean interval temperature difference at each
interval, ¢ is the amount of energy transferred at each interval and, h is the heat

transfer of the stream.

The choice of utility streams is dictated by the minimal energy costs and
related CO,, emissions. For example, steam generation takes precedence over cooling
water where possible as a cooling utility. The generated steam can be further utilised

as a secondary utility on-site or as an off-site revenue stream.

Thermodynamic efficiencies are described for comparison of the processes

and their respective configurations in Equations (3.60) to (3.62).
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Ysyngas - Mj - LHV

= . 3.60
sor IVsor + Qnet,sor + Xsor - m; - LHV; (3.60)
S iy - LHV; (+11))
= 3.61
G 2syngas ' mz ' LH‘/z ( )
Xx-m;- LHV;
NTotal = X J d (362)

]VSOE + Qnet,system + Waucc + ESOE : mz : LH‘/z

m is the flow rate, IV is the power requirement for the SOEL at the chosen

operational point, () is the heat requirement and W is the electrical requirement for

the auxiliary components. The operational voltage of the SOEL unit is the obtained

thermoneutral voltage (V,) between 1.55V and 1.61 V which is in agreement with

values found in [189).
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Table 3.2: Results based on a flow rate of 100kg/h of pure COy, at NTP.

Metric Unit Methane Methanol DME Diesel Naphtha
X output kg/h 36.898 30.803 36.595 13.203 1.611
Energy Content MJ/h 1870.77 599.40 1055.21 104.44 70.24
SOEL H50O feed kg/h 185.998 129.301 129.301 55.411 55.411
SOEL air feed kg/h 436.613 332.839 332.839 205.242 205.242
Flue gas by-product kg/h 0 945.468 614.803 286.389 286.389
Flue gas CO2 molar content % 0 3.90 3.13 4.30 4.30
Net electrical (AUX) kW, 60.035 70.487 52.181 14.065 14.065
Heating requirement kJ/hr 2.68E+05 1.881E+06 1.008E+06  2.449E+05  2.449E+05
Cooling requirement kJ/hr 1.099E+06 2.598E+-06 1.553E+06  7.652E+05  7.652E+405
Steam generation kJ/hr 2.41E4-05 0 4.12E4-03 3.00E+4-05 3.00E+4-05
Total cost index Cost/hr 9.88 33.20 18.19 4.19 4.19
NSOE % 80.1 81.98 81.98 86.51 86.51
NX(+W;) % 80.85 (90.26) 35.55 (59.46) 61.40 (74.24) 16.37 (28.9) 16.37 (28.9)
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Table 3.2 shows the results of the model simulations for the synthesis of
fuels via the hydrogenation of COy in conjunction with a SOEL unit, modelled on
Aspen plus. The primary specification for the methane product for its suitability
in transport and application is described by the Wobbe Index (WI). The WI is a
measure of the interchangeability of a gas when it is to be used as fuel and is derived

from the expression in Equation (3.63).

_ HHVsne

Wi
PSNG / Pair

(3.63)

The WI of the methane modelled in this work (49.74 MJ/m3) meets the
United Kingdom’s National Grid specification set out by in the Gas Safety (Manage-
ment) Regulations 1996 (GS(M)R) (47.20 MJ/m? to 51.41 MJ/m?).

The key performance indicator of diesel fuel is the cetane number (CN) —,
the measure of the thermal stability and the ease at which a fuel can be thermally
decomposed in the presence of an oxidant in a pressurised environment. In addition
to engine combustion and the cold startability of diesel fuel, studies have shown that
the CN inversely influences the particulate matter (PM) exhaust emissions from
combustion [190, 191]. While it was not possible to ascertain the CN of the modelled
diesel fuel without experimental procedures, the work of Jencik et al. [192] reports
that FT-diesels have higher CNs than the value of 51 set by the EN 590 standard

for conventional fossil fuel-derived diesel in the United Kingdom.

The engine performance and emissions are also influenced by the fuel density.
The density of the modelled fuel is 777.19 kg/m? which is in agreement with the range
of 770kg/m? to 785kg/m? found in [193, 194] for XtL diesel fuels. While studies
from emissions testing by European Programme on Emissions, Fuels and Engine
Technology (EPEFE) have demonstrated that a lower diesel fuel density reduces PM
and NOx emissions, the overall fuel economy depreciates as the fuel consumption

increases and power output reduces [195]. Downstream densification is required to
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meet the EN 590 Euro 6/VI specification of 815kg/m? to 840kg/m3. Alternatively,
the synthesised fuel can be blended with fuels derived from other sources or further

refined for other niche applications.

Figure 3.24: Distillation curve for FT diesel fuel modelled on Aspen Plus.

Figure 3.24 shows the distillation curve for the FT-diesel fuel. The distil-
lation curves indicate the fuel’s quality in its ability to evaporate and mix with an
oxidant upon injection. The distillation curve’s result in Figure 3.24 agrees with

results found in the experimental procedures undertaken in [192].

Table 3.2 also shows the energy requirement for each process. The methane
synthesis process showed the least heating utility requirement, following the optimi-
sation of the HEN. Conversely, the F'T process has the highest utility requirement,
primarily due to the process’s overall complexity and HEN optimisation. However,
the FT process has the least electrical balance of plant (BOP) requirement, owing to
the power generation island included in the design. There is also an opportunity in
the FT process to recover useful heat in the form of steam generation that can be

utilised in the SOEL unit or the CC unit, depending on its proximity.

The final unit configurations and approaches applied in these simulations
are constrained by time, the scope of detail and reproducibility. The simulation

results provide the foundation for the analyses carried out in the following chapters.
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Chapter 4

ASSESSMENT OF A CIRCULAR
CARBON ECONOMY

This section of this thesis seeks to address the question of “How much COs is readily
available for downstream valorisation as e-fuels?”. The chapter begins with the
assessment of the global CO, potential, based on open-source data, followed by
the associated carbon capture costs and environmental impacts. The scope of the
study is then narrowed to the United Kingdom, including the spatial distribution of

potential carbon sources.
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4.1 Supply Side Evaluation

The concept of a circular economy seeks to exploit the recycling of material flows in
order to balance economic growth and societal development with environmental and
resource use to achieve sustainability [196]. A circular carbon economy represents
the circular movement of carbon atoms through a series of energy-related processes,
from an initial stage as components in an energy vector in the form of a carbon-based
fuel, through its emission stage as an effluent, to a final stage where it is either
sequestered away or reintroduced into the cycle as shown in Figure 4.1. The CCE
aims to incorporate ‘clean’ technologies to transform ‘waste’ carbon into a valuable

‘asset’ in a bid to reduce the impact of the initially released carbon unit.

Exhaust/Flue
Gas

Carbon

Energy
Conversion Capture

Carbon-based Circular Carbon Co,
Fuels Economy

Carbon Chemical
Utilisation Conversion

Carbon-based
Chemicals

Figure 4.1: Schematic representation of a circular carbon economy.

A broader scope of the CCE described in Figure 4.1 will include fuel and
CO, inputs to compensate for other utilisation and chemical products, accounting

unavoidable emissions and sequestered carbon, resulting in a closed carbon cycle.

It is imperative that each section of the carbon cycle is properly assessed
to ascertain its viability as a key component in the deployment of the PtX process.
The cycle is categorised into (a) the supply side — carbon emissions and carbon

capture, and, (b) demand side — carbon utilisation.
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The Current Global Scale of Carbon Emissions

Within the context of this chapter, ‘carbon emissions’ — by the combustion
of fossil fuels or biogenic resources, including biological processing, would be used
interchangeably with ‘carbon sources’, describing the point of supply of carbon for
the initiation of the proposed carbon economy cycle. The assessment of carbon
sources would be limited to centralised anthropogenic point sources that can be
coupled with current and proposed carbon capture technologies, which will be further

defined in this chapter.

The scope of this assessment solely focuses on exhausts from large stationary
stacks (>0.10 GtCOq, per year) whilst excluding carbon emissions from non-industrial
and mobile sources such as those in the transport sector and small stationary processes

like heating boilers in domestic and service sectors.

Anthropogenic emissions account for 32.80 GtCOs, per year of the total
global emissions [197]|. Despite the considerable volume available, the diverse quality
of in the exhaust flue gases poses a technological and economic constraint that must
be surmounted in order to realise a carbon economy. The point sources discussed

here are categorised into four groups of emitters:

Fossil-Based Energy Generation

The combustion of natural gas and coal for energy generation is the largest
point source of emissions, responsible for 63%(v/v) of all the emissions that can
be captured as conferred in this report. They account for the lower range of CO,
concentrations at 3%(v/v) to 15%(v/v), depending on the fuel type [198]|. Despite
calls to phase out coal power stations, the global capacity has increased to 2024.10 GW
by the end of 2018 due to China’s rapid deployment [199].
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Large Industrial Processes

Large-scale production and processing of metals such as iron and steel are
major emitters of CO,, primarily due to the carbon-intensive smelting reduction
process of iron oxide in blast furnaces as summarised in Reactions (49) and (50)

below.

F6203(S) + 3 C(s) — 2 Fe(l) + 3 CO(g) (R 49)

FGQO;:)(S) +3 CO(g) — 2F€(1) + 3002(g) (R 50)

The clinkering step in the production of cement is responsible for up to
60% of the CO, emissions of the production process due to the chemical calcination

of limestone, as in the Reaction (51) below.

CaCOy —= CaOy) + COyyy (R 51)

Both industries make up the majority of the large industrial point sources,
accounting for 12 % of the total direct global CO5 emissions at 4.30 GtCO,, per year,
with a COy content of 14%(v/v) to 35%(v/v) in their effluent gases [200, 201].

Biotechnological Processes

The high concentration of CO, in biogas (30%(v/v) to 50%(v/v)) from
the anaerobic digestion of biogenic material provides viable options to capture
carbon for implementing a circular carbon economy. Furthermore, emissions from
fermentation and bioethanol production contain a very high concentration of CO, of
about 99%(v/v) as in Reaction (52), also containing small amounts of sulphur and

organics, [202].
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H(06H1005)nOH - 2HCQH5OH + 211002 (R 52)

From a molar balance in Reaction (52), 0.95 kg of COg is produced for every

1kg of bioethanol produced.

High Purity Point Sources

This category focuses on processes that produce a stream of CO, with a
purity in excess of 99%. Natural gas processing, production of industrial hydrogen,
synthetic fuels and ethylene oxide all contribute to the chemical subsector being the
third largest emitter of CO5 at 1.10 GtCOq, per year [201]. Industrial hydrogen is
produced at large scale via thermo-chemical processing of fossil fuels as an interme-
diary, primarily for the synthesis of ammonia in the Haber-Bosch process and metal

processing as seen in Figure 4.2.

Coal/Biomass ——»| Gasification

Co,

y

——*
Natural Gas ——» Partial Oxidation —@1&,—" Shift Reaction |——b| Gas Clean-up
A

|—,H2

Natural gas/
Naphtha

Reforming

Figure 4.2: Simplified process of industrial hydrogen production from fossil feedstock.

Ethylene oxide can be produced from ethylene via direct oxidation; however,

the parallel oxidation of ethylene oxide produces CO, [203], as shown in Figure 4.3.

1
=0,

C2H4 _2_’ C2H4O
5
307 502

CO,+ 2H,0

Figure 4.3: Ozidation pathways of ethylene to yield ethylene oxide or carbon diozide.
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Overview of Carbon Capture Processes
The initialisation of carbon capture begins with separating CO, from a
bulk stream of gases. Three separation techniques for achieving a COs-rich stream,

including but not limited to the ones in this study, are hereby briefly described.

Solvent-based Systems
Solvent systems are based on the selective absorption of CO, from a flue
gas stream and regeneration of the solvent by reversible desorption reactions. The

classification of solvents depends on their reactivity in the primary solution [204].

Physical solvents such as methanol and dimethyl ether of polyethylene
glycols (DMEPEG); are employed in commercial processes, Rectisol® and Selexol®
respectively, apply Henry’s law by which the selected gas species are absorbed in

high pressures and desorped in subsequently reduced pressure conditions [205].

The general reaction between chemical solvents and CO; in a liquid phase
results in a reduction in the equilibrium partial pressure and an increase in the mass
driving force [206]. CO, is consumed at the interface, consequently increasing the

CO; concentration gradient at the interface.

The increased CO, absorption rate of chemical solvents like amines, am-
monia and salt solutions leads to higher absorption and desorption mass transfer
coefficients when compared to physical solvents. However, the employment of chemi-
cal solvent systems incurs a higher cost for materials due to corrosion, the presence
of side reactions, and predominantly, a higher energy requirement for solvent regen-

eration [205, 207, 208].

Solvent regeneration can contribute up to 80% of the total energy require-
ment for a carbon capture process [209]. An experimental study by Bhatti et al.

[210], showed that the addition of solid acid catalysts like MoO3 and V5,05 to a
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Figure 4.4: A simplified schematic of a chemical solvent-based carbon capture process.

monoethanolamine (MEA) solvent-based process reduced the heat duty required for
solvent regeneration with a 94% upon the base case and CO, desorption rate of up
to 105%. Figure 4.4 illustrates a simple schematic of a chemical solvent process for a

carbon capture process.

Sorbents and Looping Systems

Adsorption processes for the capture of CO, have an added advantage over
conventional absorption processes as they bring a reduction in environmental impact
and energy penalties. CO, removal by adsorption is generally categorised based on

three different mechanisms and the materials employed therein.

Solid sorbents like metallic organic frameworks (MOF), zeolites, silica, and
polymeric materials, are resilient materials that can withstand high operational
temperatures. However, there is a need for further development of new adsorbents
that offer better tolerance to impurities, better chemical stability in wet conditions,

higher CO, capture capacities and selectivity, and operate at lower temperatures
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211, 212].

The reversible desorption process is energy intensive and a challenge re-
mains to match the most ideal process to determine the driving process in terms of
pressure, temperature, concentration, etc., for the overall capture process. Several
regenerative processes such as vacuum swing adsorption (VSA), temperature swing
adsorption (TSA), temperature/vacuum swing adsorption (TVSA), and electrical
swing adsorption (ESA) technologies have been extensively studied to meet required

COy specifications and feed conditions [213-216].

Carbonate looping is the second mechanism based on the absorption of CO,
by a metal oxide (Me,O) to form a solid carbonate. Silicates, zirconates, hydrotalcites,
and oxides of potassium, magnesium and calcium are promising materials. CO, is
removed from the flue gas upon contact with the Me, O, in a carbonator, operating
at elevated temperatures between 450 °C and 900°C (depending on the sorbent)
[217]. A high purity COs stream is subsequently recovered from the metal carbonate

(Me,COg3) in a calciner as depicted in Figure 4.5.
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Figure 4.5: Simplified process diagram of carbonate looping process for carbon diozide

capture.

Results from a simulation study by Rolfe et al. [218], evaluating the technical
performance of a 600 MW pulverised power plant retrofitted with a calcium-based
carbonate looping system, resulting in an efficiency penalty as low as 7.4% compared
to a solvent-based system. The energy requirement for the air separation unit
(ASU) used to supply oxygen is a major contributor to the energy penalty in this
system. Furcas et al. [219] achieved a further reduction in the energy penalty of 4%
compared to the reference case when utilising trona (Na;COj3 - NaHCO; - 2H,0) —
a sodium-based sorbent in a carbonate looping system; without the requirement of

an ASU.

Chemical looping combustion (CLC) is the third adsorption mechanism
that utilises a metal oxide as an oxygen carrier in an alternating redox reaction for

the purpose of capturing CO, as shown in Reactions (53) to (55) below.
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(2n + m)Me, Oy + C,Hyp, — (20 + m)Me Oy ; + mH,0 + nCO, (R 53)
(2n + m)Me,Oy; + (n + 0.5m)Oy — (2n + m)Me,O, (R 54)

CnHQm + (n + 0.5 m)02 - mHQO -+ HCOQ (R 55)

The net enthalpy of the CLC redox cycle is equal to that of a conventional
combustion process. It thus does not incur any extra energy penalty or direct cost

for the capture of CO,.

CLC relies heavily on oxygen carriers that must have high reactivity with
fuels and high oxygen transport capacities while being resistant to attrition resulting
from multiple redox cycles [220, 221]. Oxygen carriers like Fey,O3, NiO and MnzOy4
are typically supported by ZrO,, SiO5 and AlsO3. However, these carriers have a very

high manufacturing cost, and are, thus, the subject of much ongoing research.

Recent developments in oxygen carriers have produced metal oxides that
have the capacity to spontaneously release oxygen under inert conditions, referred
to as chemical looping with oxygen uncoupling (CLOU). They vastly improve the
combustion kinetics of solid fuels as demonstrated in studies by Adanez-Rubio et al.
[222] where high CO4 capture and 100% combustion efficiency were achieved in a

biomass combustion plant.

Membrane Systems

Membrane separation technologies operate on the principles of permeability
and selectivity of a species across a material. The permeability of a membrane is
a function of the solubility of the species — a thermodynamic factor, describing
the interaction between the two interfaces; and diffusivity — the kinetic factor,
determined by the rate at which the penetrating species passes through the material

by a driving force [223].
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The availability of high-performance materials in terms of permeability
makes membrane separation flexible and economical, provided that a high concen-
tration of a COy stream is not desired [224]. The current challenge for membrane
separation technology is the development of high selectivity materials that are eco-
nomically competitive with absorption systems; for processes with emissions that

have low CO, concentrations [225].

Mixed matrix membranes produced by integrating inorganic materials in
the polymeric structure of the membrane have all shown promising results in terms
of selectivity of CO, [211]. Li et al. [226] showed that Matrimid® /CNTs/GO — a
composite of carbon nanotubes and graphene oxide in a Matrimid® matrix showed
superior performance in terms of COs selectivity for biogas (CO4/CH,) and flue gases
(CO3/Ny) of 85 and 81, respectively, compared to 34 and 33 for pure Matrimid®

membranes.
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Overview of Carbon Capture Configurations

The criteria for selecting the appropriate separation technique for COq
capture is non-exhaustive but is often narrowed down to financial implications,
especially in the event of a retrofit to an existing point source. The cost metrics for
COq capture are generally expressed as a function of the incurred efficiency/energy
penalty by the added process step and the overall performance of the retrofitted
plant. Discussed herein are the three configurations for the aforementioned separation

techniques with a point source.

Pre-combustion Configuration

The separation of COy occurs during the preprocessing of the combustion
fuel. The process begins by the gasification of the carbonaceous fuel to produce a
fuel gas primarily consisting of hydrogen and carbon monoxide — syngas. Depending
on the industrial process, the syngas is converted to hydrogen and carbon dioxide in
a shift reactor; the former is used as a low-carbon fuel upstream, and the latter is

separated out.

The described process is prevalent in integrated gasification combined
cycle (IGCC) and natural gas combined cycle (NGCC) power plants, and the high
operating pressure and COs concentrations make them a feasible candidate for this
configuration. Roussanaly et al. [227] employed three different separation techniques
for a pre-combustion carbon capture assessment of a lignite-fired IGCC power plant.
The evaluations showed a levelised cost of electricity (LCOE) between 91€/MWh
and 120€/MWh, compared to 65€/MWh and a CO, capture ratio (CCR) between
81.8% and 89.0%. Similar results for a CCR of 90% and an LCOE of 75.33€/MWh
to 81.65€/MWh were obtained by Cormos and Cormos [228].

The limitations to the retrofit of pre-combustion capture to combined
cycle power plants are related to gas turbine design. The operational windows of

conventional gas turbines are very limited, and variations in fuel properties can lead
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to issues, such as the mismatch of compressor turbine fluid dynamics and reduced

mechanical resistance of components [229].

Post-combustion Configuration

The application of post-combustion capture is independent of the fuel type
and its processing, making it an attractive choice of a separation technique for
retrofitting. However, a prohibition of its deployment is due to the high energy
intensiveness associated with the regeneration and recovery of separation materials

as described in previous sections.

Quotes from various studies for reboiler duties based on standard ab-
sorber /stripper processes for various COy capture absorbents are between 2 GJ/tco,
and 4 GJ/tco, [230, 231]. Post-combustion capture via adsorption has significantly
higher energy requirements, between 4.50 GJ/tco, and 9 GJ/tco, [232]. An assess-
ment by Osagie et al. [233] revealed an increase in the LCOE by 75.2% from 42.70 $/t,

for a post-combustion capture plant retrofit.

Oxy-fuel Combustion Configuration

The principle of oxy-fuel combustion is analogous to that of pre-combustion
capture, but the carbon-based fuel is combusted in a nitrogen-lean environment.
Pure oxygen (>95%(v/v)), usually produced by a cryogenic ASU, is used to replace
air as an oxidant. This preference offers an opportunity to employ compact boiler
designs and reduce boiler heat losses, incurring lower capital costs [234]. In addition,
the high oxygen concentration leads to lower carbon monoxide emissions, enhanced
desulphurisation efficiencies, a reduction in energy required to recycle the flue gas,

and an increased CO, concentration to be separated [235].

However, there are still many technical challenges prohibiting the large-
scale deployment of oxy-fuel combustion, including heat transfer and fluid dynamics

issues, boiler designs are further discussed in [235, 236]. In a comparative study
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for the deployment of a calcium looping process or chemical looping air separation
technique, with oxy-fuel combustion in pulverised coal power plants, results showed
an LCOE between 62.35$/MWh and 80.74$/MWh compared to 52.65%/MWh, a

53.4% increase, for a reference plant [237].

Figure 4.6: Simplified carbon capture configurations.

Figure 4.6 is a schematic diagram of the various carbon capture configura-

tions, as described above.

As of June 2021, there are 27 operational commercial CCS facilities globally,
with a further 102 under development and another four under construction [238].
The Drax Power Station in North Yorkshire, United Kingdom (UK), is retrofitted
with two pilot bioenergy with carbon capture and storage (BECCS) facilities in a bid
to initially capture 17 MtCOy per year as part of the "Zero Carbon Humber CCUS"
hub in the UK [239]. The operation employs Mitsubishi Heavy Industries (MHI)

post-combustion capture technology with the KS-21™ solvent.
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Upon approval of California’s Low Carbon Fuel Standard and the United
States’ 45Q tax credit in 2024, 1PointFive’s DACI is set to become the largest
DAC facility in the world [239]. The facility will employ Carbon Engineering’s

KOH /calcination technology (see Figure 4.7)to capture up to 1 GtCOs per year.

Figure 4.7: A simple schematic of Carbon Engineering’s DAC technology. Modified from
[240].

The Northern Lights will launch as the first cross-border open source, CO,
transport and storage infrastructure network, in partnership with Equinor, Shell and
Total [239]. The project will aim to transport and store up to 5 GtCO, per year
from various industrial sites, including a cement factory in Brevik and Fortum Oslo

Varme, a waste-to-energy facility located in Oslo, to offshore storage underground.
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4.2 Assessment of CO2 Sources for Carbon Capture

This section considers an assessment of CO, for the large-scale implementation of
carbon capture technologies in an attempt to develop a circular carbon economy in

the context of climate change mitigation.

Particularly in the case of CCU, where the unit of carbon is re-emitted at
a later point in its life cycle, it is imperative that there is a marginal environmental
benefit when compared to conventional processes. Likewise, in a business case where
the benchmark cost of a unit of captured carbon is closely related to the buying price
of the same unit of carbon as a feedstock in CCU, cost competitiveness is necessary

to facilitate large-scale deployment.

Carbon Capture Costs

A prevailing challenge to the widespread adoption of carbon capture lies in
the difficulty in estimating the actual costs associated with its deployment. This is
due to the scarcity of data from operational projects, coupled with the disparity in
methodology, varying point sources, capture configurations and financial variables

(including storage and transport infrastructures).

Carbon capture costs (€/tco,) can be generally expressed by two different
measures to define the efficiency or energy penalty incurred compared to the same

point source without carbon capture — captured and avoided.
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Figure 4.8: Comparison between COys captured and COs avoided. The increased COg
from the CCS plant results from loss in overall efficiency due to the additional energy

required for capture, transport and storage, and any possible leakage.

The cost of captured CO, demonstrates the feasibility of the application of
a carbon capture process alone, at a specified market value of a unit of CO,, as an
industrial asset. Financial viability is achievable if these costs are remunerated by
revenue from environmental incentives, such as carbon taxes, and by CCU income
from the products. Storage and transport process steps are included in the cost
of avoided CO, thus representing a full CCS chain. It considers the actual CO,
abatement along the chain, making it more relevant to environmental analyses. The

avoided and captured costs are described by Equations (4.1) and (4.2).

LCOX¢es — LCOX ey

Cost of CO4 avoided =
? (tcos/X)rer — (tco./X)ccs

LCOXce — LCOX ey

Cost of CO4 captured =
2 cap (tcos/X)cap

(4.2)

Where, LCOX is the levelised production cost of a unit product, X, and
tco,/X is the CO5 emission intensity of the point source per unit of X produced. To
estimate the potential of CO4 supply, a supply cost function in employed as described

in Equation (4.3).

p(g)=piVq € } Gi1; Qi:| (4.3)
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for the space U as the union of all intervals

U?:1 (%‘—1; q;

IN
IN
IN

Y4 b2 Pn
Where, ¢ is the rank of the CO4 emitting source, n is the number of ranked
sources, p; is the average carbon capture cost of source ranked in th position in

€5018 / tco,, ¢ is the aggregated capturable emissions of sources ranked < —i in

Gtco, per year.

The cost of captured CO, is the financial metric of choice and is shown
in Table 4.1, for respective point sources. The capture costs have been converted
to € based on the 2020 Oanda exchange rates, and any data older than 2018 have
been adjusted with the annual Chemical Engineering Plant Cost Index (CEPCI).
Table 4.1 shows the global potential COy supply from recent estimates. Average
values are taken from the selected literature listed. Capture rates are based on the

best available technology.
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Table 4.1: The potential of capturable COg from point sources and associated capture costs, from a global context.

Source CO; Content Capture Rate Capturable Emissions Capture Costs (i)! Ref.
%(v/v) % MtCOy/yr €5018/tco,

DAC 400 ppm 50 ~ 10000 145.87 (15) 241
Coal Power Plant 12-15 90 8785.26 45.4 (5) [242, 243]
NG Power Plant 3-10 90 2677.59 77.45 (10) 242, 243]
Iron and Steel 15 90 1980 59.1 (7) [244, 245]
Cement 14-33 75 1687.5 93.37 (12) 244, 246]
Refinery 3-13 75 637.5 108.4 (13) 242, 245
Petroleum Power Plant 3-8 85 697.67 72.25 (9) [242]
Ethylene 95 90 234 34.29 (4) [242]
Pulp and Paper 90 226.8 140.84 (14) [245, 247]
Aluminium <1 85 216.75 78.5 (11) [248, 249
Bio-energy 3-8 80 58.4 67.65 (8) [243]
Hydrogen 70-90 95 51.3 19.21 (2) [242]
Fermentation? 100 100 40.1 16.29 (1) 242, 250]
NG Processing 5-70 65 32.5 48.59 (6) [242, 251]
Ammonia 100 80 21.54 28.10 (3) [242, 245

14 is capture cost rank.

2 includes bioethanol production.
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Environmental Merit Order

An environmental merit order curve is used to rank potential sources of
COy according to their marginal environmental impacts at the point of capture,
against their supply volume. This assessment method is not a rigorous life cycle
analysis and thus, does not consider the downstream allocation of a unit of carbon
but assesses the production of a unit of usable carbon for comparative analysis. A

unit product of carbon is 1t of compressed COs.

Marginal Environmental Impacts
Marginal COg emissions (Mco,—equmin) Of & point source describes the ratio
of the additional COy emitted after the capture process to the CO, produced by

the capture process Mco,—, is described by Equation (4.4), and is measured in

tco2 eq /tCOZp'roduct :

Mco,—ecqumin = (Mcos—e + Mcos—th + Mcos—fs + Mcos—og

(4.4)
+ Mcoy—ur — MCO2—f9) / MCOz—p
The other variables are described in the following equations:

Mcoy—e = Mcoy—p - We - GW, (4.5)
Mco,—th = Mcoy,—p - Qin - GWyy, (4.6)
Mco,-fs = Mco,—p - Ef - GWys (4.7)
Mco,—f = Mcoy—p - Ef - €con s (4.8)
MCO2—f9 = MCO2—mp ) Gme (49)

CCR = 2 L 4.10
Mco,—pg + Mco,—y (4.10)

Mco,—0g = (1 = CCR) - (Mco,—fg + Mco,—5) (4.11)
Mcoy—tr = Mcoy—p - GWyye (4.12)
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Where Mco,_; are the CO, fluxes. W;, Q); and E; are the specific energy
demands of electricity, heat and fuel respectively required per unit of CO, produced.
GW; is the GHG factor for the generation of energy required, eco,; is the specific
COs emissions factor for fuel combustion, and C'C'R is the carbon capture ratio. The
subscripts, e, th, fs,o0g,tr, fg,p, f, mp represent electricity, thermal, fuel supplied, off

gas, transport, flue gas, product, fuel and main product respectively.

Compiling and rewriting the previous equations yields the following simpli-

fied equation:

MCngeqv,min = —1 + We . GWe + ch ‘ GWth + Ef . GWf + GWtr (413)

‘-1’ represents the baseline for marginal CO4 emissions when compared with

the reference capture scenario.

The environmental impact of CO, transport is based on the approach of
European CO, deserts maps developed by Middleton et al. [252]. For a COy demand
of 5 Mt per year for CCU, it is estimated that the transport distance within the EU
is below 200 km. Inland transport by pipeline with a GHG emission factor between
0.01 and 0.02 kgco,eq/thkm is assumed, thus yielding an associated transport emission

factor of 0.02 tcoyeq/tCOsproduct-

The marginal emissions for DAC is assessed here with the proviso that the
carbon capture process is situated in close proximity to the point of utilisation —

making transportation impacts negligible, therefore GW;, = 0.

Table 4.2 shows the average specific energy demand required to capture

one unit of COy from different point sources.
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Table 4.2: Specific Energy Demands for COg Capture from Point Sources (Including COg

Compression up to 10 bar

Average Energy Demand (GJ/tco, product)

Source Electricity Heat Natural Gas Coal Ref.
Air via DAC 1.62 6.17 [241, 253]
Coal Power Plant 0.49 1.75 [228, 242]
NG Power Plant 2.55 [242, 254]
Iron and Steel 0.87 4.27 (2.69) 0.16 [242, 255]
Cement 0.34 4.22 (3.2) 0.16 0.84 [242, 256]
Refinery 2.07 (0.65) 6.38 [242, 257]
Petroleum Power Plant 0.22 [242]
Ethylene 0.29 0.17 [242, 257]
Pulp and Paper 5.3 (4.28) [247, 258]
Aluminium 3.7 [248, 249|
Bio-energy 3.4 [254]
Hydrogen 0.44 0.09 0.15 [242, 257]
Fermentation? 0.36 [242, 257]
NG Processing 0.3 [242, 257]
Ammonia 0.33 [242, 257]

Lincludes steam

2 includes Bioethanol production
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Figure 4.9 shows the relationship between the cost of carbon capture from
each point source and their respective marginal environmental impact in terms of

the average specific energy demand for the capture.

Figure 4.9: Carbon capture cost and marginal environmental impacts from point sources,

in a global context.

High purity sources like ammonia, bioethanol and ethylene production incur
the lowest capture cost <35€/tco,, and a cumulative capacity up to 350 Mt per year.
This trend is similar to the results from the marginal environmental impact assessment.
The negative value indicates the potential of CO5 emissions, with high purity sources
mitigating up to 0.98 tco,eq/tcosproduct- Mitigation from high-capacity sources like
coal and natural gas power plants are lower at 0.84 tco,eq/tCOsproduct- Lhe impact
values from petroleum power plants, refineries and natural gas processing plants do
not correlate with the costs, due to the diversity in data from the literature, and

owing to the plethora of processes and diversities in petrochemical and hydrocarbons

Chapter 4 Samuel Sogbesan 137



A Power-to-X Study

involved.

Based on average environmental impacts, preference should be given to
CO, point sources from the left side of the graph toward the right, as the demand

mcreases.
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4.3 The Potential and Spatial Distribution of Recy-

clable Carbon in the United Kingdom

The advent of the COVID-19 pandemic in 2020 led to the largest proportional
reduction of CO, emissions in a single year in the United Kingdom by 10.7% [259].
The reductions in emissions were driven by the impact of the global pandemic and a
series of national lockdowns resulting in reduced transport and business activity. In
addition, the reduction is further strengthened by a record increase in the generation
of electricity from renewable sources to 47% in the first quarter of 2020, compared

to 35.9% in the previous quarter, resulting in a record high of low carbon generation

of 62.1% and a record low for fossil fuel generation of 35.4% [260].

However, the ease of lockdown and restrictions will be expected to cause
. ) . : .
a surge in energy consumption and, subsequently, a rebound by ‘retaliatory emis-
L . . . . P
sions’, as socio-economic activity resumes to a semblance of ‘normalisation’ [261].

Historically, territorial emissions have been intrinsically linked with societal affluence.

Figure 4.10: Per capita material apparent consumption and per capita GDP for selected

countries from 2000 to 2017 [262].

Figure 4.10 reflects the correlation between the GDP of a country and its
demand for materials (steel, cement and aluminium) manufactured in industries that
are central to the development and economic growth of countries. It reflects how

the demand for the aforementioned material is set to increase with societal affluence,
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consequently increasing industry-related emissions.

In April 2021, the government of the United Kingdom, set forth the world’s
most ambitious climate target to reduce emissions by 78% by 2035 compared to 1990
[263]. The sixth Carbon Budget as part of the new targets includes pathways to
mitigate emissions in traditionally ‘difficult to decarbonise sectors’ in aviation and
maritime services, for the first time. This makes the United Kingdom an interesting
case study in the context of this work, as it concerns the utilisation of carbon dioxide
via PtX. It is therefore expedient to assess the distribution of potential carbon dioxide

sources in the United Kingdom.

The term ‘recyclable carbon’ used in this work refers to carbon dioxide that
is readily available and can be captured economically within the constraints of the
current carbon technologies and at a purity that meets the specified transport and
storage requirements. The onshore transportation of carbon dioxide can be classed

as either modular transport or pipeline transport.

Modular transport uses vessels conveyed by railway or road media, to
supply refrigerated carbon dioxide for specialist end-use such as medical, food and
supercritical fluid services. The criteria stated by BS-4105 (type 2) and EIGA Doc
70/17 declare that the specified requirements for carbon dioxide are in excess of 99.5%
purity by volume [264, 265|. Transportation by pipeline is often dictated by the
concerns and requirements for safe and efficient transport of carbon dioxide. While
there is no generally specified composition for pipeline transport, regulations require
operators to carry out appropriate safety assessments and set entry requirements.
Analyses by Wetenhall et al. [266] on the effect of carbon dioxide composition from
various carbon capture technologies on pipeline network design, showed that up to
4% of impurities is acceptable from a safety standpoint. This is in accordance with
the 95% grade specified in the Net Zero Teesside Project in the United Kingdom for

pipeline distribution [267].
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To this end, carbon from coal-fired power plants (and including other fossil
fuel-based power generation plants) will not be considered, as its phase-out has been
brought forward from 2025 to 2024 to expedite the goal of the United Kingdom to
achieve net zero emissions by 2050 [268]. Atmospheric carbon dioxide will also not
be considered in this section due to its pervasiveness, and relatively high energy and

economic penalties the process of DAC currently incurs.

The principle of carbon utilisation can be succinctly described as the net
flux of a carbon unit to, from, and within the lithosphere and the atmosphere. The
quality of a carbon unit is therefore linked to its source, validating the following

phrase:

“All carbon emissions are not created equally!”

Figure 4.11: Monthly Average Carbon Dioxide Concentration: Last updated February
2021[269].

However, the scope and timescale for the age of the carbon unit from
the time of ‘agitation’ must be specified. While Figure 4.11 shows the progressive
increase in the concentration of carbon dioxide in the atmosphere, it estimated
that between 15% and 20% of all anthropogenic emissions have been absorbed by
terrestrial ecosystems since the tail end of the industrial revolution, and up to 40%

by the hydrosphere, as corroborated in Figure 4.12 [270, 271].
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Figure 4.12: Upper panel: Total COy injection is the sum of the observed rate of
atmospheric increase plus the amount that is calculated to enter the oceans. It is the sum of
fossil-fuel emissions and net emissions from the terrestrial biosphere (there is no other

substantial source). Lower panel: When the fossil-fuel contribution is subtracted from the

total COgz injection, the net terrestrial emissions turn out to be mostly negative (meaning

net uptake by terrestrial ecosystems) since the middle of the 20th century. [272]

In this work, the boundary origin of the carbon unit is from the point of
material transformation of the carbon-based feedstock i.e., the conversion of C to
CO and CO,. The carbon dioxide sources considered are categorised based on the

following quality (a) green carbon, (b) brown carbon and, (c) black carbon.
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Green Carbon Sources

These sources primarily refer to carbon-based biogenic materials indige-
nously sourced from the photosynthesis of atmospheric carbon dioxide in plants,
including wood products, animal slurry and food waste. Carbon dioxide is captured

as these materials undergo conversions such as anaerobic digestion and gasification.

Anaerobic digestion can contribute to CO, potential as a by-product in
the production and processing of biogas. Biogas predominantly consists of methane
(50% to 75% - depending on the feedstock), which includes crop residues, animal
manure and slurry and food waste [273]. There are 579 plants (as of April 2021)
in operation that produce biogas via anaerobic digestion in the United Kingdom,
primarily for the downstream use in combined heat and power (CHP) processes and

bio-methane injection into the grid [274].

Upon purification (mainly the removal of siloxane and desulphurisation),
the utilisation of biogas in CHP can achieve high overall efficiencies up to 90%,
compared to fossil-based power stations at 35% to 40% [275]. A study by Proll and
Zerobin [276] on a biogenic-based CHP process, showed a CO, emission intensity of
0.33kgco,/kW h to 0.37kgco,/kW h. These values are in agreement with emission
intensity of 0.33kgco,/kW h to 0.35kgco,/kW h found in [277|. The upper limit of
0.37kgco,/kW h is considered in this work to account for a progressive and higher
carbon capture rate to calculate the amount of carbon dioxide output from these

processes dedicated to CHP services.

While there is no specific information for the load factor for biogas CHP
plants, the DUKES 2020 publication shows different values for bioenergy (62.8%),
anaerobic digestion (63.4%) and, CHP (59.1%) [278]. An upside value of 80% is
chosen as the load factor for the CHP plants, to reflect the proposed influx of

bioenergy in the United Kingdom.

The production of bio-methane requires CO, to be stripped from the biogas
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product, to achieve a methane purity in excess of 95% (comparable to natural gas)
via the upgrading processes described in a separate section of this work. Currently, 90
plants in the United Kingdom partake in the production of biomethane via anaerobic
digestion [274]. Presently, there exists no legislative prohibition on the grade of
biomethane that can be injected into the gas network; sources from two biomethane
operators in the United Kingdom indicate that a minimum methane content in
bio-methane is about 98%, with another including a 1.5% nitrogen content [279-281].
It can be therefore assumed that the potential of carbon dioxide available from biogas
upgrading plants is nearly identical to the fraction of the carbon dioxide content of

the biogas feedstock, assuming a high capture rate of 99%.

The potential of carbon dioxide is also dependent on the primary feedstock
used to produce biogas. Due to the variability in the characteristics of the feedstock
— digestibility of the total solid component and the destruction of the volatile solid
component, and the operating conditions — hydraulic residence times, temperature,
and, loading times, typical values for the composition of biogas for various feedstocks

were obtained from the literature.
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Table 4.3: Characterisation of typical feedstock used for biogas production in the United

Kingdom.
Category Feedstock CH, (%)! CO, (%)' Units® Refs.
1 Animal Slurry 60.9 29.7 34 [282]
2 Energy Crops 51.5 48.5 64 [283]
3 Food Waste 55 35 25 [284]
4 Agricultural Residues 58 27.91 15 [285]
5 Brewery Waste 65.9 30.7 8 [286]
6 Landfill/ MSW? 53.3 37.1 4 [287]
7 Edible Oil 62.5 37.5 1 [288)]

! Volumetric component fraction in biogas.
2 Number of plants that use the specified feedstock according to [274].
3 MSW: Municipal solid waste.

To determine the carbon potential, the carbon dioxide fraction less the
other impurities are used with the predominant feedstock (in terms of raw mass

fractions).

Pyrolysis involves the thermal degradation of organic materials in the
absence or with a limited supply of oxidants in an inert environment, producing solid
char, bio-oil, and non-condensable vapours. The complexities associated with the
preparation of the feedstock, cleaning and upgrading of the pyrolysis oil are some

the main challenges with the commercial deployment of pyrolysis [289].

Gasification is a self-sufficient process that permits recovery of the energy
content of carbon than pyrolysis (see Reactions (56) to (58); 72% recovery.), is used
to convert biomass to primarily produce valuable syngas — requiring less post-recovery

work.

The full combustion of C yields:
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C(g) + Og(g) -— COQ(g), AH® =-393.5 k’J/mOl (R 56)

In the partial oxidation (gasification) of C produces CO

1
C(g) + 5 Og(g) — CO(g)7 AH®=-110.5 kJ/mol (R 57)

Further partial oxidation of the producer gas (CO) produces CO, - 72% of
—393.5 kJ/mol

1
CO(g) + 5 Og(g) - COg(g), AH® =-283.0 kJ/mol (R 58)

Gasification is most suited to and developed for lignocellulosic-based wastes
such as wood materials and waste, meaning that biomass feedstock with higher ash
content (> 9 w/w% ) like straw, energy crops, oil seed crops, and grasses are not
recommended for gasification, due to their tendency to clog reactors [290]. Currently,
it is estimated that around 4.5 Mtpa of waste wood are generated every year in the
United Kingdom [291]. However, the availability of wood waste for biomass processing
is subject to a waste hierarchy according to the Waste Incineration Directive and
Industrial Emission Directive - set to minimise the disposal of waste and prioritise
prevention and reuse. This implies that around 55.3% of the total wood waste is

dedicated to biomass processes.

Principally, the potential of carbon dioxide via wood waste is contingent
upon the guaranteed capacity to process the feedstock. Despite being a mature
concept, gasification is yet to attain full commercialisation in the United Kingdom.
Of the advanced thermal conversion plants that have been proposed in the United

Kingdom (circa 130), only eight are in operation.
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Figure 4.13: Current wood waste gasification projects in the United Kingdom [292].

Figure 4.13 shows the locations of the current wood waste gasification plants
in operation in the United Kingdom, with an installed capacity of around 333 kt per
year. A study by Dinca et al. [293] showed that 0.53 kgco, /kW h to 0.68 kgeo, /KW h
was achievable in a sawdust IGCC plant with carbon capture. According to the
DUKES 2020 document, the load factor of all bioenergy technologies was 62.8%.
However, to account for the closing down of coal facilities, a higher load factor of

72.8% is considered (similar to plant biomass stations like Drax).

High-purity carbon dioxide is a by-product of bioethanol production via
fermentation, a mature process used to manufacture alcoholic beverages in the United
Kingdom. It is estimated that there are 361 distilleries in operation in the United
Kingdom. Owing to its rich whisky heritage, Scotland accounts for up to 80% of
the United Kingdom’s distillery capacity and, 20% of the United Kingdom’s food
and drinks exports [294]. According to the 2015 report by Roland Arnison [295],
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243.5 ML of beer was produced in Scotland. The data for whisky production from

grain and malt is provided by [296] and [297|. This is with regard to a pure alcohol

capacity of 800.26 ML per annum.

Table 4.4: Summary of potential green CO, in the United Kingdom.

Biogas Upgrading Wood Waste )
Fermentation

CHP Biomethane Gasification

Units 570 90 4 >211

Installed Capacity 466.092  50831.823 46.32 617.874

Load Factor, (%) 80 47.7 72.8 90° & 75°

Mass of CO,, (Mt/yr) 2.82 0.32 0.33 0.51

Total, (Mt/yr) 3.98

1 Scotland alone.
2 MW,.

3 Nm3/h.
YML/yr.

5 Grain whisky.
6 Malt whisky.
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Brown Carbon Sources
In this work, brown carbon refers to feedstock with a heterogeneous mix of
organic and inorganic carbon-based materials such as municipal solid waste (MSW).

The physical classification of household MSW in various income group economies is

described in Table 4.5.

Table 4.5: General classification of MSW and by different income economies. Modified

from [298].
Class Examples High (%) Middle (%) Low (%)
Organic Food and garden wastes 64 26 28
Paper Cardboard, tissue 6 12 30
Plastic Polythene, LDPE 9 13 11
Metal & glass Non-/ferrous, ceramics 6 7 13
Others Stones, clothes, batteries 15 12 18

In 2018, the United Kingdom generated 26.40 Mt of household waste, with
England accounting for 83.4% of the total waste, and is thus the subject of this study.
As with wood waste, the processing of MSW is subject to a hierarchy by the Waste
Framework Directive (2008/98/EC) that aims to promote waste prevention whilst
restricting waste to landfill (see Figure 4.14). The WFD stipulates that the amount
of recycled household MSW progressively increases to 65% of the total weight by
2035.

Figure 4.14: Waste hierarchy from the Waste Framework Directive 2008/98/EC [299].
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Additional restrictions imposed by the Landfill Directive (1999/31/EC)
to prevent and reduce the adverse environmental impacts as a result of landfilling
waste has led to an increase in landfill taxes to ensure that the disposal of wastes
incurs a heavy economic burden. As a consequence, the diversion of waste from
landfill sites and increasing recycling rates has resulted in the rapid adoption of

incineration facilities and energy recovery through direct combustion of MSW as

shown in Table 4.6.

Table 4.6: Management of all Local Authority collected waste financial year figures,
England, 2015/16 to 2019/20 (in kt) [300].

Waste disposal method 15/16 16/17 17/18 18/19 19/20

Landfill 5133 4,136 3213 2756 2,169
Recycled /composted 11,065 11,252 10,860 10,926 10,949
Incineration 9,259 10,182 10,846 11,205 11,633
Other 668 748 706 699 816

Total 26,124 26,319 25,626 25,586 25,568

The waste incineration process was originally implemented as a waste volume
reduction strategy (up to 90%) but is now predominantly coupled with energy recovery
systems. Unlike the previous thermal conversion technologies discussed (pyrolysis
and gasification), incineration is a full oxidative combustion process without requiring
intensive feedstock pre-treatment. Incineration is a mature and fully commercialised

technology with 115 facilities in deployment in the United Kingdom as of 2016 [301].

However, incineration has less desirable environmental impacts than gasi-
fication, as revealed in a study by Tang et al. [302]. Health concerns due to the
formation of toxic waste ash, dioxins, and furans, especially from PVC-containing
plastics from incineration processes, are subject to scrutiny and opposition from
community groups in the United Kingdom. Despite recent failures, the anticipated

success of the deployment of the first MSW gasification plant by Kew Technology and

150 Chapter 4 Samuel Sogbesan



A Power-to-X Study

the Energy Technologies Institute in Aldridge could pave the way to more financial

incentives to improve the TRL of gasification technologies in the United Kingdom.

Studies on the gas composition of thermal processing of MSW by gasification
show a carbon dioxide intensity of 0.54 kgco,/tmsw to 0.79 kgco, /tmsw [303-305].
To account for the current rate of MSW gasification in the United Kingdom, a
conservative value of 0.20kgco,/tmsw is chosen to assess the potential of brown
carbon from MSW in the United Kingdom. Based on the data from Table 4.6, there

is a minimum brown carbon potential of 2.33 Mt per year.

Chapter 4 Samuel Sogbesan 151



A Power-to-X Study

Black Carbon Sources

Black carbon refers to carbon dioxide sourced from established industrial
sources that are primarily fossil fuel-fired, and because of their societal relevance (see
Figure 4.10) are considered inexorable. High volumes of flue gases also characterise

them.
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5.0

1990
1992
1994
1996
1998
2000
2002
2004
2006
2008
2010
2012
2014
2016
2018

Figure 4.15: CO, emissions from industrial processes, United Kingdom 1990-2019 [3006].

In 2019, around 10 Mt of carbon dioxide was estimated to have been emitted
by industrial processes in the United Kingdom. From Figure 4.15, it is evident that
there is a degree of regularity in the emissions from 2010 onward, providing an
opportunity for consistently available CCU feedstock. The emissions could be
from established and considered hard-to-decarbonise plants. In the United Kingdom,
cement, iron and steel production account for a high proportion of territorial emissions
(about 28%) |307, 308]. In addition, Figure 4.16 corroborates that the cement and iron
and steel industries (behind ammonia and hydrogen) are most readily approachable
for coupling with carbon technologies. The width of the peaks indicates the variation

in the levelised costs across various scenarios.
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Figure 4.16: Typical distribution of levelised cost of abatement for each sub-sector by

2025 [309).

Around 70% of carbon dioxide emitted from cement production, emanates
from process emissions in clinker production (as previously stated in Reaction (51)).
According to the annual report by the Mineral Product Association (MPA), 9.08 Mt
of cement was produced from 23 sites in the United Kingdom. The potential of

carbon dioxide from clinker production is estimated from Equation (4.14).

COscement = Z (Me; % Ci) — Imp + Exp| x EFy x CFekp (4.14)

)

Where M, ; is the mass of cement produced of type ¢, Cy; is clinker fraction
of cement of type i, I'mp is the imports for consumption of clinker, Exp is the exports
of clinker, EF'F'cl is the emission factor for clinker and, C'Frokp is the corrections

factor for cement kiln dust. EF¢l is derived from the following Equation (4.15):

ME©:
EFCZ — CClaO . W <415)
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Where f$2© is the ratio of CaO in clinker. Based on the production of
90% Portland cement, the emissions of black carbon from cement production in
the United Kingdom is 4.73 Mt per year (excluding direct emissions from fossil fuel
combustion and indirect emissions from electricity use — around 30% of the total
emissions). This equates to a carbon dioxide to cement ratio of 0.52 tco,/tcement

which is in agreement with the value of 0.54 tco,/tcement in [310].

As briefly described in an earlier section (see Reactions (49) and (50)),
70% of the emissions in the iron and steel-making emanate from heating processes,
primarily fired by coal, and the subsequent flue gases from iron ore reduction in the
blast furnace (BF). Steel is produced downstream of the iron-making processes in
the basic oxygen (BOF) or electric arc furnaces (EAF), and sulphur and carbon
are further removed from molten iron in the form of carbon oxides. Activity data
from the Iron and Steel Statistics Bureau (ISSB) is used to estimate the potential of
black carbon from the iron and steel industry in the United Kingdom as given by

Equation (4.16).

CO2ir0n/steel = Z (MZ X EF&C) (416)

Where M; is the mass of pig iron or semi-finished steel ingots and E'F

is the emission factor for the production method of type x — BF alone, BOF or
EAF. It is estimated that 25.27 Mt of carbon dioxide is generated per year from the

production of 12.33 Mt iron and steel materials.
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Summary of Estimated Carbon Sources

Table 4.7 shows an estimation of the CO5y potential viable for CCUS in in
the United Kingdom. As stated earlier, CO, from fossil fuel-based power generation
plants are not included partly to the uncertainty surrounding their prospective

decommissioning in the near term.

Table 4.7: Summary of potential of COgz in the United Kingdom per annum.

Type Potential (Mt) Notes

Green

Biogas in CHP 2.82

Biomethane upgrade 0.32

Wood waste gasification 0.33

Alcohol fermentation 0.51 Scotland alone
Brown

MSW gasification 2.33 England alone
Black

Cement 4.73

Iron 7.49

Steel 17.77
Total 36.31

Aside from the ability to continuously resolve technical challenges, insuf-
ficient policy instruments and financial incentives have been noted as the biggest
challenges to the rapid deployment of conversion technologies, especially in the down-
stream capture of green and brown carbon. The deployment rate of AD plants in the
UK is intrinsically linked with the availability of government funding and financial
incentives, despite the potential of 90 million tonnes of manure and slurry that remain
untapped in the UK [273|. The number of new AD plants commissioned in the UK
declined from a peak of 79 in 2014 to 6 in 2017 as a result of the aforementioned

lack of financial incentive (see Figure 4.17).
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Figure 4.17: Change in generation tariff rate for anaerobic digestion [311]

The drive to increase the gasification of waste would benefit from financial
mechanisms like the Renewable Heat Incentive (RHI) and the Renewable Transport
Fuels Obligation (RTFO) that support heat or gas-to-grid applications and proposals

towards liquid fuels in the UK.

The future prospect with regard to the availability of CO4 from green and
brown carbon sources is very dependent on supporting policies and mechanisms
for the preceding conversion technologies as part of the overarching climate change

mitigation measures in the UK.

156 Chapter 4 Samuel Sogbesan



A Power-to-X Study

Distribution of Carbon Dioxide from Sources in the United Kingdom

In addition to the availability of carbon dioxide feedstock, feasible opportu-
nities of CCU technology and the potential market of CO,-derived products depend
on the overall product-market proximity from a point source to the end-use customer.
The availability of infrastructure for transporting carbon dioxide (and other feedstock,
including hydrogen) to designated processing facilities should be considered in the
overall feasibility. The costs of carbon dioxide transportation are heavily contingent

on the mode of transport and the distance between relevant locations.

Figure 4.18: Unit cost of transporting 5MtCOy via pipeline and shipping [312)].

A study based on the United Kingdom (as shown in Figure 4.18) revealed
that onshore and territorial transportation of carbon dioxide via pipelines is cheaper
than an offshore port to storage transfer via shipping at moderate distances (up to
500km). Also in agreement is a report by Brownsort et al. [313]; and considering
that the United Kingdom extends about 965 km longitudinally and a latitudinal

distance of 485 km, onshore pipeline deployment is a feasible option.

Regarding the costs of dedicated carbon dioxide pipelines, it is assumed that
the existing and matured gas pipeline can be utilised /re-purposed for carbon dioxide
transportation. In addition to the considerable disparity in the process experience
and operating history, a major limitation in the repurpose of conventional natural

pipelines for carbon dioxide transfer arises from the difference in the thermophysical
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properties of carbon dioxide and natural gas.

Figure 4.19: Phase envelopes of natural gas and pure carbon dioxide.

As shown in Figure 4.19, the onshore national transmission system (NTS)
and the gas distribution network (GDN) are designed to operate around 85 bar and
75 bar respectively, at the local ground and ambient temperatures. Above the critical
point (73.80 bar and 31.10°C), carbon dioxide exists as a dense phase liquid — an
efficient state of transportation, preventing sudden pressure drops as a result of
phase changes. A slight deviation from the critical point can have a butterfly effect
on the density of carbon dioxide, subsequently increasing the risk of complications
for compressor units and pipeline failure in a two-phase system. Typically, carbon
dioxide is transported between 85bar and 150 bar due to minimum supercritical

phase conditions and economic concerns, respectively [314].

However, due to the lack of carbon dioxide pipeline infrastructure in the
United Kingdom, the existing gas pipeline corridors can be used to determine possible
routes for deploying carbon dioxide-dedicated pipelines. The spatial distribution of

potential carbon sources is overlaid on the gas transmission network of the National
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Grid in Figures 4.20 to 4.23 using QGIS v.3.18.

(a) Biomethane Upgrade (b) Biogas-fired CHP

Figure 4.20: Spatial distribution of potential sources of green carbon from biogas
utilisation in the United Kingdom in relation to the gas transmission network of the

National Grid. Author’s own work.

Figures 4.20, 4.21 and 4.23 portray the location of carbon sources, as
described in previous sections of this chapter, in the United Kingdom. The bubbles
on the individual maps represent the amount of assessed recyclable carbon according
to their size. Figure 4.22 represents the amount of municipal waste collected by the

local authority, for the major regions of England.

Spatial analysis shows that there are feasible opportunities to deploy hubs
as part of a decentralised CCU network. The ACT Acorn project established by
the European Commission under the Horizon 2020 Programme for Research and
Innovation aims to deliver a low-cost CCS system by 2023 in the UK [315]. Initial
financial estimations of the project suggest that the costs to repurpose a hydrocarbon
pipeline for CO, transportation may cost 1 to 10% of the cost of building and

installing a new pipeline.

Chapter 4 Samuel Sogbesan 159



A Power-to-X Study

(a) Whisky distillery in Scotland (b) Wood waste gasification

Figure 4.21: Spatial distribution of potential sources of green carbon from whisky
distillery in Scotland and potential wood waste gasification in the United Kingdom in

relation to the gas transmission network of the National Grid. Author’s own work.

Figure 4.22: Graphical representation of local authority collected waste, England by

region, as a function household density.
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Figure 4.23: Spatial distribution of potential sources of black carbon from iron, steel and
cement plants in the United Kingdom in relation to the gas transmission network of the

National Grid. Author’s own work.

It can be observed that the Yorkshire, Humber and East Midlands regions
are interesting clusters for carbon sources. This is corroborated by the data analysis

in Figure 4.24, based on the aggregate point sources of carbon dioxide emissions in

the United Kingdom.

Furthermore, this region is proximal to all the potential CO, storage for-
mations for the United Kingdom continental shelf (see Figure 4.25), useful in the

encouraging attempt to synergise CCS and CCU as feasible decarbonisation measures.

However, as the deployment of CCU is also business case dependent, the
Scottish and North English belt offers an opportunity to utilise higher purity carbon
dioxide and presumably available curtailed electricity, to further the deployment of

PtX technologies.

In recent years, excessive amounts of constraint payments (see Figure 4.26)

have been made to wind farm operators to curtail wind electricity, to compensate
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(a) Point source density (b) Point source intensity

Figure 4.24: Spatial distribution of potential sources of carbon from all point emissions in
the United Kingdom in relation to the gas transmission network of the National Grid.

Author’s own work.

Figure 4.25: Map showing the location of offshore hydrocarbon fields and the major oil

and gas-bearing sedimentary basins in the United Kingdom continental shelf [316].
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Figure 4.26: Constraint payments for wind farms under the balancing mechanism for

curtailed generation (modified from [317]).

for the loss of revenues and subsidies such as the Renewable Obligation Certificates
(ROC). This has come under scrutiny, especially as the cost is ultimately burdened by

bill charges to electricity consumers through the Balancing Services Use of Systems

(BSUOS).

Figure 4.27: Aggregate mazimum daily transfer from Scotland to England (2019 — 2020),
showing three deviations from the proposed 6.6 GW to 4.4 GW, reflecting the offline
operation of the Western Link HVDC' interconnector. [317].

A key factor in this issue surrounds pressing questions on the reliability

of the Western Link high-voltage, direct current (HVDC) interconnector designed
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to alleviate the grid constraint issues and increase cross-country transfer of wind-
generated electricity across the aforementioned border. The highest peak in the
constraints payments was directly related to faulty operations of the Western Link
HVDC interconnector, incurring payments of over £1 million per day. The impact
of the Western Link HVDC interconnector operation is summarised in Figure 4.27.
The yellow dashed line represents the boundary capacity of 5.70 GW prescribed
in [318]. The red dashed line represents the maximum boundary capacity set to
6.60 GW, following the Western Link HVDC interconnector deployment. The dips
in the boundary represent periods of offline activity of the interconnector resulting

in constraint payments to Scottish wind farms.

4.4 Chapter Discussion

This section presented the potential of the primary feedstock required for developing
electrofuels in the United Kingdom. The analysis assessed inexorable carbon dioxide
sources, including renewable and non-renewable sources in the United Kingdom. The
analysis also assessed the amount of renewable electricity that could be otherwise

curtailed for the electrolysis process.

The analysis showed that a considerable amount of CO5 (36 Mt) can be
recovered from large industrial sources annually. The amount is about 11% of the
total amount of GHG emitted in the United Kingdom (331 Mt in 2022) [319]. This
amount represents a significant reduction potential in the overall GHG emissions in

the United Kingdom, compared to the 2.4% reduction achieved in the previous year.
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TECHNO-ECONOMIC ANALYSIS

This section follows the previous chapters to conduct economic analyses of the
developed model systems. This section will seek to evaluate the financial viability of
the discussed projects and address economic-related questions like “How much?” and
“Is it worth it?”. The analyses will employ field-tested and industry-standardised

modelling techniques in their investigation.
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5.1 Goal of Techno-economic Assessment

This chapter aims to assess the techno-economic viability of synthetic fuel production
through the valorisation of captured CO, in the United Kingdom in 2030!. The
study is conducted from a research and development perspective to ascertain the
major cost drivers to support investment decisions, given the different types of fuels
that are considered the subject of this study. The results of this chapter do not
indicate the pathways’ technical performance but depict the most probable economic
performance given the stated assumptions and the current public knowledge. The
analysis is based on a chemical plant size that valorises 100t/h of CO,. The results

obtained from the previous analysis are shown in Table 5.1.

Table 5.1: Annual energy output of fuels produced from 100t/hof COz and 8,000 capacity

hours.
Metric Methane Methanol DME FTL !
Fuel energy content (PJ/yr) 14.97 5.64 8.44  1.28(0.88)
SOE Capacity (MW) 802.6 582.3 582.3 342.5

! Bracketed values represent the Naphtha by-product

5.2 Economic Analysis Methodology

The economic models for the modelled CCU plants take the capital, operational
and maintenance expenditures into account via a bottom-up approach based on
detailed steady-state process models, equipment sizing, utility and energy balances.
The economic analyses employed the Aspen Process Economic Analyzer ® (APEA)
v.11.1, based on USD ($) for the first quarter of 2018. The currency is then updated

to GBP (£) for the year 2022 to reflect the region of analysis.

APEA uses the Icarus Evaluation Engine —, a knowledge-based evaluation

'In reference to the proposed ban on the sale of new iCE vehicles in the UK
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technology based on a core design, estimating, and scheduling to produce preliminary
unit component design and generate vendor cost procedures to develop comprehensive
economic estimates. APEA is described as an industry-standard tool, and a high
degree of accuracy has been validated in a study by Li et al. [320]. APEA is also
employed due to the ease of integration with the modelling software used in previous

analyses.

5.2.1 Techno-economic Inventory

Feedstock Input

Identifying the relevant system parameters and the quality of detail is critical
to a proper techno-economic analysis. Economic data in the following analysis was
obtained from academic literature, historical data and databases. However, it must
be stated that the validity of the data was location and scenario dependent. To
this end, where the available data was not satisfactory (especially in components at
relatively early technology maturity), average data from literature sources was used
as an input estimate for the assessment. A degree of variability was applied to the

analysis to accommodate the ambiguity in certain data.

The CO, input price is dependent on the system boundaries and the
technical specifications of the fuel synthesis processes described in Chapter 3 and
Chapter 4. At the time of this study, there were no open access data to the availability
and pricing of COs in the United Kingdom. Due to the lack of such data, the location
cost was extended to Europe and obtained from the average cost of traded CO,
(0.08 £/kg) across Europe [321]. The operation was assumed to be continuous and
close to the CO, point source; therefore, the costs associated with transport and
storage were neglected in the reference assessment. The process design was based on
the high purity CO, estimated in Chapter 4, approximated to 100t/h , assuming

8000 annual operating hours.

The production of electricity is outside the boundaries of this analysis and
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is regarded as a purchased commodity. Like CO,, transport and storage costs for
electricity are neglected in the base case assessment. The base electricity input
price (58.10 £/MWHh) is based on the average wholesale industrial prices for small to
medium plants?, excluding the Climate Change Levy in the United Kingdom [322].
The price is from Q3 2022 (100% increase from the same period in the previous year)

and is thus not reflective of the prices before the Russia-Ukraine war.

Capital and Operating Costs

The investment costs are based on the ASPEN process model simulations
described in Chapter 3. Process equipment and components are loaded, mapped
and individually sized according to material and energy flows in the aforementioned
APEA programme, where procurement, design and labour costs are estimated.
All process equipment is made from stainless steel (BS SS 304/18Cr-8Ni) (highly
resistive to corrosion with strong mechanical properties) with the exception of high-
pressure process equipment (>20 bar), which is made from carbon steel (A-285C)
with a monolithic lining of 50% alumina refractory gunning mix (GUN50) for high-
temperature process equipment. An initial base cost for the installed solid-oxide
electrolyser was assumed to be 800 £/kW, [323]. Due to the varying syngas modulus
for each process, the electrolyser capacity varied from 517 MW, to 802 MW,. The
utility usage following a heat exchange network analysis was also included in the
economic assessment of this work. Location factors and cost escalation were taken

into account in the economic analysis as shown in Table 5.2.

2 Annual electricity consumption between 500 to 1,999 MWh
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Table 5.2: Investment parameters (base case).

Parameter Value Unit
Project location Europe/UK
Length of start-up period 20 weeks
Annual operating hours 8000 hours
Analysis period 20 years
Desired internal rate of return 10 % p.a.
Contingency rate 18 % p.a.
Tax rate 40 % p.a.
Working capital 5 % p.a.
General & administrative expenses 8 % p.a.
Project capital escalation ) % p.a.
Operating & maintenance escalation 3 % p.a.
Products escalation ) % p.a.
Raw material escalation 3.5 % p.a.
Utility escalation 3 % p.a.
Depreciation method Straight-line
Salvage value 5 % p.a.
Methane selling price 0.90[324 £/kg
Methanol Selling Price 0.45[3% £/kg?
DME selling price 0.71 £/kg?
M-Dist selling price 1.761326] £/L
Naphtha selling price 0.730327 £/kg?

kg to MJ conversion. CHy4 - 50.7; CH30OH - 19.8; DME - 28.8;
Naphtha - 43.61

Fuel selling prices based on vending to end consumers
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Investment Parameters

The contingency rate is prescribed for budget allowances due to cost uncer-
tainties in the project phase. The applied rate is based on user-defined parameters,
including the process description, complexity and project type. The escalation
parameters indicate the rates at which goods and services may increase over a project
period. The salvage rate approximates the worth of the capital costs at the end of
the economic life of the project. The depreciation rate describes how the value of
an asset decreases with time. The straight-line method was chosen as it is the most
commonly used method. It is estimated by dividing the difference between the total
project cost and the salvage value by the economic length of the project. The values
applied in the base case scenario are default values prescribed by APEA based on

the location, contingency parameters, tax rates and process types.

Due to the scarcity of information, the fuel prices cited in this work were

obtained from various sources based on the global market in 2022.
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5.2.2 Economic Profitability Indicators

This study considers the Net Present Value (NPV) as the dynamic prof-
itability indicator of choice as it considers multiple time periods, cash flows and
the risk inherent in making investment projections about the future. The NPV is

calculated using the following equation in

. CF
NPV = -TCI+ )
— (I+r)t

(5.1)

Where T'C1T is the total capital investment, C'F' is the cash flow after
tax, r is the discount rate, and ¢ is the number of time periods. The engineering,
procurement and construction periods are considered in the analysis to give a more
realistic reflection of the cash flows. The discount rate r is used to discount the
future cash flows of the investment to account for the value of money at the time of

analysis. The base case results are shown in Table 5.3.

Table 5.3: NPV and payback period results from the base case scenario.

Metric Methane Methanol DME FTL
CAPEX, (£bn) 1.38 0.72 0.74 1.39
NPV, (£bn) -2.56 -2.45 -1.84 0.55
Payback period, (yr) 20.24 20.67 20.21  4.38

The initial assessment showed that only producing synthetic diesel is prof-
itable within the limits of the prescribed assumptions. The reproduction of other
fuels shows that the process only becomes profitable beyond the 20-year analysis

period. A further analysis was carried out in the following sections.
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5.3 Interpretation of Results

5.3.1 Sensitivity Analysis

Local sensitivity analyses were carried out for all fuel synthesis processes
under the base case scenario to identify and rank the key cost variables that have the
most influence on the NPV. The capital cost of the electrolyser unit, the unit price
of electricity, the unit price of CO, feedstock, the fuel selling price and the interest
rate were the selected variables to carry out a parametric analysis with a range of
+50% of the base case values. The results show that the electricity unit price and
the fuel selling cost show the most significant variance of calculations within the

prescribed bounds of analysis as shown in Figure 5.1 and Figure 5.2.

For methane production, the NPV shows the most significant sensitivity
towards the price of electricity, primarily for the electrolysis section. The selling
price of a unit of methane closely follows this. Therefore, the process benefits from
allocating incentives and policies to promote producing renewable ‘green’ methane
from curtailed electricity®. Likewise, the profitability of methanol production is
heavily influenced by electricity prices. The production of methanol shows significant
sensitivity towards the employed interest rate. The interest rate deduces the cost
of borrowing money for a task. Interest rates are extraneous and mainly subject
to stock market conditions, inflation of the economy and governmental monetary
policies. The interest rates provide compensation for bearing risk. Therefore the
more significant the implied risk from the lender, the larger the interest rate and
the lower the NPV. Methanol production shows more susceptibility than methane
to interest rates due to the poorer financial performance of the analysed revenue

received. This is further reflected in the more extended payback period.

The sensitivity analysis of DME follows the same trend as methane and is

thus subject to the same explanation. The selling price of synthetic diesel has the

3Note: It is not to be implied that curtailed electricity does not incur a purchase cost.
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(a) Methane

(b) Methanol

Figure 5.1: Sensitivity analysis assessment of the synthesis of methane and methanol in
the base case assessment (Based on the conversion of 100t/h of COgz) and the assumptions

listed in Table 5.2..
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(a) Dimethyl Ether

(b) Fischer-Tropsch

Figure 5.2: Sensitivity analysis assessment of the synthesis of dimethyl ether and
Fischer-Tropsch liquids in the base case assessment (Based on the conversion of 100t/h of

CO3z) and the assumptions listed in Table 5.2.
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most influential impact on the NPV. However, it should be noted that the significant
variance is primarily due to the current price of road transport diesel at the time
of writing (£1.76 per litre, owing to the geo-political situation between Russia and

Ukraine).

A multivariate analysis was carried out with the two most influential
variables for each fuel synthesis to investigate the impact of their combined influences
on the NPV, based on the assumptions listed in Table 5.2. The fuel selling price and
the electricity purchase price were considered highly influential in all cases as they
significantly impact the operating costs and the revenue generated. Their combined

impact on the NPV is analysed and expressed in Figure 5.3 and Figure 5.4.

Under the prescribed parameters, producing methane and DME shows a
greater sensitivity to profitability with a variance in the fuel selling price, than with
the electricity purchase price. There is, therefore, more margin to operate at lower
fuel prices. However, the profitability of producing methanol is more constrained
by the variability in the price of electricity. The production of FT liquids shows
profitability for all variations in electricity prices up to a fuelling price reduction of
up to £0.7 per litre. Finally, the analysis shows that profitability is achieved when
the electricity purchase price is reduced by 70%-90% (i.e, £6.8 to £17.4 per MWh),
in all cases. It should be noted that fuel surcharges are included in the fuel selling

prices, and their isolated variability is not considered in this analysis.
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(a) Methane Production Analysis

(b) Methanol Production Analysis

Figure 5.3: Multivariate analysis assessment of the synthesis of methane and methanol in
the base case assessment - relative to axis values (Based on the conversion of 100t/h of

CO3z) and the assumptions listed in Table 5.2.
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(a) Dimethyl Ether Production Analysis

(b) FT Liquids Production Analysis

Figure 5.4: Multivariate analysis assessment of the synthesis of methane and methanol in
the base case assessment - relative to axis values (Based on the conversion of 100t/h of

COg2) and the assumptions listed in Table 5.2.
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5.3.2 Uncertainty Analysis

While the output of the sensitivity analyses is important to improve the
inventory data for assessing the impact of change to input parameters, the results
are merely indicative and still depend on the set of baseline assumptions. A degree
of uncertainty resulting from a lack of confidence in knowledge about the future
specific values of the influential parameters in the assessment context still exists.
Uncertainty analysis can address more prognostic questions of future developments.
A probabilistic uncertainty analysis was conducted in this study by Monte Carlo
simulations using the NPV on Microsoft Excel. Probability distribution functions
(PDF), Px were assigned to input parameters X = (X1,...,X,), to generate an
estimated probability distribution of output variables Y = (Y3,...,Y,) = ¢(X). A
cumulative distribution function, Fy(y) = [ fy(y) could be realised as a further

output.

A key challenge in this methodology was characterising the selected input
parameters and their respective PDFs. The guideline devised by Hawer et al. [328]

was used to quantify the PDFs uncertainty input variables as shown in Figure 5.5.

Figure 5.5: Guideline for the classification and quantification of uncertainty (modified),
based on Hawer et al. [328].
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The key parameters evaluated in the uncertainty analysis assessment, their
associated PDFs and characteristics are summarised in Table 5.4. A normal distribu-
tion was considered for the variation of interest rates. Normal distributions are useful
for very characterised systems due to the central limit theorem 4. CAPEX costs were
analysed using a Beta distribution based to model a set of bounded random variables
using previous experiences. The normalisation constants applied in this assessment
were obtained from [329]. A triangular distribution was used to describe the limits
of operational hours. A discrete distribution was used to model perceived or possible
pricing options as related to the implementation of carbon taxes/credits. Bernoulli
distribution is a discrete distribution where random variables are limited to two
outcomes. For sources of high purity CO,, a Bernoulli distribution was applied to
depict the possibility of obtaining the carbon dioxide for free or for a feedstock price.
This was further coupled with a normal distribution to obtain the final purchase
price. A lognormal distribution is used instead of a normal distribution to eliminate
the propensities to extremely low or negative electricity prices as they are deemed

unrealistic for this assessment.

4The central limit theorem dictates that a sample becomes normally distributed as the data size

gets larger
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Table 5.4: Description of statistical distributions used in the present study.

a b

Parameter Distribution 7 o Comments

Interest rate Normal 100%  10%

Operational hours Triangular - - Min = 50%, Max = 110%

SOEC Unit CAPEX Beta 100% - Min = 70%, Max = 150%
a= 2, =3

COg purchase price Discrete - - No carbon tax = 50%
Carbon tax = 20%

Electricity purchase price Lognormal 100% 10%

Fuel selling price Uniform - - Min = 100%, Max = 200%

a Mean
b Standard deviation

¢ Beta distribution constants

Due to the impacts of the ongoing geopolitical dispute between Russia and
Ukraine and the current fuel duty® imposed in the UK, coinciding with the COVID-19
pandemic, a maximum fuel selling price of 200% is assumed for this analysis in a

uniform distribution.

A Monte Carlo simulation model is set up via a macro on Microsoft Excel
to run at least 10,000 simulations. A confidence interval (CI) (Equation (5.2)) of

95% is used to measure the degree of uncertainty within the provided sample.

Cl=%+2x — (5.2)

Where X is the sample mean, Z is the confidence level value, s is the sample

standard deviation and n is the sample size.

5£0.579 per litre at the time of writing
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The impact of uncertainties on the NPV after a 20-year period was assessed

from results following the global sensitivity analysis as illustrated in Figures 5.6

to 5.9.

Table 5.5: NPV results of the Monte Carlo Simulations (10,000 runs per fuel).

Parameter Methane Methanol DME FT-L
Mean (m£) 31.1 -1364.2 -459.9  2496.4
Minimum (m£) -144.1 -5.619.6  -4502.1 -464.8
Maximum (m£) 173.9 716.9 2581.9 8257.6
Low CI (m£) 30.4 -1378.9 -476.6  2470.5
High CI (m£) 31.9 -1349.5 -443.4 25224
Probability of loss (%) 20.7 98.0 70.8 0.5

Chapter 5

Samuel Sogbesan
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Table 5.5 expresses the results obtained from the Monte Carlo simulation
analysis, based on the assumptions made in Table 5.4. The range of values between
the low and high confidence intervals indicates the likelihood (at least 95%) of where
the calculated values and the true mean of the data will lie within the confines of the
prescribed parameter. The probability of loss was calculated to assess the likelihood

of a profitable investment.

The Monte Carlo analysis seeks to indicate the degree of profitability as a
key economic indicator in the economic analysis as prescribed in this chapter while
taking uncertainty and variabilities into account. The result, therefore, provides the

likelihood of investment risk within the confines of the allocated parameters.
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(a) Probability Density

(b) Cumulative Probability

Figure 5.6: Probability Distribution from global sensitivity analysis for the methane

synthesis plant. NPV based on a 20-year period

Chapter 5 Samuel Sogbesan 183



A Power-to-X Study

(a) Probability Density

(b) Cumulative Probability

Figure 5.7: Probability Distribution from global sensitivity analysis for the methanol

synthesis plant. NPV based on a 20-year period
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(a) Probability Density

(b) Cumulative Probability

Figure 5.8: Probability Distribution from global sensitivity analysis for the dimethyl ether

synthesis plant. The NPV is based on a 20-year operating pertod.
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(a) Probability Density

(b) Cumulative Probability

Figure 5.9: Probability Distribution from global sensitivity analysis for the

Fischer-Tropsch fuels synthesis plant. The NPV s based on a 20-year operating period.
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Under the assumptions stated in Table 5.4, the probability density results
are expressed as a bell-shaped curve, similar to a normal distribution. The cumulative
probability curves are reflective results of the former, providing probabilities for an

observation that will be less than or equal to the value specified.

The results show that producing synthetic diesel and methane has the
lowest investment risks, with confidence intervals in positive NPV values. Methanol
presents the highest investment risks and should thus be considered unprofitable
under the presented assumptions. The irregularity in the uncertainty analysis curve
of synthetic diesel can be attributed to the additional and combined effects of the

naphtha by-product and the diesel fraction, as considered in the analysis.
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5.4 Chapter Discussion

The overarching goal of this techno-economic study was to assess the economic
performance of synthetic fuel production by hydrogenating carbon dioxide. The
scope of the economic study spanned from the receipt of renewably-sourced electricity
(from Scotland, as stated in Chapter 4) and carbon dioxide from various sources
across the United Kingdom, up to the production of the fuels. The analysis was

based on a chemical plant size that valorises 100t/h of COsx.

The performance indicators from the techno-economic analysis based on
the modelled plant configurations and economic assumptions indicate that synthetic
diesel and methane production are the most profitable. The performance of the
former can be attributed to the global economic and geopolitical situation at the
time of the study by way of the relatively higher fuel selling price. And in cases
where the selling price of diesel is reduced by 50%, it still fares better than the rest

(referring to the base case.).

The results presented in this analysis are expressed as a range of values
rather than unique values in time. This is done to account for fluctuation in variables
such as fuel and commodity prices, market trends and uncertainties that are not

easily predicted.
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SCENARIO AND PERFORMANCE
ANALYSIS

Following the previous chapter, the use and application of the analysed data are put
into the context as described in the introductory chapters. The questions of “What
are the prospects of these technologies?” and “What can we achieve in the prescribed

time frame” are considered in this section of the study.

This section presents an opportunity also to consider analysis from an
energetic perspective. The results of this chapter will seek to address efficiency-
related questions and emission intensity at the vehicle tailpipe. Furthermore, this
section will highlight areas where more research can be done to understand the

opportunities for energy reduction along the production chain.
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6.1 Goal of the Scenario and Performance Analysis

The goal of this part of the thesis is to give an indication of how well synthetic
fuels will support the transition to Net Zero in the transport system. The scenario
assessed is that of a slow progression of CCS technologies towards being part of a
Net Zero energy system. In this scenario, the ban on the sale of petrol and diesel
vehicles by 2030 and all non-zero emission vehicles by 2035 in the United Kingdom
is expected to be enforced!. Nevertheless, it is assumed that the deployment of CCS
technologies will not be available at scale towards and by 2050. It is assumed that
not even carbon sequestration by afforestation will be sufficient and feasible on a

large enough scale to support the net-zero targets

'Fuel cell and battery vehicles are not considered in this analysis due to their small share in the
number of operable vehicles in the United Kingdom. However, their impacts are briefly discussed

in further chapters in this work.
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6.2 Scenario Analysis Methodology

To determine the demand for fuel for road transportation in 2030, the historical
data on the registration of newly purchased vehicles and licensed vehicles in the
United Kingdom were analysed. The historical data was collated from BEIS to
maintain consistency with the various sections of this study. The data series were
analysed to forecast the number of fossil fuel propulsion-engine vehicles that will be
manufactured, on sale in the United Kingdom and legally licensed for road usage. Due
to the inconsistency in the trend resulting from limitations caused by the COVID-19
pandemic, the historical data was considered up to 2019 not to thwart the analysis

of the COVID-19 year peculiarities.

The Holt method was used to generate a forecast on the production and the
probable number of road vehicles considering historical data from 2000 to 2019. The
Holt method uses a double exponential smoothing factor to account for changes in
levels and trends in the absence of seasonality. The predicted data, § (Equation (6.3))
is obtained from the level (I,); of the series (y.) in time, (Equation (6.1)) and the

smoothed data trend. b, (Equation (6.2)).

l;,; :a-yx+(1—a) . (lzfl—f—bxfl) (61)

Where a and ( are the smoothing factors, the two smoothing factors

are optimised using two forecasting error measures: the root mean squared error
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(Equation (6.4)) and the mean absolute percentage error (Equation (6.5)), from n

data samples.

- (gx - yx)z
RSME = o = Yo) 6.4
; " (6.4)
1 = x A:p
MAPE=—-%". I(yy_y)! -100 (6.5)
=1 z

Following the initial analysis, the data showed that up to 93% of the newly
registered road vehicles were driven by internal combustion engines (ICE) powered
by diesel or gasoline, of which 79% were registered as cars. Based on average fuel
consumption of 5.401/100km [330] for all road vehicles, a heating value of 45 MJ for
petrol and diesel fuels and, annual mileage of 10000 miles per year, the fuel demand

forecast is illustrated in Figure 6.1.

Figure 6.1: Historical data and forecast data of newly registered road vehicles in the

United Kingdom up to 2030, including fuel demand.
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The dip in the registrations of new vehicles in Figure 6.1 is attributed to
the 2008-2010 automotive industry crisis, caused by the 2007-2008 financial crisis

and, subsequently, the Great Recession in the United Kingdom.

Data for the newly registered vehicles and fuel consumption [330] over the
last 20 years is used in conjunction with Equation (6.1) to Equation (6.5) to forecast
the number of newly registered ICE vehicles cars until 2030. Figure 6.1 shows that
the forecast fuel demand (55.75PJ per year) for the newly registered vehicles is
significantly higher than the amount available from the annual conversion of 100th=*
of CO by a single plant (equivalent to the total amount of ’green, carbon assessed
in Chapter 4), as shown in Table 6.1. As the heat of evaporation of water cannot
be recovered in the fuel consumption of the engines, the energy is given in terms of
its lower heating value. Therefore, it is proposed to consider the regional demand
of Scotland due to its proximity to point sources of high purity CO, described in

Chapter 4 and renewable electricity.

Table 6.1: Annual energy content of synthetic fuels based on a plant valorisation of 100

tonnes of COg per hour in PJ.

Methane Methanol DME FT-L

14.97 5.64 8.44  1.28 (0.88)

Figure 6.2 shows that the fuel demand forecast for newly registered vehicles
up to 2030 in Scotland is around 3.90 PJ per year. The reason for the peculiar shape
of the graph is the same for the previous vehicle registration data. A subsequent
analysis for the total amount of road vehicles in operation in Scotland, taking into
account the de-registered vehicles taken off the road and the ‘legacy’? vehicles, showed

that a fuel demand of 82.59 PJ will be required per year from 2030.

The results show that the fuels synthesised (excluding Fischer-Tropsch

2Legacy vehicles refer to legally licenced road vehicles that are currently in operation (at the

time of writing)
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Figure 6.2: Historical data and forecast data of newly registered road vehicles in Scotland

up to 2030, including fuel demand [317].

diesel) from CO derived from whiskey distilleries in Scotland and the upgrade of
biomethane are sufficient to cover the fuel demand for newly registered vehicles in
the Scottish region, from 54% (for synthetic diesel) to 375% (from methane). The
analysis also shows that multiple or higher capacity plants may be required to cover
the total fuel demand in Scotland. It should be noted that efficiency losses during

fuel conversion in the absence of engine modifications are not taken into account.
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6.3 Multi-plant Analysis

Analysis from Chapter 5 showed the influential impact of the unit price of electricity
on the economic performance of the synthetic fuel systems. Given the potential of
COg assessed in Chapter 4, it is important to consider the potential of renewable

electricity available for the process as a potential bottleneck.

Figure 6.3: Historical data of curtailed generation and constraint payments in the United

Kingdom. Data collected from [317].

When a situation arises such that a transmission network is unable to trans-
fer power between the points of generation and demand due to physical limitations,
the power generation node is advised to cease production by the system operators.
This is referred to as electricity curtailment, a control mechanism to manage power
flows and system stability of the power network. Power generators are remunerated

with constraint payments for their temporary exclusion from the power market.

Figure 6.3 illustrates the amount of wind energy discarded due to the
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failure of the Western Link® and output curtailment due to the inadequacy of the
grid to accommodate the energy produced. Currently, the curtailed generation
is proportional to the amount generated, which is expected to increase with the

proposed wind capacity in Scotland.

Table 6.2: The proposed and total Scottish onshore and offshore wind energy programmes.

Capacity Onshore (MW)  Offshore (MW) Combined (MW)
Operational 8,440 1,892 10,332
Under construction 430 1,948 2,378
Consented 4,640 2,362 7,002
Leased awaiting consent - 4,250 4,250
ScotWind auction 2022 - 24,826 24,826
Repowering and Extensions 11,3202 - 11,320
Imminent auctions - 6,000° 6,000
Total 24,830 41,278 66,108

& includes 10,000 MW repowering old wind farms and 1,320 MW extensions to wind farms.
> includes 1,500 MW ScotWind re-auction and 4,500 MW INTOG auction.

Table 6.2 shows that the proposed wind energy capacity in Scotland could
reach up to 66 000 MW by 2030, which is a magnitude greater than the peak demand
of 5500 MW [331]. Therefore, a significant proportion of wind energy will be discarded
in the absence of electrical grid reinforcement. Additionally, the average constraint
payments to wind farms are significantly higher at 70 £/MWh than the average price
of electricity at a rate of 58 £/MWh. The storage and utilisation of excess renewable

electricity provide an opportunity to reduce the annual constraint payments.

In order to estimate the cost and capacity of subsequent plants, N-th plant

economics will be applied in the following section. The viability and future cost

3The Western Link is high voltage direct current cable that runs from the west coast of Scotland

to Wales
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competitiveness is assessed by using a hybridised costing method: a bottom-up
approach to estimate the first-of-its-kind (FOAK) system and an experience learning
curve to estimate the future costs of subsequent Nth-of-its-kind (NOAK) systems, at
commercial scales. It should be noted henceforth that NOAK values are qualified as

projected capital cost values rather than absolute capital cost values.

FOAK systems represent plants that are yet to be widely commercialised;
therefore, careful consideration must be taken in their description as they tend to be
oversized and with redundant equipment in initial design phases. The systems are
divided into major technology systems: COy capture and compression, electrolysis

section, and fuel synthesis. See Equation (6.6).

TP C’s stem element
Rcom osite — Rs stem element,i * = 6.6
posit Z |: vt l " TP Coverall system ( )
where TPC (total project cost) is described as:
TPC@ = TDC . (1 + findirect) : (1 + fprocess + fproject) (67)

TDC' is the total direct costs. fingirect relates to the expenditures such as
service facilities, engineering and consultancy costs. fprocess describes the additional
costs incurred to offset the uncertainties from the development status of the technology

as it relates to the maturity level, while f,, et describes additional site-specific costs.

Technology-specific learning rates (R,), are applied to individual plant

sections to obtain prospective plant costs expressed by Equation (6.8).

TPCroak = TPCroax - N7° (6.8)
where b is described as:
log(1 — R)
b= ——- 6.9
log(2) (69)
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Where T'PC; is the total plant cost, N is the number of plants to be

constructed and, b is the learning rate exponent. The values for the input variables

are shown in Table 6.3.

Table 6.3: Assumed indirect costs, contingencies, and learning rates for system elements

CO, C & C." SOE Fuel Synthesis

Ref.

Rays, % 10
Jindirect 14
Jorocess 28
foroject 35

20
17
35
30

3-5

332]

@ carbon capture and compression

a.o.e - Author’s own estimations and judgements based on various litera-

ture research.

Where uncertain, the values are assumed based on the author’s own research

and opinion of the TRL of the system elements.

A TDC of £145 per tonne of COy was prescribed for the carbon capture

and compression system and an electrolyser system cost of £800 per kilowatt for the

following evaluation. A sensitivity range of £10% was used to assess the impacts of

varying TDCs. The results of the analysis (N, = 43 100t/h plants)? are shown in

Figure 6.4 and Figure 6.5.

4This is based on the total available CO5 stock estimated in Chapter 4.
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(a) Methane with R-bounds (16.13% to 19.62%). Electrolyser share bound limits
(72% to 88%).

(b) Methanol with R-bounds (15.68% to 19.06%). Electrolyser share bound limits
(68% to 83%).

Figure 6.4: Technology learning curves for synthetic fuel capital costs and a TDC

sensitivity range of £10%.
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(a) DME with R-bounds (15.6% to 18.95%). Electrolyser share bound limits
(67% to 82%).

(b) FT-synfuels with R-bounds14.03% to 16.82%). Electrolyser share bound
limits (55% to 67%).

Figure 6.5: Technology learning curves for synthetic fuel capital costs and a TDC

sensitivity range of £10%.
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The results of the the multi-plant analysis are expressed in Figure 6.4 and
Figure 6.5. The analysis shows that the CAPEX (upper and lower bounds) of
constructing similar plants with the capacity of valorising 100t/h of CO5 can achieve
reduction potentials by 56.2% for methane, 62.5% for methanol, 50% for DME and

56.3% for synthetic diesel production.

Following an economic assessment, this section presents an opportunity
also to consider analysis from an energetic perspective. The results of this chapter
will seek to address efficiency-related questions and emission intensity at the vehicle
tailpipe. Furthermore, this section will highlight areas where more research can be
done to understand the opportunities for energy reduction along the production

chain.
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6.4 Well-to-Tank analysis

This section describes the impacts from the point of production of the synthetic fuels
to the distribution and storage of the fuels at the point of market delivery, i.e., refuel

stations.

6.4.1 Distribution to Market

The availability and distribution of electricity as the primary energy carrier
in PtX pathways is the first step in describing the overall chain efficiency of the
production of synthetic fuels. The electricity considered in this study is derived from
sustainable undepletable renewable energy sources (particularly wind energy), so
energy efficiency is considered from the initial point of the output of the generator
(primary electricity) and therefore set at 100%. The fossil-derived energy used in
the manufacture, operation and maintenance of these conversion installations is not

considered within the scope of this analysis.

However, transmission and distribution losses are taken into account. Anal-
ysis of recent BEIS data suggests that approximately 9% of the electricity produced

is lost on the electrical transmission pathway to the customer [259].
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6.4.2 Transformation near Market
This section refers to all the conversion processes involved in the production
of fuels according to the desired specifications. These processes include the capture

of CO,, the production of syngas via co-electrolysis and the synthesis of fuels.

Carbon Dioxide Capture and Conditioning

The CO;, required for the processes are recovered from the point sources
assessed in Chapter 4. The capture process and purity are further described in
Chapter 3. The energy expended in the carbon capture process is 4.19 MJ/kgco,
(using MEA absorption processes as described in earlier chapters), with the exception

of pure-CO, effluent streams which incur not energy expenditure to purify.

% was used to assess the energy expended for the

The Linde-Hampson process
liquefaction of CO, for purification and storage. An energy demand of 0.77 MJ/kgco,

was determined based on a liquefied condition of 15 bar, for inland road transport.

Syngas Production via Co-electrolysis

The SOE unit was modelled to operate under different feed conditions to
account for the varying syngas modulus required downstream of the operation as
described in Chapter 3. The energy expended for the syngas production processes
was between 1.16 MJ/MJy,_co, and 1.25 MJ/MJy,_co,, depending on the syngas

modulus.

Production of Synthetic Fuels
Evaluation of the energy expended in the production of the fuel is directly
related to the net inflows of the process required to produce the fuels according to

the prescribed specifications, with the model configurations described in Chapter 3.

5The Linde-Hampson process is liquefaction process based on the regenerative cooling and

compression of gases
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As a result of the exothermic nature of the process and the limitation in reactant
conversions, electrical power is produced and accounted for here. Extra steam
generation is not considered in this analysis due to the complexities associated with
heat integration modelling. Any extra steam that could be generated would only be
considered by its economic impact as it is not included during the operation of the

process. Hence its energetic value is considered inconsequential for this analysis.

The production of 1 MJ (LHV) of methane and DME incurs a total energy
expenditure of 0.53 MJ and 0.50 MJ respectively. The energy expenditure for the
production of 1MJ of methanol and syn-diesel (including naphtha), is 1.44 MJ and
1.14 MJ respectively. The lower values for methane and DME are due to the higher

ratio of generated electricity® to the product.

Figure 6.6: Methanol purity as a function of nitrogen feed and energy expended.

Figure 6.6 shows the trade-off between the specified purity of methanol

and the energy expenditure over varying nitrogen feed flows (to shift the chemical

5From the excess heat recovery in process models
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equilibrium) in the modelled configuration. This assessment was carried out by
varying the flow rate of nitrogen feed flow (used to drive the forward reaction) as
a function of the output methanol purity and additional energy requirements on
the ASPEN simulation described in an earlier chapter. More primary energy is
expended across the process units with an increase in the molar fraction of nitrogen
in the system in a bid to increase the product purity. To maintain methodological

consistency, the specified purity of over 99% is maintained.
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6.4.3 Conditioning and Distribution to Use

This section considers the later stages of deploying synthetic fuels from
the point of production to the point of refuelling for end-use in vehicles. The
analysis considers short (<150km) and long-distance (>150km) distribution within

the United Kingdom.

The current pressure standard for compressed natural gas (CNG) vehicle
tanks is 200 bar, while the fuel station compressor is set to 250 bar for quick delivery.
DME-fuelled vehicles require the fuel to be injected in a liquid phase into the
combustion chamber at pressures up to 30 bar to avoid premature vaporisation in
the pipe works. The energy required for compression and distribution is obtained
from the average of isothermal (Equation (6.10)) and adiabatic (Equation (6.11))

compression duties.

Eiso = Do - ‘/0 . log (&) (610)
Do

E
Euii = po- Vo - — ((72> ' —1) (6.11)
v—1 Po

Where pg, p1, Vo, v represent the initial fuel pressure, vehicle tank pressure,
fuel volume and the heat capacity ratio of the gases. Figure 6.7 describes the

relationship between the compression ratio of the gases and the required energy.
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Figure 6.7: The expended fuel energy in gas as a function of compression ratios.

Hydrogen gas is included for reference.

The analysis of Figure 6.7 shows that the compression process consumes
2.05% and 0.51% of the energy stored in methane and DME, respectively. Methanol
and syn-diesel are liquid under standard conditions and thus suitable for storage and

distribution without the need for further pressure conditioning.

Figure 6.8: Energy expended to the production of 1 MJ of synthetic fuel.

Chapter 6 Samuel Sogbesan 207



A Power-to-X Study

The amount of energy required for the production of 1 MJ of synthetic fuels
as described is shown in (Figure 6.8). In all cases, the production of syngas via
co-electrolysis greatly dominates the production process. The production of synthetic
diesels (FT) incurs the largest energy expenditure and this could be attributed to
the complexity and selectivity of the desired primary fuel fraction (and resulting
by-product) during the production process. The production of methane and DME
require the lowest amount of energy as they do not require conditioning during the
production process. Despite the further requirement for compression, the overall

energy expenditure is less for liquid fuels.
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6.5 Tank-to-Metres analysis

The tank-to-metres (TtM) assessment is based on the analysis of data from simulation
results with a chassis dynamometer from Hénggi et al. [333] and a chosen drive cycle.
The TtM analysis is divided into a wheel-to-metres (WtM) and tank-to-wheels (TtW)
approach. The methodology for the WtM analysis is based on the model stated
in Guzzella, Sciarretta, et al. [334], which uses a power balance (Equations (6.12)
to (6.15)) to estimate the mechanical energy demand for propulsion systems in

engines.

_ 1 1
F.(t) = C = Pair - Af - Cq - a3(t) - h 6.12
()= g pu Arca 300 (6.12)
E.(t) ! > vi-h (6.13)

r — .mv. .CT. Ui' .
Ttot g )
1€trac

_ 1
Facct My, - C_th 1_}115 -h 6.14
()= e 2 () uilt) (6.14)
Fy(t) = Fu(t) + Fo(t) + Fuce(t) (6.15)

Where F; is the tractive force with respect to power loss due to acrodynamic
drag (a), rolling friction (r) and acceleration (acc). Ay is the vehicle frontal area,
cq is the aerodynamic drag coefficient, ¢, is the rolling friction coefficient, and m,
is the mass of the vehicle. The worldwide harmonized light vehicles class 3 test
cycle (WLTC class 3) Figure 6.9 is used to obtain the average energy consumed
per distance travelled, using speed profiles x;, v and a. Based on a vehicle mass of

1450 kg ([330], the average energy demand is 0.42 MJ/km.

The data from the WtM analysis are used to obtain the TtW values is
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Figure 6.9: WLTP test cycle profile [335]

obtained from the work of Hénggi et al. [333], which used the chassis dynamome-

ter measurements of 14 EURO-6b passenger car types to evaluate the propulsion

system model parameters (€1 pos, Coposs Clnegs Comeg) Used in Equation (6.17) and

Equation (6.18).

Cl7 os'Pw(t)—i_cl7 0S ) Pw(t) ZO
Pc(t) _ D D
Cl,neg : Pw(t) + Cl,neg7 Pw(t) < 0
Puy P,(t) >0
P.(t)° w
nrew (t) = “

mazx (0, };w((;;) . Pu(t) <0

(6.16)

(6.17)

(6.18)
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Where P, is the chemical power of the fuel stored in the vehicle tank and
nrew is the ratio of the former with the wheel power P,. It should be stated that
the authors assumed that methanol and methane vehicles perform equally, while
Fischer-Tropsch (FT) diesel and DME powertrains perform equally. The TtW values
are 1.94 MJ/km for methanol and methane, and 1.91 MJ/km for FT diesel and DME

respectively.

Recent work by A. Huss [336] based on the future technical development
of passenger cars in Europe (from 2025 onwards) showed an energy consumption of
1.37 MJ/km to 1.42 MJ/km for spark ignition engines and 1.29 MJ /km to 1.31 MJ /km
for compression ignition engines with the WLTC class 3 procedure. These values
will be used in this study onward. A value of 0.70 MJ/km is used as a reference for
hydrogen fuel cell-driven vehicles [337|. Figure 6.10 shows the WTW efficiencies of

the analysed processed chain.

The analysis shows that the pathway for producing methane and DME
for ICE vehicles is more efficient than methanol and synthetic diesel, despite their
extra requirement for compression at the point of use. Due to the variability of the
model configurations, the analysis indicates an opportunity to improve the overall
system opportunities during the phase of fuel synthesis. The production of syngas

via solid-oxide co-electrolysis, presents another opportunity, given its current TRL.
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6.6 GHG emission analysis

The GHG emissions attributed to the respective synthetic fuels designed for transport
is analysed in this section. The evaluation captures process emissions limited to
the carbon capture process, fuel production process, gas conditioning and end-use
combustion. The analysis does not extend to the life-cycle of the vehicles (production
and end-of-life), nor does it include the environmental impact and land use change
related to the construction of process units and energy generation plants. The system
boundary also considers the effluent from the carbon point sources as initial feedstock

rather than a byproduct of an additional process, as shown in (Figure 6.11).

1
il
[H ]
1 [ ] [ —]
Carbon point source Carbon capture Electrolysis Fuel synthesis Fuel station ICE Vehicle
T = T

|
—=

Fossil based energy

ls—E— R — B —— |

Figure 6.11: System boundary of the GHG evaluation in this study.

Equation (6.19) is used to estimate the GHG emissions in the defined system

boundary.

WTW GHG (g-COseq/km) = WTT GHG (g-COseq/MJ)

x TTW Energy (MJ/km) + TTW GHG (g-COyq/km) (6.19)

The WTT GHG emissions data will account for emissions associated with
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the production of 1 MJ of synthetic fuel. The data of GHG emissions for the WTT

analysis is obtained from the latest BEIS report in Table 6.4.

Table 6.4: Emission factors of energy use in the UK 2022 [338].

Activity CO3, of CO3 CO3, of CHy CO3, of N2O
g/MJ
District heat and steam 46.96 0.30 0.16
Electricity UK 53.11 0.22 0.38
Electricity UK - T & D! 4.86 0.02 0.03

I transmission & distribution

In addition to the production phase, the obtainable carbon credit benefit -
depending on the initial sources of carbon (as described in Chapter 4), during the
use phase of the fuel is considered in this analysis. In the case of biogenic COs, the
amount of CO, that is liberated during combustion is assumed to be equal to the

amount of COy sequestered during the plant’s growing phase (Table 6.5).

Table 6.5: Emission factors of synthetic fuels in g-COg/MJ

Methane Methanol DME FT-L

96.1 68.9 67.3 70.8

The TTW GHG emissions were calculated based on the EURO VI limits
for total hydrocarbon (THC) and NOx, valid until 2025.

THC CHy

COs eq(cms) = 1000 THC GW Pcuy) (6.20)
NOx NQO
CO2,eq(n20) = 1000 NOz - GW Px,0) (6.21)
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Where THC, NOx is the legislation limit in mg/km in terms of THC or
NOx emission, CH,/THC is the percentage of the CHy over the total THC emission
limit, NoO/NOx is percentage of NoO over the total NOx emission limit, and GWP
is the global warming potential factor defined for CH4 and N3O as 25g — COgeq and
298 g — COq¢q respectively.

Table 6.6: GHG Emissions in g-COg/km.

Fuel as CO,' as CH; as N-.O

Methane 7771 1.50 0.54

Methanol®  100.13 0.13 0.54

DME 87.92 0.23 1.19

FT-L 91.31 0.23 1.19
L' A. Huss [336]

2 Due to lack of available data, E100 is used as
a representative due to the similarity in density,

octane rating and heating value.

Some assumptions were made due to the additional complexity in deriving
the CO; emissions for the models. Thus, data from the work of A. Huss [336], which
used the AVL CRUISE simulation software to calculate the COy emissions based on

the WLTP drive cycle, has been used in this analysis (Table 6.6).

Figure 6.12 shows the result of calculated GHG emissions as described by
Equation (6.19). The results show the difference in the WTW GHG emissions for
the studied synthetic fuels, based on the different sources of carbon as described in
Chapter 4. The result shows that the WIT'W GHG for synthetic diesel produced
from ‘black’ carbon is slightly higher than that of conventional transport diesel
(258 gco,/km). This offset can be attributed to the additional parasitic emissions
from the distribution of the associated feedstock and product. The anomalous shape
in the ‘green’ synthetic fuel is due to the significant change in energy requirement for

carbon capture as a function of the useful energy produced during the fuel synthesis;
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Figure 6.12: Results of the WT'W GHG emissions for the modelled synthetic fuels based
on different point sources of carbon. The evaluation is based on a passenger car and the
WLTP drive cycle in a 2025 and beyond scenario. The value for conventional diesel fuel

[336] has been applied for comparative reference.

compared to the other fuels.
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6.7 Chapter Discussion

This chapter seeks to assess the degree of fossil fuel substitution that could be
achieved based on the analysis carried out in the previous sections. In view of road
transport demand, the forecast of newly registered road vehicles is considered due to

the higher potential of engine re-modification at the point of production.

Preliminary results show that the conversion of high purity CO, from
biogenic sources is only capable of meeting a limited proportion (27% from methane
production) of the transport demand in the United Kingdom. Scotland and its regions
are highlighted as the preferred coverage scope due to the smaller proportional demand

and the close proximity to the point source of COy and electricity.

In addition, it should be noted that this analysis does not fail to acknowledge
the growing rate of electric vehicles in the United Kingdom in view of the proposed

ban on the sales of internal combustion engine vehicles.

Technology learning curves are applied to project the investment costs that
will be required to utilise the remainder of the assessed COy from Chapter 4. The
costs of carbon capture and compression are accounted for due to the lower CO,
purity from the remaining sources (brown and black as in Chapter 4). The results
show that capital costs for purchasing electrolyser units significantly dominate the

overall investment costs, despite the author’s optimistic base values.

This chapter also aimed to present a comparative analysis from an energetic
and emission perspective. The assessment used a well-to-wheel analysis which
considered the analysis from the production of the fuel to the use of the fuel upon
vehicular combustion. The well-to-wheel analysis combines an assesment of the
energy flow in the well-to-tank and vehicular operation with respect to distance

driven and drive cycle.
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In addition to the energetic values, the results gave an indication of the
efficiency ‘hot spots” where savings could be made. Based on the model assumptions,

methane and DME showed the most promise energetically and emission-wise.
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PROSPECTS TO DEPLOYMENT
AND CONCLUSION

7.1 Goal of this section

Following the methodological assessments undertaken in this study, this section will
highlight other significant elements that must be considered in the overall context
of the research study. The section will emphasise the limitations to deploying PtX
technologies as part of the climate mitigation strategies within the United Kingdom
context. This section will also attempt to address the question of “what needs to

happen to make it work?”!. This section will be limited to road transport.

This section of the study also brings the whole analysis to a close by
presenting the concluding remarks, future outlooks of the study and future research

recommendations.

li.e., to keep affordable ICE vehicles on the roads
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7.2 Infrastructure for the deployment of PtX tech-

nologies

As stated in the latest edition of the UK’s report on the Statutory Security of Supply,
the Government has committed £68 million towards deploying longer duration
energy storage (LODES), illustrating an interest in this option. This is in view
of the commercialisation of FOAK storage technologies such as PtX for the UK
energy system. This section provides an overview and discusses the supply chain
infrastructure required to further establish PtX as a bridging? technology in the UK

climate strategy.

7.2.1 Infrastructure for Gas transport

Chapter 4 briefly discussed the means required for the transport of CO5 in
the UK and mapping in relation to the existing natural gas grid. Due to the volume
of COs discussed in this study, transportation via pipeline is considered the most
feasible compared to railway, road and marine. Pipeline transport provides higher

guarantees of supply security, connectivity and economical operation [339].

Flow assurance is one of the technical challenges that must be overcome
in transporting CO, via pipelines due to the thermodynamic properties discussed
in the aforementioned chapter. If natural gas pipelines are to be re-purposed for
the transport of CO,, booster pump stations will be required instead of compression
stations to compensate for the propensity of two-phase flows being formed. At the
time of this study, there is no fully commercialised repurpose of natural gas pipelines

for transporting COs.

Uncertainties are also associated with the cost of COy transport infras-

2This describes technologies that facilitate the transition between energy systems whilst still

being viable in the proposed strategy.
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tructure. According to a techno-economic study by Skaugen et al. [340] on the
transport of CO, with varying impurities, the optimal investment and operating cost
for laying 24" CO, pipes in Europe is 14.47 £9914/tco, to 21.36 £2014/tco, Over a
500 km distance.

Hydrogen can be transported as gas (pipeline), liquid (by trucks), via liquid
organic hydrogen carriers (LOHC) or as NH3 (both by ship). A study by Collis and
Schomaecker [341| concluded that hydrogen transport via LOHC and NHj are the
most cost-effective due to the ease of transport and storage. However, investment
costs for the dehydrogenation processes offset these low costs. Furthermore, the
incurred energy losses (shown as round trip efficiencies) for LOHC (26 - 43% [342])
and NHj3 (11 - 19% [343]) are higher than liquefied hydrogen (9 - 22% [344]) and
compressed hydrogen gas (5 - 15% [345]). Given the scope of this study, transportation
of compressed hydrogen is preferred despite the higher capital costs for new pipelines.
BloombergNEF [346] estimates that the cost of distributing hydrogen via a pipeline

over a distance of 100 km will not exceed £0.19/kg.

Much like for CO,, pipelines from the existing natural gas networks may
be repurposed for distributing hydrogen to achieve up to 33% cost savings [347|.
Projects such as FutureGrid and H21 are currently undertaking feasibility assessments
on repurposing the UK’s gas distribution networks for hydrogen. As of December
2022, the project completion has been delayed till November 2023 due to issues with

compression units.

7.2.2 Status of e-fuel compatible vehicles

The availability of Natural Gas Vehicles (NGV) has increased in recent
decades. By the end of 2021, there were more than 30 million NGV (the majority
of which are light-duty fleets) in operation globally, with the Asia-Pacific region
accounting for the largest share with 71.7% and Europe with 7.2% [348]. A key barrier

to the penetration of NGVs is the profitability and density of methane refuelling
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stations in any region, with the ratio of vehicles to stations just over 400:1 in Europe

[348].

The volumetric energy density of methane is significantly lower than petrol
and diesel. To increase the driving range of NGVs, methane requires compression
(at 200 bars) or liquefaction (CNG to —162°C at atmospheric pressure), stored in
high-pressure tanks and insulated cooling tanks, respectively. Owing to its higher
H/C ratio, the carbon intensity of methane is better than petrol and diesel, reflected
in relatively less CO, emissions and other large-sized particulate matter, depending
on the engine efficiency [349]. However, methane slippage remains a concern during
automotive use, especially in idling conditions. Studies have shown that hydrogen

enrichment can reduce total hydrocarbon levels by up to 30% [350].

While typically utilised in spark ignition (SI) engines, efforts have been
made to retrofit compression ignition (CI) engines with methane systems in a duel-
fuel mode. Trade-offs in efficiencies and emissions of dual-fuelled NGVs are discussed
in a study by Chen et al. [351]. According to Ford’s Qualified Vehicle Modifier
programme, the cost of retrofitting a compressed methane fuel system to a vehicle is

around $8,000 (as of 2015) [352].

Methanol as an alternative transport fuel is a concept that was first imple-
mented as a response to the crude oil crises in the 1970s. However, the incompatibility
of carbureted fuel systems to handle fuels with high oxygen content meant that
methanol blends were limited to 3 to 5% (M3 - M5) by volume with petrol [353].
China largely dominates the market share for methanol as an automotive fuel; the
annual production accounts to up to 500,000 vehicle engines compatible with lean

methanol (M100) |353].

Methanol has a low air-to-fuel ratio due to the high oxygen content compared
to petrol /diesel. This results in improved combustion efficiency, reduced CO emissions,

and reduced formation of soot [354]. Conversely, the energy content of methanol is
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lower, and the production of NOx emissions is increased due to the oxygen content.

Methanol has a high octane number and thus lends itself to use in SI
engines. It can be used directly or in varying blends, including CH;OH/H,O and
GEM (gasoline, ethanol and methanol). For compatibility with CI, which requires
fuels with high auto-ignition, methanol blended with a high CN (cetane number)
fuel can be premixed with the intake air [355]. The addition of an ignition enhancer
is another option. A facility to inject methanol into the engine through the intake

port is considered an easy retrofit option for existing CI engines [356].

The global commercialisation of DME as an automotive vehicle fuel is not as
advanced as the previous fuels, with production and utilisation facilities concentrated
mainly in China. However, it has begun to feature prominently as one of the fuels
for the future, with companies like Volvo developing long-haul vehicle engines that

run on DME [357].

DME is comparable to diesel fuel due to its high CN, which is suitable for
CI engines. DME exists in a gaseous phase under normal conditions but can be
liquefied for easy storage upon mild pressurisation (6 bars). Because DME shares

similar physical properties with liquefied petroleum gas (LPG), pre-existing tank
designs can be used for DME.

The emission characteristics of DME combustion have been studied in the
works of Park and Lee [358] and Wang et al. [359]. Compared to diesel fuels, the
formation of soot and HC emissions are significantly reduced during the combustion
of DME due to the oxygen content and shorter ignition delay, respectively. However,
higher CO emissions are associated with DME combustion because of the config-
uration of DME engines requiring a long injection duration and large spray holes.
To further reduce emissions, especially NOx from the combustion of DME, DME
can be blended with two or more fuels, including LPG, diesel and biodiesel, without

solubility issues [358].
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Due to the gaseous nature of DME, coupled with its low viscosity and
lubricity - resulting in high leakage rates and surface wear in fuel injectors and fuel
feed pumps; additives and lubricants are required for use in pre-existing diesel engines
[359]. The development of DME fuelled engines is currently not as established as the

other electrofuels in this study.

7.2.3 E-fuels for e-vehicles?

There is a growing interest in the promotion of zero-emission vehicles
(ZEV) which include full battery electric vehicles (BEV) and fuel cell electric vehicles
(FCEV). However, establishing ZEVs is heavily contingent upon successfully deploying
the infrastructure required for fleet operation. This is particularly of great relevance,
especially in the case of fuel cell-powered vehicles that are predominantly designed
to operate on hydrogen. The onboard storage of hydrogen and the pervasiveness of
fuelling infrastructure are still some of the social and economic barriers that hinder

the deployment of hydrogen technologies for road transport [360].

Adopting electrofuels as alternative fuels to hydrogen in fuel cells provides
an opportunity to ease the transition and enablement of a hydrogen-dominant energy
economy. While the conventional use of hydrocarbon in fuel cell systems requires a
reforming step before injection, the direct injection of methane [361], methanol [362],

and DME [363] are currently under development.

This presents an opportunity to introduce high-temperature fuel cells that
will use synthetic fuels more efficiently without needing new infrastructure, at an

additional cost.

7.2.4 Additional Infrastructure for e-fuels supply
An essential feature of the deployment of transition technologies is their

compatibility with existing infrastructure and the low degree of modification required.
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The electrofuels in this study share physical properties with their conventional and
fully commercialised counterparts, enabling them to use existing storage and refuelling
technologies in their normal phases. The storability and supply of pressurised
electrofuels (methane and DME) for onboard vehicular utilisation is technically
challenging and will require further development. This feature is more important for
private fleets where fast fuelling is critical, and filling stations may be very dispersed

in remote locations at the onset of their deployment.

Table 7.1 shows an overview of the parameters that are required for further
deployment of synthetic e-fuels in comparison with other fuels (hydrogen included).
The concluding assessment was derived from an aggregate of opinions from academic
and industrial stakeholders via private conversations and interviews. The molecular
structures of e-fuels fuels lend them to share comparative features with fossil fuels
as direct substitutions or drop-in fuels, with already existing infrastructure. While
hydrogen-fuelled vehicles and BEVs may present the highest emission reduction
potential at the tail-pipe of the vehicle, the technical challenges about storage and
infrastructures, still need to be overcome to achieve full commercialisation. E-fuels

have an edge in this regard and, and can support the development of the other fuels.

Table 7.1: Overview of selected parameters for deploying different fuel types for road

transport.

Additional Vehicle Fuel
Fuel type | Investment | Storage
Infrastruture | Development Stock!

Fossil Medium
Electric Medium

E-fuels No Easy

Hydrogen?

The assessments are based on the author’s estimation.
! Fuel stock is based on immediate availability.

2 For use in fuel cell vehicles.
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7.3 Scenarios for Deployment

In addition to the identified benefits of electrofuels, the successful deployment of

PtX may also be contingent on some exogenous factors to be briefly discussed in this

section.

e The large-scale deployment of battery electric vehicles

Despite the upward trend in purchasing BEV, some technical (and economic)
barriers still hinder their wider adoption. The increased penetration of BEV
will require grid-related challenges to be overcome, such as the congestion of
lines and transformers in highly populated areas, decreased resilience [364],
poor load factor and thermal stress [365]. Battery degradation issues during
fast charging and discharge in bidirectional power flow still have high economic

implications that need to be resolved [366].

The direct costs of BEV are still significantly higher than their ICE counterparts,
with the battery component accounting for up to a third of the overall car cost.
Despite dropping costs, BEVs are still expected to have higher total ownership
costs by up to 10% over ICEs, by 2026 [367|. Policy development and incentives
are therefore expedient to increase the uptake of BEVs and prevent a transport

underclass amongst the population [368|.

The current ratio of vehicle recharging infrastructure to BEV is still insufficient
for the proposed market uptake of BEV. The work by Tsiropoulos et al. [369]
estimates that significant investments of up to 4€bn are required annually

from 2030 to 2050 in Europe.

The requirement of sufficient energy storage capacities

There is a greater interest in the increased penetration of renewables in global
energy systems. The existing grid infrastructure of many energy systems

currently lacks the robustness to deal with the flux of the proposed capacities
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[370]. The United Kingdom is falling short of its target of installing more
renewable capacity due to a delayed upgrade of the transmission grid [371]. The
fluctuating nature of many renewable energy sources hampers the large-scale

deployment of these technologies.

Increased renewable penetration is, therefore, contingent upon the availability
of reliable and cost-effective energy storage technologies. While the overall
costs of grid-scale energy storage are expected to decrease, a study by NREL
showed that costs of conventional energy storage technologies like batteries
increased by 13% from Q1 2021 to Q1 2022 [372]|. This presents an opportunity
for PtX to act as a means to store electrical energy with less dependence on

expensive grid upgrades and novel storage technologies.

e Long-term carbon storage

The capture of carbon is fundamental in any climate mitigation scenario. After
capturing and transportation, storing CO, is the only option (other than
utilisation ). Carbon storage aims to sequester carbon and avoid re-emission,
typically in geological formations. The main barriers towards the large-scale
deployment of carbon storage generally relate to the reliability of storage
options. Carbon leakages and the related economic burdens have been studied
in various works, including [373, 374]|. While the uncertainty of leakages of
large amounts of carbon persists, the deployment of carbon storage will need
to overcome the negative public perception and rely on incentivised policy

regulation.

The carbon mineralisation of CO, is a pathway to stori g carbon. This process
is achieved either by circulating COs-rich fluids through suitable geological
formations below the ground surface or above the ground under pressurised
conditions [375]. The main barriers to commercialisation are related to its early

stage of development and limited geological capacity [376].

There are still uncertainties surrounding the deployment of these climate
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change mitigation strategies. This gives rise to the further consideration of PtX as

an enabling technology, towards the achievement of the proposed net-zero targets.
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7.4 Conclusion

This thesis addresses some questions about the various climate mitigation measures
widely proposed in light of low-carbon economies. The ban on new petrol and
diesel cars by 2030 in the United Kingdom is of particular interest due to the
inherent difficulty in eradicating fossil fuels and the uncertainty relating to the
complete establishment of a substitute technology. Consequently, original equipment
manufacturers (OEMs) of major automobile companies have begun to resist the

proposal of the ban, owing to and including the aforementioned issues [377].

The production of synthetic fuels via power-to-fuel (X) (methane, methanol,
DME, synthetic diesel) for road transport is considered a proposal for climate change
mitigation. PtX technology is transitionary in nature so that it does not hinder the
prospect of a fully electrified or hydrogen economy, nor does it intend to bear the
adverse burden of technology lock-ins. An added benefit is the circular utilisation of
captured carbon and curtailed renewable electricity, resources that could be otherwise

‘wasted’ under current circumstances.

The feasibility of deploying these synthetic fuels was assessed via a com-
parative techno-economic analysis and emission analysis. The case study was based
on the CO; resource availability in the United Kingdom (current to the duration of
the research). The aim of the result of the assessment was not to offer an objective
solution but to present the range of likelihood based on the assumptions made in

the study.

Synthetic methane shows the most promise out of all the fuels. This is
primarily due to the relatively highly efficient process and the potential for a high
recovery potential. Methane performs favourably in the economic analysis, making
it a viable option for long-term investment. The primary limitation of methane as a
transport fuel relates to the limited availability of fleet refuelling infrastructure and

engine modification facilities across Europe.
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Producing methanol has the lowest techno-economic performance of the
other fuels in this study. This can be potentially attributed to the process config-
uration used in the model simulation. This is further reflected in the high capital
costs of the process equipment. Notwithstanding, methanol has the highest potential
for road transport due to its long consideration and history as an alternative to

conventional road transport fuels.

The dimethyl ether route may provide the most environmentally competitive
option for methane, based on the analysis. The sootless emissions due to the lack
of carbon-carbon bonds offer an excellent opportunity to reduce particulate matter
emissions in diesel fuel combustion. The thermophysical properties of DME present
the most significant challenge as a road transport fuel. Combustion engines fuelled
by DME are the least advanced of the assessed fuels, thus hindering the immediate
applicability of DME as a direct-injection fuel. Blending DME fuel with diesel is
currently the most probable method to benefit from DME fuels’ relative environmental

advantage without the advanced conversion of existing IC engines.

Synthetic diesel has the most significant advantage in terms of its inter-
changeability with existing fuels (diesel in this case) compared with the other fuels
in this study. Its compatibility with preexisting refuelling infrastructure further
augments this. However, its deployment is hindered by the process’s high energy
intensity and production costs. While the economic analysis in this study indicates
high profitability, this is primarily due to diesel’s relatively high selling costs applied

in the models at the time of the study.
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7.5 Future Outlook PtX as a Transitionary Technol-
ogy

While this study primarily focuses on deploying PtX technologies for road trans-
portation, it also seeks to present it as a transitionary technology towards a near
or fully-decarbonised energy system. PtX technology, as described in this study,
couples carbon capture and the production of renewable hydrogen; based on an in-
creased renewable electricity capacity. The two independent technologies are critical
to achieving the Net Zero strategy laid out by the United Kingdom government.
Therefore, this study presents PtX technology as a viable mitigation option rather

than a proverbial “silver bullet”.

A recent independent review of the Net Zero Strategy undertaken on
behalf of the United Kingdom emphasised the need for synthetic fuels in its climate

mitigation agenda [378§].

“Not all our energy needs can be met with electricity and so we will
continue to need liquid, gaseous and solid fuels. Government has therefore
set ambitious targets for greener fuels, including hydrogen, low carbon
fuels produced from biomass and other waste resources for use in different
sectors such as transport, heating, power and wider industrial applications”
[378].

“This Review recommends developing by 2025 a long-term cross-sectoral
infrastructure strategy to adapt and build respectively the distribution

of liquid and gaseous fuels, electricity and COy networks over the next

decade” [378].

Furthermore, the United Kingdom Government reiterated its commitment
to a cleaner and constant energy supply in the latest edition of the Energy Security

Plan (2023). The continued invasion of Ukraine (at the time of writing) confirms
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the challenge of ensuring an independent, secure and resilient energy supply [379].
The report also recognised the importance of CCUS in transitioning the United

Kingdom’s energy landscape.

The deployment of PtX may provide a viable pathway to meet the afore-
mentioned fuel demand for the United Kingdom within the context of the Net Zero
Strategy. Studies have examined the application of PtX technologies in sectors
beyond road transport, including the production of chemicals [380|, decarbonisation
of industrial processes [132], energy storage applications [381], and re-electrification

382].
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7.6 Outlook on Future Work

The deployment of PtX in electrofuel production is a composite of independent
processes and systems. A better understanding of the individual processes could
guide research to build upon the work done in this thesis to meet the objectives
set therein. Upon the completion of this study, the following recommendations are

suggested for future research in this work:

e Investigation of process model configurations

The study’s final unit and process configurations are contingent upon the
author’s subjectivity in the process models. Multiple configurations should
be chosen based on the process descriptions illustrated in Chapter 2. The
results may indicate the relationship between process configurations and their

respective process efficiencies, investment and operating costs.

¢ Dynamic electrolyser performance

This study implies a steady-state operation of the electrolyser. However, a
dynamic analysis will give a deeper understanding of real-life operations. This is
important because the study assumes that a significant proportion of electricity
is derived from renewable (wind) energy. While there is no intermediate
electricity storage between the source and end use, the variabilities in renewable

electricity supply should be considered.

e SOE degradation analysis

The SOE units account for a large proportion of the investment costs in this
study. However, the degradation of SOE is currently a technical challenge that
needs to be overcome to make it more commercially viable [383|. Therefore,
assessing the impact of the degradation rates of the SOE units and techno-

economic implications is essential.
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e Life cycle analysis

Conducting a comprehensive life cycle analysis will shed more light on the
related emissions and highlight environmental ‘hot spots’ along the production
cycles. The results could feed into a comparative study of different CCUS and

climate mitigation technologies.

e Socio-economic analysis

The scope of the impacts of climate change is global, affecting the entire
population with economic implications. A socioeconomic analysis is therefore

important to present a well-rounded analysis of the study (as seen in Figure 1.3).
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