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Abstract

The consensus that global €@missions must be controlled to prevent a cataisico
change to the climate has dominated a significanpgrtion of global research and

technology development.

The IPPC Synthesis Report on climate change (204l for urgent action to minimise
an increase in global temperatures to preventérgble harm to the planet's ecosystem
and its inhabitants. The more recent IPPC SpeeipbR (Global Warming of 1°8) places
specific culpability on human actions. Whilst econical technologies have emerged for
power generation, and to a certain extent transgputtheating, cost competitive solutions
to industrial CQ emissions continue to elude these businessesesmt for steel is
expected to rise with growing populations, qualiby life and new low-carbon
infrastructure, this carbon intensive manufactugpngcess must be addressed. Globally,
the steel industry accounts for 4.3Gton, about 8%nthropogenic C®emissions. To
reach the Paris Agreement of a maximui@ icrease in global temperature, we must find
viable, cost-effective solutions to lower not ordpmestic but global steel industry

emissions. Steel is a globally traded commodity @@%8lis not patriotic.

At present, there is no cost-effective method fignificant decarbonisation of the
steelmaking process. The following thesis documtémsgsjourney of research, identifying
gaps within the field of knowledge and producingeéhworld-firsts. It focuses upon two
propriety technologies (GOplasma dissociation and microbubbles) and plduesetinto

the context of an integrated steel plant, alonchvaitcomplimentary, detailed techno-

economic strategic model.

Through experiential design and testing, we firat the integration of microbubbles to the
COx-NH3-H20 system can lead to rapidly improved kineticsjedhg high CQ loadings
within a remarkable 8 minutes. This discovery wdugddirectly applicable to low-energy
agueous ammonia carbon capture systems, wherettjore&inetics are a limiting factor

on commercial deployment, cost and scale.

Current CQ plasma chemistry devices are unable to achievetigh conversion and high
efficiency simultaneously. A new reactor desigs baen invented, which compliments
the two stages of CQdissociation in two plasma regions that operatiiwia single
reactor. It was proven that a single rector carraipewith two distinct plasma regions, a

primary region with a high-power input to initigdtes reaction and a subsequent low-power



region to continue the reaction, without compougainergy losses. This resulted in a 40%

increase in efficiency.

A first-of-a-kind, detailed techno-economic modsml the transition to a future low-carbon
steel production system has been developed, tolocoem the analysis of the two low-
carbon technologies and to understand their degoynm a future steel plant scenario.
Simulation of multiple scenarios has been conductedh year-by-year assessment to

demonstrate if cost-effective low-carbon steel pitithn will be possible prior to 2050.

Following the detailed assessment of potentialreuteelmaking operations, we find that
the application of C®@micro-plasma dissociation may have a limited keithin a future
steel making operation for deep (>80%) decarbadoisalNevertheless, we have shown that
a revolutionary new multi-staged plasma inventias Buperior benefits over the current
plasma reactors as it is more aligned to the di€sociation mechanisms, and that the first
application of microbubbles to an agueous ammamce system is highly applicable to

steel plant decarbonisation and could yield anaaging in excess of £68m.

The techno-economic simulation has shown, for itisé time within literature, that acting

quickly with currently available technologies waltitically have an equal, if not greater,
effect on the cumulative carbon emissions to atmesy in contrast to waiting for the
‘ideal solution’, which maybe at a lower technologgadiness level or currently
uneconomical. If hydrogen is to be used as thémstdeng technology of the future, greater
emphasis must be taken into accelerating the degay of this technology, in particular

making sufficient, affordable zero-carbon hydrogeailable.

Keywords: Steel, Climate Change, Plasma £Dissociation, Microbubbles, Aqueous

Ammonia, Carbon Capture, Carbon Capture and Storage
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Chapter 1

Introduction

1.1 General Introduction — the challenge

The gradual change in the earth’s climate, domthdig an accelerated increase in global
temperate post-industrialisation, has generatedf&ignt concern. The Kyoto Protocol in 1997
was the first point in history that developed nagicommitted themselves to legally binding
targets to address this challenge (UNFCCC, 1997%. 4015 Paris Agreement set ambitious
targets to limit the rise in global temperaturevigl below 2C by the end of the century and to

also pursue a course for temperature rise of natgréhan 9C (UNFCC, 2015).

Back in 2013, the Intergovernmental Panel on Ciin@hange (IPCC) published their working
group report, which confirmed that human activiteee the primary cause for climate change
(Alexander, et al., 2013). A possible increasevierage global temperature can be linked to the
growing concentration of gases within the atmosplieat cause a warming effect, referred to as
greenhouse gases (GHG) (Estrada, et al., 2013pri@iary concern has been the increased
concentration of C@as this can be linked to human activities, paldidy the combustion and
use of energy dense fossil fuels. Multiple stuthage shown apparent links between the rise in
atmospheric GHG concentrations and climate chaRger¢ft, et al., 2014). The 2018 IPCC
Special Report on Global Warming of C5(SR15) highlighted that a°@ temperature rise
scenario would have devastating consequenceddarriiour planet, and that the aiming for the

1.5°C is essential.

As the need to lower our impact and move towardscalar economy grows, the recyclability
of materials such as steel will mean that stedlseture its place in our future (Wortler, et al.,
2013). Its relatively high value means that steehrely discarded (88% recycled), instead it is
collected and melted down to form an infinite pb#iy of products. It is expected that demand
for steel will continue to grow as steel produdatsl their way into the technologies of the future;
wind turbines for new renewable energy, lightweigtinponents or the electric motors in a new
generation of low emission vehicles. No other makteshares this versatility, abundance and
recyclability. Its downfall, however, is that therpary steel production needed to satisfy demand
is currently a very carbon intensive process. Tdmeversion of iron ore requires large amounts
of fossil carbon for both the reduction of the irare and the heat for the iron and steel to flow

and be forged into new shapes, which ultimatelyltgesn the emissions of GQo atmosphere.



Although there have been significant improvementghe efficiency of steel making over the
past 50 years and the collaboration of many steshuiacturers to find a low carbon
manufacturing processes, the solution to a lowaradnd cost-effective alternative still eludes
steel manufacturers today. Clearly this presentafienge, and one which demands the attention
of further research. The steel industry today emi8 Gt of CQ equivalent per year, which
represents 8% of global anthropogenic emissiongh&gower and transport sector, backed by
Governments and large corporations, receives tieatain of major research and investment,
competitive solutions are now emerging to enabée drbon emission from these sectors to
reduce, however large industry still represents agjomchallenge. Unfortunately, the steel
industry is an energy intensive process and ianmelupon fossil carbon to process the raw

materials.

Steel is made from abundant naturally occurring raaterials and is very versatile and
recyclable, therefore we do not anticipate findamgalternative material with superior properties
as demand continues to grow at a steady rate tchnpafoulation growth. It is also essential to
support the low-carbon transition, with the matdoeing used for wind energy, batteries, solar

arrays and lighter weight components.

The threat to business as usual due to climategehand the challenge of G@duction during
steel production, owing to the industries relianpen fossil carbon, has been known for some
time. 2004 saw the formation of the multi-partnerdpean collaboration project, Ultra-Low
Carbon Dioxide Steelmaking project (ULCOS). With gttners over 15 European Countries,
the aim of the ULCOS consortium of steel produeerd research institutions was to reduce the
emissions from steel production by an ambitious 508e 50% ULCOS target now falls short
of the 80% reduction targets set by the Europearefaments and subsequent ambitious targets
set out to achieve net-zero. The research prograhs@pporting demonstrations concluded that
to reach greater than 20% g€&missions reduction carbon capture and storag&)@ist be

deployed.

Further efforts to find solutions have seen theettjpment of hydrogen based steel making
solutions. Yet the process of producing large vasaraf hydrogen at present still demand high
fossil energy inputs and subsequent@@issions. It seems that the pathway to decaraibois

for the sector is still unclear and that the traosiis still likely to see large volumes of €O
produced and released over the coming decadeslén tr meet demands for this product. This
challenge represents an opportunity to identifyeh@olutions to abate the carbon emissions and
develop greater clarity on pathways that could rtfeeglobal climate ambition in the necessary

timescales.



Figure 1.1: Global steel demand trajectory

million tonnes, crude steel production

Average growth rates
%

Source: (World Steel Association , 2019)

1.2 Rational for research — identifying the oppoitiu

The steel sector represents a major global sodrpeoblematic anthropogenic emissions. The
output of previous research, such as ULCOS suggjest€arbon capture will be needed to go
beyond a 50% carbon reduction, generating largenves of CQthat will need storage. This
maybe challenging for those sites with limited a&sct carbon storage, or at a great distance
from a nearby store, such as inland European staking facilities. Capture and storage is also
considered an expensive process, which has pralétescale deployment of this process on

existing integrated blast furnace steel sites.

An alternative to storage could be utilisation @.Gor products, although it is recognised this
would be challenging to convert all steel plant sidns, the process could improve the
economics of carbon capture, or provide an infiighway to its commercialisation. At the start
of the studies, the concept of steel plant carlagure and utilisation (CCU) was in its infancy,

with only conceptual ideas being proposed. Howedhering the past few years it has bloomed
into a worldwide, multi-partner research area, witigoing research programmes and new
research institutions. The Carbon2Chem and Carbbbiag the most significant steel linked

projects of this type. It was recognised at thet sihthis research thesis that it would not be
possible to operate in the same field as these langiti-million euro projects, therefore this

project must compliment the ideas and solutionsd@roposed to yield step change carbon

reduction in the industry.



Multiple products could be produced from £ @owever fertiliser is currently a large consumer
of CO, and has large global demands needed to meet talgls pf food production. It is thought
that ongoing demand for fertiliser and urea willieeded in ever greater quantities. Yet the
process is energy intensive and a whole systenrsaqipis not carbon neutral (Styring & Jansen,
2011). Applications to enhance this process and émergy input could provide new pathways
to carbon dioxide utilisation. Also recent reseaathe University of Sheffield has presented a
potential method to liberate ammonia from wasteewadkmmonia being the primary feedstock
to fertiliser and it's production a major consurnéenergy within urea production (Desai, et al.,
2020). Previous work within the Faculty of Engiriegrat The University of Sheffield has
demonstrated some of the unique characteristics erkfits offered by the proprietary
microbubble technology, and the team is continualtgrching for new applications of this
technology (Gilmour & Zimmerman, 2020). The pridep have been successfully applied to
research fields such as: enhanced algal growthewater treatment and oil emulsion separation,
but have yet to find suitable application in eittiee steel sector or to address Qocesses
emissions. It would seem that the unique benefitsiorobubbles had yet to be applied to the

field of CO, and ammonia interactions.

The concept arose, whereby microbubbles could bd tesenhance the GOIH3-H.O system

to, hypothetically, generate fertiliser. Secondlyas estimated that a phantom catalyst could be
introduced via a plasma reactor to further enhaheereaction process as shown to be viable
within other CQ systems (Zimmerman & Kokoo, 2018). The same nptasma devices could
also be applied to the dissociation of 40 produce CO and Dboth products of high value.
The CO could in principle be reinjected into tha®I|Furnace to increase carbon recycling and
reduce total fossil carbon input, as demonstratéda ULCOS Top Gas Recycling Furnace. The
O, may substitute production at the air separatidtsuhat supply the Basic Oxygen Furnace.
This, it was thought, would be preferential to at® for those sites, who as mentioned have

limited options for CQ@storage.

A supporting area of development became evidenthasresearch progressed. With the
emergence of hydrogen-based steelmaking as a \dahteept, the future pathway of the global
steel industry had become uncertain. It becameragee challenging to evaluate how the CCU
concepts being developed, as well as current aretging technologies, could be applied to
achieve significant decarbonisation of the steelntplprocess. A solution to this uncertainly
could be achieved through a detailed, techno-ecananodel, forecasting the potential
configurations and rate of technology deploymerd @fture low-carbon steel plant, up to 2050.
This would provide a basis for technology comparssend look specifically at carbon and
financial implications of transitioning to a low+t@n alternative. Whilst the two technologies

described above have significant research vallegkeof detailed understanding of their impact



and application would leave this research inconepl€he model development and simulation
allows the evaluation of the two CCU techniquesimithe context of greater decarbonisation
strategy and a look at their overall impact on steelmaking process, rather than just the

individual technological advances.

1.3 Research aims and objectives

The aims of this research are to enhance the kdgeleand understanding surrounding the
pathways to steel decarbonisation and the appicati CCU within the sector. With particular
emphasis in exploring new applications for micrdideltechnology and plasma activation and

dissociation of C@
Following the identified challenge and opportursfithree objects have been set.
The objectives are:

1. Demonstrate the application of microbubbles andrptareactors to the GOIHs-H>O

system.

Here, a system will be designed, developed aneédesthis will present a first of a kind

application of microbubbles, and plasma active @Qhis type of reaction.

2. Enhance the knowledge within the application of noHglasma devices to GO

dissociation.

The pathways and barriers to £dissociation via plasma suggest further developrirethis
area is possible. After a thorough investigatioto ithe dissociation processes and existing
systems, it is proposed that a new reactor desifjhendeveloped and demonstrated at laboratory

scale.

3. Develop a detailed techno-economic model of a &utow-carbon steel plant.
a. To understand the possible carbon reduction pathwayto 2050
b. Establish which of the possible pathways coulddmemically viable
c. Evaluate which of the pathways provides the gréatemulative emissions
reduction, assisting the climate target of #Q.temperature increase.
d. To determine if the two carbon reduction technatsginder development, could

lead to significant carbon reduction within the maable pathways

The aim of this objective is to address the outitamuncertainly surrounding the potential
pathways and future application of the CCU techgiel®. Following the successful delivery of
this objective, it will be possible to carry out appraisal CCU concepts within a future, low-

carbon steel making environment.



1.3 Thesis structure

The thesis is organised into 7 chapters in tothésg chapters will guide the reader though the
logical process carried out within this researchddress the challenge identified and objectives
that have been set. The structure outline beloWhe&ip the reader navigate the relevant sections.
The conclusion from the research performed in arap8, 4 and 5, feed into the evaluation

carried out in chapter 6.

The two proprietary technologies being investigdtedetail are subsequently underpinned by
the techno-economic modelling section and evaloatidich then takes a high-level view of the
implementation of the new discoveries and techriebognto a future low-carbon industrial

scenario.

Chapter 1: An introduction to the research anddlienale. The project aims and objectives and

also the scope of work.

Chapter 2: A detailed review of the currently aabié literature. Followed by an analysis of the
technology challenges and remaining knowledge dapscluding with the establishment of the

research hypothesis.

Chapter 3: Presents the experimental methods, guoeg, results and analysis, for the

application of microbubbles and plasma activated @® the CG-NHs-H,O system.

Chapter 4: Details the issues and barriers to Wleessful, high-efficient dissociation of €O

With the design and operation, results and anabfsissnew reactor invention.

Chapter 5: Establishes a first-of-a-kind detaitszhho-economic model to describe the transition
of a steel plant up to 2050 under different scesaiThe construction and details of the model
are introduced, with the subsequent presentatidimeoinodel outputs and analysis of the models

results.

Chapter 6: Utilising the knowledge established inittesearch chapters 3, 4 and 5, the data is
used to analyse the applicability of the two tedbgies developed with Research Chapters 3 and

4, at full-scale, within a future, low-carbon staaking facility.

Chapter 7: Provides a discussion and conclusiothefthesis results, the significance of the
findings, the potential impact as a result from thieee novel and first-of-a kind discoveries,

along with recommendation for future work to enkeattee knowledge with the field.



Chapter 2

Theoretical background and literature review

2.1 Introduction
Given the identified challenge and the project aime look toward the literature to identify

answers to the following questions:

1) Are there clearly defined solutions available ®éhisting steel industry decarbonisation
challenge and does it warrant a complex steel pafino-economics model and future
simulation?

2) How have microbubbles previously been applied?

a. Have microbubbles and plasma-activated microbubbken applied to the
injection of CQ into aqueous ammonia solutions?

b. Whatis the potential application of this technglegd the influence on the GO
NHs-H2O system?

c. Can this technology be applied within a steel ingusontext?

3) What is the current status of knowledge with regardhe dissociation of CQOwith
micro-plasma devices and can they be applied ite@l sndustry context to achieve

decarbonisation?

To answer these questions, naturally this liteeaterview covers quite a broad range of topics,
as a result of the three research areas of inteasst their diverse supporting subsections. A
detailed knowledge of steel plant processes andrbegisation pathways is needed to fully
understand the potential application of the twdtedogical solutions and in order to develop
future strategic, technology pathways for the maaled simulation exercise. The literature
review is structured into the following three aredsinterest that align with the questions

identified above, in the following order:

The production of iron and steel with low carborigsions
Processes involving the reactions between, @@ ammonia and the application of
microbubbles

The conversion of CQusing plasma chemistry

To provide context for the technology applicatia well as the techno-economic appraisal
(TEA), the following review provides an overview aiirrent and possible future iron making
technologies. Given the identified challenge, taus is upon technologies that can address this
challenge and that could lead to lead to deep (38@86arbonisation of the current industrial

processes. The following is an extensive reviewthef literature relating to the challenges



identified; not an exhaustive list of all literatuand possible methods within this field, which
again is quite diverse, rather a directed ovenfmvthe reader so that they may understand the
challenges facing this industry and the most likghways to decarbonisation, which are later
evaluated in the techno-economic model. Emphasi ithe solutions viable within the UK.
Whilst there is considerable literature availabtetlte subject of steel plant decarbonisation, the
research at the leading-edge of developments iplarge budget, multi-partner collaborative

projects and is commercially sensitive with limifgablic access.

The review of literature within the field of G@apture in agueous ammonia explores the well-
established production of urea as a common foramwhonia-based carbon utilisation, followed
by the more recent expansion into carbon captwstesys that can be used as part of full-chain
CCS. The section is concluded with an introductmthe applied technology of microbubbles,
with a focus on their role for improving the gaslituid surface area and their influence on
reactions at the bubbles surface, which is latplieghto an innovative ammonia-based capture

system.

The review is completed with an introduction intagma, plasma reactors and more specifically
the use of plasma reactors for the dissociatiol€@f. The use of plasma reactors will be
incorporated into the aqueous ammonia capturersysteevaluate their influence, but also into

a stand-alone technology to treat gfocess emissions from the steel sector.

To conclude, the literature is evaluated and gapsecognised within the current knowledge.

2.2 Technology pathways to achieve low-carbon aoa steel production
The traditional method for the reduction of iroe ¢o produce iron (referred to as pig iron within

the industry) can be summarised in the equation 2.1
(Eqg. 2.1)

This very well-established reduction reaction igarg upon a carbon source to produce the vast
guantities of carbon monoxide (CO) needed and suigsely produces a significant amount of
CO.. CO is produced in greater quantity than the ironlfits€his reduction reaction is
accountably for ~70% of associated steel produaimissions. Approximately 780kgs of coal
is required per ton of crude steel, resulting ia gmoduction and release of ~1.8 tons of,CO
(depending upon the emissions scope, scrap inplitparcesses efficiencies). This reaction
process has been optimised over 100 years inthi¢jindy effective modern blast furnace (BF)
and there are limited commercial alternatives tes tdominating and highly optimised
technology. The reliance on coal as a carbon sdorcthe reductant (and also its mechanical
properties within the burden) and the resultingdpiction of CQ due to the oxidisation of iron

ore make decarbonisation of this processes rattadieaging. Indeed, the sector has been termed



“difficult to decarbonise”, due to its current @hce on coal and limited alternatives to the well-

established and cost competitive BF route.

Today, production is split between Blast Furnaatlzasic oxygen furnace technology (BF-BOF)
and Electric Arc Furnaces (EAF). BF-BOF is knowrtlas primary method, whereby new steel
is generated from the earth’s raw materials; irom @luxes (lime) and coal (coke). The BF
produces iron, that is later converted into stedliwa Basic Oxygen Furnace (BOF), so-called
due to the basicity of the reaction, hence the gg®ds known as the BF-BOF route. EAF
technologies rely upon a high percentage of saagddtock, however, some furnaces still feed
these furnaces with primary iron in order to reaaha low cost and high volume, the higher
gualities needed for some steel grades and mark@lslst there are some alternative
technologies, which use natural gas, known as DReduced Iron (DRI), BF-BOF and EAF
represent 99% of total steel production. BF-BOFoaots for around 72% of total steel
production today, with the remaining 27% from anFEfoute and 1% DRI (World Steel
Association , 2019).

Scrap is a finite commodity and the amount of speetluced via the EAF route is limited by the
global scrap availability. This is expected to sase as more previously used steel becomes
available, whereby the steel making of the pastatk the available of scrap in the future. The
predicted increased global demand will ensure d@imeous demand for primary iron as the
arising new scrap, based on estimates from preyoaguction of steel, is not enough to meet
demand. Figure 2.1 2.1 A and B below shows theeptefl split between the two routes of
primary iron (BF-BOF or a new low carbon alternajiand scrap based, secondary production
(re-melting technologies, such as EAF) (Allwood &lén, 2012) (Pauliuk, et al., 2013.very
similar projection of arising scrap vs steel demagresented in ArcelorMittal's excellent
Climate Action Report (ArcelorMittal, 2019).

Figure 2.1: A & B Projected steel demand and the estimated spfuture production route, based upon
arising scrap availability
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The EAF process produces significantly less @@issions per ton of steel produced at around
0.37 tCQ per ton of crude steel (tCS) against ~1.8 #8CH for BF-BOS (depending upon the
source and carbon within the electricity). With ags¥ volumes of used steel scrap becoming
available within developing regions, especially@hia transition towards EAF in these regions
is to be expected, with the global EAF share irgirenfrom 27% of production, up to a
maximum of between 55-60% by 2050 (Allwood & Cullet012), (Pauliuk, et al., 2013),
(Fickling, 2020).

Within a global context, the UK’s contribution toet global steel supply chain and the relative
CO; emissions are quite small. China is the most dantisteel producer with respect to total
volume as demonstrated in figure 2.2. To placeithi®ntext, China produces more steel in one
month than the UK will in 13 years. It is anticipdtthat future growth within the sector will
come from developing regions, in particular Indiaw-carbon steel making solutions will need

to be transferable to these regions. (McKinsey@oihpany, 2017).

Figure 2.2 Extraction from McKinsey and Company, depictirglml steel production

Transparency: BF-BOF and EAF represent 99% of total steel production today; regionally, global steel

production is dominated by China followed by developed Asia and Europe
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It is possible to summarise the potential low-carpeooduction options for the steel sector into
three basic categories, as shown below. The cludibgure pathway would be determined by
multiple factors, which the thesis will evaluateidg the techno-economic modelling in chapter
6.

1. Replacement of carbon-based reductant with loweradtternative. This would include:
a. Hydrogen, produced via a low carbon method, such as elgstso(which also

overlaps with option 2b, below) or conventional evagas shift of natural gas
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(NG), but with the addition of carbon capture atatage (which overlaps with
3, below).

b. Natural gas The presence of hydrogen within natural gas hielsr the total
CO; emission.

c. Biofuels
"Note that both a and b would require a switch ftoast furnace technology to
a direct reduced iron facility and that the useN& would still contain a high
proportion of carbon, limiting carbon reduction gutial.

2. Electrification. Maximising the use of low-carbole@ricity within the process raises
many challenges. An increase in the use of renewaolwer, either within the
steelmaking site or to decarbonise another fossiell industry using steel plant gases,
could see total carbon emission reductions. A dfiedl description of the options
include:

a. Electrification of heating processes, including tingl of scrap.

b. Supply of Hydrogen via electrolysis. This overlapth 1a above.

c. Carbon conversion, such as Q@ilisation or conversion to new products using
renewable energy as the primary energy source.

3. Carbon capture and storage (CCS). Certain steduption methods can improve the
ability to capture or recycle the carbon from tteebkplant process gases by reducing the
nitrogen content and increasing £€ncentrations, but permanent sequestration of the
CO; is needed to yield significant reductions in carlgmissions to atmosphere from

these steelmaking approaches.

If hydrogen was used as a reductant and the souaseblue hydrogen via steam methane
reforming (SMR), this would also require CCS touesl the carbon emissions to atmosphere.
Fuel switch (option 1) in this case, would stijuire CCS (option 3), indicating that the 3 options

are interdependent.

The two technology methods investigated within tthiesis can be considered methods of

electrification and CCS (options 2 and 3).

Steel in a typical integrated steel production fEtlows a series of production processes. These

are:

1. Burden preparation; comprising of coking ovens éokens) to produce metallurgical
coke, a sinter plant and flux preparation.
The Blast Furnace (BF) whereby coke, sinter andeBare combined to produce iron.
The Basic Oxygen Furnace (BOF), where iron is fanged into steel via the injection

of oxygen.
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Secondary steelmaking; a selection of process stkpsen by the manufacturer to
produce the desired steel properties.

Casting; typically in a continuous caster, but ddug ingots.

Rolling and finishing; to turn the cast materiatoirthe final product (although cast
material can be sold directly to customers, rollamgl finishing is the typical route).

These process steps are shown in the diagram €28 below, alongside the Direct Reduction
(DR) route and also the much simpler EAF routéhalgh most steel facilities including EAFs

will be accompanied by a secondary steelmaking(step 4) to tune the metallurgical properties
prior to casting as described above) (World Stesgdo&iation, 2019). It is important to note that
scrap (termed ‘recycled steel’ in figure 2.3) iedisvithin all three of the process routes, often
for enhanced cooling purposes, and that primany isosometimes fed into the EAF route for

guality purposes.

Figure 2.3 Steel making process routes
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The pie chart in figure 2.4 highlights how the bfasnace is the predominant consumer of raw
materials and carbon, resulting in the greatestinel of processes gases and source of CO
emissions. For this reason, research effort foad@misation has targeted the BF (primary iron)
process. Whilst the BF is the primary carbon corexyihworth noting that it is the result of the
collection of these gases and subsequent usedogyeand reheating that result in &&nissions

to atmosphere. The steel making process produgbsvisiumes of gases. Their compositions

can be seen in the accompanying table 2-1.
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Figure 2.4: Total CQ emissions from key sources at the case study gi@et (tonnes/annum assuming

complete combustion)

Table 2-1: Typical compositions of steel plant works arisirases

= Natural Gas

= Coke Oven Gas

Basic Oxygen Steelmaking Gas

= Sinter Plant

= Blast Furnace Gas

Component  Coke Oven  Blast Furnace Gas Basic Oxygen Mix
S Gas (COG) (BFG) Furnace Gas
(BOFG)
% % % %
N2 10 50-60 15-30 39-47
H2 58-65 2-4 1-2 15-18
CO 4.8-6.8 20-35 50-70 18-30
CO2 1.5-2.5 20-30 10-20 15-23
CHa4 24-33 - - 6-8

These gases contain significant quantities of usefustituents; CO, Hand CH, which are used

on-site for further energy production. The mosiceht use of these gases will result in the least

carbon emission to atmosphere for a fossil fugmneintegrated site. The result of utilising these

gases on-site for heat generation is that theterpswer plant and the BF stoves are the primary

single sources of COemissions from a site, even though the blast figna the greatest

consumer of carbon, (Birat, 2010), (Carpenter, 2012
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2.3 Research Programmes and Low-Carbon Steel Tieches

The large multi-partner ULCOS project was the finsajor collaborative effort to identify
potential low-carbon alternatives within the sedtor. Individual nations have similar projects,
such as the Course50 project in Japan and the Aamefissociation for Iron & Steel Technology
(AAIST) programme. The current environment is mieds collaborative as the market and the
opportunity becomes more competitive. Within Eurojelividual organisations backed by
National Government now dominate the researchigatea. A breakdown of publicised steel
research focus within Europe is presented beloveview of research efforts in iron and steel is
provided by Quader M. et al., (2015), entitled ‘@nwprehensive review...” (Quader, et al., 2015).
Unfortunately, such reviews lack sufficient detailassess the technology deployment and are
quickly out of date as a result of the pace aneérdity of the research field. This review does
provide a good overview of the range of technoledigat could be deployed. The type of
technologies that are considered are starting tvarge into common themes: CCS, CCU,
Electrification and Hydrogen. Rather than largeltirtachnology research programmes, similar
to ULCOS, the research is now fragmented into snaflsearch subjects, so the scene is much
more fluid with projects coming and going or benegbranded. Within Europe, these projects
typically align with the programme themes of HonZ020 funding, which is accessed by most
of the projects. One of the best reviews of teabgwloptions is provided by the steel company
ArcelorMittal (ArcelorMittal, 2019). This is a vergood report, believed to comprise a strong
research team, with access to a wide range ofattatatrong process knowledge, given the size
and geographical diversity of the ArcelorMittal qoamy, to rival any academic review. Given
the diverse locations of ArcelorMittal’s operatiots paraphrase the report, it concludes ‘dilhat
options are on the tableA breakdown of the current research projects aciin@ogy focus for

individual steel companies is provided in table. 2-2
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Table 2-2: A breakdown of Steel Company Low-carbon researofepts and technology focus

Steel Company Region Low-carbon research focus (project
names)

Tata Steel UK Hlsarna, CCU(S), DRI + EAF

Tata Steel Netherlands Hlsarna, CCU(S), DRI + EEkefest,
Athos)

ThyssenKrupp Germany CCU, (Carbon2Chem)

SSAB Sweden Hydrogen, DRI, (HYBRIT)

ArcelorMittal Belgium CCU, (Carbalys)

ArcelorMittal Germany Hydrogen, DRI, (H2BI)

ArcelorMittal France CCS, (3D, IGAR)

Salzgitter Germany Hydrogen, DRI, (SALCOS)

Voestalpine Austria Hydrogen, DRI, (H2Future, SeBte

The focus of research is highly regionally speciReviewing the access to CCS stores, surplus
renewable power, or political appetite for the tembgies, this determines the type of technology
focus for the individual companies. The choiceesfeaarch direction for the steel companies is
therefore highly influenced by geographical locatiavailable resources (such as low-carbon
energy), proximity to geological G@equestration sites and Government interventgpeaally

in their (the Governments’) appetite for a hydrotpased steel making process, as this is likely
the most challenging and expensive route. This sigkaeric reviews of technologies, such as
those described above, difficult to relate to meald scenarios, as regional opportunities and

politics play a much greater role in technologyice@nd economic viability.

At the start of this research there was little stagent in CCU projects, with a handful of
individuals promoting the concept on the globahargrimarily with a few algae, carbonisation
and fermentation research projects (The InstititMaterials, Minerals and Mining (IOM3),
2014). The benefit of algae, carbonisation and étation was that expensive carbon dioxide
capture and concentration systems were not requiiede then, the potential value has been
recognised and this has become a highly competitisearch area. In terms of advancement of
knowledge and science, this thesis is unlikelyampete with such multi-million € projects, but
using analysis of the available literature, weabike to identify some key opportunities to move
developments in this field forward. The major reéskaprogrammes within this CCU are
Carbon2Chem (ThyssenKrupp), the renamed projediaBest (ArcelorMittal) and Everest (Tata
Steel / ArcelorMittal).

The global research for steel decarbonisation easphit into two common themes: hydrogen-

based iron production, or carbon capture (utilsgtiand storage. Biomass, for the purpose of
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this assessment, has been associated with CCS thdre as an independent technology.
Including biomass with CCS can reduce emissionthéur(potentially net negative), which is
discussed later. Given the need to meet the maxigiGnscenario, all available biomass needs
to be used in the most carbon negative way possibleBio-energy with Carbon Capture and
Storage (BECCS). It is worth recapping that carbbimsation can be viewed as a method to
incorporate more renewable electricity into thecpsses and further reduce fossil carbon
extraction that would have been needed as the itgrtion source to either reduce the impact
from the steel industry, or that of another fossited industry (such as chemicals, plastics and
fuels). To assess the viability of these processs®ssential that a full, standardised Life @ycl
Assessment (LCA) study is carried out (Garcia-Garei al., 2020).

2.3.1 Breakthrough steelmaking technologies

From the ULCOS programme emerged two potential davpon production methods. Hisarna
and the Top Gas Recycling Blast Furnace (TGRBRs(ti, et al., 2013). HIsarna is the preferred
option for Tata Steel, who now own the IP outrifft this process, figure 2.5. The Hlisarna
method has numerous benefits, but essentially remthe need for coke and sinter production
and uses a new furnace design. Through oxygertimfeinto the furnace, a purer COff-gas

is produced, allowing easy G@apture. This makes the process ideal for CCHhoitCCS the
quoted C@savings are 20%, but this will increase to 80%iie use of CCS.

The Hisarna technology is currently at technologgadiness level (TRL) 6-7, with the
demonstration now in its"scampaign, which aims for continuous operatiorhefgirocess. This
unit is capable of 60,000 tonnes per annum. ThReptese will look to scale up the technology
to full production capacity of Imt/annum per Hisaumit. The IImuiden site can produce 7mt
of steel per annum from 2 BF. 1-1.5mt/annum is etgk to be the limit for the Hisarna
technology. Therefore, multiple units will be nedde reach a 7mt/annum (Tata Steel Europe,
2019).

To operate the furnace and ensure a high concientratt CQ: ready for carbon capture, large

volumes of oxygen injection are needed. This wduddachieved using air separation units
(ASU), which consume large volumes of electricatrgy. This energy import needs to be
considered when evaluating the overall impact eftéthnology. If co-located with hydrogen

electrolysers, the oxygen by-product could be wgigtin the steel making processes. The value
of oxygen from electrolysers is often overlookedewhevaluating the price of hydrogen, as
industrial sectors such as steel and wastewatgnisnt require large amounts of oxygen, which

is currently produced from air separation units.
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Figure 2.5: An introduction to State-of-the-art steelmakinghealogy from Tata Steel, Hisarna

HOW H'sa rna works Hisarna consists of a reactor with

temperatures above the melting point
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Source: Tata Steel Europe factsheet

The TGRBF method utilises a BF retrofit with carlmapture technology. (Hirsch, et al., 2013).
This allows a potentially simpler transition to @ntechnology by utilisation of existing assets
and may decrease overall capital expenditure (CAPEXe CQ is separated from the off-gases
using conventional carbon capture methods, likebsgure swing absorption, with cryogenics.
The CQ could be sent to storage, and the remaining CQHaigdreinjected back into the furnace.
These capture reagents are recycled once agaithimfiornace reducing the carbon input from
fossil coke/coal. It was estimated that this precemsild lead to expected carbon savings between
21-25% depending on configurations and coal inpestirates per ton of hot metal (thm) of 170
kg/thm — 150 kg/thm respectively. Reinjecting tl@ses without first removing GQvas found

to have minimal impact on coal consumption (inteffeta reference). With both TGRBF and
Hisarna, the energy balance for the site is disdigind the power (steam and electricity) that
would have been generated via the BF off-gasessnieeble replaced. Ideally with low carbon
grid electricity to yield the greatest carbon sgginAs the power generated from a typical onsite
steel power plant is no greater than around 30%ieft (due to the low calorific value gases),
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in contrast to a 64% combined cycle gas turbinéctmg to a NG source electricity would still
yield carbon savings.

The concept was proven during the ULCOS projedt wilarge-scale demonstration (~TRL6) at
the Swedish research facilities at Swerim AB (atttime this was called Swerea MEFOS) during
2007 to 2010. One of the process energy configaratis shown in figure 2.6. If CCS was to be
applied to an existing blast furnace this is calyaione solution that must be considered,
however, saving coal, which is relatively cheapy mat yield the best operating expense (OPEX)
costs. ArcelorMittal at their Dunkirk site in Franare still pursuing a similar syngas reinjection
concept within their IGAR project.

Figure 2.6. Process configuration of the Top Gas RecyclirgsBFurnace Concept

Ore 1584 kg/‘(}-m TOP gas 1145 Nm*/tHM (d.b.) To:)g\as t:)t:::v;es "
Coke 187 kg/tHM | | CO 46.7% . 20 Nm*/tHM —
CO, 37.7% l“am 138 MIAHM
H, 9.0% 1125[Nm?/tHM
N; 6.6 % v 465 Nm*/tHM -
Temp. 100 °C 697 MItHM
VPSA CO 113%
835 MJ/tHM from CO, 86.6%
top & tail gas + 287 H, 0.7%
MJ/tHM from COG N, 14%
369
Nm*tHM| 660 Nm*/tHM
CO 71.7%
Cco, 32%
Coal 180 kg/tHM H, 149%
0, 201 Nm*/tHM N, 103%
Hot metal 1 ton
Slag 260 kg/tHM

Source:(Danloy, et al., 2009)

2.3.2 CCU and CCS

The two technologies described above that ememged the ULCOS programme, TGRBF and
Hisarna, are ultimately reliant upon CCS for dee®b06) decarbonisation. If CCS is applied, it
is often considered along with the concept of cartioxide utilisation CCU. The CCS acronym,
certainly in the UK, has been replaced by the t€@US, carbon capture utilisation and storage
(CCUS). Following the announcement of the net-zargets (UK Government, Department for
Business, Energy & Industrial Strategy, 2019),Wes Committee on Climate Change (CCC)
has reviewed the technologies and pathways to\aeliés new, more challenging target. CCS
is no longer an option that must be explored andois considered an essential technology
(Committee on Climate Change, 2019a). This sigaifichange has led to greater emphasis on
the need for CCS and processes have been putde f@accelerate the first CCS project (The
CCUS Advisory Group (CAG), 2019). CCS is not onleded for industrial processes, but
potentially to decarbonise the hydrogen gas digtiob system and, critically, to produce the net-
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negative technologies (BECCS or air capture withSC@hat will be needed to achieve a

maximum of 1.8C of global warming or ‘net-zero’ (Committee oni@éte Change, 2019b)

If high concentration carbon dioxide is availahtebiulk quantities, separated from industrial
gases, there could be a market to use this carioaurdd directly or as a carbon substitute for
other industries (Styring & Jansen, 2011). (Arestaal., 2013). Conversely, at present there is
often a shortage of CQon the market in the UK (Hotten, 2018). Whilst G© available in
abundance in its atmospheric, low concentratiomf@.04% atmospheric concentration), to
provide CQ in high concentrations and purities (of criticancern for food grade G
commercial C@separation methods are required, which are erntgysive and costly. On the
21 November 2012, | presented the concept of applifiegwaste hierarchy, also known as
Lansink’s Ladder (figure 2.7) at an industrial niegtof the UK CQChem Network. If applied

to CQ, we should seek methods to reuse or recycle unaveidarbon, before it is disposed of.
Many industries, such as the chemical sector, @ient upon carbon as an essential building
block in much in the same way as the steel settigrtoduce products. Some companies have
committed to achieving non-fossil based carbortteir future products, such as Akzo Nobel.
Obtaining this carbon from a recycled source, rathan fossil fuel extracted from the earth,
should in principle prevent further emissions tmasphere. This has created much debate over
the potential impact and now LCA has become amés$éool in analysing the positive impact,

if any, from recycling captured carbon (Garcia-Garet al., 2020). Assessment of these various
opinions and analysis, is that it depends on teeawo. What is being replaced, is there a better
alternative, and what is the overall impact? Cotidga comprehensive LCA for each scenario
is quite difficult and requires access to qualigyadsets. One of the challenges of reusing carbon
dioxide is that carbon dioxide is very stable, @egarating the carbon atoms can be energy
intensive. This energy must come from a clean,aadmissions-free source, or possibly waste
heat, if we are to achieve a positive £L€uction. The arguments for and against carbaxidko
recycling are an area of intense debate, ther@fermust look at the pros and cons to ensure we
are not creating a future problem. A comprehensdview was conducted by Armstrong and
Styring (2015), with an estimated rise in £f@r carbon utilisation from 122 Mt (2015) up to 39
Gt/year in 2050 (Armstrong & Styring, 2015). To oteract the negative implication of a CCU
industry, the technologies must demonstrate thet theet the energy trilemma; environmental
impact, energy security and cost (World Energy @idu2013). Indeed, all new technologies
should align to these principles. Whilst curreritisgtion rates are low, a rise of this amount
would see a significant contribution in the futume deep decarbonisation becomes more

challenging.
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Figure 2.7 Hierarchy of waste reduction strategies
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With regard to CCU in a steel plant context, dugh® gas compositions available within a

conventional integrated steel mill, there have g@éisome leading opportunities for CCU.

The diagram in figure 2.8 from the CORSYM projdst,a very good summary of potential
process routes for alternative uses of steel reilived gases (METABOLIC, 2017). Of all the
industrial sectors, steel plants provide a poténtidable route to CCU commercialisation, due
to the gas compositions. As previously mentionkd,works arising gases are most often used
onsite to generate heat, steam and power, in iveainefficient power plant. The BFG is of
low calorific value. (CV = 3-4 MJ/Nm3) followingsthigh CQ and N concentrations. The
combustion of these gases results in the generatitarge volumes of CO per MWh, these
being much greater than those of a coal fired pcstesion. Generating power from a cleaner
source and then recycling this carbon could lead tmuch lower emission to atmosphere.
However, the reason steel mill gases have potestiaé CO concentration, and these approaches
maybe viewed as fossil carbon avoidance rather¢bamwentional C@based CCU. The CO is a
more useful building block for carbon-based produbgan its more stable G@ounterpart and
avoiding combustion of CO to GQeads to possible emissions reduction. The C@agaled
rather than incinerated, which, as shown in theevaigrarchy, is more attractive. Increasing the
value of this CO by conversion to a product anéédracting more useful energy, typically by
raising its calorific value, is the goal of thes€\C projects. Additionally, if CCS is to be
implemented, then this is a good opportunity tdrojste the process, with a new configuration
making best use of the available gases. This hasrgid a complicated scenario with many

potential pathways and approaches.
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Figure 2.8 Potential pathways for valorisation of steel plgases, CORSYM project
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Source:(Metabolic, 2017)

Worthy of note are the major CCU projects by EusmpeSteel makers. The first is the
Carbon2Chem programme of ThyssenKrupp (ThyssenK8teel, n.d.). Details are scarce, due
to the commercially sensitive nature of the prgjéct it most certainly contains some form of
syngas route to chemicals, exploiting the high ©@tent of the steel plant gases. Tata Steel also
has a similar project, entitled project Everesticlvfagain looks to exploit the value of CO and
avoid generating further G@missions. Project partners involved in the glant development
are: DOW, Arcelor Mittal, ISPT, University of GedCN and Tata Steel (Zutphen, 2018).

The Steelanol project is an initiative led by magtarel producers ArcelorMittal and partly funded
by the European Commission’s H2020. It takes aembfit approach, utilising the syngas
fermentation technology pioneered by the develogrm@mpany, LanzaTech (Steelanol Project,,
n.d.). This is a successful near commercial metboproduce fuels. Of particular interest is
aviation fuel, as aviation is recognised as a hardecarbonise sector, needing dense energy
fuels. If the power that was otherwise generatethbsteel plant in a low efficiency, high carbon
emitting plant, is replaced by renewable power giiméssions occur at the aircraft as a new point
source. No additional fossil fuel was extracted added to the carbon cycle to power the
aircraft. This results in a lower carbon emissimerall, as more energy is extracted from the
original coal input and the shortfall in demandmsgt by clean energy. The uptake of this
technology is limited by the current steel site@merplant configurations (imported power will
be needed to meet the new shortfall in onsite géioa) combined with relatively low fossil fuel

prices.

Assessing all forms of possible steel plant CCU@ppbrtunities, it is clear that one major hurdle
exists: the viability and availability of bulk vatue, low-carbon hydrogen. Whilst some processes
do not need hydrogen, their potential for significdecarbonisation is severely limited. These
processes untimely need access to hydrogen to ocatrystages of the conversion. Whilst
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hydrogen is available within steel plant gasess ih limited supply to convert all the carbon.
About ~15% conversion of available ¢@®ay be possible using existing available hydrogen.
This is highlydependent upon coke production volume and théoHCQ ratio of the chosen
product. This hydrogen is almost always used adwable low carbon fuel gas on an integrated
site, if the coke ovens are adjoined. Therefdris, lhydrogen will have to be replaced with a
suitable low emission source, if emissions aretad@crease. The source of this hydrogen will
determine the carbon reduction potential, and ingmbly the commercial viability. We will now

investigate the implication of hydrogen in the bsesetor.

2.3.3 Hydrogen for steel production

The use of hydrogen forms one of the two majoraedeefforts for European steel makers (CCS
/ CCU being the second). Notably affluent resegrolects in this area are SALCOS (Salzgitter),
H2FUTURE (Voestalpine), and HYBRIT (SSAB, LKAB ai@ttenfall). Seemingly an elegant
and clean solution, it is not without its challesgehich is reflected in the cost of the research
programmes. First and foremost is the cost needatbvelop and scale-up the concept, with
major financial risks if it does not work. For thisason, the current research programmes are
backed by National Governments to absorb thistdsikdustry. In principle, hydrogen can be
used as a direct replacement for carbon as a @ttuct iron ore within a DRI facility, but
hydrogen will also be needed within the CCU condeptonvert CQ@to products. Therefore,
both decarbonisation routes will require clean f@ohhydrogenHydrogen may also be injected
into a BF, but within limits to avoid instabilityf the furnace, therefore it can only replace a §mal
part of the fuel input. The reactions describingaduction of iron ore with hydrogen are shown

in equations 2.2, 2.3 and 2.4.

- = (Eq. 2.2)

& (( & ( Wt = (Eq.23)
(Eq. 2.4)
Approximately 70-80kg of hydrogen is needed to paedl ton of steel, equivalent of ~10 GJ
per tonne of steel, which means enormous quantfibgdrogen are required. Exact quantities
of hydrogen needed vary depending on source, asadias adopted this technology at scale,
following the hydrogen availability. Critical chaggjin steel production methods are also needed.
Most integrated steel plants around the world uddast furnace. The switch to a gas-based
reductant, rather than a solid coke-based solutioin)d need a new type of furnace. These are
affectively known as DRI units, which are currentiyerated using natural gas (gasification of
coal can also be used). In addition to a DRI wmitEAF is also needed. At present only 1 % of
iron is made via the DRI route, in locations wititass to abundant and cheap natural gas. Vogl|

et al., provide a recent assessment of hydrogerctied and economics (Vogl|, et al., 2018). Yet
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their assessment only suggests 51kg of hydrogeseided per ton of steel, which is much lower
than the 10 GJ needed for a DRI furnace and comsglthe hydrogen reaction is endothermic,
more energy will be needed to generate heat to teepon molten. The review highlights that

there is little information available regarding tee of hydrogen DRI and, as already identified,

most of the information is confidential.

A switch to new iron making technology is very empige, needing 1 — 2 £billion to transition a
steel plant, depending upon location and re-usexisting infrastructure. Cost per ton of steel
capacity is approximately 30% higher than a gredéth#BF-BOF and range from €574 per tonne
capacity, (Mergel, et al., 2013) & (Wortler, et &013), to €874 per tonne capacity (Fischedick,
et al., 2014).

In the early stages, it would be possible and glybaecessary, given the availability of low-
carbon hydrogen, to operate the DRI unit on natgaal with a gradual switch to hydrogen as
more capacity comes online. This is not addressethé literature. Whilst this reduces the
transitional risk, it assumes that there is aldficient gas distribution infrastructure nearby to
supply the furnace, which is unlikely given the wok of gas needed and hence more gas
capacity will need to be added, increasing the.donghe case of the UK, this is would involve

increased production within the North Sea, andyikaported from elsewhere.

The traditional method to produce bulk hydrogewviasthe water gas shift reaction, using natural
gas. In order to decarbonise this process, CCSdimiheeded. This raises the obvious question,
why not apply CCS directly to a conventional blashace? The coveted solution is to produce

hydrogen from renewable energy sources.

Ammonia is also proposed as an alternative eneimyage vector for hydrogen. Whilst it is
corrosive and potentially toxic, it is easier thgmrogen to store and transport and the energy
density is also high, at around 3kWh/I. This maylmas high as fossil-based fuels, yet it is the
highest energy density of the current possible ¢anBon alternatives. The vaporisation
temperature of ammonia is 33 and it must be chilled or compressed for storatyglrogen
must be cryogenically cooled to -2&3 making hydrogen much more difficult to store or
transport. Using ammonia is a popular concept Béipan, who have teamed up with Australia,
who are rapidly developing CCS facilities, whersdibcarbon can be turned into ammonia and
shipped to Japan as an energy source. The Roy#tpgrovide an excellent overview of
ammonia and its use as a potential energy vectibrein Green Ammonia Policy Briefing (The
Royal Society, 2020).
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2.3.4 Biomass as a coke/coal substitute

Biomass could be used within steelmaking in vastntjties. According to Mandova, et al.,
biomass can be result in up to a 40% reductionngite emissions. This figure is limited by
process limitations associated with the conventiBRaBOF route (Mandova, et al., 2019). The
Hlsarna experimental blast furnace could be pdartuwell suited to the use of large volumes
of biomass as it does not require a structuraldnu(that a BF does) and can manage the volatiles
within the process off-gases and gas cleaning. diitisor will go on to participate in one of the
most comprehensive examinations of global steehrtbenisation assessments, as an employee
of the International Energy Agency (IEA). Withihet Hisarna process an estimated 50%

substitution of coal with biomass should be eaaillgievable.

Some issues arise over quality and consistenclgeobiomass product that will be used in the
furnace, but for the UK, the most significant chafie is access to suitable quantities of biomass
material, without the obvious implication on larskycompeting food production and, ironically,
solar farms. Figure 2.9 below demonstrates thatkeloes not have the potential abundance of
bioenergy crops available. If a steel plant werbeditted with CCS, the availability of surplus
biomass, especially if these are wastes, couldtizachegative emission technology (Mandova,
H, 2019), (MacDowell & Fajardyab, 2017). Negativaigsions technologies are essential to
reach net-zero targets and the maximumtC target, certainly beyond 2050 (Committee on
Climate Change, 2019a). Hence, the use of biomhesld not be ruled out. Given the
progressive closure of coal fired power stationsré may be few options remaining to combine

large volumes of existing coal users with BECC&dhieve these negative emissions targets.
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Figure 2.9 Locations of locally sourced biomass availabjlligyond existing market demand
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2.4 CQ capture within aqueous ammonia solutions

Following the future low-carbon technology trenadsl dimitation within the steel sector, gaps
begin to emerge along with possible new opportesitMany of the large, infrastructural changes
must be addressed by multi-organisational partigsshlong with Government support. There
are indeed some opportunities that these projextgartnerships have not addressed, and we

seek to expand the knowledge in these areas.

Reviewing the available literature and with the Wiexlge acquired of the possible pathways to
decarbonisation of the sector, it is apparentahattechnology in particular is key to unlocking
some of these potential pathways. To achieve deegridonisation (80%), the ability to separate
CO; from the process gases in an efficient and cdst#fe way is critical for the following
technologies: BF-BOF, Hlsarna, BECCS, carbon diexitlisation (CDU) and HDRI, with
hydrogen supplied via SMR or autothermal reforrma{i@TR). The only process pathways that
do not require a form of carbon capture are commern® full EAF or the use of HDRI with

hydrogen sourced from electrolysers using renewatdegy.

For this reason, carbon capture technologies #reatto the future low-carbon options for steel
making processes. There is a complex array of lplessonfigurations and capture technologies,
but we will explore one highly promising capturehiaology in particular. That is the capture of

CO;, within ammonia.
The following review will assess:

a) Current production and uses of ammonia

b) Reaction pathways involving GCONHz and HO

c) The use of ammonia within a carbon capture system

d) An introduction to microbubbles, their formatiorenefits, properties and their

potential application

2.4.1 Ammonia — manufacture and uses

Since the commercialisation of the Haber Boschegsses for the mass synthesis of ammonia, it
has played an ever-increasing role as the feedstoakorganic nitrogen fertilisers. The total
global production of ammonia has reached 176 miltionnes per year and this process now
supports food production for half the world’s pagttidn (Smil, 2000). The synthesis of ammonia
via the Haber-Bosch process requires the reacfioitrogen and hydrogen over a catalyst. To
generate the feedstocks for this reaction, nitrogesupplied from air compression or air
separation. Creating the necessary hydrogen rapss3@% of the energy used and it is generated
almost exclusively from SMR. The use of SMR resiftthe generation of hydrogen, but also
large quantities of carbon dioxide. Whilst coal d@nused instead of methane, this results in

greater emissions as the hydrogen content of metisamuch greater than coal. The production
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of ammonia is therefore fossil fuel intensive andaants 1.8% of total global carbon emissions
(IEA (International Energy Agency), 2013rollowing the synthesis process and its high
production volume, ammonia production has the gstamission within the chemical industrial

sector. (McKinsey & Company, 2018).

80% of the ammonia produced is used as nitrogeaselfertilisers. It is also used within resins
and adhesives, pharmaceuticals, large scale redtige and cleaning. Many will also associate
its use within modern diesel pollution abatemestays, such as BlueTec, and known as Adblue
in the form of urea. (Yara, 2013) As a fertilisee imethod of application varies between regions.
Ammonia can be used on the soils directly, whictoimmonplace in America and resulted in a
vast ammonia storage and disturbing system (ThalRg&gciety, 2020). In the UK, ammonia is
converted to nitrate fertilisers, such as Urea.alras a signification nitrogen content (~46.3
%wt), it is stable, has less of the toxic and cein@ issues that are associated with ammonia and
is therefore better for storage and transport. Usesynthesized using a two-step reaction of
ammonia and carbon dioxide. Achieving a commergciaiable route to CCU has proven
challenging. While some niche applications shownpse in utilising smaller volumes of GO
urea production accounts for the largest singlecfig&®, in organic chemical synthesis (Xiang,
etal., 2012). The market for urea is currentlyssted, but the demand for the product is growing
slowly and expected to continue as populations aeeld for greater food yields increase
(Meesen, 2012). Whilst the process of urea syrghésises significant quantities of GG still
accounts for a significant release of £€nissions to atmosphere. (Styring & Jansen, 2011).
Estimated to now be in the region of >130mt peuam(Hunt, et al., 2010jollowing associated
CO;, generated with the Haber-Bosch process. Whilsetiseoften integration of the G&rom

the ammonia production into the urea formatiors thinot always the case.

Whilst 80% of the ammonia is used for agricultumr@ly 17% of this nitrogen ends up in the food
chain (Leach, et al., 2012). The remainder of #rmsmonia is lost to the ecosystem, causing
biodiversity loss. It can also transform into nitsmxide, a problematic greenhouse gas (Erisman,
et al., 2013).

Global ammonia production is currently dominated thg Haber-Bosch process (Brown
ammonia). However, it could be generated in a deform (Green ammonia), using renewable
energy and electrolysers to generate the ammamipiarecovery from waste waters (Desai, et
al., 2020). As previously mentioned, green ammoaidd provide an attractive hydrogen energy
vector, following its higher energy density and amted storage characteristics, significantly

reducing transport costs (The Royal Society, 2020).

Urea is favoured as a fertiliser due to its greatability, reducing degradation within storage

and the low cost to transport (high nitrogen cot)tdyut it not the ideal form of fertiliser. Hence

27



nitrates dominate in Europe, as urea must firgtdmerted to ammonium and then nitrate before
it can be available to the plant. This processighlit dependent upon pH and temperature.
Nitrates are directly absorbed by the plants, #tease is easier to predict and results in much
greater ammonia losses. Ammonium nitrate (AN)cioah ammonium nitrate (CAN) or
ammonium bicarbonate (ABC) can also be used amt@itelease alternatives. Nitrate fertilisers
have the advantage that the valorisation of ammemauch less than urea, creating significantly
less ammonia loss to atmosphere, however, ammamitnate is explosive. Much less AN need
be used for the equivalent crop yields as liquidauammonia nitrate (UAN) or urea, again
limiting the losses into the environment. ABC il sbmmonly used in China (8%), although it
is now being replaced by urea (46%) (Yara, 2013)e Tistribution of nitrogen fertiliser

application is shown in figure 2.10.

Figure 2.1Q Nitrogen fertiliser application by region and guzt
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2.4.2 Conventional Urea production
The precursor to urea is the reaction of,@G@d ammonia to produce ammonium carbamate
(Bosch & Meiser, 1922).

Urea is commercially produced using the two-stalgendcal reaction equation 2.5 and 2.6
(Zolotajkin, et al., 1984):

" /., o o 1 Hr=-117 kJ/mol (Eqg. 2.5)

- o 0 1 /., o 2 2 Hr=+15.5 kJ/mOI(Eq 26)

This, two stage reaction can be summarised as shoaguation 2.7.

28



. - / o 2 2 (Eq 27)

An undesirable side reaction is the formation of&i (Eq. 2.8). Biuret has a negative effect on

crop growth, therefore its concentration must b& ke a minimum.
. . 2 / . ey 2 4 - (Eq28)

The concept underpinning the modern urea produgirmeess was originally developed by
Bassarov in 1870 (Bassarov, 1870). His method sgmhd urea from ammonia carbamate in a
glass vessel, held at constant pressure and heatd@C. Today's industrial production method
carries out the two-stage process in a single yassag ammonia and COat elevated
temperature and pressure. With only a 40-60% cermweon the first pass, subsequent recycling
and purification steps are needed to reach a 99y plihe off-gases cannot be recompressed,
owing to the presence of carbamate solids andiskeof severe corrosion (Bosch & Meiser,
1922), (Agarwal, et al., 2007), (Meesen, 2012).

The current commercial process for producing useagompromise, however, this is clearly an
acceptable compromise, following the global demfordthe product and sustainable prices.
Corrosion is the primary reason that the sNthd CQ reaction took a long time to reach full
commercialisation, needing suitable corrosion tasismaterials. Excess NHs used, with
minimum temperature and pressure conditions, dasthaless steel may be used, and corrosion

is kept to an acceptable level.

The first stage of the reaction, to produce carttar(fag. 2.5) is a highly exothermic gaseous
phase reaction. The process is operated at prgd€iratm) and at 180At these conditions the
process is almost instantaneous. Below,C5olids are formed that inhibit the flow withireth
reactors and at about 2@0corrosion becomes very aggressive. The secortioedEq. 2.6),

is the dehydration of carbamate to urea. It is mslolwer than the carbamate formation, but
thankfully favours higher temperatures in the raofg&80 — 216C. The heat generated from the
former reaction is available to drive the secorattien and accordingly the reaction for the

commercial process takes place in a single vegstll §ubsequent recycling or refining stages).

An excess of ammonia is used to drive the reactionsards as the reactions are reversible.
Continuous removal of urea from the process enshedsarbamate to urea is also favoured and

the process does not become saturated.

The need to carry out the two reactions in a singisel leads to quite low generation of urea on
a single pass at ~ 60%. This requires subsequeytlireg of the ammonia, Cand carbamate,
whilst avoiding biuret formation and reverse reamsi. The success of the process is determined

by how effectively the carbamate may be recyclezktia the reactor and the evolution of the
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process and patents reflect different approachesdygcle the products back to the reaction

vessel.

Whilst the energy efficiency of the ammonia processl urea & fertiliser production has
improved over the century, it is clear that theiemmmental impact is still quite high, energy
consumption is above the theoretical minimum and @@issions are considerable. According
to the Yara Fertiliser Industry Handbook, 42GJeiguired per ton of nitrogen for the ammonia
production process, and a total 51GJ per ton obgen is required in the production of urea
(Yara, 2013). To provide perspective, around 2@Qdbed on average per ton of steel produced
(World Steel Association, 2019).

2.4.3 Reaction pathways involving gMHs and HO

Whilst the urea production reactions are optimisechigh temperature and pressure, the-CO
NHs-H.O system at mild conditions can be used as antaffeform of CQ capture.The
application of aqueous ammonia in a more conveatichemical absorption carbon dioxide
capture system has been recognised as highly apfdito the steel sector, producing a potential
overlap of the two industrial sectors (Han, et 2014). If Green hydrogen is produced, the
hydrogen for ammonia production is not generatethffossil fuels (such as SMR) and £i©
not produced. This CQOcannot be integrated into the fertiliser produttand an alternative
source of CQis required for the conversion of ammonia to y&o release fertilisers. The source

of CQO; could be supplied by the foundation industrieshsas steel and cement.

The CQ-NH3-H-0 reaction, even at mild conditions may be considexr volatile and complex
electrolyte system, comprising of some rapid, ysb dome slow and limiting reactions. The
vapour, liquid and solid phase reactions have Iséaied extensively over the past ~100 years
(Thomsen & Rasmussen, 1999). Interest in this By$ta@s once again increased, following the
search for more sustainable fertiliser routes artdan capture systems. The reactions pathways
involving CQ; and aqueous ammonia that are most dominant drdetiated, as the equilibria
are dependent upon the system conditions (contiemsa pH, pressure, temperature) and the
species are difficult to detect using current mdthwithin the changing system (Qin, et al.,
2011). We find that the most likely pathways corsgrof the following reactions of vapour-

liquid-solid equilibrium, as presented in the UNI®O model (Thomsen & Rasmussen, 1999):

Vapor-liquid equilibria:

3/ 1 (Eq. 2.9)
., 31/, 1 (Eq. 2.10)
. 31, 4 (Eq. 2.11)
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Liquid speciation:

R (Eq. 2.12)
i, 1, 5 6 (Eq. 2.13)

, 8y, 5 6 (Eq. 2.14)

, 1, %, (Eq. 2.15)

.1, ©/. 6 4 (Eq. 2.16)

Not included in Thomsen & Rasmussen (1999), butsictemed important by Valenti &
Bonalumi, (Valenti & Bonalumi, 2018):

e (Eq. 2.17)
Liquid-solid equilibria:
oo, 1., o 9 (Eq. 2.18)
Yoo . 6/ ., o 09 (Eq. 2.19)
o0 Y . 9 (Eq. 2.20)
00 ¢ 1. o S o 9 (Eq. 2.21)

Within the system, the following solids are expddiform:

1. Ammonium bicarbonate (BC) NHsHCOs

2. Ammonium carbamate (CM) NH.COONH;

3. Ammonium carbonate monohydrate (CB) (NH4)2COs:-H20

4. Ammonium sesqui-carbonate (SC) (NH4)2CO3-2NHHCGO3

The ammonium salts are expected to have a verydubybility of in water: 320 g/l Carbonate,
790 g/l carbamate and 220 g/l for bicarbonate (Metnal., 2006). Solids formation is expected,
at lower temperatures, once concentrations of satised a threshold within the aqueous phase.
Below, figure 2.11, shows the various phases withen UNIQUAC Equation of State (EOS)
model (Sutter, et al., 2015).
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Figure 2.11 Depiction of the C@NHs-H,O system, as described within the UNIQUAC Equatiofiaite
(EOS)
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Solid (NH,),CO;-H,0  H,0(s) NH,COONH,

Source (Sutter, et al., 2015)

Some of the reaction pathways can be consideretigitg following their small
equilibrium constants (Mani, et al., 200@&}ich is supported by more recent assessments
(Valenti & Bonalumi, 2018).

The recent expansion upon the UNIQUAC EOS modeliges greater clarity on the possible
pathways of the quite complex system, but theséllsome uncertainty over which mechanisms
dominate at the various concentrations, pH, pressand temperatures (Lillia, et al., 2016),
(Valenti & Bonalumi, 2018). It would seem that hetdifferent system conditions (which can
change over the course of the reaction experimdiifgjent reaction mechanisms dominate and
they are likely to follow a non-linear relationshipt has, so far, been difficult to accurately

measure these mechanisms.

According to Liu et al. and also Shuangchen ghal pathway is likely to follow the subsequent
absorption steps (Liu, et al., 2011) (Shuangchtal.£2015). The total absorption reaction can

be summarised by equation 2.22.

"y 78 y 2 /'1 0 78 (Eq222)

First, CQ and NH react to forrNH.COONH,, potentially in two stages, according Shuangchen
et al. (2015), as described in equations 2.23 a2wl 2

. 78 / . , 78 (Eq 223)

o , 78 /., o 078 (Eq 224)
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NH.COONH: then hydrolyses (instantaneously in the opinidriswet al.,) defined in equation
2.25.

A 5 ., 0 (Eq. 2.25)

Or, according to Valenti & Donalumi (2018), theléaling reaction occurs to generate MO
and H:

. s 1. 6 ° (Eq. 2.26)

Following the fast hydrolysis described by equatioB5, the NH* and NHCOO undergo a
reaction (irreversible as stated by Liu et al. jaian NH:HCOs; according to equation 2.27.

. 6 . 05 ) . 0 . , (Eq 227)

Previous authors show pathways involving the bicaabe ion, carbonic acid (HGQ within
the electrolyte system. This suggest a suitab$,dathway to generate sufficient HE@ithin
the same order of magnitude as the reactions tesicaibove, if it is to be of concern. Here,.CO
@gis first reacted with kD, which is known to be quite slow and limiting.i3bould be described
as in equations 2.28 (Mani, et al., 2006), 2.2980 (Valenti & Bonalumi, 2018).

oo N 6 (Eq. 2.28)
1, /I, 5, 6 (Eq. 2.29)
,5 ° (Eq. 2.30)

Whilst equation 2.30 presumes a prior formatio@#Hif, this will be present within the electrolyte
solution following the reaction of Ndand HO (the liquid speciation reaction 2.12 above), so
this pathway is highly probable. Valenti & Donalyr®2018) believe that the most important
reaction limiting kinetics are those of equation262and 2.30, and they are anticipated to
significantly influence the kinetics of the overptiocess as they are expected to be rather slow.
(highlighted above ilue).

Whilst bicarbonate is anticipated to be the maiondpct within the described pathway,
ammonium carbonate can be formed following thehirrtreaction of ammonium bicarbonate
with available NH, as shown in equation 2.31. This pathway maybegbeat within systems of

high NH; excess. The UNIQUAC EOS model above shows altemnaithways to carbonate

formation, equations 2.31.

Y 7 o 18 . o <=1 (Eq. 2.31)

The desorption process (equation 2.32), relevatiidaarbon capture process, sees the release
of CO, gas when the CQich solution is heated.
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0 78 / - . 78 , 2 H =62.26 kJ/mol (Eq 232)

2.4.4 CQ capture methods in ammonia solutions

In most cases, to successfully deploy either CCICG6, CQ must be first separated from
industrial waste process gases. There are som@tee to this, whereby CQOs already
produced in high concentrations (ammonia produgtmnthe process does not require high
concentrations of Cgcarbonation or biological transformations). Captand concentration of
CO, is achieved using carbon (@@apture systems, which are well established w@olgres in
the petrochemical and oil and gas sectors, to rentbe undesirable GOPreviously the
technology was known as sour gas sweetening, lsently, more often in the case for €O

removal, termed carbon capture.

The type of capture system varies depending upoh application, but all require significant
energy input (typically for the regeneration of $mvent, or efforts to minimise this energy)
leading to high costs, much greater than the ctwalue of CQ within emissions trading
schemes. This leads to great challenges in deg/d®@S, as, whilst it is known to be the least
costly route for industrial decarbonisation, isii#l too expensive without some external financial
incentive. The choice of capture system is depeandeon various operation factors, but
primarily linked to the pressure requirement arel ¢cbmposition (including contaminants) and
concentration requirements of the incoming andrexigases. Capture (G®eparation) systems
can be in a variety of forms: absorption (chemaral physical), adsorption (including pressure-

swing absorption), membranes, cryogenics separaimhmicrobial (Badiei, et al., 2012).

The post-combustion capture processes are oftésdsioi chemical absorption, due to the low
partial pressure of the industrial waste gases. Amabased capture systems are a form of
chemical absorption capture. A summary of the prascons of the various capture methods is

provided in table 2-3.

The CQ capture process has changed very little from dsigh in the original sour gas
sweetening patent. Similarities to modern captuoegsses can be seen with this initial design,
consisting of a C@absorption column and a solvent regeneration cojuaa shown in figure
2.12. (Florin, et al., 2010). A detailed explanataf the process capture process is provided by
Kohl and Nielsen (Kohl & Nielsen, 1997).
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Figure 2.12 Schematic of sour gas sweetening (carbon cappuoepss
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To release the COfrom the chemical capture solvent, once the solvisn saturated
(regeneration), a significant amount of heat (Ugwasteam supplied reboiler) is required to raise
the temperature of the solvents; ~¥@0in the case of monoethanolamine (MEA). The
regeneration process also generates large volum€©Opand can reduce the power station
efficiencies, with a parasitic loss in the regidril06% - 37% for coal power stations. The range
of parasitic loss varies significantly between diféerent authors (Goto, et al., 2013), (Badiei, et
al., 2012).

Note that, as discussed above, applying CCS tothefficiency steel plant power station would
lead to an unacceptably low power station efficendith only a typical max-efficiency of
~30%, even a 10% loss would be uneconomically Higkv temperature regeneration options,
with the ability to use low temperature waste haatild be very attractive and could reduce
capture costs dramatically. Waste heat is typicaligilable in abundance in the steel industry,
however the exergy is low, and therefore its vaduaso very low, following the thermodynamic

rules of Carnot.
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Table 2-3 Pros and Cons of the most common types of cachpture technology

Separation Technology

Pros

Cons

Ammonia process

Lower heat of regeneration than
MEA

Ammonium bicarbonate
decomposes at 140°C, so, temp.
in the absorber must be lower
than 140C

Higher net CO, transfer capacity
than MEA

Offers multi-pollutant control

Ammonia is more volatile than
MEA and often provides an
ammonia slip into the exit gas.

Amine scrubbing

Applicable to CO, partial
pressures.

Process consumes considerable
energy

Recovery rates of up to 95% and
product purity >99% vol. can be
achieved.

Solvent degradation and
equipment corrosion occur in the
predsence of O,

Physical absorption

Rectisol uses inexpensive, easily
available methanol.

Hydrocarbons are coabsorbed in
Selexol , resulting in reduced
product revenue and often
requiring recycle compression.

Selexol has a higher capacity to
absorb gases than amines.

Refrigeration is often required for
the lean selexol solution.

Selexol can remove H,S and
organic sulphur compounds.

More economical at high
pressures.

Membrane technology

No regeneration
required.

energy is

Membranes can be plugged by
impurities in the gas stream.

Simple modular system.

No waste stream.

Technology has not been proven
industrially.

Source:(Badieli, et al., 2012)

Amines solvents are also expensive with an assmteivironmental impact and are degraded

by the presence of NOx, Sox, particulate (all tofdaend in abundance in steel plant process

gases) and oxygen. In comparison, it is proposatl@mmonia-based capture solutions have

much greater tolerance to such components, whicigidy valuable to a steel plant operation as

these contaminants are difficult to remove at l@stgiven the high gas volumes. Ammonia is

also much cheaper, allowing acceptable solveneétoasd energy consumption to be much lower.

Ammonia was used extensively for coke-oven gasritgas) purification, for the removal of

CO; and HS in the earlier decades of 1900s, but this was poi the commercialisation of the

ammonia process and so ammonia was quite expeftsives replaced with alkanolamines, with

its superior capture properties, following the coanomlisation in 1930 of triethanolamine
(TEA), (Valenti & Bonalumi, 2018).

Novek et al. provides a clear introduction to agige@ammonia capture systems, and also

introduces the idea of the addition of organic entg to enhance the regeneration process

(Novek, et al., 2016). With the addition of an argasolvent (acetone, dimethoxymethane, or

acetaldehyde), the ammonia solvent can be regedestimuch lower temperature. The organic
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solvent is then recovered at much lower temperaturea distillation process. The process

described by Novek et al. (2016) involves thregesaThey are:

(1) flue gas CQ@absorption in a C&ean agueous ammonia solution
(2) pure CQ generation through mixing in an organic solvent

(3) recovery of organic solvent via low-temperaturdiltition

Pure CQ was created from ammonium bicarbonate solutiomsah-temperature and pressure
(RTP). A 51% increase in GQeneration was achieved with the addition of asetavith
acetaldehyde showing the greatest recovery ratdswery low recovery temperatures, owing

the low boiling point of acetaldehyde.

The suggested reboiler energy consumptions show) {MJ/kg CQ), are significantly better
than those of the conventional process (A) anddcallbw the use of low-grade waste heat
recovery. This would represent a significant imgnoent in energy consumption and cost over

the conventional amine process. Shown below inrédul3 (Novek, et al., 2016).

Figure 2.13 Literature values (MEA) and Aspen HYSYS simulati®mmonia) reboiler comparison
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Source:(Novek, et al., 2016)

Although the regeneration of this novel captureveol has be shown possible at low
temperatures, carbon capture units are large,avignificant footprint needing large adjacent,
low-value land. Given that the production of uredypically carried out at high temperature and
pressure, the uptake of @@hto the ammonia solution at mild conditions isely to be the

process limiting step, requiring large vesselsland residence times.

When CQ is presented to an ammonia solution, we expegtt@Be absorbed and the formation
of ammonium bicarbonate, ammonium carbonate andamum carbamate. Once maximum
solubility is reached, they will precipitate out thie solution, forming solid phase ammonium
salts. Even at very low Ndtoncentrations (4.5%wt), ammonium bicarbonatedsadtill form

(Zhuang, et al., 2011). Typical packed reactorsld/dlock with the solids, therefore modified

37



designs would be needed, with a wide packing stradb allow a wash down of the solids into

a slurry at the bottom of the reaction vessels ftloenincoming C®@lean solvent.

The slurry is then passed into the regeneratohaated by the reboiler. Zhuang etmbposed
that this regeneration could be carried out atagk\ pressure, to prevent unactable; idm
slipping back into the COstream (figure 2.14) (Zhuang, et al., 2011)..G@eds to be
compressed post capture for storage and tranSgmwtcompression stage must occur at some
point within the full-chain capture process. Conggien requirements vary depending upon type
of transportation, whether it be pipe or shippiag shipping requires a liquefaction stage at the
port, which is the vast majority of the transportdastorage cost, so the point at which

compression occurs is often location and processifsp

Figure 2.14 Gas vapour pressure vs £&bsorbed at 283K and Nidoncentration of 4.5 wt. %
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On first assessment of the ammonia capture systemguld seem that it is only practical to
regenerate the solvent to a 50%JC€lease, leaving half of the G&till present in the returning
CO; lean gas stream, to avoid significant NiH the CQ rich gas. This C®will mostly be
present in the ammonium carbonate form. This waplioear to be unacceptable, needing larger
volumes of solvent. Yet previous research has shbatrthe capacity for CQoading of aqueous
ammonia can be very high, and indeed much higlzer that of an MEA system. For an amine-
based system at steel plant, Z@ading in the MEA solvent would be about 5%. Imgrison

the difference between the two €@adings of the rich and lean ammonia solvent Wwdé
8.4% weight following the initial high C{capacity in an N rich solution (21.6 wt. %).
Maximising the initial CQ loading (>22%) via increased production of prdeiig in the

ammonia solution and slurry to the regeneratord;dal principle, improve the process further.
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So too would increasing the solvent regenerati@hvramoval of CQto return CQlean (reduced
carbonates) back into the absorber. (Zhuang,,e2@l1), (Han, et al., 2014).

Another approach to address Nldsses has been the patented chilled ammonia g&doEm
Alstom. Alstom was acquired by GE in 2015. Theleldiemmonia approach prevents high rates
of NHzslip, and yet allows a high concentrated ammoniatisn to be used. This has resulting
in a number of pilot studies and various modificati between 2005 up to 2014. It may be
considered the world’s leading ammonia capture gaagr. This process operates within a low
temperature region of 5-46, with regeneration occurring at temperatures al®®C, (Yu,
2018).

To summarise, the key challenges of the,BlBI>-H,O system with respect to industrial

applications are:

1. Solid formation needs slurry transfer and is com®d problematic in an industrial
application (Yu, 2018). Solids can be avoided whijserating at higher temperatures,
pressures and/or low GDIH; concentrations. Avoiding solid formation and prexe
optimisation requires a detailed understandinghef reaction system. The published
kinetic models are not in agreement, leading t@utamty over the reaction mechanisms
and pathways (Qin, et al., 2011) (Lillia, et aD18).

2. The uptake of Cowithin the system is slower than alternative cepystems, (Han,
et al., 2014), leading to a larger absorption calyor the use of packing materials or
baffles to reduce the height by extending the pathef the incoming gases. Solids
formation is to be avoided in this case, unlessaahdown is used to avoid blockages
(Yu, 2018).

3. Losses of NH can be high, leading to either a recycling (waghsystem or the need
for a chilled system, both adding cost and additi@omplexity. Whilst less toxic than
alternatives (MEA), NHlis still an irritant and harmful to the environméyiu, 2018).

A comparison of the merits of three capture solvénshown in table 2-4 (Han, et al., 2014).
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Table 2-4 A comparison of key characteristics of £&pture solvents

Characteristics Amines Ammonia  K2COs3
;:g)l\z/é:ri?ture capacity [mol-COnol- 0.5 for MEA 10 10
Regeneration energy [GJ/t6] 4.0 (MEA) <2.C 2.2-2.7¢
Regeneration temp [ >12C >8C >11t
Absorption rate Fast Slow f/llg Xar to
Volatility Low High Low
Thermal degradatic Sever Negligible  Negligible
Corrosivenes Sever Mild Mild
Absorbent co: Expensivi Chea Expensivi

Source:(Han, et al., 2014)

Searching for ammonia capture applications withagteel industry, we find that, according to
Han et al. this process is suited to BFG captulevfing an analysis of capture systems at various
CO; concentrations vs pressure (Han, et al., 2014\eMer, this is an oversimplification, as the
choice of CCS technology is also influenced by fdte of the C®@ once captured (exiting
delivery pressure), current plant configurationergly balance, power generation, steam
availability and available external energy supfliie prospect of a low-energy capture route,
and tolerance to BFG contaminants, have resultdekiconstruction of a pilot aqueous ammonia
CO; capture facility at the POSCO owned steel planthatPohang Works, with subsequent
publication of some of the process performance @Ritee, et al., 2011), (Han, et al., 2014). The
process evidently works for steel plant processeseg but it is unclear how the BFG gas

composition affects performance from this review.

2.4.5 Kinetics of the C&NH3s-H2O system

A detailed understanding of the kinetics is essé¢imiorder to optimise the process conditions,
tailor and maximise the product formation and ustierd the gas-liquid interface reaction
mechanisms, to minimise the loss mechanisms amth raximum efficiencies. Although the
theoretical absorption, mass transfer and reactioninue to receive attention, the kinetics of
the liquid-phase reaction have not been extensatelyied, leading to contradictory opinions on

the most dominant pathways and species formatiafe(Mi & Bonalumi, 2018).

As we have discussed, agueous ammonia can befferiie at absorbing COwith potentially
low energy consumptions, resulting in the piloilfgcat the POSCO steel plant. ImpressivesCO
capture efficiencies of >90% can be achieved,hetate of CQuptake is low, leading to larger

capital investment required for taller, baffledroultiple absorption towers to increase the gas
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distance. This problem would appear to be compalibgiehe use of low NEconcentrations to

avoid NH; vaporisation.

These reaction processes have been evaluated vardmrs conditions, although, following the
use of different calculation methods (Qin, et2011), there is some debate over the pathways,
which reactions dominate and the kinetics. The tidneates publicised range by orders of
magnitudes, potentially from variations in the itegt analysis, calculation method and different
ammonia concentrations. It is likely that the reatg follow a non-linear relationship which will
lead to some of the discrepancies within the litgga(Lillia, et al., 2016). For this reason, it is
difficult to make accurate comparison between tbdgpmances of various systems given the

variability within the results.

Of concern to industrial application is the compani to alternative solutions and the potential
to increase reaction kinetics. Liu et al. documéntiee lab-based experimental studies to
determine mass transfer rates and kinetics andrhbbysis clearly showed that the kinetics of
COy uptake are a limiting factor in the ammonia captowacept, compared to conventional
capture methods, as shown in the data (table @-hi), et al., 2011). The NHcapture kinetics

do not appear to improve significantly with an eese in temperature, as depicted in figure 2.15.
NHs concentration, however, may be a contributingdiaetithin this relationship, with the
availability of NH; the limiting parameter, not temperature. Low coniion of NH are used

to avoid volatilisation and losses of Nfiom the system.

Difficulty then arises when making comparisons lieraative capture solvent systems (the
kinetics of the system change under various propessmeters and it would appear are non-
linear). The overall cost of capture per ton of ,d® possibly the most useful metric for

comparing industrial capture processes. Howevas dloes not allude to the issues and

opportunities for process improvements, or cursgage of process refinement.

Evidence strongly suggests that ammonia captutersgsare significantly limited compared to
MEA in terms of CQ capture rate. The rate of @&bsorption within the ammonia solution could
be increased by improving mass transfer at theatiguid interface, by considerably increasing

the gas bubbles surface area. Hence, we next utedthe concept of micro-bubbles.
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Table 2-5 A comparisons of capture system kinetics &C25

Source: (Liu, et al., 2011)

Figure 2.15 A comparison of C@kinetics at increasing temperature for MEA ands¥iyvarious authors
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2.5 Microbubbles
Microbubbles are characterised by their size. Tti@imeter lies within the within the um range
of 1-999 um. The small bubbles with a gas-liquitkiface provide a very high mass transfer

rate, following their surface area to volume raBabble of a smaller diameter are considered

nano-bubbles

The capture of steel plant derived £@ithin aqueous ammonia for GQapture seems

promising. However, as we have discussed, thecerisern over the compromise in reaction

kinetics for favoured reaction pathways, rate ob@ftake, and NEislip. In this section we will

explore the generation and applications of micratesand their unique properties, which may
address the issues described, in particular teeofa€Q uptake. For this reason, the review will
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touch briefly upon the novel bubble generation tetbgy, with subsequent emphasis on their

unique properties, benefits and influence uporgt=eliquid interface.

Beyond their current application within cleaningsslved air flotation and medical imaging,

microbubble have also been applied (but not lin)ited

Theranostics (Mulvana, et al., 2012), (Cai, et2012)

Enhanced algal growth, (Ying, et al., 2013)

Microalgal separation (Hanotu, et al., 2012), (Bk@oward, et al., 2015)

Wastewater clean-up (Agarwal, et al., 2011), (Rehreaal., 2014)

Oil emulsion separation (Hanotu, et al., 2013)

Finally, and considered most pertinent to this ifyesnhancement of heat and mass

transfer (Abdulrazzagq, et al., 2015)

The expansion into new fields is due to the abiiityecently create the bubbles in an energy
efficient method, following the invention and depieent of an auspicious new fluidic oscillation

microbubble generator (Zimmerman, et al., 2008).

2.5.1 Microbubble Generation

Previously the widely applied methods for the gatien of these tiny bubbles would require
large energy input, using either compression orasdtnic waves (Lou, et al., 1998). The
generation of tiny micro-bubbles with very low egylinputs has been revolutionised by the
invention of the fluidic oscillator microbubble gaator. Following the modification of a Warren
type bistable diverter valve and its application nicrobubble generation by Tesand
Zimmerman, it has been possible to produce microlesbwith very low energy input and
minimal pressure loss (Teseet al., 2006). This earlier adaptation of theadil oscillator
generator is known as the Tegammerman Fluidic Oscillator (TZFO). Subsequentletion
has now led to the more tenable Desai-ZimmermaidiElWscillator (DZFO) (Desai, et al.,
2018), (Desai, et al., 2020).

The benefits of a fluidic oscillator approach, ugedonjunction with a porous gas diffuser, are
low energy, lack of mechanical or electrical inpatsd absence of any moving parts. It is
therefore very robust and reliable. It could begnated into a production process, without the
need for continuous regular servicing, if any. TRPEX and ongoing OPEX of such a device

would be considered very minimal. A 2D schematithef device is shown in figure 2.16.

By supplying a continuous, steady flow of gas itite fluidic oscillator at the single supply
nozzle, the device can be tuned to a correct freguéo provide uniform bubbles of similar
diameter to that of the diffuser pore size. Thisuss by pausing the flow of gas to the bubble,

and due to the Coanda effect, the jet attachesidesvall at one of the two outlets (Teset al.,
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2006). This draws fluid from the opposite outletebgartial vacuum and, with the arrival of this
flow, causes a switch of this effect to the opmosititlet. This continuous, repetitive switching
cuts off from the gas supply to each outlet conseely, creating an equal pulsed flow between
the two outlets. The metered pulse of gas arrivéseadiffusers and is detached from the diffuser
before it has an opportunity to grow larger, as ftbe is terminated. The fluidic oscillator
frequency can be tuned by adjusting the lengthhef feedback loop (relative to flow rate)
between the two exit terminals (identified with @Nd OFF), along with the flow rate, to adjust
the point at which the flow is cut and the amounga@s supplied to each bubble. Note that the
pressure drop across both outlets needs to be squthit the effect is maintained. Both gas
outlets should be utilised in an industrial apglima and a restriction of equal value placed on

the unused outlet if only one is used, such icts® in laboratory testing.

Figure 2.16 Two dimensional representation of the Teganmerman Fluidic Oscillator (TZFO)

Source:(Tesa & Bandalusena, 2011)

The estimated distribution of bubble size, usingogpmethods is shown in comparison to steady
state flow within figure 2.17 (Rehman, et al., 2p14

Figure 2.17 Size distribution of bubbles in both steady amdiltatory flow regimes for an MD 500
diffuser.

Source:(Rehman, et al., 2014)
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2.5.2 Characteristic features relevant to bublde si

The features of a microbubble are not only defimgis size, but its existence and lifetime within
a liquid and the influence this lifetime, from ctiea, absorption and (in some applications) the
eventual release, has upon the gas-liquid systéeseTlinfluences will be most relevant to the
COx-NH3-H20 system.

Bubbles are not perfectly spherical throughoutrthiéetime, increasing drag forces and the
probability of coalescence. Microbubbles propagaiteally with a hemispherical cap, but form

a spherical shape upon detachment (Zimmerman,.eR@08). The smaller bubbles lends
themselves to a more spherical profile owing toassociated forces, primarily surface tension,

acting upon the bubble surface. (Te2014)

2.5.3 Bubble size

Typically, under non-oscillatory flow, bubbles froem ethylene propylene diene monomer
(EPDM) diffuser produce fine bubbles of an averdgeneter 3-4mm. With FO bubbles, an
average bubble size of 500um can be achievedn#isant reduction in size. Whilst there are
various factors influencing bubble formation, tiguid properties play a minor role, yet they
have a greater influence on the rise velocity dheebubble is formed and detached. (Desai, et
al., 2018) identified the primary factor for bubbkiee distribution as the frequency of oscillation,
relative to the micropore size. Whilst, in gengtagher frequencies are sought for smaller
bubbles, there is an optimum, small frequency rangechieve the smallest bubbles (Desai, et
al., 2018).

Bubble sizing can be achieved by optical techniquiéls reasonable accuracy (Wesley, et al.,
2016). However, more recently bubble sizing by atiolbubble spectroscopy has proven more
accurate, demonstrating that smaller bubbles cdridieg out of sight from the optical method,
behind the larger bubbles, accounting for somehefdiscrepancy in previous mass-transfer
estimates (Desai, et al., 2019). A demonstratidiubble formation within an air-lift bio-reactor,

prior to algal growth, is shown in figure 2.18.
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Figure 2.18 Bubble generation, in the air-lift loop bioreactd Tata Steel UK (previously Corus) power
station prior to algae introduction

Source:Personal archive

Also, in figure 2.19 is a direct comparison betw&éh microbubbles (left) and non-oscillatory

flow fine bubbles (right).

Figure 2.19 FO microbubbles (Left) and non-oscillatory fingdbles (Right)

Source:(Zimmerman, et al., 2011)

2.5.4 Gas phase surface area
The most immediately obvious advantageous featfitheomicrobubble, with respect to fine

bubbles, is the significant increase in the surfaea relative to gas volume.

The Tata Steel microalgal bio-rector shown abovéigare 2.18, has a volume of 2t a

maximum flow rate of incoming gas into the reac@@bR200l/m and an average bubble size of
7mm, the achievable bubble surface area flux is a@ouading 0.15 hectare per second.
Furthermore, with a gas phase fraction of only %@ single cubic metre volume, the bubble

surface area flux is an impressive 0.86 hectarés@@ar & Zimmerman, 2020).
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Overcoming gas transfer limitation can be achiewsdh much smaller reactor volumes,
following the exponentially inverse relationshigween bubble diameter and total transfer rate,

as demonstration in figure 2.20.

Figure 2.2Q Bubble size and transfer rate relationship

Source:(Zimmerman et al., 2008)

2.5.5 Bubble rise velocity

Large gas bubbles rise quickly and turbulently with liquid, due to the buoyancy of the
entrapped gases, often bursting and releasing twitents at the surface. In contrast,
microbubbles rise very slowly. They are effectivebn-buoyant and entrained within the liquid
current. A bubble of 20um will take approximatel Rours to rise only one meter (Gilmour &

Zimmerman, 2020).

Critically, retaining the bubbles within the sobrtifor longer reduces the need for tall columns
or baffles to increase the residence time or paghofidahe incoming gas, in order to address the

slow CQ uptake expected within weak aqueous ammonia @piatems.

Beyond size, other factors that influence the viefda a Newtonian liquid are: bubble shape,
liquid density, viscosity, concentration, liquidrfiy, surface tension, direction of liquid motion,

temperature, pressure, gravity, reactor walls aadescence (Kulkarni & Joshi, 2005).

The uniform bubble size and slow rise velocity k&ulsteady laminar flow and, consequently,
reduced coalescence. Beyond a column size of 18+Esw heights above 1.3m the column
dimensions have no influence on gas hold-up and ihcreased, to a negative effect, with
decreased viscosity, increased pressure and iedeaperficial gas velocity (Kantarci, et al.,
2005). Gas hold-up causes greater coalescencesf@apbubble conditions, turbulent or a slug
like flow, depending upon the increased degreeotd-tip, ultimately reducing the gas phase

volume and increasing bubble size (Bouaifi, et2001).

The generation of FO microbubbles also leads tonmue low kinetic energy density

environment. The FO bubbles have been estimatdidsgpate only ~1/10000f the energy with
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their release in to their environment of that ohwentional bubble saturation (Hanotu, et al.,
2012). This very low kinetic energy leads to loegidence times (and slow bubble rise velocity)
such that, when they reach the surface within mdetation/HO vessel, they are completely

saturated with water vapour.

2.5.6 Benefits from the reduction in gas bubble sizhin a gas-liquid system

The features of microbubbles previously descrilgedl lto some unique advantages that may be
exploited. Reactive absorption processes, suchh@sCQ-NHs-H.O system, are interfacial
processes, which are strongly influenced by thetrgty of the species and the surface area
available for either mass transfer or chemicaltieacMicrobubbles are advantageous due to the
inverse physical relationship of the surface aceadlume on a reduction of bubble size. The
most apparent advantage, therefore, of a reduittibnbble size is a significant increase in the

available surface area, relative to gas volumelifggto much greater mass-transfer potential.

2.5.7 Mass transfer flux

As the bubble enters a reactive system, it ingtdogjins to attain chemical equilibrium with its

environment at the bubbles surface. With a muclatgregas surface area, the rate at which
equilibrium can be achieved is increased dram#&fi@ld the mass transfer flux from gas to

liquid phase will increase.

The physical chemistry can be, in general, desgrilyepseudo-steady film theory, as described
in equation 2.32 (Cussler, 1997).

? @B C@ (Eq. 2.32)

Within this definition, surface area plays an egl@hinant role in the net mass transfer flux and

can be exploited by reducing bubble size.

Although longer residence times (due to slow riseity) are expected, this may be irrelevant
for microbubbles within typical rise heights. Acdorg to Zimmerman et al. (2013), bubbles of
100um can exchange all their possible mass withigéd boundary layer in just milliseconds

of being released. The laminar boundary layerabtibbles shell further opposes heat and mass
transfer with the remaining liquid within the remiaig rise time, making further gas phase
reactions very slow. Internal mixing of the bubbiesxpected to be rapid, given their small
volume due to convection and molecular diffusiospezially over the initial milliseconds of
formation, enhancing the speed at which the buldi¥esme capacity limited (Zimmerman, et
al., 2013). It is known that 90% capture rates loarachieved with agueous ammonia capture,
therefore this shielding with large bubbles is augible cause for the 10% of Bat is not

captured.
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When the first gas molecule enters the liquidpild be possible that it sees an overwhelming
excess of the receiving reagent. This concept re p@nounced if the bubbles are much smaller
and surrounded by, what seems to the um diamebdridua significant excess of the reagent in
all directions. According to the principles of cheai affinity, introduced by de Donder (1936)
and later established by Prigogine (1980), forfif# molecule within the reaction system the
Gibbs free energy is effectively infinite (de DondE936), (Prigogine, 1980). This is such that
at the microbubble interface this can be effecfivedtalytic (Gilmour & Zimmerman, 2020).
This principle can help explain the particularlystfanass transfer flux. The strong non-
equilibrium for the entering microbubbles, alsodaescribed by Le Chatelier's principle, will

drive the reaction at the bubble’s surface towaislibrium.

2.5.8 Improved mixing

Conversely, in such a low kinetic environment ativiidual might not anticipate that the mixing
would be enhanced. Particularly with such a sl@ing bubble. Al-Mashhadani et al. (2015),
demonstrated that with the assistance of an diokifp reactor design, microbubbles improved
mixing by 10 times that for 3mm fine bubbles (Al-&hdadani, et al., 2015). Following the very
slow rise velocity, the bubbles area able to transfost, if not all their kinetic energy into the
liquid, which they drag along within their wake.el'Archimedes principle highlights that it is
not the size of the bubble but the volume of gas dictates the injected forces. With such small
bubbles, it is possible to inject a high volumeya$ within a small area without gas hold up and

coalescence.

2.5.9 Extraction of inhibitants

Most often, reactions are opposed by the buildfupe products or inhibitants according to Le
Chatelier's principle. Continual extraction of tpeoduct can be used to drive the reactions
towards completion, or in the case of microalgawgh, the removal of inhibitory oxygen.
During the demonstration of microbubble enhancemémiicroalgae growth at the Tata Steel
power plant, it was shown that the oxygen produmethe microalgae (D. Salina), which acts as
an inhibitor to growth, is stripped from the rectatr the liquid surface by the escaping
microbubble, having deposited it's useful contefus algal growth, C@ SQ and NQ
(Zimmerman, et al., 2011), (Ying, et al., 2013).

Within the CQ-NHs-H>O system, given the high solubility of the produastraction of the
products in the vapour stage is not anticipated.vihilst extraction of unwanted products is
desirable, equally extraction of useful compondikls) should be avoided and may prove
problematic. This is certainly a significant prablavith ammonia-based carbon capture systems,

as discussed earlier.
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2.6 The conversion of CO2 using plasma chemistry

2.6.1 Introduction to C@plasma chemistry

Carbon in its most oxidised state as carbon diosigery stable, but it can still form the building
block for many products. Urea, as we have discyssedne such commercially established
example. Hence the emergence of a global intemeSOU. Over the period of study, we have
seen the interest in CCU change dramatically asasehe terminology, knowledge, support and
opinions. Fundamentally, there is a critical iskotling back large-scale deployment of CCU.
That is, the current commercial processes gaim tabon from fossil fuels and this is still the
cheapest way of producing these products, eveheiriaice of a climate emergency. Incentives
maybe needed, similar to those employed for renkenadowver, to kick-start a carbon recycling
industry. Secondly, the high concentration ;C@hich is required for most of the CCU
technologies, is not readily available in the qiteast needed to start a global industry and in fact
is often, ironically, in short supply (Hotten, 2018 the large scale roll out of CCS across
foundation industries becomes likely, as will baleated for the steel sector in the following
research section, then an attributed CCU produgt lImaome more financially attractive than

geological storage (Armstrong & Styring, 2015).

The component elements of carbon dioxide are védulseparated in their gaseous form of
carbon monoxide and oxygen. The dissociation o$ @{th the potential to utilise periods of
excess renewable power could lead to a viable elatively simple solution. The utilisation of
what is termed excess renewable power is a sullfjeetbate and potential solutions. (Armstrong
& Styring, 2015).

There are two leading fields of research for tleetebnic dislocation or conversion of g@hich

are electrochemical conversion or plasma chemiBwrth areas show promise. This research will
focus upon the later, plasma conversion, as tlsesia bpportunity to push the knowledge within
this field forward utilising the breakthroughs incno-plasma knowledge developed within The

University of Sheffield.

There was significant research effort undertakehénl980s to understand the processes of CO
decomposition, which forms the foundation of ouderstanding today. (Rusanov, et al., 1981),
(Nigara & Cales, 1986), (Fridman, 2008). More relyerthe focus of the research has been
dominated by the availability of new analytical acomputer modelling methods to better

understand these subatomic processes (Aerts, 20aR), (Kozak & Bogaerts, 2014), (Aerts, et

al., 2015). Naturally, within this literature rewieve will review the processes that lead to the
most efficient dissociation routes, as studiedhzydarly pioneers, and follow with more recent

research, which looks to understand these mechanisnore detail and gain higher process
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efficiencies within the experimental set-up. Thidl vead us to discuss the gaps in the current

knowledge and where novel research can be targeted.

2.6.2 Plasma fundamentals

Plasma is possibly the most common state of mattein the galaxy. Recognised as the ‘fourth
state’ of matter, it is gas that is ionised assalteof an electricidal field, with low-current and
high voltage. It was Langmuir, in 1929, who wasfils to use the term ‘plasma’ to describe an
ionised gas. Naturally occurring examples we amglfar with would be the solar corona surface
and the aurora borealis. The terms thermal andtimenmal plasma refer to the average plasma
temperature profile. Within a thermal plasma, a bganous temperature is present where the
temperature of the ga3g is approximately equal to the electron tempeea(lis = Tg). These
plasmas operate with a gas temperature up to 3009 non-thermal plasma is characterised
by the low-gas temperature, yet the electrons, vlie significantly smaller, approximately 10

5 than that of an ion, can be at a significantlyated temperature >30%. Because of the
electrons’ relatively small mass compared to thahe surrounding larger particles, is it more
difficult to transfer this energy within collision¥hermal plasmas are also known as plasmas in
local thermodynamic equilibrium (LTE plasma), whayrethe temperatures (excluding the
radiation) are equal. In contrast, non-LTE plasaradow-temperature or cold plasmas and they

are defined by the low bulk gas temperature anid ligh electron temperature.

More specifically, plasmas are defined as a gasisha quasi-neutral collection of both neural

and charged particles that exhibit@lective behaviourWithin a natural gas state, there are no

forces acting between the molecules of the gaskghwilow with random direction within a
range of velocities. Their random motion is infleed by their container (walls) and collisions
with themselves. They are said to exhibit a ran@®mwnian motion. The average number of
collisions between the molecules is determinedheygas temperature and pressure. Within a
plasma, the charged particles exhibit a non-randwection, influenced by the applied electric
field (E) with locally high concentrations of positive ameégative charges. The resulting
electromagnetic Coulombic fields from these chatgacentrations have a relatively large
spherical range and are able to influence theeeptasma. It is this influence that leads to the

collective behaviourThe electric field is usually described in ternfishe E/n ratio, whereby E

is the applied electric field and n is gas numhsrsity.

A plasma is generated when the input energy exctedbreakdown voltage (Y which is
supplied to a neural gas (in its most simplistimfpa high potential difference between two
electrodes), to allow ionisation of the gas inte ibns and electrons. As demonstrated by

equation 2.33.

éAp p A 6 (Eq. 2.33)
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The breakdown voltage/f), is the minimum applied voltage that is needed tuea® plasma
ignition. This critical voltage is a relationshipgkndent upon the electrode spacing, pressure and

gas composition. It is defined by equation 2.34.

G HIJ
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E (Eq. 2.34)

Constants A and B vary and are determined expetatigrior each gas compositiop.is the
pressured is the electrode spacing agd. is the secondary electron emission coefficient of
cathode. This parameter becomes more important trteedistance between the electrodes are

reduced.

Another two important plasma parameters, which @s® dominant at reduced electrode
distances, are the Debye length and the plasmadttAdee Debye lengthbe is the distance over
which the local charge concentrations occur. Remtlasma to exist, it must extend greater than
the Debye length. This is the plasmas ‘charactefishgth’ (L). Therefore/ pe <<L, where L is
the dimension of the plasma system. The Debye ltesgtefined by equation 2.35.

Xz P

Q_
[z‘j\“vv (Eq. 2.35)

Within equation 2.35, is the vacuum permittivity®, is the electron temperature,is the
electronic charge and, is number density of particles. The Debye leng#itrdases with
increasing electron densities. Hence, at low adectiensities, small plasma reactor systems
cannot operate sustainably. The response of thrgethparticles to attempt to reduce the effects

of the localised charge concentrations is calleddbbye shielding.

The plasma sheath is the region closest to thenplagalls and is often only a few.. The plasma
sheath is a region of low electron density) compared to the bulk of the plasnma.starts to
decrease in the pre-sheath region, with a raid drapgligiblen. within the sheath. At the plasma
walls, lons and elections recombine and represesek from the plasma system. With a small
L, the relative influence of the sheath region, wékpect to the bulk of the plasma, increases.
The mechanisms that influence the sheath regionatr&ully understood, but it is known to be
influenced by the frequency of the electromagrfetid, applied voltage and the system pressure.
Because the sheath region can extend to mm distah&ecomes important for small electrode

gaps, as the bulk (quasi-neural plasma) is no loageinant (Bellan, 2006).

Beyond the characteristic length)( the plasma is able to exist within a quasi-redustate,
following the influence of the Debye shielding.dmuasi-neutral plasma state, the densities of
electronsife) and ions are equah) and the plasma density)(is equal to the densities of either
Ne Or ni. N = ne = ni. The plasma density is highly influential in theeegy efficiency and the

reaction rates occurring within the plasma. Thhetligight electrons are accelerated first by the
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applied field and pass on their energy via collisiovith the heavier, neutral or charge particles.
A greater applied electric field will result in @ter electron densitie®df and an increased
probability of collisions. The rate of reactionsoning is therefore dependent upon the electron

density, or electron energy distribution functi®EDF).
There are two types of collisions that are occgrbetween the electrons and the particles;

a) Elastic collisions = do not result in an excitatiminthe collided particle as the electron
energy is too small
b) Inelastic collisions = result in the collided pal#i becoming excited as the electron has

sufficient energy

Given the small mass of the electron, the transflenergy during a collision between an electron
and particle is relatively small. In contrast, émergy transferred between two electron collisions
is much greater. It is the inelastic collisionsttftam the ionisation and dissociations with the
plasma, whereby an electron accelerated by therieléeld, can transfer nearly all of its energy
to the heavy particle, resulting in an energetaspia species. The energy transfers within a
plasma range from 0.1 eV to >10 eV, for excitataord ionization respectively. Sufficient
electron energies (>10eV) and collisions also tasullissociations; the dissociation of €0
specifically of interest to this study. Dissociati@actions are shown in equations 2.36, 2.37 and
2.38.

D D (Eq. 2.36)
or D DS (Eq. 2.37)
6 6 (Eq. 2.38)

The electrons can collide with other electronsurstatoms or positive or negative ions, which
lead to various mechanisms for ionisation or plasgaations. Similarly, the heavy particles can
also be involved in collisions, which can lead tmisation, recombination, or electron

detachment.

Thermal plasmas exist when the heavier particles high energies (26- 10 eV). Increasing
the plasma pressure results in greater collisieasling to thermodynamic equilibrium, but their
increase in temperature leads to greater energsedoswith the confining plasma walls.
Continuous heating of the plasma reactor is neadéddsputtering occurs, leading to erosion of
the plasma vessel and unwanted arcing. Within trdext of CQ dissociation the thermal
plasma acts as a heater, driving the reactionmpégatures above 2500 — 3000 K (Nigara &
Cales, 1986). Once the products of CO ap@xit the reactor at high temperature, they must be
rapidly quenched, to avoid the recombination bat& CQ. Even if rapid quenching is possible,

the maximum energy efficiency that can be achiégsedtimated to be 43% (Fridman, 2008). In
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contrast, the useful characteristics of non-therptatmas are the low bulk gas temperature,
which results in a reduction of thermal energy éssto the reactor walls and high efficiencies
can be achieved. It is these high-efficient proegskat we are interested in for further study for

high efficiency conversion of CO

2.6.2.1 Types of non-thermal plasma reactors

Because of their ability to carry out chemical teats at low temperatures and high efficiencies,
the focus will be upon non-thermal plasmas. Theeries of three of the most relevant reactor
designs are now discussed. Their operations cahdmacterised by their electron densities and
temperatures, which typically overlap, but mostical to their operation is their geometries and

their power source/input.

2.6.2.2 Corona discharges

Corona discharges are the most simplistic reaasigd. These types of reactors are of interest
in the micro-plasma application of ozone generafioozano-Parada, & Zimmerman, 2010).
They are often constructed with a needle (multgdhgoint source electrodes may be used) and
a perpendicular electrode, or two parallel plagetebdes. The electrical field is generated using
a pulsed DC power source. These type of plasmaarsaare successfully deployed within
industrial waste gas cleaning equipment, for thmowal of particulates. Indeed, the large
electrostatic precipitators at the Sinter plant$at Steel, UK and British Steel, UK are of this

design.

The plasma is initiated with high voltages, in thege of 2-5kV and small currents in the range
of 10%-10°A. The average electron energies of the totahpéaare approximately 5 eV, but
feature regions of high and low electron energysdi&Es as a result of streamer formation across
the electrodes, where the electrons are accelesateds the electrode gap due to the electric
field. They feature a high concentration of radicglet it is difficult to operate the corona
discharge at elevated electron densities withoctemsing the current and transitioning into
plasma arcs, which limits their application. Aree achieved beyond a maximum voltage of 5 x
10* A (Schutze, et al., 1998). Arcs are limited byngsperiodic pulsed DC inputs, whereby the
pulse duration is shorter than the arc formatiolne plasma is extinguished before electron
temperatures become too high. Alternatively, aedi@ layer can be used, which limits the

localised current, such as in a dielectric badischarge (DBD), to create a DBD-corona hybrid.

2.6.2.3 Gliding arc plasma reactors

These plasma reactors are similar to that of aneodischarge, yet they are self-regulating to

prevent high plasma arcing. They are of particinlig@rest, as they yield surprisingly high (>40%)
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conversion efficiencies of GQlissociation can be achieved (Nunnally, et al1120(Sun, et al.,
2017). By using two diverging electrodes, the gaters between the electrodes at the most
constricted point. Here the gap is narrowest, lggth a high electric field and plasma initiation.
The plasma may form in the thermal state, dueddifh energy density. The flow of gas moves
the plasma front into the ever-increasing electrgaie, until the field strength is no-longer able
to sustain the plasma and it is extinguished. Qheeplasma is extinguished, the plasma
regenerates at the constriction and the procesanimx self-perpetuating. The scale up of the

technology has yet to be achieved (Fridman, 2008).

2.6.2.4 Dielectric barrier discharge plasma

Once of the most common types of plasma reactat ims€Q dissociation is the DBD. DBD
reactors are also particularly successful in thmroercial scale ozone generation, used in
wastewater treatment. By incorporating a dialdeijer at a position between the two electrodes,
high current densities can be avoided, removingdh®aation of arcs and a transition towards
undesirable localised thermal plasma operations.ifi$ulating dielectric is often constructed of
glass, quartz or ceramic material. (Fridman, 2008 reactors can operate over a range of
pressures, including atmospheric. The breakdowtagel{s) at which plasma is generated is
dependent upon the dielectric material and thicknasd also the electrode distance gap. With a
reduction in the gap, following the inverse relasibip of distance to electric field strength, the
breakdown voltage can be reduced. A typical, co®@&D design, used by Bogaerts et al. (2015)

is shown in figure 2.21.

Figure 2.21 A typical DBD (coaxial) configuration, as usedthvexperiments by Bogaerts et al. (2015)

Source:(Bogaerts, et al., 2015)
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Micro-plasma DBD systems, with a gap of less thamican be used to significantly reduce the
voltage requirement and increase efficiencies. & heactors take advantage of their high surface
area to volume ratio. At pressures above a few fhar small gap results in a low breakdown
voltage that obeying Paschen’s law. With a smaittebde gap, high electron densities can be
achieved of up to 20cn3, which is similar to that of a semiconductors. Hoagwith smaller
gaps, the relative effect of the plasma walls arsdds from recombination increase. The % of
the sheath region with the plasma bulk also inegashich is significantly important for GO
gas dissaociation. Power input is usually suppliga high voltage AC input between 1-100 kV,
as the DC input is shielded by the dielectric lay@equencies inputs are typically ~ 60 kHz for
micro-plasmas, but for DBDs can be within a rekativide range of a few Hz up to MHz,
generating electron energies in the range of 1M.(Feidman, 2008). Scale up of DBD system
is relatively straightforward and can use multipenks of parallel reactors, with quite a high

degree of flexibility in geometric shapes and cguafations.

2.6.2.5 Early advances and limitations of (p@&sma chemistry

The dissociation of C&n an endothermic plasma-chemical process iswgdbyFriedman and

can be summarised as the following formula (Fridn2808).
H=2.9eV/mol (Eq.2.39)

The equation 2.39 oversimplifies the process andasmsome misunderstanding of the energy
needed to first activate and conduct the dissatigirocess. The rate determining step is the C-
O double bond breaking into C@nd atomic oxygen. This single oxygen atom can #itrer
recombine with another single oxygen atom, or detaother oxygen atom from a passing

carbon dioxide molecule.
H=5.5eV/mol (Eq. 2.40)
H =-5.15eV /mol(Eq. 2.41)
H=0.3eV/mol (Eq.2.42)

The above formulas (Eq. 2.40, 2.41 and 2.42) dopmovide all the mechanisms to €0
dissociation, but highlight that the minimum energyy 5.5 eV/mol to initiate the dissociation.
Often this leads to an excess of energy withinsggtem, if electronic excitation is the primary
discussions mechanism. This leads to low energgi@ities. CQ plasma dissociation can be
characterised by a compromise between high comrerates and high conversion efficiencies.
The two cannot exist simultaneously, given the entrrknowledge. The detailed study by
Rusanov et al. (1981), identified vibrational eatitn as the most energy efficient mechanism
for CO, dissociation, as most of the energy can be trenesférom the discharge energy without

significant losses (Rusanov, et al., 1981). Therical maximum energy efficiency for O
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dissociation, within a quasi-equilibrium system swketermined as ~43%. Greater efficiencies
can be achieved, by operation in a non-equilibrezondition that favours the most effective,
vibrational excitation mechanisms. Vibrational ¢aton is the most dominant process below
electron temperature ot¥ 2 eV, as described in figure 2.22.

Figure 2.22: Distribution of energy lost by electras In CO2 among excitation channels.

Source:(Rusanov, et al., 1981)

Whilst high energy efficiencies have been reacl8®d90%) under supersonic flow rates, these
are at very low conversion rates, too low for irtdak application, and they have not been
repeated (Fridman, 2008). Achieving a relativelyhhconversion rate within a DBD plasma of
35% corresponded to an efficiency of only 2% (Botget al., 2015). Further detailed discussion
on the mechanisms and the limitations of dissamigirocess of C&will be evaluated in chapter

4, as well as investigations and experimentationattempt to overcome these barriers.
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2.7 Critical analysis of literature and assessmé&khowledge gaps
Following a full review of the available literatyré is possible to provide answers to the
guestions set out at the start of the review arahadyse the available literature for gaps within

the knowledge. To recap:

1. Are there clearly defined solutions available taee texisting steel industry
decarbonisation challenge and does it warrant aplmomsteel plant techno-
economics model and future simulation?

2. How have microbubbles previously been applied (fipatly to the CQ-NH2-H.O
system)?

3. What is the current status of knowledge with redarthe dissociation of CQwith
micro-plasma devices and can they be applied teed Bidustry context to achieve

decarbonisation?
Question 1: TEA of existing steel industry approachs

After following global developments within the amafessteel production decarbonisation for more
than a decade, clear research trends have emanddtieafocus of the efforts have converged
upon a narrowing field. The work can be categoris&aeither hydrogen-based steelmaking (H

DRI + EAF), or CCUS. There is still a large amoahtesearch effort required to establish these
technologies as common practice; to determinedhect technologies, configurations, products

and to reach commercial scale.

Given the diversity and difficulty of decarbonisitige steel sector there have appeared numerous
projects, report, roadmaps and demonstrationswteehnologies, at various TRLs and budgets,
and supported by individual businesses, consortiants backed by respective Governments.
Besides one DRI facility in Saudi Arabia using C@8 enhanced oil recovery (which,
controversially, maybe classified as carbon seqatsn) no other steel facility has yet managed
to achieve deep decarbonisation. Whilst there £xdgtublished techno-economic assessment,
what we find missing in the available literaturaig/ assessment of how a particular steel plant,
from different global locations, may transition riatheir current operations to a low carbon
position from now up to 2050 (Fischedick, et ab12). The most comprehensive attempt at a
steel industry roadmap was carried out by EUROF&Rtlae Boston Consulting Group (Eurofer
The European Steel Association, 2013) (Schule, €2013). Both assessments utilised the same
detailed techno-economic model, underpinned bythdicted availability of scrap. It assumed
a generic ideal steel making facility for the wholeEurope. In practice, each steel facility in
Europe will have different assets, geographical r@gilbnal political considerations, access to
different low-carbon energy supplies and extremelyied product portfolios. This review,

therefore, does not provide an effective roadmayp tthe industry can follow, identifying the

58



least-risk pathway, the potential to transitiomfrone technology to the next, or addressing the
current asset configuration or lifetime of the &rig assets. A UK specific steel roadmap was
produced, which does provide a more local viewhefgossible ideal steel facility, but again, this

is not a regional approach and does not identify hdransition will be made (WSP, Parsons

Brinckerhoff & DNV.GL (On behalf of DECC & BIS), 2A®%). A follow-up roadmap, available

for all other UK industrial sectors, was never [sltd.

Assessing gaps within the knowledge of decarbdnisatptions, it seems more work is needed
for full chain LCAs. The COSRESYM project reportopgides a very good overview of the
potential to deploy carbon utilisation technologiedth further work being carried out under
current research activities (Metabolic, 2017). Acassful LCA requires access to detailed and
accurate data for the potential options and scemadgain, this is lacking, following only

generic, road mapping exercises.

Ultimately, with the emergence of hydrogen featggimominently in many steel companies low-
carbon strategies, it is unclear how the indusititrkansition and weather fossil fuels (and £0

will still be present in future steel making. Hayimssessed the current publicly available

knowledge, we find that to address the gap in tlekedge, the solutiois to develop a detailed

steel plant technology roadmap and a techno-econ@ssessmentising accurate steel plant

data in order to evaluate the available decarbbarsaptions. This model will also provide a

method of evaluating new technologies that couldgied to a future steel plant; one which
aims to accurately compare the various transitiatygays and technologies over time, up to
2050. At present, such a model does not exist. Mitthccess to a single model it is not possible
to evaluate the deployment of CCUS technologiesftaure theoretical, low-carbon steelmaking

facility. Therefore, a suitable model has been bipes.
Question 2: Existing microbubble intensification aproaches in the steel industry

Reviewing microbubble application, we find thatréhés ever increasing evidence of the benefits
that microbubbles can bring to a variety of systé@#mour & Zimmerman, 2020), such as
dramatically increasing the gas-liquid interfacd. the time of testing, there had been no
application of microbubbles to the @8 Hs-H-0 system. Subsequently, the technology has been
applied by The University of Sheffield, but specdfily for NHs removal, within shallow liquid
heights and low NEconcentrations (Desai, et al., 2020). Using théhoekdescribed by Desai,

et al. it would seem plausible the recovery of amimdrom waste waters is within reach.
Microbubbles have not been applied for the purpafs€0, capture using NEor enhanced

ammonia salt production, which presents an oppityttm explore this area further.

Reviewing opportunities to decarbonise steel maleagoon capture features prominently in the

literature, in past and current industrially drivesearch projects. Potentially liberating abundant
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CO, which could be utilised for carbon derived producthe literature identifies fertiliser,
specifically urea, as a key consumer of,@@d currently the greatest area for carbon utidina
(Aresta & Dibenedetto, 2007). Yet the urea produrciprocess is very energy intensive and
corrosive. The work of Mani, et al. sets out areiesting pathway to fertilise routes at mild
processes conditions (Mani, et al., 2006). Dematisty that this low energy pathway could be
possible if the system could be further enhanceith Woth access to waste gé@nd potentially
recoverable ammonia from waste water as descripelddsai et al, it seems the two maybe

combined into a commercial process.

Within a steel plant context, there has been tipdicgtion of aqueous ammonia capture at a steel
facility (Han, et al., 2014). The technology seen#dl suited to the steel plant (BF) processes
gas composition and provides an opportunity to cedbe overall capture cost. Yet, the system
appears limited by the rate of €@&bsorption and NHosses. To reduce NHbsses, the systems
have been operated at either lowd\idncentration, which compounds the slow.@Bsorption,

or chilled conditions, which increases the energmand and parasitic losses. Although trials of
ammonia capture have been carried out at steédtitsiit would seem that some of the negative
aspects of using ammonia as a capture solventhwiage been highlighted in the literature
remain. Although the work in this area seems adednihere is no indication that microbubbles
have been applied to solve issues identified, wbiearly represents an invitation to explore this

further.

A combined microbubble-plasma system has beenexpfi upgrading of used oils, via bubble
ozonolytic. Utilising the enhanced catalytic effemt the bubbles interface, (a so-called
“phantom” catalyst or pseudo-catalyst) following thresence of plasma generated radicals,
combined with an increase in interfacial area (Zenman & Kokoo, 2018). Plasma activation
has also been applied to the concept of urea ptioduat mild conditions, using a similar
“phantom” catalyst approach, but not in conjunctigith microbubbles. Xiang et al. (2012)
applied a negative corona plasma discharge to sijn¢hurea at mild conditions. Using both gas
phase C@and NH, high (82%) conversion of G@&ould be achieved without the presence of

the usual metallic catalysis (Xiang, et al., 2012).

Given the review and analysis of the literaturés itherefore proposetiat highly efficient FO

microbubble technology be applied to the AMH;+H,O system in conjunction with plasma

activated CQ, to analyse the effect on the performance of Capture and potentially catalyse

the ammonia salts production.
Question 3: Current status of plasma microreactor @dvices in steel industry decarbonisation

Within the literature it is clear that there rensmisignificant challenges to the successful

conversion of C@via plasma chemistry. A review of DBD operatiohsewed only an 8% energy
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efficiency at very low conversion rates (Bogaeetsal., 2015). Whilst high conversion rates of
the CQ are not required for the GQrapture processes, such low energy efficiencidls st
represent a challenge for scale-up of this tectyyolalthough there have been some innovative
developments in fast quench microwave vortex agres, the DBD design used within research
has not changed significantly since the early wiarkhe 80s (Bongers, et al., 2017). Theory
suggests that a ~43% efficiency within a quasiHéaium system should be possible (Fridman,
2008). The gap between theory and experimentaltyeatovides an opportunity for new
innovation. By reviewing the dissociation mecharsisamd potentially modifying the existing
DBD reactor approaches, an improved reactor designld be possible. As the plasma devices
are to be used with the application of the resepaded in question 2, this might represent a
considerable parasitic loss. Equally, splitting @6, into CO and O2 might represent an
opportunity to further enhance the work carriedwithin the field of TGRBF, (Danloy, et al.,
2009). Enhancing the system could potentially biebeth areas of research. The work carried
out in the field of efficient, low energy plasmaamireactor units with The University of
Sheffield, suggests some innovation exists and tiiiege concepts of plasma microreactor

systems might be deployable to £{issociation (Lozano-Parada, & Zimmerman, 2010).

It is therefore proposed that to enhance the krgdeand application of G@lasma chemistry,

adetailed review of C@plasma dissociation mechanisms is required to eslslthe gap within

low enerqgy efficiencies and conversion rates, alith the proposal of a potential new plasma

reactor design.

2.8 Formulation of hypothesis

The review of the publicly available literature llsnonstrated three specific areas of research
and knowledge gaps that can be addressed. To adihese knowledge gaps requires three
complementary hypotheses, which will be tested iwithe subsequent chapters: 3, 4 and 5.
These seemingly independent hypotheses play anrtiampaole in moving each understanding
forward, so that they may be successfully appledetermine a low-carbon steel making future:
addressing capture, use or conversion ot @@l applying this to a future, hypothetical steel

plant.

2.8.1 Hypothesis A

There is room for improvement within the energgidive and commercial scale urea production
process following high temperatures, pressuresandsion. In addition, the aqueous ammonia
capture systems, whilst promising, demonstrate imterconnected weaknesses: slow >CO
abortion and Nkllosses into the off-gas stream. Through the agptin of both microbubbles
and plasma-assisted microbubbles, it should beiljes® operate the first stage of the urea

production process (carbamate production) at nolddiions (low temperature and pressure).
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The enhanced gas-to-liquid interface, as a re$ulignificant bubble surface area increase, will
allow faster reaction kinetics. Also, the plasmaittion should amplify the pseudo-catalytic
effect, so that greater carbamate yields at mifditmns are possible. Similarly, the microbubble
properties will accelerate the absorption of ;C@ithin the aqueous ammonia solution,
overcoming one of the primary barriers to aqueaumania capture system, that is, the slow

reaction kinetics.

2.8.2 Hypothesis B

There is an inverse relationship between, @@asma conversion rate and efficiency and the
current reactor designs do not lend themselvedd¢oachievement of both simultaneously.
Therefore, the mechanism to efficient {asma dissociation will be studied in depth améwa
reactor design will be developed, built and testde: advantageous properties of the gliding arc
plasma devices that lead to high efficiencies talreplicated within a more controlled DBD
reactor concept. Separating the two reaction stdagasa high energy region followed by a
subsequent low energy region, the two stages aof &Citation will better align to the power
input from the reactor, thereby limiting lossesnfrover-energising the incoming €Q@as and

increasing conversion efficiency.

2.8.3 Hypothesis C

To date, the analyses for a decarbonised sted fgams upon the end point (2050) and utilise
generic data sets for entire regions with multgpleduction sites. Because of this, they do not
provide a clear view of how a steel plant may titaors to a new technology, what the most
significant considerations are, or how and whem tezhnologies (such as those demonstrated
within hypothesis A and B) could be applied witlins transition. A new site-specific techno-
economic model will be developed to facilitate simulation of multiple future steel plant
configurations. By simulating the transition of iaus technology pathways over time, the impact
of the transition will be demonstrated. The corpathway can be identified and the impact from
each pathway, in relation to cash-flow and climatpact can be realised. This will mean the

correct pathway, or actions to address this, vellisible.

2.9 Chapter summary

This chapter sets out the context of the resedghexploring the existing knowledge after
identifying 3 research questions. The known stesting low carbon technologies and current
research in this field are introduced. An introdlucto fertiliser, as a potential for a @@erived
product is provided, as are the background andentrrapplication of two technologies,

microbubbles and C{plasma chemistry.
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Analysis of the existing research identifies gapthe knowledge that are both barriers to steel
decarbonisation, yet present opportunities to ecdndmowledge within the identified research
areas. We find that whilst technologies for deepadeonisation of the sector are known, the
likely pathway to be taken is still unclear with myainternal and external considerations still
required. Although microbubbles have been applechany areas of research, they have yet to
be applied to a C&ENHs+H,O system, as is the case for plasma active. @0 further
development of C®plasma reactors appears to be needed to overtmnieate-offs between
conversion rate and efficiencies. Recognising theballenges and opportunities, three
hypothesis are set.
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Investigations toward achieving higher kinetic safer
CO, uptake within agqueous ammonia, using plasma-
assisted micro-bubbles

3.1 Introduction to chapter 3

From the literature analysis, it is clear thatadin containing fertilisers will still be needed in
ever-greater quantities within a low-carbon futuReoviding these essential products on a
commercial scale with minimal impact on climate rodp@ will become increasingly important.
An assessment of the literature identified a pddérgap and opportunity to progress the
knowledge within this research, by applying newhtefogy. This research therefore aims to
make a novel contribution towards the science augiheering fields, by utilising CQhat could

be obtained from carbon intensive industry and ajpey an agueous ammonia process at mild

conditions, though the application of microbubldes plasma assisted reactions.

Upon reviewing the literature, it also became emidénat an aqueous ammonia-based. CO
capture system would be highly applicable to thgw of industrial emissions. Given the focus
of the research will be the application of thesghi®logies within a steel plant and industrial
context, the results will be evaluated for suitypibf CO, capture performance, to demonstrate
how the results could be used to determine suea#ss carbon capture systems and application

to industry. This will be analysed and discussetthis chapter (Chapter 3).

The follow experimental design will aim to test tiluence from the application of the two
technologies, microbubbles and plasma activatidrereby the focus is to generate maximum
precipitate yields, exploiting maximum GQ@apture, using two technologies for ultimate
precipitate formation and GQuptake. Thereby creating, for a given Nebncentration the

maximum ammonia salts production and respectivieoracaptured.
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3.2 Experimental design

Throughout this area of research | was fortunatedteive advice and assistance from both Dr
Desai and Mr Campbell. Dr Desai assisted with tirecept, for the application of microbubbles
and plasma activation to carbon utilisation for amnm production. Mr Campbell provided
excellent assistance within the laboratory, settipghe experiments and analysis equipment as
well partnering in the practical laboratory expegirts. Both were helpful in the ongoing dialogue

for reactor and experimental design consideratiomgtovements and fault analysis.

To test the two hypotheses expressed above, aalabpprscale reaction system was designed,
constructed and experimental data obtained in i@ssef complimentary tests. The fertiliser
production stages that were considered to be wibipe are the initial reaction vessel whereby
CQ; is introduced into the aqueous ammonia solutiod @@ following decomposition of
ammonium carbamate and carbonate reaction. Theguést recovery, recycling, concentration
and prilling of a modern commercial scale urea potidn process were out of scope, as these
stages would not be influenced by the presenceiairbubbles or non-thermal plasma of the
reaction vessel operated at mild conditions (Fi@ut¢. The system therefore represents the more
simplified once through urea production processhevt recycling. This configuration, with
precipitate formation stage, also closely mimies @O solvent capture stage in a €€apture
system, with the subsequent solvent regeneratidnreeycling also considered out of scope.
Natural evolution of this work would be to expahd tesearch to include a full chain integrated
system, yet for the purpose of the research wesfoau attention on the influence of the applied

concepts on precipitate formation and upory Cépture performance.

To test if either microbubbles or plasma assistéctarbubbles have any influence upon the
CO-NHs reaction, a series of experiments to determinefiieet of these variables were carried
out. The 4 variations of the experiment relatehtintroduction of C®@into the reaction vessel.

These are:

CO; gas only (no external influence)
Generation of C&gas microbubble using the fluidic oscillator (D2FO

Activation of the CQgas using a plasma reactor

P 0w N PF

Generation of microbubbles and activation of the G€ing both the DZFO and plasma

reactor respectively
Essential features and components of the systesrsh@avn in diagram x) are:

A. CO; gas supply — controlled by a mass flow controller
B. Fluidic oscillator — to generate the pulsed floveded for micro-bubble generation

C. Plasma reactor and plasma reactor power supply
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D. Reaction vessel — constructed of glass with iriehe base and outlet at the top, with
vertical gas flow
E. Gas diffuser — at the base of the reaction vessel

F. Reactor exhaust gas analysis — monitoring of CO Nirk gas concentration

The design of the Cabsorption reactor system is similar to the seh@@@-NHs study of Yeh
and Bai (1999), Diao et al. (2004), Mani et al.q&Q) and more recently, the work of Shuangchen
et al. (2015), with complementary, additional &rale analysis of the reaction vessel conditions

to provide more information on the system perforogan

The system incorporates the two technologies, DZR@ plasma reactor and is therefore very
similar to the effective system used for biodiessterification, used by Zimmerman & Kokoo
(2018).

An air-lift loop reactor design is not used forsttgystem, but could be employed to improve

mixing within the reactor.

Figure 3.1 Schematic of C@&NH3-H,0 reactor configuration

To determine if microbubbles have an influence ugh@system, an initial series of control tests

were performed, with and without microbubbles. pheameters of these tests are shown in table
3-1. Following this series of tests, based upotiainprocess results, a factorial design testing

schedule was implemented, to determine the infle@fthe 4 parameters. The upper and lower
limits of the process variables are shown belotabie 3-2, with the complete schedule shown

in table 3-3.
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Table 3-1 Control test parameters

To represent the high NHoncentrations of a capture system for greatest @ake and
maximum production yield, a high concentration 682wt NH; is used. This is simply the
concentration that the solution is supplied, wittpacific gravity of 0.91 and a molarity of 13.3
mol/l. This is beyond the 20%wt expected to be used mlied ammonia process and above the
15% wt expected for unacceptable Nétks in an un-cooled system. A second, low comagah

is therefore also considered, at approximately &ctncentration of the supplied solution at a
concentration of 3. mol/lto allow comparisons of both low and high N&hd the influence of

NH; availability on CQ uptake and salts formation.

Each of the process variations run until completignereby maximum CQuptake is achieved.
An estimate of test duration, given the £&hd NR molar ration, was determined to provide
insight into the expected duration of each testis Thethod was chosen to maximise the
production yield of ammonia salts and to stresdithigations of the system, to gain knowledge
of the process boundaries and the point at whichupake and the applied technologies are no

longer effective.

Table 3-2 Upper and lower process variable limits

Applying these upper and lower limits, we develgpo8ntial variations of the process as shown

in table 3-3. Each process variation is carriediotiplicate sets.
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Table 3-3 Process variations

3.2.1 Reaction vessel

The reaction vessel used for the agueous ammautar is shown below (figure 3.2). Adequate
liquid height and headspace are needed for thelifggblution of the C&©gas within the bubble
rise duration. Too short a height will result ilz4ing’ of the bubbles from the liquid surface as
the bubbles burst, compounded by an increase \w rikte, bubble size, bubble kinetic energy
and rise velocity. Bubbles bursting at the liquidtface and releasing their contents were
discovered during microalgae-microbubble pilotitria the Corus Steel plant, Scunthorpe power
station (Zimmerman, et al., 2011). This processdissovered to be beneficial within this study,
because the busting bubbles removed inhibitory emy&hort residence time and liquid height
has also proven to be beneficial in the extraciidnNH; from wastewater, utilising hot
microbubbles (Desai, et al., 2020). This situaifoto be avoided, so that excessiveslstp into

the off-gases does not occur (a recognised isstiirveiqueous ammonia G@apture systems),
therefore compete absorption of the bubble is feaauA tall, thin (large height-to-diameter

ratio) reaction vessel geometry is typical of used carbon capture systems.

A 100mm liquid volume was chosen for the reactiessel. With an estimated rise velocity of
0.002 m/s, for a 100mm liquid height, a total risee of 50 seconds is calculated. An L/d
(length/diameter) ration in the range of 2</L<8asisidered preferential within a bubble column
reactor (Kantarci, et al., 2005). This liquid heigimovides an L/d of 2.12, within range. Gas
holdup can also be present, below 100mm column eteers (Kantarci, et al., 2005). With a
47mm diameter, the influence of the reactor wallsloe present, but gas holdup is not anticipated

due to the use of microbubbles, with laminar flow.
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The reaction vessel is sealed, along with the gaysis, to avoid air ingress and interference
with the system monitoring. It is operated at glglipositive pressure, following the steady

injection of CQ into the system, so that no air ingress will occur
The complete experimental set-up is shown in figuge

Figure 3.2 Reaction vessel dimensions
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Figure 3.3 Complete experimental set-up

At the bottom of the reaction vessel, as shownguaré 3.2, is the gas diffuser. Along with the
DZFO, this is an essential part of micro-bubbleggation. A maximum off-the-shelf diffuser
size of 40mm is allowed, due to the limited sizehaf reaction vessel. Maximising diffuser size
to cover the floor of the vessel will produce thieagest density of bubbles and an even bubble
distribution. The size of the pours of the diffukas a twofold impact upon the bubble formation.
First, depending upon the DZFO frequency, theyndtely limit the bubble size, and secondly
the pressure drop increases across the diffushreaith respective reduction in pour size. Too
high a pressure drop will limit flow rates and ughce the DZFO operation, however too large
a pour size, in order to reduce pressure drop, intiease the average size of the bubbles

produced.

The maximum fluidic oscillation (FO) frequenciesspible (when combined with the correct
diffuser) have been shown to provide the smallésubbles, yet as this is the first application
of this technology to the GENHs-H,O system and proof of principle, pushing the bouiedaof
bubble size was not a priority. A previously provesonance loop length was used (5 mm loop),
providing a pulse frequency in the range of 100 1%60Hz. Following initial design
experimentation, a gas diffuser with a pour diamsitee range of 10-16um was chosen (Grade
4). This gives acceptable pressure drop for theawrp flow rates and liquid volume height, with
an estimated mean microbubble (Sauter) diamete2.6fum and 9.0 um for the high (W/:&in)

and low CQ (0.21/min) flow rates respectively.
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The gas flow from the DZFO is delivered in ‘plugd’consistent length and volume. The lower
flow rates produce a smaller gas plug volume and [@ngth (0.02 cgand 0.11 cm), compared
to the high flow rate (0.13 ¢nand 0.66 cm).

3.2.2 Plasma reactor characteristics and coolistesy

The choice of plasma reactor and power supply eferchined by the expected flow rate of the
gas into the vessel. High flow rates lead to losidence times within the reactor, limiting the
activation of the C@ Whilst various reactor designs are availablepaone generator, DBD
reactor was chosen as the borosilicate glass tieleltad proven reliability and fitted the flow
requirements. This design has a coiled electrotie&shwproduces good results, without the high-
streamer intensities of a mesh electrode desigmchwbften produces hot-spots within the
reactors and damages the glass. More detailedsdiscuof reactor properties will be discussed
within research chapter 4. A verity of low-budgeiver supplies were obtained and tested for
this purpose. All show remarkably good performafiacghe cost with good reliability, however
the control of their output is limited, and thetagles and frequencies are fixed. A hybrid reactor
was constructed, using an ozone specific powerlgufom Dyden Aqua, which has power
input control (but a high degree of reliabilitylprabined with a longer reaction vessel, more
suited to the longer residence times required f0s &tivation. The geometry of the reactor is

shown in table 3-4.

Table 3-4 DBD Reactor Critical Dimensions

The Specific Energy Inputs (SEI) and the residetime within the reactor are determined
experimentally and are shown below in table 3-% [issajous power figures are determine for
each corresponding power settings for the chosareipsupply and SEI are calculated at the
flowrates for the chosen reactor. The plasma reastoperated at 32W for the 24 variations,
corresponding to an SEI of 2.38cm® and 23.89J/cn?, for the high and low flow rates,

respectively. This represents quite a significaffiéience between the activation levels.
SEl is defined using the following equation 3.1.

g49p qgrst u rt ?¢6¢ (Eq. 3.1)

.. o) 6
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Table 3-5 SEI and residence time at high and low flow rates

Figure 3.4 Exposed (out case removed) plasma reactor cdie spiral wire electrode design shown
operating on the right, with a characteristic, gighlasma glow.

The plasma reactor produces heat during operatidmdl heat the incoming gases. Whilst this
heat is advantageous to the kinetics of the reactios not possible to compare the influence
that the higher electron energies have, rathem@ease in incoming gas temperature. It has also
been demonstrated that hot microbubbles causeseatédNH from solution (Desai, et al., 2020).
To limit the number of variables and to identifyethossible effect of a “phantom” catalyst, a
copper coiled reactor cooling system was desigioddnit the gas temperature increase. A once
through coolant approach is used, by using adjgoetatble water supply. The copper cooling
coil can be seen in the reaction set up (figurg. £€8mmercial scale ozone generators are often
operated within a water coolant jacket for increlassliability. Recovery of this heat may be
desirable, so it might be that a full-scale systgrarates without cooling, if this does not impact
reliability or increase NEllosses. A visual thermal analysis of the cooliggteam shows the
influence of the cooling on the overall temperatdigribution below in figure 3.5. Left image
shows the uncooled reactor, compared to the coekertor on the right, showing only minimal

heat from between the copper coils.

Figure 3.5 Thermal Imaging of reactor with and without coppeil cooling system
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3.2.3 Influence of pH

With a transition towards greater acidity anticgshtfollowing the absorption of GCthe pH of
the aqueous ammonia solution will have a negatiflfagnce upon the total G@ptake and the
carbamate formation. Therefore, to maintain alk@jra sodium hydroxide (NaOH) solution is
used for a selection of the tests (best and werbpning) to attempt to maintain a > 8 pH value.
The NaOH should cause no influence on the, @action, producing sodium cations and
hydroxide anions. The initial 24 factorial experimtgewere operated without NaOH. The best
and worst case experiments, were repeated withaddéion of NaOH, to interoperate the

influence of pH change on reaction performance.

3.2.4 Analysis methods
For the continuous, real time analysis of the ieactessel, the temperature is measured for the
vessel and the incoming and outgoing gases. Glsesand CO will also be measured in the

reactor off-gases. Continuous pH and ammonia measnt of the vessel are also recorded.
Data logging is performed by the use of custom Ardinardware and programmed software.

Equipment used for the measurements are listedvijgdble 3-6). Measurement accuracy is not
considered as critical as the ability to monitoe ghift in trends between the variables. The
monitors were considered to provide acceptableracguwith a fast response and with added
benefits; that a customised analytical setup caeshkablished, close to the outlet of the reactor,

limiting losses and interference.

For the analysis of the precipitated solids andtioas, for the detection of ammonium
carbamate, urea and carbonates generated withiedlséed ammonia solution, post testing is

analysed remotely, using/thuclear magnetic resonance (C-13 NMR).
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Table 3-6 Reactor Measurement Equipment

The expected products and intermediates all corgaisingle carbon atom, hence this is
considered a reliable method and the spectrumbeikkasily defined, as there are not multiple
carbon nuclei. This method is used by Mani et(2D06) for the investigation into the effect of
pH on the C@-NH; system and also Holmes et al., (1998). Whilst Matnal. consider this
method a reliable, tried and tested technique, delet al., suggest a degree of caution and
estimate the errors from such a method as 10.6%mema carbonate), 7.5% (ammonia
bicarbonate), 7% (ammonia carbamate). The fraabioproduction yields may therefore be
treated with some consideration, but it is thougpiropriate for comparison to previous work.
The precipitated mass from each of the triplicatést are combined and were sent for analysis.

Between 175-250 mg of dried sample is requiredciwvig later dissolved within 0.7 ml of D20.
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3.3 Results

To establish the influence of fluidic oscillatiome first conducted experiments with and without
the fluidic oscillator. The reactor vessel was apedl with 250ml of Nkl solution Tests were
operated at the high G@owrate of 1.2 I/min and high N¢toncentration of 13.3 mol/l, so that
the tests are neither G@or NH; limited.

An estimate of maximum precipitate mass productmom duration to achieve maximum
precipitated was determined, based upon the redj@f@ and flow rate. This determined the
minimum estimated reaction duration. Reactions wanaintil maximum precipitate was formed
and the vessel diffusers were no longer able taigugas flow, ensuring maximum gQptake

and equilibrium was achieved and the limitationthef system were established.
Results for the initial control experiments arepthyed within table 3-7.

The influence of the DZFO and reduced bubble sizeléarly seen on the increase in total
precipitate mass, but also a preference for inereagbamate production. Upon initial analysis,
the use of plasma and DZFO provide preferentiatlitimms for the production of carbamate. The
guantity of precipitate produced, per litre of L&€upplied is also shown. With a significant
difference between FO microbubbles and non-FO laghdlhese control tests appear to confirm
the hypothesis, that microbubbles would increalts Bamation and therefore G@bsorption.

A further 24 experiments were conducted to concthdetheory.

Table 3-7.Control experiments, with and without plasma andrabubbles

To narrow the operational parameters and optinisecarbamate and solids production, 8 test
configurations are presented. We are remindedeofetst number configuration again in table 3-
8.
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Table 3-8 Process variations

Following the completion of triplicate tests forckeof the 8 configurations, the solids were sent
for analysis. The total precipitate mass and thedyction of carbamate and carbonate as
determined by C-13 NMR analysis is show in tabl@. 3rhe C-13 NMR results analysis,
confirmed that the final product is composed of tygoammonium carbonate, with a smaller

fraction of carbamate present, as demonstratedéogarbonate to carbamate ration.

Table 3-2 Total Precipitate Mass, Carbamate and Carboraiduetion
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Test configuration 7, (plasma off/low G@ow/high NHs) produced the highest mass of total
precipitate (61.8 g) and total carbamate format{@rb3 g) essential for the subsequent
dehydration to urea. Configuration 5, again plasffiand low flowrate, but this time low NH

concentration, produced the highest % of carbamtkerelation to total precipitate.

The critical parameters, % conversion of )bl total mass precipitates, test duration (esthat
duration) and standard deviations of the test durat(for the triplicate tests), peak reactor
temperature and final reactor pH measurement apagied below in table 3-10. As anticipated
and predicted, the higher flow rates required $icgmtly less reaction time to produce maximum
precipitates. The total % precipitate is determiagdh percentage of total precipitate that was
produced, against the total mass of N#thin the reactor solution, if we assume all Nisl
preferentially converted, within this system to apmia carbamate. This yield would be lower if
carbonate is formed, and lower still if bicarboniatéormed, due to their respective masses and
utilisation of greater mols of G@nd HO. This result however, provides insight into howaim

of the NH; was utilised in product formation and how muclikiely to remain unreacted. Due
to reaction pathways and enthalpies, we expectoaate to be formed first, prior to formation
of bicarbonate and carbonate. The Error is detexthias the % of the Standard Deviation
between the triplicated tests as a function otdke precipitate mass produced. Most of the tests
show good consistency, with only test 6 showingeased signs of deviation in mass precipitate

produced.

Table 3-1Q Results and estimated errors for the 8 test garditions
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Whilst the higher concentration Nidolutions produced greater precipitate solids ihito be
expected from the increased Navailable in solution, therefore the percentagéhefmass of
NHs available, which has subsequently formed intoipitate, is presented. Test 7, once again,
is clearly dominant in terms of effective gQtilisation and precipitate formation. Also, t&st
was driven to completion, before the predicted #me, whereas the slower actual reaction
durations were experienced for all other testst dasation standard deviation is calculated from
the test termination time of the triplicate tests are all within respectable limits. Of interest i
also the variation from the stoichiometric assuoni and the quantity of GQequired to
produce the precipitate. Presented in table 3-1hdgnass conversion of both carbamate and
carbonate. The amount of €@elivered to the reactor compared to stoichioraetaiculations

is provided, as well as the amount of gg@r gram of precipitate and plasma energy inpoteO
again, test 7 appears superior, in that the yi@tdsdominant and the excess of @€quired is
less than that calculated, determined from theneséd test duration, as a factor of 30pplied

per mass of NE A summary is provided of the best and worst tigstable 3-12.

Table 3-11 Mass conversion, G{excess, C@per gram and plasma energy
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Table 3-12 Comparison between best and worst tests confignsa

The rate of temperature increase within the vgaselides interesting insight into the reaction
variations and the kinetics, shown in the charffigure 3.6. Data for all of the real-time
parameters are logged in 0.5 second intervals,iginayvery high resolution. The test with the
highest flow rates shows the most rapid increaderperature (2, 4, 6 and 8). Tests 4 and 8,
both high flow rate and high NtHtoncentration, provide a rapid initial increaseéeémperatures
and activity. Test 6 produces a high peak tempexatery early in the process, reaching peak
just after 8 minutes of operation, showing a rappdake of CQ@ given the very low NH
concentration. This soon drops, at a similar rateest 2. Tests 1, 3, 5 and 7, all low flow rates,

produce a steady increase in the reactor temperatur

Figure 3.6 Reaction vessel temperature (average of theidaigl tests) over time for the 8 test
configurations

The solution pH is well known to influence the £énd NR reaction. The continuous pH
measurements, taken from within the vessel are shofigure 3.7. We find that variation 3 and
7, both low CQflow and high NH concentration, produce remarkably better stabilitgyH over

the test duration. Although the variability of tata points over this range is much greater for
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test 3. This is believed to have been caused biytéderence from the operating plasma reactor.
We find that all the data for test variations Mtdisplay a high degree of variability as a result

of plasma reactor interference of the pH probeadign

Figure 3.7: Reaction pH (average of the triplicate tests)rdiee for the 8 test configurations

Figures 3.8 and 3.9 shows the Nebncentrations within the off-gases from the reauessel,
presented in ppm. The data is split into two ch@rests 1, 2, 3 & 4 and Tests 5, 6, 7 & 8) for
greater clarity of data and cut at 60 minuteshasetis no further significant variation within
concentration, up to termination. It should be ddteat, for the gas detection system design, a
zero function was not available. Uncorrected logdath is presented. A zero figure is not
acquired at the start of the testing, thereforera error of between 10-30ppm may be present,
or as a result of interference. For the high flewes and high concentrations (Tests 4 and 8), the
NHs in the off-gases, following the peak in the reatéonperature, rises rapidly; up to ~140ppm.
This signifies the limit of C@uptake at these flow rates and saturation of the $d¢tution and
coincides with the peak temperature of the reactassel in figure 3.6. All other test cases show
a more continuous trend throughout the test duratithin the ~20-60 ppm range. Such a
significant and consistent increase in Nbr these test cases provides greater confidendei
result and the ability to detect Ndresence in the off-gases, noting that it is ntikedy to under

report the presence of NHespecially due to is high solubility, if moistuisepresent.

80



Figure 3.8 Reactor exit gas Ndtoncentrations over time (Test variations 1 to 4)

Figure 3.9 Reactor exit gas Ndtoncentrations over time (Test variations 5 to 8)

3.4 Analysis

3.4.1 Introduction

This chapter of research was carried out with éferatory assistance of MEng student Lawrie
Campbell. This work was conducted before the cotigleof the simulation results presented in
research chapter 5. As such, the application cfetliiscoveries to industry could not be fully

evaluated and Campbell’'s interpretation of theltedocuses upon the application of the findings
to fertiliser production only (Campbell, 2016). lesVing this seminal work on the application of

micro-bubbles to C&NHs-H>0 system, the University department has engaggdtimer work,
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exploring these relationships and micro-bubble ertgs, which has confirmed some of the
unique properties (Desai, et al., 2020). In théofwihg section, we analyse the work of this
pioneering study and the new discoveries made.ilvitiis section we discuss the results that
have been presented and consider how the appbbddmgies have influenced the reaction
mechanisms. The implications and application a¢tiscoveries are further assessed following

the outcome of the techno-economic evaluation aadiacussed within chapter 6.

3.4.2 Influence of Nklconcentration
The tests were carried out at two molar concewimati determined to cause either a lack of
molecular NH, and thereby a restriction to the formation of goéate, or high levels of NH

where we expect the availability of €@nd its uptake to cause the restriction.

The increase in molar NHconcertation in solution resulted in greater solidrmation, but
surprisingly no discernible increase in the staiamétric conversion yields that were achieved,
with test 5 operated at a low concentration, produ@lmost as high yields as the high
concentration case, test 7. (46% and 48% carbaowteersion respectively). This would
indicate that, in the lower concentration solutiothe availability of free ammonia is not the
limiting factor in the total precipitated mass asikar yields are achieved for those with greater
NH; available. The higher concentrations resultedrmege rapid increase in reactor temperature
when at higher flow rates compared to the low ftmmditions of similar concentrations. We can
determine that the reactions are clearly. @@ited, not NH limited at the higher concentration,
as the low CQflow rates all produce a very gradual temperaincesase, with respect to the
higher flow counterparts, even at the highersNidncentrations. The lack of G@nolecules
available within the higher concentrations is preiey a faster reaction response and it is not
limited by the gas-to-liquid surface area, whick baen maximised following the use of micro-
bubbles. Given the data, there is no apparentraagea to operating with lean Nidolutions, in
either the low or high flow rate scenarios for thaximum precipitate formation and therefore

maximum uptake of CO

Peak temperatures and the volume of, Qftake at the peak time are displayed within t&ble
13. Beyond the peak temperature, it is expectddhbaate of C@Quptake is reduced, especially
for the high flow rate tests. The maximum effecti®€, uptake within the system has been
reached. The precipitate formation turns the smtuinto a slurry after peak temperature is
reached and at this point the effectiveness ofnti@obubbles is reduced and £aptake is
limited by the solids within the solution. Test @ntradicts the general trend, with a gradual
temperature rise, and peak temperature is reactlidd relatively small volumes of GO

demonstrating the efficient use of €@ should be noted that after the peak, tempegasudoes
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not drop off rapidly for the low flow rates testiemonstrating that the reactions are still taking

place.

We find all experiments produced less precipithgntthe stoichiometric value would suggest
for total conversion of the available MHvhich would effectively be a 100% mass conversion
However, we must also note that industrial fertiliprocesses do not produce high yields, even
at optimised temperature and pressure, in the pcesaf a catalyst. A 60% mass conversion is

expected to be the maximum urea formation for thgla-pass process.

Table 3-13 Corresponding peak temperatures and Q@ake

Test No. 1 2 3 4 5 6 7 8

Peak Temperature
329 | 434 | 443 | 65.8 | 38.7 | 46.3 | 59.1 | 66.6

(°C)
Peak Time (min) 36.5| 12.6 | 139.8| 30.1 | 33.0| 83 | 47.6 | 148
CO2 Volume (1) 7.29 | 10.08| 27.96 | 24.07| 6.61 | 6.63 | 9.51 | 18.5

CO:2 per NHs (I/mol) 228 | 3.15| 210|181 | 206 | 207 | 0.72 | 1.11

All tests performed consistently between the trggies, following a very similar temperature
profile, except for test 3, which varied signifitign Temperatures for test 3 peaked at 75, 100
and 145 minutes, with all three demonstrating amy dalse peak of varying degree with a
subsequent dip before the actual temperature pes#t. 3 has the same conditions as the
dominating test case 7 (low flow, high BHbut with the additional plasma input. Whilst the
temperature profile of test 3 varied consideratig, variation in the final mass of precipitates
were within ~3 grams (3% error). A source of thgatiéon has not yet been established, however,
the dip within reaction vessel temperature resesntble work of Yeh and Bei (1999) for similar
high concentrations (figure 3.11), which was noseled at the low concentrations. In these
experiments, except for test 3 a second peak wasesent when using only microbubbles under
similar conditions to Yeh and Bei (1999), which ktbipe attributed to the microbubbles

favouring certain reaction pathways.

For CQ capture systems, it is widely considered thateli®wralue in operating in the lean NH
conditions, to reduce Nlip. A low NH; solution may, therefore, be a way forward, althoug
this is not necessarily the case within this systsmwill be discussed later, with regard tosNH
slip. In Test 6, the temperature peaked at a résplec8 minutes, so whilst the ¢@sidence

time of a capture system would be high (resultimdarger reaction columns), a reducedsNH
concentration may be applicable. Although, we sthodte that the higher NHoncentration,

achieves the same temperature increase in haiitlee The limit of NH concentration was not

determined, but as mentioned the reaction is lik&® limited given the temperature trends.
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Reviewing the literature for CQapture systems, we find that with concentratainsve 15%,
the ammonia is said to volatilise from the solutidnu, et al., 2009). At the higher test
concentration (25%), we are likely to experiendesas of NH gas from the experiments. Whilst
NHs; within the off-gases of these tests did not causissue, this would be a problem for scale-
up and commercialisation as greater recovery oNtHgwould be needed. Generating Néh a
commercial scale is carbon intensive, so losseddvmed to be minimised and recovery would

add additional cost.

3.4.3 Effect of CQflow rate

As discussed above, flow rate had a significantichpn the speed and temperature increase of
the reaction. The high flow rate and high conceittnascenarios tested in variation 6 produced
the most rapid and highest peak temperatures.dibef temperature loss from the vessel to the
surrounding environment was not determined. Theimel of CQ per mol (I/mol) at peak
temperature ranges from 1.11 I/mol up to 3.15 l/rfa the high flow rates. The limit of GO
flow rate was not determined experimentally. ItIdobe that increased flow of G@esults in
even greater CQuptake within the initial reaction stage, howeareexcess of C£rould equally
result in greater COslip and the need for subsequent reaction vesgels scale up. Greater
flow could also lead to increased ABlip, certainly at the higher concentrations, a&swill
discuss later. Significant increase in flow, worgdult in escape of the bubbles from the vessel
surface, before complete ¢@bsorption could be achieved. The experimentadidesult in
the excessive gas ‘fizzing’ from the reactor sufat the chosen flow rates, which were
appropriate for the rector height. A taller reacti@ssel could be used to test the maximum CO
flow rates possible. Whilst the initial experimerasan elevated flow rate of 1.2 I/min produced
a better carbamate to carbonate ratio, the oyan@dluction of solids was not as high as the lower

flow rates.

The low flow rate, combined with the higher Bidoncentration demonstrated the greatest
precipitate formation. The precipitate solids appwaform quickly at the diffuser surface,
reaching saturation, with the precipitate solidhhggadually rising as more G@ injected and
more NH is reacted. Whilst the total speed of the read8ddQ limited, this is not the case for
total weight of precipitate and indeed carbamate&tion. Therefore, a lower gas injection rate,
combined with the increased residence time tha theates, is preferential for maximum
carbamate and total solids formation. The fast ftate could also produce the solid precipitate
quicker, increasing the viscosity of the solutiord aolids in the earlier phase of the reaction,
thus reducing the overall effectiveness of thetieawessel and its current design as the diffuser

becomes blocked from the solids formation prevenfiioww and bubble formation.
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Bubble flow rate is also known to influence the lblgtsize and the rise rate. The bubble’s Sauter
diameter was calculated at 52.5 pum for the higtv flate of 0.8 I/min and 9.0 pum for the low
CO: flow rate of 0.2 I/min. Therefore, decreasing tlosv rate provides a greater gas-to-liquid
surface area, potentially helping to promote greatdid formation. The smaller bubbles
generated from the lower flow rate also causeduywrbdensity separation during the course of
the experiments for the low flow and high concetitres, 3 and 7. Taking note of the figure 3.10,
an air-lift circulation was established within regiA, with a central column of bubbles and
returning wall flow was generated at the lower fi@tes, upon hitting the change in fluid density
in region B. The bubbles, upon contact with reddorither dropped at the walls or spread evenly
across the separation and rose uniformly. The leshilse slowly within region B until they were
completely absorbed within the solution. The siteegion A increases, until B is no longer

visible over the course of the ~2 hour experiments.

The separation of the fluid densities and two flegimes indicate that the lower flow rates, at
high concentrations, were not sufficient to causagete mixing of the solution with the rising
bubbles. Either a central column could be emplayext a central diffuser to generate an air-lift
reactor, or the reactor geometry could be changetat it is wider and shorter, yet the shorter
vessels could result in bubbles breaking the seréaw loss of gas. It may be that the results
could be improved further if better mixing was étished in the low flow, high concentration
experiments as the separation in layers will likalyibit the product formation as region A is

expected to have a greater concentration of ptatgpi

Interestingly, we did not observe the laminar flmgime after the diffuser as expected within

test 7, but we do experience laminar flow withia tbp region B.
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Figure 3.1Q Flow rate influence on bubble generation at Wiy concentrations, test case number 7.

Regionk | ————»

Regionf | ———»

Data from the control experiment, operated at amated flow of 1.2 and following calculation
of the efficiency of C@ uptake, based upon the stochiometric estimatdg;ate that further
increase in Coflow rate would result in greater G@ss and result in no greater uptake oL,CO
For the NH concentrations, we can say that the limit of,@GlOw is reached, without resulting
in greater system losses for this reactor desiga.amount of excess G@olecules supplied to
the system that did not result in precipitate faroraare greater at the low Nidoncentrations,
such that they are not absorbed within the solstién a high flow rate and low concentration, a
CO; excess of 352% and 135% are calculated, agairst@ass of 13% and -25% for the other
extreme, low flow rate and high concentration. Athbhigh flow and high concentrations (tests
4 and 8), a Ceexcess of 71% and 15% are required to reach<a@iration, with 215% and

146% excess (tests 1 and 5) for the low flow ratélaw concentration (table 3-11).

The greater excess of G€quired to drive the reaction to completion ssggéhat the Cowill

be escaping from the reactor surface before completorption can take place, which would not
be ideal for a capture process and require regydfrthe CQ gas. In contrast, the separation
seen in test 7 (figure 3.10) showed that the bugbliere fully absorbed before they exited the

surface of the solutions. Increasing flow ratehwitt increasing the reactor volume and residence
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time, would only allow greater quantities of £t0 escape from the solution surface, therefore

we can assume that maximum Qdptake has been achieved for this reactor design.

At the low flow rate, test 7 demonstrated remarkaby efficiency, producing significantly
more precipitate per | of GOOnly0.46 | of CQ per gram (1/g) of solid precipitate was required,
compared to th8.18 I/gwithout FO bubbles. This demonstrates that theofiseicrobubbles at

the lower flow rates results in maximum g&¥ficiency, with very little CQescaping the system.

3.4.4 Effect of non-thermal plasma g&xtivation

The operational plasma reactor system resulted maaimum 3C increase in input gas
temperature, with the plasma reactor cooling sysb@@rational. The data showed that the
influence of the plasma-activated £@n the precipitate formation was limited and, engral,
reduced the precipitate mass. The average preeipitass produced was reduced by 10%. There
was no clear correlation with the rapid decreageHwith the plasma reactor operational. With
all plasma-activated cases a delay in the peak eémfyre occurred, demonstrating that
potentially the speed of reaction kinetics wasli@ficed and reduced, or different pathways were

favoured. It is worth noting that the exact pathsvery CQ uptake is still under debate.

The plasma reactor SEI at the fixed power inpuhgkea significantly for the high and low flow
rates (an SEI of 2.3%cm? and 23.8/cn?, for the high and low flow rates, respectivelyheT
activation level, therefore, for the low flow raiesanticipated to be much higher, however, given
competing mechanisms, it is not clear how thisuigrfices the reactions from the data that was

obtained. This is likely due to competing mechasisinplay.

It was anticipated that the plasma activation efghs would further catalyse the £bsorption
and salts formation. Equally charged gas bubblesldcoepel one another, preventing
coalescences and maintaining bubble size; &Ca polar molecule with two exposed electron
pairs at the microbubble-liquid interface, the #&l@uegativity of the charged surface of the
microbubble could catalyse the reaction upon emgethe fluid environment. While these
mechanisms may or may not have been at play, tldeyod result in increased yields, suggesting

that a stronger, counteractive mechanism is alsseit.

It is possible that there are a number of mechaniahplay that would cause the decrease in
precipitate and delay in temperature peak. Withahigher C@flow rates, where we do not
expect to be Colimited, there was also a reduction in precipitamnation with the plasma
reactors on. To explain the decreased reactionikimeve could conclude that the presence of
additional CQand Q within the activated gas as a result of QIsociation could hinder the
reaction kinetics. The additional vibrational eteatenergy present in the bubble, expected from
the plasma activation, did not materialise as ameise in reaction kinetics or precipitate

formation. It could not be determined if this mawh been as a result of the presence of CO and
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O, not necessarily reacting themselves with the,Nitdt following their creation, reducing the
amount of CQ@ present. Analysis of the post-reactor gas datawstiono significant variation in
the CO content of gas exiting the reactor with @haut the plasma-activation. An excess of CO
does not look to be the cause of the variancepadfh the CO could be consumed within the
solution, yet at a slower rate, @as not measured and could be the reason forattience with
plasma reactor on versus off. Yet, the literatwrggests @should not cause the degradation of
agueous ammonia, hence these systems would beghlefeo conventional Amine capture when

O is present.

At the lower concentrations, Yeh and Bai (1999) destrated that the reactions are dominated
by exothermal reactions, whereas at the higherardrations, the reactions comprise a series of
endothermal—exothermal reactions (Yeh & Bai, 1998gse pathways are not well understood
and indeed, in the literature analysis only exathiempathways are expected to be dominant. It
maybe that, under the influence of plasma activatibe endothermal reactions become more

dominant, and resist the temperature increase.

Figure 3.11 Temperate increase with respect tosN¥ight% at 2 I/min (16% Cf£oncentration)

Source:(Yeh & Bai, 1999)

The activation of C@from plasma electrons is known to decrease rajgidt/could likely have
returned back to ground state, having lost itsgntr its environment within one second (Aerts,
et al., 2015). Placing the plasma reactor direatlthe base of the diffuser would be needed to
test this theory, however, for practical designsidarations and also safety reasons, this was not
possible. A stop valve was needed to prevent flaiding back into the plasma reactor and great
care was taken to ensure positive pressure remainaidl times during operation, to prevent a
reverse flow into the plasma reactor. Incorporatibthe plasma reactor into the reaction vessel

may be feasible, but will need a redesign and siogpenuity, as it was not thought possible to
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operate this safely. As the bubbles need to flowards, naturally the reactor is placed below
the vessel, and so ingress (reverse flow) of the $ditution can occur if gas flow is not present,
so start up and shut down of the system is diffiauthout a form of isolation. This leads to a
longer than ideal pipework between the plasma rexid the diffuser and a higher chance that
the activated Cowill decay back to ground state. Under these d¢mmd, it is likely that only
the dissociated CO, &and bulk CQwill be present within the reactor.

If the CO and @within the bubble is not fixed to the NMithin the solutions, it is plausible that
they attach to the free ammonia (particularly atkevated temperature and under some slight
activation / energetic and pseudo-catalytic bubbléace) and remove the NHom the solution
within the exhaust gases. If the molecules haveyabtdecayed back to ground state, their
energies could cause the NWithin the solution to be more readily vaporised aesult in the
increased NElloss from the reactor. This would likely be theedor a hot gas bubble, so an
energetic (high electron temperature) Gficrobubble may have the same result. The benefits
of the microbubble, discussed next, are therefedeiced, as the NHs more likely to gain
energy from the plasma activated gas bubble, tatsthe NH within the solutions and raise the
temperature beyond the vaporisation point, whicrery low for NH; (-33°C), leading to greater
losses. It could be that under these assumptiainaination of a hot and plasma activated CO
bubble could lead to effective NBtripping for water treatment, but for these candi (greater

CO, uptake) we wish to reduce NMaporisation as much as possible.

The NH; exhaust data appears to confirm this hypothedis test 1 to 4 all demonstrating greater
ppm of NH; detected in the gas outlets. Typical§Oppm, compared to below 40pmm for the
non-activated tests 5 to 8.

Under the current process configuration, the aolafti 3-33 kJ expended per gram of precipitate
when using a plasma device does not seem justfidliie exact reasons why the addition of a
plasma reactor prior to the NHeactor would, in these experiments, hinder thecipitate

formation is not fully clear from these results amdtainly warrants further investigation.
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3.4.5 Influence of micro-bubbles

Incorporation the DZFO was shown, during the ihi#geriments, to have a significant increase
in precipitate formation, increasing precipitatessiy 55%. Clearly the influence of the smaller
bubbles and increased available liquid-to-gas aatésn allowed the maximum uptake of £0O
within the available ammonia solution. Even gre#tehe effectiveness of CQ@tilisation. Only
0.461 of CQ per gram of solid precipitate was required fot tase 7, compared to the 3.18 l/g
without FO bubbles.

Further optimisation of the processes identifiedtttwhilst the plasma activation had no
discernible influence, reducing flow caused a gigait increase in precipitate mass yields. A
significant increase in over 60% (an increase 8% to 48%) is experienced with a reduction

in flow rate from 0.8 I/min to 0.2 I/min at the Iigr NH concentrations.

Whilst the kinetics of the reaction in the earlgcton stages are GOmited at the lower flow
rates (as shown by the slow temperate increaseskaess of C&is used within all (except for
test case 7) experiments and the test are ruromget at the lower flow rates to ensure that a
maximum CQ uptake limit is achieved. It is understood that decrease in flow rate coincides
with a reduction in bubble diameter, from 52.5um9tOum for the lower flow rate. This
reduction in bubble size, and relative bubble sigfarea, could be attributed to the increase in

precipitate formation.

It is known the at the higher concentrations of:N#feater than 15%, it’s likely that the Kill
volatilise and result in losses, but at the loi@wé and smaller bubble sizes it was observed that
all the CQ gas was absorbed into the solution and no bula@esscaping the surface. The
micro-bubbles are therefore likely to reduce théatilisation and loss of Nilas the rising
bubbles are not carrying the Miihto the reactor exit gases when they break thiacel It is
possible that the increase in precipitate formatiena result of the smaller micro-bubble
diameter, achieved at a reduced flow rate, is mxmore of the Nkis still present in the reactor
vessel and has not been lost in the off-gases gialle for the precipitate reaction. Reducing
NHs loses to maximise CQuptake and precipitate formation is likely the Keythe micro-

bubbles success and essential for scale-up of.@&p@ure system.

Analysing the NHconcentration in the reactor exit gases, we seetlfeme is a significant
increase in ppm for the high concentration and Ak rates, which also correlates with passing
the peak in temperature. Once peak temperatuhis\eed, maximum CgQuptake is expected
to no longer be sustained within the solution ded@Q starts to pick up NEwithin the exiting

gases. This results in a loss of usable; ftbim the system.

90



To summarise, the influence of reducing bubble aree

a) Slow bubble rise velocity, leading longer resideticess

b) Increased bubble surface area, increasing theodgapiid interface
c) Reduction of NHloss processes from NKaporisation

d) Greater precipitate formation, in comparison to-f@hfine bubbles
e) Much greater effective us of GQer gram of product

f)  Unusual separation characteristic of the fluicbat flow and high concentrations

It would be possible to decrease the bubble sizhdt with an increase in FO operational
frequency optimisation, combined with a smaller mpeize diffuser and a removing of FO
dampening to prevent back flow. The benefits ohsaiciameter reduction, could yield greater

performance.

The significance of this discovery and its applmwato carbon capture systems in the steel sector

will be discussed in detail in Chapter 6.

3.4.6 Changes in reaction pH
The changes in pH align well with the literaturel @fiow confidence in the results obtained and
the rate and quantities of GQptake. The pH decreases proportionally due tadtee of CQ

absorption, which is the major contributing fadimthe pH decline (figure 3.7).

An addition of NaOH (30ml of 8.5 mol/l to the 2050flNH; solution) was made to the reaction
vessels for the best and worst-case variationsid/6a Little change in reaction performance
could be attributed to the addition of NaOH. Thstlmase, test 7, and also similar parameter test
3, both with high NHconcentrations and low flow rates, showed the masdual change in pH
from the initial ~13pH to 10pH. Whilst variationt#d a similar rate of pH decline, it did not
exhibit the same precipitate yields. We can theeefoonclude from these results that the
influence of the plasma reactor has a much greaigative effect on performance than the rate
of pH change. The interference to the signal ofpiHemeter corresponds to the power on of the
plasma reactor, causing interference with the s$iginthe pH meter. It is also likely that the hH
loss from the vessel, as a result of vessel teryrerancrease, again has a more profound impact
upon total precipitate formation and the effectivial CQ capture capacity than the pH in these
test cases. Under a continuous operation, comtgditie pH is likely to become a more significant

factor in the system performance.

3.4.7 Yields of carbamate to carbonates
Whilst there are some discrepancies in the litegabwer the reaction pathways and dominating
mechanisms, we might have expected a higher rhtiarbamate to carbonates than achieved. It

is unclear if the reaction system causes a prefateaaction pathway to occur. It is possible to
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attribute discrepancies in carbamate productighéanalytical method, rather than the reaction
system, or interpretation of the;s<C NMR spectra. Following preparation of the pretife
samples with dilution into deuterated water, thusam is likely to promote the reverse formation

of carbamate into carbonate to maintain equilibrium

Within a urea production process, this parameteriigal, as carbamate is the precursor to the
urea formation. With a C{rapture system, the mechanisms for carbamate fiomere less of

a concern and the primary objective is effectivetage, regeneration and limited solvent loss.
Given the potential issues surrounding carbamatekfrom the C-13 NMR analysis method, it
was chosen not to draw too much conclusions fraytbld analysis within this study, due to

potential errors. This does not detract from theéctgsion on system performance and
significantly, we do find much greater yield obt&incompared to the literature (Mani, et al.,
2006) within microbubble ammonia salt formation,tthawithin these experiments, and

subsequent experiments conducted by MSc studesgd,ta validate these results.

3.4.8 Reaction kinetics

The experiments were not designed to specificatgminine the reaction kinetics, following the
use of a batch reactor system without a contraédetberature and/or consistent pH. Even so, the
temperature profile (rate of temperature increabe) NH* ion ratio and change in pH all give

insight into the reaction kinetics and the spee@®f uptake in the solution.

Although the Cole-Parmer ammonium ISE probe usedetermine NE" within the solutions

demonstrated good response within the calibratiests(13.2 and 3.2 mol/l were determined
from electrical conductivity responses of 10.54 806 mV respectively), it did not perform
as anticipated during the series of tests. ResiiltidHs" ion are not in line with those of the

calibration and electrical conductivity is limitéala range of 1.6 to 4.3 mV.
The potential reasons for this discrepancy could be

A probe fault
External interference, either to the signal orghebe detection

The reaction mechanisms generatingsNétbes not dominate and so little is detected

AP w DD PF

The rate of NH" uptake is fast and results in little free Niithin the solution

Whilst the ion ratio data obtained during the ekpents was evaluated, we find that the ISE
probe within these tests did not function as exgbator with the liner trend as it did within the
calibration experiments, potentially following sotimerference or malfunction. Repeating the
experiments, but with a focus on the kinetic regisred species formation, would be
advantageous. The data was considered unreliallehamefore such calculations were not

presented. The presence of Ni4, expected to increase, with an equal ratio ofekesing NH,
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with a reduction in pH. Whilst this may be the casaly a small increase in electrical
conductivity was noted with decreasing pH, as altes the absorbed CGOPresumably this is

again due to the presence of precipitate saltsfémieg with the ISE probe.

We may also find that some other microbubble phemx@are at play, with the generation of the
bubbles influencing the charge at the bubbles’amaf Given the sensitivity of the probe to very
small deviations in electrical conductivity (10.&4d 20.96 mV was the expected range), it might
be that the presence of the bubbles preventedaecmeasurement, certainly if surrounding or
attracted to the ion probe, possibly changing ttradgenous nature of the solution at the probe

surface.

Looking towards the literature for a previous assent of the kinetics, we find a large
discrepancy in the consensus for reaction pathvildys.is likely following the idealised systems
that are considered, to simplify the determinatibrihe parameters. It would appear that the
influence of NH concentration, temperature, pressure and pH ajl alpart in changing the
pathways and mechanisms, which vary over the cafrfge reaction as temperature. We find
that the temperature increases and the pH decraase®re C®is input into the system, as

expected, but this yields a change in kinetics ithatost likely non-linear.

If we look toward the results obtained, at the IpMlew rates, as we have discussed, the
temperature increase was much lower, showinghleavailability of CQwas the limiting factor

in the reaction rate. Limiting the available £@revented an early temperature peak and also
resulted in the overall increase in precipitaterfation. Limiting the reaction in this way had a
positive impact on precipitate formation, potetyidly a reduction in the bubble size and the
NHs; losses in the off-gas. What is not clear is wigy lttwer flow rate produced a preferential
formation of carbamate to carbonate, by limiting tvailability of CQ and the temperature

increase.

By increasing the gas-to-liquid surface area fromincorporation of a smaller bubble diameter,
we would expect the kinetics of the reaction taghicker for a given volume of CGQ@as. The
speed of the reaction was not a focus of the thetsever, fast Couptake is advantageous for
scale-up and would reduce the reactor vesselaizediven volume of gas. G@apture systems
are known to be very large at an industrial scaeninimising the footprint would be valuable.
The work of Yeh and Bei (1999) concludes that & (@@ding of between 1.2 kg GRg NH;
(lean NH solvent concentration of 7% w/w) and 0.85 kg A&® NHs (rich NHs solvent
concentration of 35% w/w) can be achieved. Thisgeificantly higher than for an MEA solvent,
typically 0.38—-0.36 kg C&kg MEA in either rick or lean solvent concentraso Greater than
NHs 28% (w/w) was required for >95% capture efficienOnly <50% capture efficiency was

observed for the lean 7% Nidoncentrations in their work. With G®reakthrough (the point at
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which CQis no longer effectively captured) ranging fromrthutes up to 3 hours. Although
specific breakthrough times are not presented withé work of Yeh and Bei (1999), test case 6
presented in this study showed that similar @@ding for a lean solvent (0.89 kg &k NHz

for ~6% w/w) can be achieve within only 8 minut&his corresponds to the peak temperature
being reached, a reduction in €@ptake resulting in higher NHosses into the off-gases. We
can therefore conclude that the slow Qdptake that is considered prohibitive for capture
processes at the lower Mldoncentrations, can easily be overcome with teerporations of
microbubbles and that high Gadings can be achieved within <10 minutes oftiea time.

It was concluded, by Yeh and Bei (1999) that.@@ncentration did not influence GQptake
and therefore the results were not presented possible, that their reaction system is limited,
not by CQ concentration, but the gas-to-liquid surface asehich is overcome using the
microbubble, hence high G@adings can be achieved within short durationsdey test case 3
and 6, a C®loading of 1.2 kg Calkg NHs is achieved within 11.1 minutes, with little incsea

in NHs loss, up to termination. The absorption capaeityd removal efficiency, for increasing
NHs concentrations, as determined by Yeh and Bei (1@@89displayed for comparison in figure
3.12.

Whilst the smaller bubble will increase the rateCéd uptake, it is not considered possible to
exceed the maximum CGQoading much above 1.2 kg G&g NHs;, demonstrated in the
literature, due to physical stoichiometric limitati and the formation of solids preventing
effective bubble formation. Greater €f@adings would not be considered advantageouth&r

solvent regeneration processes within a captuiktyac

For the lower flow rate used in the test, the sigfarea of the bubble did not limit the reaction
only the availability of the C®molecule, as previously described, hence the leuthbhensions
had limited influence on the rate of €Qptake within the low flow regime. These dimension
did play a significant influence on product yielddaeffective CQ utilisation. Noting the
significance of this discovery, an optimisation qgasses is needed to determine the, CO
breakthrough point, for various NHoncentrations and flowrates, to optimise the wapt
performance under the influence of microbubbleserehy CQ availability is no longer the

limiting factor.
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Figure 3.12 The removal efficiency and absorption capacityificreasing NH concentrations

Source:(Yeh & Bai, 1999)

3.4.9 NH loss

Increasing the concentration of hiithin the solution will lead to faster absorptiohCG; (at

high flow rates), as shown by the more rapid termjpee increases and reduced residence times
and reactor size. Yet, above 15% Ntdncentration the Nislip increases rapidly following
NHs vaporisation. Ammonia boils at a very low temperatof 33.3 °C (27.94 °F) STP, yet

its high solubility ensures that it is equilibramewater and that increases in temperature of the

bulk liquid do not yield high Nglremoval.

Instead the bubbles released from the liquid sarfegntaining unreacted components, will strip
the NH;from the solution. This has been shown to be alfigtfiective technique when using a
hot microbubble and very small liquid depths (Destal., 2020). At the suggested 15% weight
concentration, this corresponds to 8.4 mol/l. Uriderexperimental test conditions, £€pture
was performed under a low and high concentratiomgsponding to 25% (13.3 mol/l) and 5.4%
(3.2 molf).

For the test conducted at the high ammonia coretamtr (tests 3, 4, 7 & 8), pH is high, ~13.0

pH, with few ammonium ions expected to be presBme. maximum recorded concentrations in
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the gas are displayed in table 3-14 in ppm and mgiin>140ppm for high flow rates tests 4
and 8, this represents significant loss ofsNitdm the reactor vessel. The Blronitors were not
zeroed with NH gas, which could represent a significant uncetyaim the measurement. The

trends however, do show the point at when concimtisastart to increase.

Table 3-14 Peak concentrations of Nigas measured in the reactor flue off-gases
Test
Number

ppm NHs  41.00 70.50 75.67 149.00 39.33 67.50 36.67 143.00
mg/m3*NH; 28.56 49.11 5271  103.79 2740 47.02 2554 99.61

1 2 3 4 5 6 7 8

At the higher concentration and higher flow, a tgeaesponse in temperature increase was
witnessed, with an earlier peak indicating the tgike of CQthat is desirable. Unfortunately,
once the peak temperature is reached under thesltioas, and the solutions moves towards
CO; saturation, NHIslip into the reactor exit gases is withessedterhigher flow rates. Within
the tests, this resulted in an overall reductiopriecipitate formation, following the losses of
NHs. As a result, the high concentration and high fiates results in NHstripping before
maximum CQ loadings can be achieved. We can conclude fhie iresidence times are kept
to ~20minutes, no significant increase in N\#ip will occur for the high flow and high NH
concentrations, which corresponds to a respectablekg CQ/kg NHzloading without plasma
activation. Within a continuous system, the solvemiuld be recycled once saturated and
regenerated solvent will be continuously fed irte system avoiding saturation and the peak
witnessed at >20 minutes. By employing micro-bubhleto the capture system, we have
effectively increased the available surface areth@freactants, allowing greater uptake o, CO
into the solution. This reduces the volume of.@eaking the solvent surface and carrying

vaporised NHwith it.

With low flow rates, and still high concentratioirs test case 7, no temperature peak was
established and there was no discernible 8, even considering the high hEbncentration.
However, given the low flow rates, high €l@adings are not achieved. Average ppm for the ful
test duration for test 7 is 18.5 ppm and at itkpedy reached 37ppm. This resulted in the best
precipitate yields, following maximum GQ@ptake and minimal loss of NHThe tests ran until
completion, testing the limitation of the systenhereby precipitate blocked the diffusers and
therefore no-more C{ould be captured. The combination of low flow amidrobubbles allows

all the CQ to be captured, without resulting in major Nbiss.

Reviewing the temperature profiles and the inflgeoitmicrobubbles, we know that keeping the
temperature low (0-2C) to reduce vaporisation of the aqueous ammomégaammonia gas is

the method employed by Alstom/GE. However, by usiticyo-bubbles, the temperature peaked
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at 66C for the high flow rates and afterwards this lecgtloss of NH Prior to the peak, even
though the temperature of the reactor was higlsjgrficant slip (greater than average 60ppm)
was apparent, even though the temperature wasalelle 20C. The slip occurred as the
temperature dropped and €®as no longer being captured by the solutionstdusaturation,
showing the influence of CQaturation is much greater than the vessel teryyertor NH; loss
when micro-bubbles are used. Within test case feak temperature of %8 was achieved,
without significant loss of NEas evident from the gas data and solids formdiased upon
stochiometric yield estimates. From this assessmertan say that, so long as the solution does
not become C@saturated, the microbubbles do not cause significaporisation of the NH
within the solution, even at temperatures up C58y replacing the C&xich capture solvent
with a constant regenerated lean solvent, sataralmuld not occur and the system, by
employing microbubbles, can operate effectivelydmel 20C without significant NH slip.
Operating at reactor temperatures up t&50ould also allow significant heat retention tovdr

the solvent regenerations stage and lower ovenaligy usage.

We can conclude that under the correct flow coodgiand residence times prior to saturation
(<20 mins) microbubbles can be used to increasg Uptake, whilst reducing NHosses for
higher NH solvent concentrations, greater than 15%. For & C&pture system, low
concentrations are desirable to prevents;Néks, but this limits the capture performance
following slow reaction rates and removal efficigndtilising the microbubbles, we can achieve
high rates of C@uptake, whist using low Ndtoncentrations, preventing Nkbsses as the NH
remains within the solution. Also, high reactor paratures do not result in an increase irsNH
losses when utilising microbubbles, contradictaryttie chilled ammonia process. Only £O

loading and NH concentration influence the loss of hNifom the system.

3.4.10 Experimental Errors

A great deal of the experimental output is highdliant upon the accuracy of the detection
methods. Personal experience with a wide rangaalf/ic methods, techniques and equipment,
often operated in hostile steel process environspemis provided an appreciation of the
difficulties in acquiring accurate data, withoussoor interference. General consensus is to over-
estimate the accuracy of a measurement technigue.r@ust be taken when interpreting results,

S0 not to jump to conclusions.

There are clearly some anomalies with the dataissjuand we certainly cannot assume any
research data is 100% accurate. The main conchiaiuth analysis of the results are drawn from
the most reliable of measurements, that is, the fipag rate, the NH concentration, the

temperatures profiles and total precipitate masasmmements. Losses and overestimates
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(creation of more heat and precipitate) within éhego measurements are unlikely. With a good

degree of certainty, we can conclude the maximugnipitate mass.

With the speciation of the products and expectettlgj the results do not correlate well with the
literature, but that is to say, the literaturelsbaomewhat contradictory. The use of C-13 NMR
was chosen due to the availability of the equipnaemt apparent suitability for the species of
interest. It is understood that future work wilkgat more accurate measurements of this
parameter, hence we have not drawn too many caookigupon the ability to produce
commercial scale urea from this process, whicleliamt upon the high yields of carbamate. In
the preparation of the samples fae-G8IMR, a 250 mg of dehydrated precipitate samplbas
dissolved in 0.7 ml of deuterated water. It isljiiat this action will cause the loss of carbaamat
given the high solid to solvent ratio. In ordernb@intain equilibrium, the carbonates fraction

must increase.

The calibration of the equipment showed an accéptldyel of response to a change in
environment, yet under the process operations,ngetifiat the NH"ion probe did not provide
an accurate response in line with the expectedtsesither due to salts present, unexpected
reaction pathways or interference. Similarly, thé grobe demonstrates obvious interference
with the plasma reactor operational, yet this da#detract from the overall trend, showing the

risk in taking spot samples. This has led to s@reds with the kinetics estimates as described.

Acquiring a homogenous or representative samplthéoentire system is also a potentially large
source of error, not accounted for in the instrutalesr analytical equipment specification error,
resolution or response. Ensuring a homogenougfoesentative if homogeneity is not feasible)
point is measured within the reactor is a sourcarialr, as we find for the low flow experiments.
As the total rector solution is dried and weighed,can assume this is not an issue for the total
precipitate mass, rather losses of precipitaterareh more likely. Hence greater confidence can

be applied to these mass results.

A rather inexpensive and customisable form of gateation is used, so that the detection is
placed as close to the outlet as possible forréagionse and to cause limited interference with
the vessel and operating pressures. The electrachlerell used (TGS 826 Figaro) according to
specification is considered very sensitive tosNth a fast response time. This type of analysis
is also known for interference with other speciad aan deteriorate at high exposures over
prolonged periods, so should be regularly replagadn their low cost. NOx, for example, is
commonly known to cause interference with Ntétection. Within the pure G@xperiments
from the literature review, we do not expect,N@mation, yet this could be possible under the
correct conditions. Detection systems were modiioguiovide a hermetically sealed system. We

can be reasonably confident with this result asstaded vessel is at a slight positive pressure
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and therefore unlikely to have ingress, and thetsENH-H-O-CC;) are carefully controlled.

In any case, the likelihood with all gas detectisrihat the species of interest are lost and a
reduced value is reported rather than over-repoeguecially in the case of soluble gases, hence
some analysis equipment is heated to beyond thepdem. No moisture vapour was seen
collecting in the off-gases tubing, but this doesmile out NH present within the vapour phase
due to its high solubility. In this instance, adosf NH; would provide a false positive and

underreport of NHlslip, with the influence of the microbubble enheahc

Given these errors, we can be confident in theatian of the data sets between testing scenarios,
but we must maintain caution when comparing tha déth literature, in which case every effort

should be made to produce the most accurate dasipem

An estimate of the analytic errors is made belaablés 3-15 and 3-16). Note that for the
precipitate mass, temperature profile, pH ands dbhcentration, from which we are able to
determine the most significant findings, we findcegtable errors. Further work is needed to

improve the NH" sensitivity and the speciation of the precipitate.

Table 3-15 Error estimate for precipitate mass calculation

Mass Measurement Measurement Estimated Average % error

technique error range measurement  estimate (+/-)

graduation (+/-) value
Reactor volume 2ml 2ml 250 0.80%
Flow rate 0.051 0.051 0.8 6.25%
Mass filtration losses - 29 60 3.33%
Weight 0.0001 g 0.001 g 60 0.002%
C13-NMR speciation 20 20 250 8.00%
Total % Error Estimate 18.4%

Table 3-16 Error estimate for reactor vessel conditions rwitig

Mass Measuremen Measurement Estimated Average % error

technique error range measurement valur estimate (+/-)

graduation (+/-)
Temperature 0.0C 0.01°C 50 0.02%
Gas analysis 0.01 ppm 0.1 ppm 50 0.02%
pH 0.01 pH 0.1 pH 12 0.83%
NH4" 0.01 mv 0.1 mol 4.5 2.22%
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3.5 Chapter 3 summary

In a series of test configurations, plasma acto/&t€, microbubbles were applied to an aqueous
ammonia system. The ajrthat highly efficient FO microbubble technology &pplied to the
CO,-NH3+H 20 system in conjunction with plasma activated 643 been achieved. In doing so,
the discoveries made have confirmed most of Hymmhe\. That the application of
microbubbles, will lead to enhanced kinetics and od CQ uptake. It did not however, confirm
that the addition of the plasma reactor furthemlyaed the reaction, possibly due to the

enhancement of competing mechanisms.

In test case 7, under a low flow rate (0.2 I/mindl digh NH concentration (13.3 mol/l), high
product yields were achieved. A 50% increase irtipitate yield was achieved, compared to
tests without FO bubbles. (61.76 g and 30.61 geesgely). It is believed that high yields were
obtained, as the NHlosses from the process were minimised, under itifleence of
microbubbles and a very high percentage of thenimieg CQ was absorbed within the solution.
A remarkable C@uitilisation efficiency was achieved under the sdes scenario, consuming
only 0.46 | CQ/g, compared to 3.18 | g for the non-FO bubbles. This demonstrates tiet t
CO; entering the system was effectively absorbed witiie NH solution when utilising

microbubbles.

A high CG loading of 0.9 kg C®/ kg NHs;, (MEA solvent is typically 0.4 kg CQ kg MEA)

can be achieved within a period of 8 minutes foelatively lean capture solvent (test case 6).
This corresponds to the vessel temperature peakesuits in no significant increase in NH
losses. Also, the vessel can operate at elevatgabratures, under the influence of microbubbles
(>45°C), without demonstrating an increase inNib$ses, providing an opportunity for enhanced

heat integrations, to lower the energy burden débrent regeneration.

The plasma activation did not result in the pregticenhanced catalytic effect at the bubble
surface. It was observed that the influence ofplaema reactor was a delay in the temperature
peak, potentially favouring endothermic reactiothpays. Also, the plasma activation resulted

in greater NHloss from the system (an increase of ~20ppm)|tiegiin lower precipitate yields.

The application of these discoveries will be furtassessed within chapter 6.
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The development of a breakthrough concept to high
conversion efficiency plasma G@issociation

Figure 4.1 Operational, twin-plasma reactor design withblishigh and low SEI regions

4.1 Introduction to chapter 4

At the outset of this research it was not clear tiwevsuccessful development and application of
the micro-plasma design used for low energy pradnodf ozone within The University of
Sheffield could be applied to the dissociation @.CLozano-Parada, & Zimmerman, 2010). It
was evident that micro-plasma systems offed unilpueenergy consumption and it was
intriguing to find an application for these propestwithin the application of CCU. The research
therefore set out to fully understand the procemssider the gaps in knowledge and how it could
be applied to the steel sector and, finally, frtwis gap analysis, move this technology forward

through an innovative new process.

Following extensive research from available texiglee theory of plasma G@lissociation, it
quickly became evident that the most effective rmadms for ozone production, which lend
themselves to micro-plasma systems, were quiteerdift from those for efficient GO
dissociation. The properties of the micro-plasnsieay that yielded the efficiency improvements
for ozone production may not be applicable to & $l@sma reactor, due to the processes and
reactions involved in Cg@dissociation, and therefore a new approach totoeatesign was

needed. Even so, the presence of energetic elsctatich gain the most energy from a plasma’s
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electric field due to their smaller mass, createsopportunity for efficient conversion of
problematic and energetically stable £L®he CQ does not have to be heated to carry out the
dissociation, indeed it can happen at ambient ¢ondi, potentially using fossil-free electrical

energy. To quote the work of Bogaerts et al., (2015

As seen from the literature review, the focus fisting research within the field has been on
understanding the details of €@issociation mechanisms, to achieve more accynatma

modelling exploit catalyst or new method of exéitatand quench. Whilst this has led to a greater
understanding of the dissociation processes, ihbedirectly tackled the issues of increasing the
relatively poor reactor efficiencies at the expewid@gher conversion rates. Therefore, this study
has aimed to move the field forward via a new i@adesign concept, by focusing upon the

known CQ dissociation deficiencies.

Within this research section, the barriers to higtficient CQ dissociation are discussed further
and evaluated. Following this evaluation, a newreggh to reactor design is proposed,
developed and tested. This development leads thetdoreakthrough of a new GC@lasma

reactor design and power system: a novel contohutvithin this particular field.

I would like to recognise Mr Campbell’s contribut®in assisting with the SEI measurements.

4.1.1 CQ plasma dissociation pathways
To recap, dissociation of G@nd the associated enthalpy can be demonstratex igllowing

formula 2.39.
H = 283.3 kJ/mol = 2.94V/mol (Eq. 2.39)
( H=279.8 kd/mol = 2.8V/molat 300K)

The enthalpy is shown in both kJ and eV. The us®/ak more applicable and regularly used to
describe the plasma process. The enthalpy is kgglthis already highly endothermic process
formula can be slightly misleading, as it doesprovide a complete picture. The decomposition
is in fact limited by the activation into CO- analecular oxygen (Eq. 2.40). This dictates the
minimum activation energy required to initiate tieaction. The following reaction, which lead
to our final production of CO and O2 are demonsttah equations 2.41 and 2.42. The oxygen
atom recombination or the detachment of an oxydemdrom CQ molecule once diatomic

oxygen is available should not limit the procebsuyificient time and quantities are available.
I H=5.5eV/mol (Eqg. 2.40)

H=-5.15eV /mol (Eq. 2.41)
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H=0.3 eV /mol (Eq. 2.42)

A simplified overview, representing the most impoitt pathways for COdissociation is
demonstrated by Bogaerts et al., (2015) and arersiothe following figure 4.2 (Bogaerts, et
al., 2015).

Figure 4.2 Chemical reactions within DBD plasma gdissociation

Source:(Bogaerts et al., 2015)

The reactions pathways which correspond to figu2eade as follows:

Reaction pathway

rl  Electron impact dissociation CO and O

r2  Electron impact ionisation CO,*

r3  Recombination of C® with electrons CO and O
r4  Recombination of C® with O; ions CO +Q+ O
r5  Electron dissociative attachment CO and O

r6  Recombination of CO with Qo reform CO;

r7  Recombination of CO with O to reformCO»

Generation of atomic oxygen via rl or r2 followedr3 or r5 are the limiting reactions of the
dissociation process within a DBD reactor and tligeethe most important to initiate the
dissociation processes. The dissociation of C@isansidered important, due to the very high
energy requirement of 1069.2 kJ/mol. The generaifdds is possible following the availability

of oxygen atoms from reactions r1, 2, 3, 4 and W, dnly in small amounts and with long
residence times. Reactions r6 and r7 are to bedestaas they represent losses in the system
(other system losses will be discussed later), kemtlne CO molecule is relatively stable, unless

excess energy is input into the system.
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The reactions rates of the most dominant reacti@oncern for a DBD are also represented in
table 4-1 (Aerts, et al., 2015). The primary reactpathways, rl, r2 and r5 are of a similar
reaction rate, with rl and r 2 quicker than r5. pdkthways are likely to occur with sufficiently

high electron densities within the reactor.

Table 4-1: Most relevant C@dissociation pathways within atmospheric, non+terplasma regime

Reaction Rate Coefficient
ri e+CO CO+O0O+e 5.8 x 10 cnst
r2 e+CQO CQO"+2e 5.4 x 10" cnst
r3 e+CO' CO+O0 6.5 x 10 cnst
r4 O;+CQY CO+Q+0 6.6 x 10 cnist
I e+CO CO+O0 7.0 x 102 cn’st
B O+CO CO+e 5.5 x 10'° cnst
r7 O+CO+M CQO+M 1.7 x 108 cnfs?

4.1.2 Most efficient mechanisms to &€dlssociation

Within the non-thermal plasma region, the energuired to commence the dissociation reaction
via a direct electron impact is at minimum 8 eVigRran, 2008), leading to an excess of 2.5 eV
of energy into the system, which will generate unted heat. In contrast the energy required via
vibrational excitation is only 5.5 eV and coincitily equal to OC=0 bond. Within a vibrational
excitation occurrence, 95% of the discharge eneagybe transferred from the plasma generated
electrons to the COmolecule, making this a highly efficient proceBuganov, et al., 1981).
Vibrational excitation, operates within an electtemperature (§ range ofT. = 1-2 eV, mostly

in the asymmetric vibrational mode. Above this ), electronic excitation will dominate.

The dissociation from a direct electron impact rezgimore than the 5.5 eV of the OC=0 bond,
leading to energy losses. Approximately 11.5 eVeiguired per CO molecule and an energy
efficiency of only 25%. Clearly vibrational exciia is much more preferable to electronic
excitation for high efficiency operation. For comipan, ozone generation can reach theoretical
efficiencies of 85% energy transfer within a regiming to 8 eV, as the energy losses from

vibrational relaxations and wall recombinations moeas influential.

At the lower 1-2 eV range elastic electron impatd ithe CQ molecule does not have sufficient
energy to dissociate the molecule. Therefore doissidered that an accumulation of impacts and
energy that lead to a stepwise effect, ultimateddk to the dissociation once sufficient energy is
gained. This can be displayed in figure 4.4 as@sed by (Bogaerts, et al., 2015). The study by
Bogaerts et al., (2015), discussed a comparisavdest microwave and DBD reactors. Whereby
microwave (MW) plasmas have significantly betteergy efficiency as the stepwise vibrational

excitation is more dominant than with a DBD (Bogseet al., 2015). The diagram below (figure
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4.3) from Aerts et al. (2012) demonstrates thatBDDeactor operates beyond the region for
vibrational excitation, typically above 200Td (2000%' V m?and electron energies of 2-3 eV)
into the region where electronic excitation domésatAerts, et al., 2012). However, MW
plasmas operate with a reducing electric field YEdwer than 2007d, typically E/n = 50Td,
suitable for effective vibrational excitation. Evea, MW plasma reactors still do not operate

with very high efficiencies, which we will disculser.

Figure 4.3 The fraction of electron energy transferred toedent channels of excitation as well as
ionization and dissociation of G@r MW plasma and DBD plasma

Source:(Aerts, et al., 2012)

Figure 4.4 CO; electronic and vibrational levels for dissociation

Source:(Bogaerts, et al., 2015)
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Stepwise vibrational excitation, also known as &ddlimbing, ultimately leads to the
dissociation of C@once sufficient energies can be reached. Withiseguenergy input, typical

of plasma reactor design, ladder climbing can beiexed, via interactions with the high
temperature electrons, but not without energy ss® vibrational relaxation. VT relaxation
gives rise to gas heating, which also ironicallgreases VT relaxation rates, so keeping gas
temperature as low as possible leads to betteniazifiies. Relaxation occurs at different speeds
for the vibrational levels 1 to 4, also demonstidig Aerts et al. (2012) and shown in figure 4.5.
Sufficient pulses (interaction with an energetiecélon) are needed to sustain the ladder climb
all the way to dissociation. Pulse duration of kisg 1us allows for an increase in the vibrational
energy needed to progress through the vibrati@vals before decay occurs. Pulse duration of
1-10us starts to see a fall in the vibrational &ticn towards ground state and at pulse periods
longer than 10ms, most have decayed back to grimwedl Therefore, sufficient pulse periods
and residence time is needed to gain sufficientggnbefore decay occurs. Under very short
residence times, high efficiency can be achievatliiited electron impacts occur to allow high
conversion rates to be achieved. Indeed, withyaked of plasma reactor, there is an inverse

relationship between energy input and conversite ra

Figure 4.5 Densities of vibrationally excited GBpecies (left axis) and the ground state Gight axis)
as a function of time

Source:(Aerts, et al., 2012)

Operating at DBD reduced electric field (E/n) ab@@9HTd leads to 70-80% of the electron
energy being attributed to the lower efficiencycélenic excitation, with 20-30% attributed to
ionisation and 5% dissociation. At 200Td only 12Bthe energy is used in vibrational excitation,

however this is expected to drop rapidly with acré@se above 200Td (Bogaerts, et al., 2015).
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Besides the dissociation mechanisms, other keyrgeas that influence a reactors efficiency

and conversion rate that should be taken into densiion when designing a reactor. These will

be discussed next along with various reactor optéond can be summarised as follows:

a)

b)

c)

d)

Reactor Geometry — The length of the reactor (alaitg flow) will determine the
residence time. This is a critical parameter for,C&3 reverse reactions lead to high
energy losses (see supersonic flow later). Redisoharge gap and dielectric material
and thickness will also play a part in determinthg strength of the electric field,
influence of the sheath and ultimately the electtensity.

Type and characteristics of energy input — Thegnaput is critical to determine the
strength of the reduced electric field (E/n). Hagtergy inputs generate greater electron
densities, which lead to higher conversion, buatgelosses. The shape of the power
energy wave can also play a part in conversiosyatedemonstrated by Yap et al. (2015)
in figure 4.6 (Yap, et al., 2015). Also, the amydi¢ of the power input is known to have
a much greater influence than the frequency ofptheer supply (Aerts, et al., 2015) .
The choice of energy supply leads to a significduainge in the dominating dissociation
mechanisms, as we've just discussed. Microwave ggnémputs lead to greater
vibrational excitation, whereas thermal input wolglad to high gas temperature plasma
and greater energy losses.

Specific Energy input (SEI) — Whilst the reactorogeetry and flow determine the
residence time of the gas, the power input and fite provide the specific energy input.
This method allows the efficiency of the procesbeaadetermined. Greater SEI leads to
higher electron densities, but electron densittesat independent of electrode surface
area. The same power input, but a smaller electnaltiiead to greater concentration of
micro-discharge formation per®mompared to the same power input, but over a much
larger electrode area. High densities of electoamsbe advantages for €@issociation.
The inverse relationship of conversion vs efficielat increasing SEI as examined by
Bogaerts, et al.,(2105) is shown in figure 4.7.

Catalytic material — A catalyst can be incorporatad the reactor design to promote
conversion. Often the presence of the catalystmagteuch as a bead packed bed, will
lead to a change in the reactor’s effective gegmaihnis leads to a change in gas flow
path and electron distribution. Catalytic plasmacters are certainly a promising area,
if the design and incorporation of the catalyssush that it can be easily replaced and

does not inversely affect the performance.
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Figure 4.6 CO, conversion as a function of input power: CO2/HEEAC power supply

Source:(Yap, et al., 2015)

Figure 4.7: The Relationship between GCGonversion and Efficiency

Source:(Bogaerts, et al., 2015)

4.1.3 A comparison of current reactor efficiencies

Dielectric barrier discharges are also known aigeatsdischarge as they lack the sparks, shock
waves and noise of the corona discharges, jetshemohal plasmas. The absence of sparks and
local overheating is preferable to the high enegfiiciencies of low-temperature discharges.
This allows the DBD reactor to operate within @astr non-equilibrate condition. The dielectric
barrier blocks the increase in current that leadspairk formation. Instead we see that a primary
avalanche formation leads to a subsequent streamhich are collectively known as micro-
discharges. The streamer is a thin ionised chahaektretches quickly between the electrodes,

along the positive trail that is left by the primpavalanche. The primary avalanche generates
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photons that initiate further avalanches that lead rapid chain of new micro-discharges that
fill the electrode gap. The density of dischargedinked to the overall energy input into the
system, with respect to electrode surface areaeVbletion from avalanche to streamer is shown

from left to right in figure 4.8.

Figure 4.8 Streamer evolution (left to right)

Source: (Fridman, 2008)

The presence of the streamer causes an effectoré @hcuit between the electrodes and the
current rises rapidly, the streamer is extinguishedhe potential between the electrodes are
reversed. The lifetime of the streamers is theeefbirectly linked to the frequency of the AC

power supply.

Whist the glow from the silent discharge may seemtinuous, it is a collection of the micro-
discharge channels. After a polarity reversal leadke collapse of the micro-discharge channel,
existing vibrational energies and electron exatatare still present and their influence on the
dialectic remain until the streamer is reformede Emergy within the plasma system remaining
once the energy pulse is terminated is known aafteeglow. It is believed that the new reformed
streamer will form in the same place as the pressitmown as the Memory Effect (Fridman,
2008). The memory effect is stronger in the useleftronegative gases, which can lead to the
operations of an atmospheric pressure glow disehavgereby the electric field is below the
Meek criterion and operates in the Townsend ioitisakegime. Streamers are easy to produce,
but operation in the Townsend mode is not alwagsibte. Townsend mode is dependent upon

the secondary electron emission, unlike streamers.

The streamers are thought to repel each otherinlgéal a regular arrangement structure, which
will be more evident at greater micro-dischargesites. The arrangement of such streamers in
their spatial and temporal organisation is entirelyesult of the voltage amplitude, not the
frequency. We could conclude from this assessnianthe greater amplitude resulted in higher
densities of streamer formation. Similarly, Aegsal. (2015) noted that frequency has limited
influence on dissociation efficiency. (Aerts, et, @&015). The stepwise accumulation of
vibrational energy is dependent upon collisiondgpwf energy) within less the 10us. A greater

density of streamers and energetic electronspnalide the collisions with sufficient frequency
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as the gas passes through the reactor, therefares Bpparently more important than power
frequency. This principle is demonstrated in figude9 and 4.10. With lower densities (a) there
is a greater chance the €f@olecule can pass through the reactor withouteaaing sufficient
energy for dissociation. This probability increagebe density is greater (b) and a route though
the reactor without interaction with a streamerdmees more unlikely. Contradicting initial
memory theory, the work of Akishev et al. (2011)claded that the streamers do not have spatial
memory and are chaotically organised (Akishev,let2811). Further work from the team to
monitor the formations showed that the streamengenmapidly at a speed of 0.1m/s, which can
be considered fast for such a small micro-dischafd@0Oum diameter. The organisation of the
streamers is less critical than their density,thatrapidly moving streamers are more likely to

obstruct the path of the incoming €0

Figure 4.9 Low streamer (Electron/plasma) density

Figure 4.1Q High streamer (Electron/plasma) density

There are a wide range of €@issociation efficiencies that have been achievigain various

plasma reactor designs. Yet the high efficienc@ae at a cost of low conversion rate. Within
table 4-2 is a summary of the various rector edficies along with their respective conversion
and flow rate at atmospheric pressure. Whilst tB®design yields some unique properties and

low temperature operation, only low efficiencievd&deen achieved for the conversion of2CO
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as the inefficient electronic excitation dominat€snversions of 35% and efficiencies of 8%

have been achieved by Bogaerts et al., (2015).

Microwave plasmas have been shown to offer unihjigg, efficiency generation between 80%-
90%, which have been reported under very speadiditions with supersonic flow (Fridman,
2008). The high (supersonic) flow rate means thatglasma is initiated and very soon after
decays back to ground state. Under these condjtibase is no window for reverse reactions,
energy loss from VT-relaxation and heat loss. Bsedhe C@passes through the reactor very
quickly, there is also little time for the plasmeactor to transfer energy to the O@olecules,
leading to a very low conversion efficiency. Thédgh efficiencies (80%-90%) have not been
recreated and recent reports under similar comditare at 45%, which is still very good (Van
Rooij, et al., 2015). Bongers et al. (2017) repbaenigh efficiency between 35% and 50% with
an inverse rate of conversion (11% to 23%) in aronvave vortex plasma system (Bongers, et
al., 2017). The exit of the vortex, into a largeactor volume leads to rapid pressure drop that
aims to result in the limitation of vibrational-trslational (VT) relaxation losses. Still, a 45%
conversion at a 20% efficiency with microwave plasnas also been achieved, which is much
better than those achieved via DBD conversion ovimghe dominance of the vibrational
excitation within the lower E/n that is achievedha microwave plasma. At a pressure of 1 atm,
Spencer and Gallimore (2013) achieved a converdidf% (at 1 I/min) and an energy efficiency
of 20% (at 16 I/min) (Spencer & Gallimore, 2013heTlow (<1 eV) energy density of a
microwave plasma as modelled by Kozak et al. (20%4yleal for high efficient vibrational GO

dissociation mechanisms (Kozak & Bogaerts, 2014).

The gliding arc concept is intriguing as high caisiens have been reported. The plasma is

initiated in the higher energy near thermal regaure to the narrow electrode gap.

Adding a packed bed of catalytic material in a D&&-up can increase G@issociation, due to
the influence of the catalytic material, helping ttonversion. However, this set up produces
uneven micro-discharge distributions following aawcbe in the effective geometry by
introducing catalytic material. Local hotspots lgfatron densities are formed where the catalytic
materials touch and the gaps are smallest. Thishnamgeneous distribution of electron
densities could lead to the high electron denséti@msunnecessary heat in these regions, allowing
a higher probability of lower efficiency electroro@tation to occur as well as reverse reactions
in these hot-spots. The presence of small packiaggmal can also reduce the flow rate of the
gases and increase the residence time as it fisadgly amongst the packing material. Longer
residence time gives a greater chance of reveesioas and VT relaxation (Bogaerts, et al.,
2015).
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Table 4-2: A comparison of plasma reactors and their converaia efficiency using pure GOnly

Plasma Max, Flow Max. Flow Reference

Type Conversion Rate Efficiency Rate

Co-axial (Bogaerts, et al,
35 0.01 8 0.5

DBD 2015)

Co-axial (Paulussen, et al.,
30 0.05 - -

DBD 2010)

Co-axial (Yu, etal., 2012)
125 0.05 3.5 0.04

DBD

Gliding Arc 9 14 43 27 (Nunnally, et al.,

2011)

Microwave 45 1.0 20 16 (Spencer &

Plasma Gallimore, 2013)

Thermal 22 0.02 - - (Nigara & Cales,

Splitting 1986)

To summarise, the benefits and properties of agyptasma rector that yield an exponential
increase in electrical field strength with a deseemn the discharge gap are not recognised with
CO, gas dissociation. This increase in electric filddds to the more inefficient electronic
excitation of CQ, rather than the preferential stepwise vibratiomeditation. Therefore, the
benefits of the micro-plasma design are not redvsgh CQO gas. A reduced electric field that
promotes only the vibrational excitation, followleglfast quench with minimal reverse reactions

and VT relaxations are the most desirable fordbpiglication.

Fast (supersonic) flow rates lead to a reductiotogses, however longer residence times are
needed within the reactors to achieve completedigson and so only small conversion at high

flow can be achieved. The benefits seen by Lozarade and Zimmerman (2010) for the fast

ozone reaction are not transferable to the: @& due to the slower speed of multi-staged
dissociation reaction pathways and a need to niairdativation for the duration of the

dissociating processes, to achieve high conversi@s (Lozano-Parada, & Zimmerman, 2010).

4.1.4 Invention of a new plasma reactor concept

Analysing the literature and experimental data @@, plasma dissociation and the various
conventional reactor designs, we are able to utataisthe most effective mechanism and
dominant dissociation processes and also learshtbgcoming of conventional reactor design.

We have seen from the previous research (Aerial,,e2012), (Bogaerts, et al., 2015) that the
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more efficient stepwise vibrational excitation does play a significant role in the DBD reactor
at a predicted 12%. This is because thesTioo high to prioritise these mechanisms, and so
electronic excitation is dominating at the high2re¥ energy level. This higher energy operation
is needed within a DBD to activate the plasma,ofie4 eV/mol (Fridman, 2008). This is much
greater than the 2.9 eV/mol that is required fer dissociation of C@ leading to unnecessary

gas heating, losses and inefficiency.

Evidently what is needed is a plasma reactor withgroperties. Firstly, a high micro-discharge
density to initiate the reaction and ensure albiming CQ gas does not pass without interaction
with the energy source and produce the necessdscuiar oxygen needed for the subsequent
reaction. Secondly, a reactor design that alsasissand promotes the following reaction into
CO and @ without overheating the gas, so that rapid quengchd eliminate reverse reaction,

can be avoided. A ‘two-in-one’ reactor approacprigposed.

The gliding arc shows promise due its similar tweshe approach, whereby the plasma is
imitated at a narrow, near-thermal region and tveverging plates sustain the plasma, but at a
lower electric field due to the increase in eleg&r@ap. This provides a high-energy start to the
reaction, to overcome the high energy needed &siodiation (>5.52 eV/mol), but the latter stage
of the reaction is uncontrolled and will extinguistelf and restart once the gap is too large to
sustain the reaction. A continuous system woulchbee advantageous for the maximum benefit.
This system does not lend itself to scale-up toroensial levels and tailoring the electrode
lengths and residence time at the correct eneqyt iis difficult as only one power source is
used. The greater electrode gap in the latter stageded to extinguish the plasma could limit
power input below optimism levels, and whilst tHasma front is operating within the latter
stage of the reactor, the new incoming.@©not gaining the high energy densities needed to

initiate the molecular O formation.

Therefore, it is proposed a two-staged, singletogadth continuous dual power input is the way
forward. First, we will exploit the benefits of higenergy input, greater than the 14 eV/mol
needed to initiate the plasma. This high energyore within a DBD rector, from thermal
imaging in research chapter 3, has shown to geneoatsiderable heat, whereby a cooling system
was employed to manage the temperatures. Thigégian of significant energy loss, but is
absolutely necessary within a DBD to activate tlasmpa and generate the molecular ozone. We
would not wish to continue operating in this higlemgy region (as all other DBD must do) as
the following reactions do not need to sustain émisergy input and result in excess heating of
the gas and energy loss. This section of the reabtuld be limited to the residence time needed
only to indicate the process and provide sufficietds of CO and O and ionic counterparts
CO,"and O. Previous assessments suggest that there is editdfeom going beyond 20cm in

reactor length as this leads to reverse reactisitls,9cm being optimal for the specific DBD-
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corona hybrid (Liu, et al., 2017). The first sentis to be kept much shorter with high micro-
discharge density and SEI.

The initial short high energetic stage has, bytad&cexcitation, resulted in the production of CO
and O that can pass into the second stage of dleéore This second stage can now operate at a
lower SEI, as the higher electron density is nagénneeded for the plasma activation and
generation of molecular oxygen. Within the secaages, only sufficient energy can be applied
from a second power supply to counteract the reweraction and loses and to provide sufficient
residence time for the formation of molecular oxygk is critical that the gas temperature is
kept low, to prevent the heating the CO to leadatals recombination with the atomic O to
reform CQ.

It was determined that a three-stage process wasesaled, as there was no apparent benefit
from a third, lower energy plasma stage given #action processes. Further residence time

could give rise to greater losses.
The proposed rector design is demonstrated indigutl.

Figure 4.11 Twin electrode DBD plasma concept

4.2 Experimental Design — A new plasma reactorntioe
To test if the reactor theory is at all possibteva staged reactor is needed, along with two power

supplies that can be adjusted for power input.

By adjusting the electrode length the effective,@Edritical parameter, can also be adjusted for
a given power input. To then adjust the resideimse tneans the flow rate of gas can be varied.
To alter the electrode length aluminium tape iglus®this can be cut to length. Given previous
experimental results (Liu, et al., 2017), we kndwre is no benefit to going beyond 200mm,
with 90mm being optimal for the given conditionowkver, the length of borosilicate glass and
available power supply dictates that a total of BOetectrode length is chosen. The operation of

a two-stage system can be compared to a contint@usn electrode and against the twin
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electrode, equalling the same total length. To kigvhe higher SEI and streamer density for the
first stage, a shorter electrode is used; the paoleesity will be higher for given energy input if
the area is smaller. A 30 / 70% split was chosenng a 15mm first electrode followed by a

second 35mm electrode.

A variety of inexpensive power supplies used foorez generation were obtained and tested.
These power supplies chosen as they are easydimobeing imported into the UK from online
retailers and easily dismantled and modified td #us particular purpose. A trade-off is that
they are limited by their fixed frequencies. Poweapplies were obtained with a continuous
sinusoidal output and a pulsed peak and decayirgiitaiche power signature, shown in figures
4.12 and 4.13.

Figure 4.12 Plasma power supply A continuous waveform

Pulse frequency for reactor A is 20 kHz at a tofel5.32 kW.

Figure 4.13 Plasma power supply B decaying waveform

The characteristic waveform signiture of plasa posupply B is quite diferent, with major pulse

occurances at 0.00105 seconds as shown in figlige 4.
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From the power supply testing experiments, it sessary to modify the power input so that the
second stage of the reactor SEI can be reducem, minimise any unwanted increase in gas
temperature and loss. A pulse width modulation was first applied, but a simple variable
resistor was ultimately chosen, as this reducesathglitude of the input energy, rather than

influence the signals wave profile and steamer &tion.

The circuit is shown in the following figure 4.14.

Figure 4.14 Twin electrode DBD plasma circuit

A borosilicate glass tube is used for the dialetdiger and a single grounded electrode is
constructed from standard 15mm copper tubing. Allsmdiameter reactor system can result in
damage to the dielectric surface due to arcingingusgh temperatures often in resulting in a
damaged dielectric. To avoid damages, the reacasrmade from a larger diameter glass tube
as this will dissipate the heat more effectivelg apread the streamer formation over a greater
area for a specified SEI. It is also critical tepehe plasma gap as constant as possible, styquali
control is important to prevent single ‘hot spatis’areas of uneven charge distribution. The
electrode gap, due to the standard diameter mistetimsen are not fully optimised, but well
within an acceptable range and actually very ctosthe target 1mm gap at an average gap of
0.83mm (table 4-3).
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Table 4-3 Reactor geometry

Reactor Component Size range Average Ovality
Glass dielectric OD 20.05-20.14 20.10 0.09
Glass dielectric ID 16.64 - 16.67 16.66 0.02
Dielectric thickness 3.38-3.50 3.44 0.12
Central Electrode 14.96 — 15.02  14.99 0.06
Dielectric to electrode gap 0.81-0.85 0.83 0.04
Effective reactor volume (total 50mm

electrode length) 2.08

Total power input is measured using an inline phagver measurement device, with gases
measured using an ADC MGA 3000 series multi-gasyaas (table 4-4). With the following

measurements:

Table 4-4 ADC MGA 3000 series, multi-gas analyser specifaa

Component Measurement range  Units Detection method
COs 0-35 % Infrared
CcoO 0-10 % Infrared
SO, 0-1000 ppm Infrared
02 0-25 % Chemical

This is not the first choice of analyser, due toriinge and sensitivity, as will be discussed.

However, due to Covid-19 restrictions, this wasdhe available. Gas composition options were
again limited due to Covid-19 restrictions. A 5% C2% G with Ar mix is used, however this

was not anticipated to cause a disadvantage asd #re in line with the ranges of the analyser

available.
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4.3 Results & analysis

4.3.1 Power consumption and reactor operationtsesul

For the following results and analysis, the staddarmula are used:

To define the energy input to the system we uséaltemving:

y27Z{7 y|}Z~ +€

abcdefed ghcijk Inomragl o ?_4 il (12 2z

LT 9 pt”

The % conversion rate of G@& defined as:

SER ZesEUe
%o ¢ - o 'T T%o
08«EU>

The energy required to produce 1 mol of CO is defias:

. {127~ "12"{Z0 +Q %.

The energy efficiency | is defined as:

~ >TM & .TT%O

(Eq. 4.1)

(Eq. 4.2)

(Eq. 4.3)

(Eq. 4.4)

Where, ; (kJ/mol) is the sepcific heat of the dissocatieaction of CQ, equation 4.4.

For the first time, a twin-stage plasma reactoiugetvas shown to be possible, utilising a single

common earth electrode and two power supplies.pldveer consumption for the operational

modes can be seen in table 4-5 below. Total powesumption is used, rather than Lissajous

power consumption. Total power consumption alsdubhes the system losses. For this

application, total power consumption is appropriageve aim to compare the two operational

modes; single plasma power supply and twin plasowaep supplies. This measurement is more

applicable to real world application, such as dgmient on steel plant gas conversion.

Table 4-5 Power consumption for the operation modes ofwhe-plasma concept

Mode Power Power/electrode
Consumption area
W (J/s) (Jlen)
15mm plasma supply A 24.6 3.48
35mm plasma supply B 6.6 0.40
Both plasma (50mm total) 325 1.38
Single 50mm electrode 35.1 1.49
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Power input for the first reactor stage was se246 W as shown above. This provided an
optimised power setting, which did not transitioratcing, producing a very controlled and quite
characteristic plasma glow. Whilst SEI is the staddneasurement of power input, the power
per area of electrode provides further insight thevenergy density, and thus expected streamer
density, irrespective of gas flow. The smaller gtmte length combined with a higher power
input generated a high SEI, compared the much losggrective SEI for the longer electrode and
small power input. Although the power suppliestfar single power set up and twin power set-
up vary slightly, the energy density (power inpatdctrode area) is quite comparable, with 1.49

Jlcnt and 1.38)/cnt respectively. SEI at high and low flow rates dreven in table 4-6.

Table 4-6 SEI at 0.5 and 1 litres per minute (I/min)

Mode Power SEl at 0.5 I/min SEl at 1 I/min
input

wW (k) (kJN)
15mm plasma supply A 24.6 2.95 1.48
35mm plasma supply B 6.6 0.79 0.40
Both plasma (50mm total) 32.5 3.90 1.95
Single supply 50mm 35.1 4.21 211
electrode

The gap between the two electrodes was set at 13inis1is because the electrodes could not
be brought closer, due to jumping and arcing betviee two power supplies. This is not ideal
(zero gap would be optimal) however, some gap whesipated. A variety of insulating materials
was trialled, in an attempt to bring the electrodeser. Surprisingly, none of the materials used

has a discernible effect.

Reducing the power input to the second reactoestagsed the arcing to increase, leading to the
6.6 W and the 13mm as the optimum for this setQipservations showed that it is clearly
possible to prevent the plasma initiation whennafting to use only the low power (35mm)
reactor under operation with air. Argon initiatesiah easier at lower SEI. Only upon the
application of the ststage (15mm) reactor, can the second stage rdsfoitiated, using air as
the feed gas. With the set-up this cannot be ratgitwith the Ar mix, due to the lower initiation
SEI of Ar.

The operation of the two-stage reactor can be isettre image (figure 4.15) below.
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Figure 4.15 First-of-a-kind two-stage plasma reactor congeiperation

Figure 4.15 clearly shows the characteristic glavith the first stage reactor (15mm)
demonstrating a higher SEI (brighter dischargei tite latter (35mm) reactor. Flow of gas is
from left to right.

Table 4-7: Gas residence time comparison at 0.5 to 2 Igezaninute (I/min) for a 50mm electrode, plus
13mm electrode gap

Flow rate Residence time Residence
time
[/min minutes seconds
1 0.00262 0.157
0.5 0.00523 0.314

The residence time of the gases within the reagmshown in table 4-7. The residence times are
potentially above optimal for maximum conversion bte limited by maintaining flow to the
analyser and the dimensions of the system. Theestadectrodes have also reduced the residence
time. A 9cm length electrode was previously shoavd optimal at 0.Bmin by Liu et. al (2017).
This 9cm electrode would provide a much longerdeste time, especially as the volume of the
reactor design used within this thesis is grealiee, to increased diameter. Increased diameter is
needed to obtain the low, second stage energy {dform2) and reduce the occurrences of heat

damage.

4.3.2 Conversion rate and efficiency results

Gas analysis is carried out using the ADC MGA 386fles multi-gas analyser. Characteristic
of most analyser designs, a minimum flow rate ¢ained. Usually excess flow is delivered to
prevent any air ingress. An error is demonstratethe analyser if the flow rate falls too low, so

a minimum flow of 0.5 I/min is required to satigfye analyser.
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The maximum conversion rate and maximum efficietigt was achieved for the twin stage

plasma device can be seen in the table 4-8.

Table 4-8 Max conversion rate and max efficiency achieved

Mode Conversion Error % of CO: Efficiency Error
rate at 0.5/min  estimate  converted to CO estimate

% +/-% % +/- %

Single stage 4.4 3.5 2.4 13 24.5

operation (+/-3)

Twin stage 11.1 3.5 6.8 36 24.5

operation (+/-9)

4.3.3 Analysis and discussion

The SEI of the first stage is in line with thetagaure (3.90-1.93/1) and, while maybe not optimal,
due to the compromises made to enable this detbigynare within range. The second stage, low-
power plasma section (35mm) achieves a very lowepalensity (0.79-0.40/1) not typical for

a DBD CQ plasma reactor as this is too low to initiate presma.

Following the initial high plasma stage, where higkcitation occurs, there is a period of
afterglow, within the 13mm gap. Although this gamot ideal and likely leads to some decay
and loss of energy efficiency, it is sufficientdastain the plasma energy going into the second
stage. This theory was demonstrated using air (wtiees not initiate as easily as the.C@r
mixed gas), whereby the second stage will not egnitthout operation of the first stage. The
afterglow period could be reduced, minimising los#)e gap can be decreased. To achieve this
an exemplary insulation material is needed to presecing between the reactor stages. To date,
only a sufficiently large air gap has preventedraydrom occurring, with insulation showing
minimal effect. A higher flow rate will reduce thesidence time within this gap (reducing loss),
but also limit the achievable conversion rate, Wwhidll compromise the detection limit. At a
flow rate of 1l/min, this afterglow period is only 0.032 secondsn(82 Decomposition is

expected to occur within thesrange.

After the trials, it became apparent that the posuguplies could have been improved. The
decaying pulsed power supply that proved adequatéhé previous experiments in Research
Chapter 3, caused a noisy and inhomogeneous plasriee low power second stage. The more
spaced, high amplitude current peaks cause fladtgasma streamers and, if the two stages are
too close, arcing between the two. This inefficieiscaudible, with the second stage much nosier,
than the almost silent first stage. Even with tbmpromises discussed, a new plasma concept

was designed, built and demonstrated as partofésearch, resulting in the successful operation
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of a first-of-a-kind twin-stage, two power plasneactor system. Within the same system an SEI
is achieved that is comparable to a continuoudrelde but demonstrating two distinct area of
plasma excitation. This is more aligned with the stages of C@excitation as demonstrated by
the increase in both G@onversion and efficiency. Conversion was incrddsam 4.4% up to
11.1%, a 40% increase. 6.8% of the@ich was input into the reactor was detected @s C
This CO generation, combined with such a low SRutnled to the efficiency of CO generated
(kJ/mol) to increase from 13%/ 1.3) up to 36%+«/- 8). A 4.4% conversion at 13% efficiency
seems correct given the inverse relationship teemion vs efficiency. Note that Bogaerts et al.
(2015) demonstrated an 8% efficiency with a DBDcteaat the same flow rate and is within
our estimated error range, however a higher coiorergas detected. For the twin-stage reactor
the efficiency is surprisingly high, especially givthe low SEI. However, if we look towards
the gliding arc, which we hope to emulate in ouo-stage approach, the maximum efficiency
achieve here is ~ 40% (Sun, et al., 2017) implyiregDBD can approach gliding arc levels of
efficiency. Recall that the gliding arc has aniatibn (high SEI) stage followed by a lower,
decreasing SEI stage due to its geometry in muelséime way as the new two-stage design,
which could explain the higher energy efficiencashieved. It is possible to conclude that
allowing the very low SEI of the second stage terafe within the same reactor leads to an

improved energy efficiency.

The conversion efficiencies are aligned to thediiere, and due to the compromises made, as
discussed to allow the operation of this first-efsad concept, are not dissimilar to those of fully
optimised systems, presented by Bogaerts et al5§20An 18% CQ conversion rate was
achieved using the same, unrestricted power supatyvas used for the second (low SEI) reactor
stage, but with a different, longer reactor as usedhapter 3. This was confirmed using a Hiden
HPR-20 Mass Spectrometer analyser. The reactor gieprand flow rate resulted in a longer
residence time (4.95s at 0.5 I/min) and the higlosver input (54.2W), which would account for
the higher conversion that was achieved, compavetthd 50mm system testing within this

chapter.

Various methods have been employed by differemtamehers to calculate their efficiencies. The
power efficiencies reported here are total efficignincluding energy losses due to power
supplies and transmission. Whilst not directly canajple to some of the literature, which only
calculate plasma efficiency, it does allow for si@ttory comparison between the various modes
of operation. A standard and common method was tisaidprovides data that is directly
applicable to chapter 3: Application of plasma desiin real world situations; in this particular

case, a steel plant.
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4.3.4 Errors

The gas analyser, as the primary detection metimay, be the greatest source of error in
determining the conversion rate. A 5% G4&th Ar mix gas was used to bring the concentratio
within range of the analyser. Similar experimeragehalso used G@and N mixes for the same
affect. A 100% CQ@feed may yield greater total molecular mass offeosion due to higher GO
availability. This could potentially lead to grea@O availability for measurement. The analyser
is span to the 5% mixture, but it is possible thate is some error between the stated and actual
gas composition of the cylinder. One concern witthdow concentrations is that of approaching
the limits of analyser detection. Although the améd analyser is very sensitive, it can be prone
to drift within the measurement range and care rbadken to repeat and check the span and
drift regularly. This adds some increased errohinithe measurement. A higher differential CO
measurement will reduce this error. That said, €@nversion is typically very low for plasma
systems if high efficiencies are a target. Theesfthis problem is not uncommon to §@asma
assessment, but the accuracy is not often discugsésing a Mass Spectrometer may alleviate
this issue and provide some greater accuracyhioamnalysis, the current set-up proved adequate
to demonstrate and test the concept. A single aealyas used, needing a pre and post-test span
check. Duplicate analysers could alleviate thisl, provide closer to real time analysis, but to fix
two highly accurate measurement devices, side d wias not within scope of this research

demonstration project.

The analyser measures to 2 decimal places (+/-0/aI88ppm) for the compounds of interest.
If we assume that in practice it can measure at@lyri@ within 0.05 % and apply this to the £0
conversion, this produces a +/-1.8 % deviationherbest-case result. Whilst the analyser should
be able to measure accurately within the 500ppmeaio include the error in the actual cylinder
content vs displayed, +/- 500ppm, we gain a total/e@).1% (1000ppm) combined error. At a
total of +/-0.1% (1000ppm) analyser accuracy, wi& ga error in our conversion rate of +/-
3.5%. It is unlikely that C&and CO will be over-reported, rather thatL@d CO will be under-
reported due to losses, leaks or air ingress. Ttrereany CO generated can be considered due
to the plasma reaction process, increasing thedesnde in this result. In the same respect, there
is less confidence in the G@onversion rate, as G@an be under-reported in the exhaust gas,

suggesting a higher conversion rate, when in ye@lid is lost somewhere within the system.

Whilst the conversion rate is dependent upon atewgas measurement, efficiency is reliant
upon gas composition, power input and flow ratereasing the possible sources of error. The
flow rotameter used can determine betwee/fih increments. If the flow is miss-interoperated
by 0.1l/min, at such low flow rates (~0.5 I/min) this represea significant error of +/-20%,
which in turn would result in a 20% error in théi@éncy calculation. Retrospectively a mass

flow controller should be used to repeat the expents.
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The power input measurement device, measures bonvdt1W. The effect of +/-0.1W on the
efficiency measurement yield is an error of 1 %e Thmpound error for efficiency, taking into
account gas analyser, power and flow measurement isr 24.5%. Some caution should be
applied to the efficiency calculation, not justlos study. As this is a first-of-a-kind, it woute

necessary to validate these discoveries with relplécplasma systems.

4.3.5 Conclusions

After reviewing the C@dissociation mechanisms it was hypothesised tieagliding arc system

is able to reach higher efficiencies because thetian is initiated in a high SEI region and
subsequently sustained in a lower SEI region. Thimpliments the multiple stages of €0
dissociation, as described in equations 2.40-24d@ results in few losses. Having to sustain the
entire reaction at the level required to reachmpbkadnitiation results in energy losses, as this
continuous high level of power input across théremeaction length is not required to sustain
the reaction. As such, a DBD system that emuldi&s tivo-stage dissociation process was
designed, built and successfully operated. Analgbthe system demonstrated that, compared
to the conventional single power set up, much greatergy efficiencies can be achieved; from

13% up to 36% efficiency (energy per CO molecutmprced).

This first-of-a-kind system will value from furthgalidation and the use of more accurate flow
and gas analysis equipment. However, the work te kdas shown that a twin-stage two power
supply system is possible and can be operated ssfatlg within a single pass plasma reactor
and that greater efficiencies can be achieved,oagping those of the best case gliding arc

systems.

4.4 Areas for further investigation

Whilst the aim was achieve and a new reactor cangap shown to be achievable, the design
did not set world leading conversion rates anctigfficies for a DBD reactor. Optimisation of
the system is needed to achieve higher performamdime with world leading DBD reactors.
Future work should focus upon optimisation of thecess parameters, in particular the geometry
and residence times and power input to find thetrmpmum configuration...to improvement
of the insulating barrier, between the two outecebdes so that they can be closer, reducing the
period of loss and VT relaxations between the tagr phases. This became a material science
issue beyond the scope of this work. Greater atieid more sophisticated power supplies, with
greater control over the parameters (pulse frequest@pe, voltage and amplitude) would also
be a useful, along with more accurate measurerakinbugh access to not only one, but two sets
of supplies and equipment is needed and was ptetiby availability and costs for this work.
Varying the concentration of input gases into aewichnge would be beneficial, to include some

industrial gas compositions. More versatile gadyasisequipment, with greater operating range

124



will be required. Improvement upon the reactor giedb be tested could include varying the
geometry, electrode lengths and respective resgd@mes. Replication and repeatability of these
results with similar reactor design by others isdel to further validate the findings of this study
Also, the potential to include a gas permeable mianéthat could remove the productand

drive the reaction forwards without recombinatiblowever, selectivity of removal could be an
issue as the ionic species are beneficial and tibia oxygen is essential for the complete
dissociation process. Finally, a combination of ttéchnology, with another complementary
technology, such as a solid oxide electrolysis 8€IEC to produce a hybrid reactor, may yield

greater conversion rates.

4.5 Chapter summary

Following an in-depth investigation into the meth@ohd barriers to the efficient dissociation of
CO,, it was determined that a new reactor design waded. Previous efforts primarily used the
same, narrow range of reactors designs, espeaiathe field of DBD reactors. The proposed

new reactor, was designed, built, tested and op@matccessfully.

The research aim, to conductdatailed review of CPOplasma dissociation mechanisms...to
address the gap within low energy efficiencies emaversion rates along with the proposal of a
new plasma reactor desighas been successfully achieved. In achievinggims Hypothesis B

has been confirmed.

The new design exploits a two-stage approach o thgl high energy required to initiate the
reaction from the lower energy input needed toasasand complete the total dissociation
pathways. The result is believed to minimise unasagy further overheating that can lead to
unwanted reverse reactions. This is more consistéhtthe two stages of GQlissociation,

requiring 5.52V/moleculeand 0.34eVV/molecule

It was therefore demonstrated, for the first titiat it is entirely plausible to conduct a single
pass plasma reaction within two separate plasngastéoth operating with a different SEI. The
developments in new plasma design and knowledgachfevable conversion efficiencies

addressed within this research chapter, will bth&revaluated in chapter 6.
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Detailed techno-economic simulation of a future 4ow
carbon steel making facility for 2050

5.1 Introduction to research chapter 5

To establish a low-carbon solution for the steet@eby 2050, it became critical to understand
the technology pathways that may be taken to aeltt@s vision. To evaluate the application of

any new technology, one must understand how adstigel plant will operate and have answers

to the following questions:

1. Will fossil energy still feature between now ancb20
2. Will COq still be emitted from our future steel plant, Fmw long and by how much?

3. What technologies are we likely to employ to sigpaifitly reduce the carbon emissions?

As part of a strategic planning process, it is Beagy to consider what low-carbon technologies
might be possible for the production of steel irb@@&nd also, which ones are likely to be

economically viable. To understand this in detitechno-economic model was developed and
the model was then used to simulate possible figigelmaking pathways. The purpose of the
model was to provide a comparison of various adtéwve technology pathways from a selected
base case. The base case will be built using adatialobtained from a UK integrated steel plant.
Without understanding the potential layout of a@@%eel plant and the resulting transition, it

became clear that it would not be possible to etelland adapt the plasma technology,
microbubbles and ammonia capture, or any othentdogies within a steel making site of the

future. Whilst roadmaps for steel plant carbon otida exist, their scope covers entire continents
and multiple regions. A model for a single plamégded to fill this knowledge gap and provide
a tool for further analysis of the novel technolaployment recognised in chapters 3 and 4.

The construction of this model and analysis ofda& will now be discussed.

5.2 Technology Roadmapping

Roadmapping has become an important tool, to hislmlise the options and actions needed to
achieve future decarbonisation. These roadmapsfeme produced to guide Governments, the
energy sector and industry on what can be achibyedhen and how much it may cost. The

elements of the roadmap can vary, but usually sbo$ia timeline along which certain action is

taken to achieve the end objective. In the firagstof road mapping it is therefore essential to
set out the purpose (goal) and also the scope. Reye different scenarios can be set, which

achieve either the same or different outcomes. &Besnarios dictate the pathway that is taken
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to achieve the set goal. These pathways will irelactions such as Government policy or new
technology rollout that, at certain points in timedline, will be deployed to help achieve the goal.
What determines a successful roadmap is estaldigiathways that under different scenarios
provide the ability to avoid unacceptable risks(sas high CAPEX, regret capital or the inability

to switch to a different pathway). These risks magho include missing carbon reduction targets

or an unprofitable solution.

A barrier to technology deployment is often teclogidal readiness (TRL). Successful roadmaps
will incorporate some time for development and dgpient of unproven technology and factor

in time (and cost) required to reach commercidlesca

The exercise undertaken in this thesis was to m®dutechno-economic analysis that can be
used as an integral part of a technology roadmiag.objectivetcarbon reduction of steel plant

operations, at least cost and minimal riskVhilst many aspects of the roadmapping were
addressed, some elements of a successful roadutépas identifying means of deployment and
the implementation have not been addressed, soshitald not be considered a complete

roadmap.

The construction of the following techno-economiodel would not have been achievable
without the expertise of my Tata Steel colleagiWfélsere Mr Barnes provided expert assistance
in identifying possible pathways and considerationenergy balance and performance. These
considerations helped shape the assumptions usédeitechnical model. Mr Westerveld
provided access to his vast knowledge surroundocan@mic modelling to help build this
economic model, sharing his approaches and usilgf tunction to manipulate the data within

Excel.

5.3 Construction of the techno-economic model

5.3.1 Technology selection process

The first stage of developing a steel sector rogdmas to produce an accurate model, which
will span the time period between now and 2050 thisrpurpose, the research uses an integrated
steel production site typical of those found glbpak the test case to provide the data and level
of detail required to make accurate predictionstemhnology deployment. Having followed
global research efforts in the steel sector, desdrin the literature review, it was concluded that
the technologies would be one of a number of coméiions that fall into the three basic

categories:

1. Replacement of the current coal reductant withnadarbon alternative
2. Electrification of the steel production process(es)
3. The application of Carbon Capture, Use and Stof@gdJS)

127



This provided a short list of potential technolagytcomes. These were:

1. Increased utilisation of scrap and transition t@\BAF, fed by iron supplied from a DRI
facility, that will use hydrogen as the reductagiegtrification / low-carbon reductant
route)

2. Increased utilisation of scrap via existing routel &ransition toward EAF, and (where
applicable) supplemented by BF iron (electrificatioute)

Deployment of CCUS on existing Blast Furnace tetdmo(CCUS route)
Deployment of CCUS on the instillation of new stafeghe-art iron making technology

(CCUS route / low-carbon reductant route)

Not all of these technologies are fully commersiadi, with various TRL levels and require
further developments. The point at which some ef tdchnologies could be deployed in the
model’'s timeline takes into consideration when etdhnology is likely to become available.
The technologies short listed, however, could h@aded in full or in a combination with other

technologies. Also described as partial deploymEnmis combination of factors led to a possible

20 technology outcomes for our chosen steel praatusite in 2050.

Of the 20 possible pathways, 18 are modelled. Témsibn on the 18 potential technology
pathways, which were to be modelled, was influertpedeographical opportunities as well as
current assets configuration. Within the literatetedy, global activity was investigated and a
trend in technology pathways emerged, depending gemgraphical location, availability to
generate large quantities of renewable power ,ipaliintervention and public perceptions. None
of these factors ruled out any of the technologiyoos for our chosen base case site and so all
technologies, with suitable TRL §/7) were considered. The modelling process aimebet
technology agnostic, so not to purposely favourttietechnologies that were developed within
chapters 3 and 4. The 18 new asset configuratimhgheir deployment were influence by current
assets, their existing lifetime and need for regiaent and a product market analysis. Product
market analysis was considered separately, bot @ focus of this research, only used to identify
that delivery of a future product portfolio to potiel emerging markets was a key consideration
in asset configuration. Specifically, productiorpaeity and the limitations on product quality
caused by some production routes. It was decidedstipplying a hot mill with 4mt of steel
annually was the key objective, therefore only theand’ production (this is the production of
unfinished steel coil known as hot rolled coil (HR@r the base case site) was considered and

that downstream processes would remain unchangaepay the future product markets.

5.3.2 Key asset replacement decision points
Primary iron production is a highly capital-intevesindustry. Assets are often very large with

long lifetimes, in the range of 25-30 years, but ba extended through partial rebuilds. Typical,
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ongoing investment for a 4mt/yr integrated facilipuld be ~£200m per year, not including
essential maintenance. For this reason, it is @ftete a conservative industry as key investment
decisions must be taken years in advance and jptépas set in place. The transition period from
now, 2020, up to 2050 is within only one investmewntle, so it is critical that investment
decisions do not lead to regret capital and strdadsets. The average age of global steel assets
is only ~13 years, and with such large CAPEX inwvestits and long payback, transition to new
technology before the end of asset life is veryikeht. Key investment decision points were
mapped out along with the assistance of steelmakipgrt, Mr Barnes, to determine when these
investments should be made and how they wouldénfle overall site configuration. It soon
became evident that the transition phase betweenamal the future 2050 low-carbon vision
would be challenging. Some assets would need tefdaced that could become redundant in
certain scenarios, otherwise imports of materiasiidr be needed to fill shortfalls in capacity.
Profitability during this transition due to poteaitmismatch of assets and energy balance would
lead to negative cash flow as well as logisticaliés. A complete solution to overcoming all the
transition phase technical issues is beyond th@esaj this study, but the issue must be
highlighted.

The key investment decisions led to a flow diagdrasset configuration, following rebuild or

replacement of assets once they reach end of life.

Replacement of current assets with new technoldgisgo be taken into consideration with the
current TRL of the alternative technologies. Thand lead to a delay when some technologies
could be deployed. For example, full replacemeri \Wwiydrogen steel production is unlikely to
be available before 2030, and more likely to bec@meality post-2040. The transition to

hydrogen is taken into consideration within the fue.

5.3.3 Energy balance model

The energy balance provides the heart of the teelsnoomic model, from which the demands
and costs can be calculated. Establishing a basesite energy balance was one of the major
challenges for the modelling process, followed byaloping a highly flexible model that will
reflect the energy use within the 20 scenarios.ufaxcy here is critical and access to good data
is not always possible, as the sites are very cexrgohd the energy mix at all points is not always
monitored and often estimated using process paeamédthis may be where some other models
fail to accurately assess the impact from changeseielmaking technology, so great care was
taken to produce the most sophisticated model lpesshn example of this complex energy
integration can be seen in the Sankey diagram bieldigure 5.1. Raw materials, power, steam,
water, heat and various gases are all used artwensite, resulting in a total of 8 G@mission

releases (6 major emissions points at our testsiese
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Figure 5.1 UK steel plant energy Sankey diagram

Source: Tata Steel UK

Multiple models that make up the complete, techomiemic assessment need to interact with
one another and be sufficiently flexible to incaige the changes in technology deployment (a
user friendly interface). The energy balance aed#&hv material input models must both interact
with the economic model. A base-case energy modas @stablished that splits the energy
production and consumption into the two areastefést, heavy end and downstream processes.
Heavy end refers to the point where steel is gashé BOS plant from concast (continuous
casting). Downstream is the further processindhefdast steel, into final strip product. This is
described later within the construction of the baasse. Downstream processing can vary

depending upon the finished product and was leascohcern in the modelling processes.

After establishing an energy balance, the base eisenergy flows can be determined as well
as their impact on the processes and the costuBedthe heavy end processes produce gases, it
is often the goal of many steel manufactures termgy self-sufficient. The processes gases, as
described in the literature study, are used withésite to generate heat and energy, often in the
heavy end, but also in the downstream processesndels to the heavy end can result in a
reduction of process gases available onsite. Thd teeimport energy is avoided where possible
by steel manufacturers due to the increased casivelkr, the test site does not produce
sufficient coke and the powerplant is slightly ursized, so there is a need to import gas
(following limited availability of COG) and electity. Power plants are often undersized due to
the variability of the process and difficulty irostge of large volumes of process gases (large
nitrogen volumes). Power station assets are mughrighan those for natural gas, given the low
calorific values of the process gases, therefos¢ @od payback times are long. A compromise
in capacity is often made to ensure the power plare able to utilise all available gases and are

not sitting idle.
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The model uses the energy balance to considentphadt on any modification to site and the
influence on internal gas production: the posgibitf importing more of our energy needs,
increasing imported energy costs and the associ@@d emissions. The energy balance
considers the gas balance and electricity demalydaowl does not include the steam generated
and used onsite as this is thought to be incorpdras part of the gas usage. Future development
of the model should consider steam use, howevetre ils an opportunity to electrify some of the
steam demands or generate the steam from wastscugaes, which was not included. It is clear
that there are opportunities for steam demand temydut given the current availably of steam

on-site, there is no financial driver to achievis.th

The steel making process is naturally a high teatpez operation and a considerable amount of
power is used in cooling processes. Recovery sfhibiat or any reduction in energy used for

cooling in a transition towards a different teclogyl was not considered.

The blast furnace produces the greatest volumega®find energy proportion, but this gas has
guite a low calorific value. Coke-oven gas, ondliger hand, has a significantly higher CV and
also a low carbon emission associated with combustiue to the hydrogen present, yet
represents a smaller proportion of total energyatifly coke-oven gas therefore produces
minimal impact on carbon emissions compared toway BF gas, hence abatement of this
process is not considered within the model. Thegss gases have a certain energy content,
based upon their average composition (this vasgedding upon site and operations), which is
used to calculate energy production, per ton of HiR@ balanced with energy use, per t/HRC.
The shortfall (or surplus) would determine the antaaf energy import needed. Electricity use
will increase if more electrification of the proses is applied, resulting in an increased cost of

electricity import, and accounts for the carbonssiains trajectory of the imported power.

5.3.4 Basic modelling principles

The model has been constructed utilising the coroiaenodel approach described below as the
foundation for the cost calculation supplied by Westerveld, Tata Steel Europe (TSE), Group
Strategy. Upon this, a technology appraisal waslgoted for the chosen site, and the two are
evaluated in order to simulate multiple possibltuifel scenarios. The basic principles of this
model are very similar to those used within thedpaan 2050 steel making model developed by
the Boston Consulting Group (BCG). That is, to jeva timeline from now until 2050 and to
show how the site might change over this periodgudtyear increments. Although this model
is distinctly different in the analysis approach,the BCG model represents a European-wide
steel industry transition, rather than a specifigle plant. The major assumption basis for the
BCG assessment was that the transition for Eusepeld be scrap limited. That is, once all scrap

is used the demand must be met from primary ir@nroutes, maximising EAF production.
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Whilst this approach may work for a broad, Europeate view, it does not consider the impact
in product portfolio and site-specific factors, Buas access to low carbon electricity and does
not say which sites will convert to EAF. It alsoedanot consider scrap flows in and out of the
European boundary within this assumption, nor &ipudcrap demand from emerging markets.
In the new model that has been developed, we akénig at an individual site and are not scrap
limited, however in a European wide context, thaga@vailability needs to be taken account of
for the scrap price estimates. Equally, the BCG ehadsumes that a maximum roll out of DRI
will be established, however, again the model doassay where this will occur and gas
availability (and cost) is very location specifithe lifetime of the assets, and therefore new
CAPEX, is really a critical factor in determinindghere plants will be built and when, as well as
environmental factors and legal permits, that woutikt likely prohibit the construction of new

greenfield steelmaking facilities in Europe.

Data tables are produced for the base cases atitbfalternative technologies. These data tables
include the essential data that would be needeth, asienergy use, material inputs and outputs,
including by-products and of course associated €oms factors. This data is typically set as a
function of tonnes per crude steel output. The tdikes display the various parameters for each
scenario in either single, 5 or 10-year incremedtsng look-up data tables, this data is called
upon within the model in order to simulate possfolere outcomes. Fliexibilty was considered
key to the construction, to allow modification betdata. The data can be easily updated when
more accurate data is obtained, which is vital tier lower TRL technologies this can be
amended, without the need to reconstruct the mdidehn also be changed to compare future

simulations and determine the influence of cersainsitivities within future simulations.

The amount of new technology deployment, or % ofipction in tonnes of crude steel can be
adjusted over the aforementioned yearly timelire Model can then apply the associated values
for that technology, per tonne of steel producexd.dach of the 20 potential scenarios, there are
‘volume scenarios’ that will relate to the quantitiysteel produced via each production method.
There is some overlap between asset configuratidmpeoduction process, meaning some of the
‘volume scenarios’ can be used more than once aphécation of carbon capture is an add-on

technology and therefore the volume of steel frobeprocess will be the same.

Excel utlises a table look-up function, which ixphited throughout the model.

{=TABLE(,cell)}. This is a powerful tool that wilallow values in the data tables to be adjusted
and recalculated, depending upon the chosen soerfdre scenario that the user wishes to
analyse can be selected from a drop-down menu. frigrithe relevant data is obtained from the
scenario matrix. A matrix was used to determine dhta sources that will be used in each

scenario, so that if the scenarios are adjustdyg,tba matrix content needs to be amended and
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the source of the data can be easily adjustedmidadel values for each of the 20 scenarios are

then calculated and each are displayed within sable

5.3.5 Limitations of the model

A limitation of the model is the ease at which sty analysis can be carried out for multiple
simulations. Because the data in the data tabkediyard values, and are a result of the best
estimate, they are not presented in a range onf@teninimum and maximum values. The
extreme values have to be manually entered in dadsee the impact of these variations and
perform the simulation again. It was determined tha model was quite capable of delivering
the results needed, and further investment to imgtbis limitation was not necessarily needed
to provide the results within the timescales. Autioh to the sensitivity would be to add upper
and lower limits to the data, in both high and Isgenarios. But this would create many more
scenarios to analyse if each of the data inputsired) three variations and the model is already
limited by analysis time. Another limitation is tability to compare each scenario with the next
over the full lifetime of the study. Only key dateere chosen, in ten-year periods: 2020, 2030,
2040 and 2050. This shows sufficient resolutioriffigestment cycles. Key milestone dates were
chosen for the data output. Showing continual (ahritends in the data needed further analysis
for some for the key areas, such as annual cash Hot individual parameters can easily be

selected and analysed.

5.3.6 Commercial model

The steel industry can be simplified into a comrtiedibusiness, purchasing materials and,
through process chemistry, converting this to steelsale to customers at an agreed price.
Successful steel producers add value to these cditiesothough improved process chemistry
knowledge, efficiency of processes and added ptoduae (such as further processing, coating
or specific metallurgical properties). But the fantental raw material (coal, lime, iron ore,

scrap) and energy inputs dictate revenues, dueetodcale and influence.

The commercial calculations and assumptions usédinvthis model are supplied from a

commercial model used by Mr Westerveld, of the Tteel Europe Strategy department. This
thesis’ techno-economic model builds upon the comiaemodel assumptions for predicting

profitability and cash flow that are set out witlilms model. However, by including process
variation, due to the changes in each scenariaresudt of new technology deployment, we are
able to demine the financial impact of these vimet on the economic models’ predictions.
These technologies could, for example, use a graateunt of electrical power, hence the cost
of power use would increase, influencing the en&agnce, but also cash flow. The day-to-day
operational cost for each technology route ard st fixed and variable costs. The amount of

steel that is produced will impact the variabletchsit the fixed cost will be a one-off cost
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irrespective of crude steel output. The commermiatlel needed to be reconstructed to reflect,
for example, the new site location, different cgaofation of assets, future investments, product

portfolio etc., and to forecast this data up to®adbr the new site.

Managing cash flow is critical to determining a &&sful technology transition up to 2050 and
the model clearly shows some methods are much expensive to implement than others. Not
only is cost to operate important, product quastgritical to maintaining a successful business.
Some assumptions on the necessary process stepwlmtaken within the model that influence
the volume scenarios, but the model is not capafigbeedicting product quality and relies upon

the experience of the user. Expert advice was gdagimsure product quality was met, but even
S0 some options are included that would not mestymt quality, in order to see their impact on

operational costs, so caution in interpreting tauilts is needed.

The amount of investment needed (CAPEX) within esgdmario is also vital when comparing
each scenario, alongside day to day operationdl (6eed and variable OPEX), in order to
determine cash flow. The ‘Investment scenarioshdables are called upon to analyse the cost
for each production route. Investments take intasateration the implementation of new
technology, or the repair and replacement of exgsttechnology as well as essential
environmental improvements. It is expected thaerasronmental performance for the sector in
general must improve in order for technologiesdbieve or exceed best available technology
(BAT) level will be needed in the future. Some @sg routes would avoid the need to install
BAT on assets that are eliminated. For exampleyresition to a new process route could remove

the need to maintain and invest in coke and spriduction.
Data tables relating to cash flow include:

Investment cost (CAPEX)

Emission trading cost associated with the Emissioading Scheme (ETS)
Tariffs or variable costs (Variable OPEX)

Fixed costs (Fixed OPEX)

Carbon capture and storage cost

a > wnh e

Investment costs are those needed to either implemenew technology, or keep existing
equipment operational and include one-off largdesaavestments for repair, replacement or
environmental compliance. The timing of these itwest points is critical, replacing equipment
at the end of serviceable life. We have not comeidi¢he early investment in new technologies
(prior to end-of-life) within the model, howeverathcould be possible, if a new process route

were to lead to significant cost savings from thedicase.

The European steel sector, as well as other largiees, are subject to carbon taxation in the

form of the European ETS. To avoid carbon leakalge ¢ff-shoring of carbon emissions by
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relocation of industries outside of Europe andithport of goods) free allocations have been
given to the ‘foundation industries’. The amountfret allocations per year will reduce over time
and the sectors must purchase carbon credits top#ye carbon emitted by the process. Within
the model the amount of free allocation and algoptice has been estimated. It is difficult to
predict these two values, but they play an impamant in the costs of carbon abatement. Those
technologies that can reduce carbon emission estdass than the predicted ETS prices, and at
a rate faster than the decline in free allocatafi,result in a greater cash flow. The opposite is

obviously true, resulting in a net loss if, for exale, we continue with the base case scenario.

Variable costs will relate the purchase of enemgyy materials, consumables, by-products,
labour and more. These will vary depending uporgtinemntity of steel produced, via each route
and are hence considered variable. Most of th&éfgdrave been fixed for the duration of the
model. This was to eliminate the uncertainty sumdbog prices forecasting and allow a
comparison between the 20 scenarios, based omturrewledge. Exploring the boundaries of

cost predictions, will determine how robust (legelisk) each scenario is exposed to.

Fixed costs are operational costs, irrespectigtsa output. For example, essential maintenance,
lighting, cleaning, etc. The fixed costs for eaekility are estimated and will vary from one

scenario to the next if a plant or facility is mmger required.

Carbon capture is assumed to be an additional Tstmost effective method for this study was
to use the predicted costs found with the liteeafor the application of CCS to Blast Furnace.
An estimation of capture costs for a State-of-tig®0fTA) unit was also obtained. Below we

discuss CCS application in the model in more detail

5.3.7 Establishing a base case model (Blast Funmoadte)

Developing an accurate base case was a critigairstee modelling process. The data and model
output needed to reflect the true nature of a slpgteel production site, before modifications to
this process can be made. The BF route was modaedy actual site data and process
knowledge, collected for the reporting of £&€nissions for the ETS, and is considered accurate.
An understanding of production yields, conversiates and process gases is heeded to develop

and validate the model.

Below (table 5-1), we have the data input (BlaghBoe Process parameters) that will vary over
time depending on scenario. 2016 data was usditagference base case, since the plant has
not changed since 2016, this data has been validatehe ETS, and is considered typical of
current operations. Data post 2016 is interruptegrbcess upgrades and stoppages, hence it is
important to understand if the data you have igasgntative of typical operations. Some
elements are removed for confidentially, and trenemic model described above is not shown

for this reason. Negative values represent energgugtion onsite, in the form of useful
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processes gases. In contrast, positive valueserétatonsumption of materials or energy.
Efficient and effective utilisation of these ma#dsi and gases within a conventional integrated

steel plant leads to greater process efficiencaeijced energy imports and costs.

Following the parameter inputs, which, as mentiomelllvary over time (yearly) due to changes
in the individual production levels for each prasesroute within the scenarios, the @tdensity

per ton of crude steel is calculated, based orocariputs and site energy balance. Only the 2016
data is shown, but this data is calculated each ypao 2050. The C{emissions resulting from
the site energy balance is a result of any additienergy import into the site in the form of
electricity or natural gas, whereby the importedl@nd resulting process gases are insufficient

to meet the site energy demands.

Table 5-1 Inputs to the modelling base case calculatiomdu@s used with the model are deliberately
hidden for confidentiality of processes conditions)

Model Inputs

Units

Castingyield

kg / t Liquid Stee

Hot metallosse

kg / t Hot Meta

Hot metalratic

kg hm / t Liquid Stet

Scraj ratic

kg hm /t Liquid Stee

Agglomerat Input

kg /tlror

Sinter moistur conten

%

Sinterore yields

kg ores / t sinte

Blast furnac Scraj

kg /tlror

Pulverised coal injection (PClield

%

PCI moisture conte

%

Coke consumptio

kg coke / tIrol

Breezeproductior

kg breeze / t col

Cokingcoal yields

kg coal / t cok

Coal input SRI kg coal / t Iroi
Oxygen demar NM3/t hir
Compresseair deman NM3/t hir
Energydeman: down strean GJ/t

Coke Oven Gas (CO(productiot GJ/tcok

BF Gas (BFGproductior GJ/tHN
Coal Use BOS Vess kg / ton Iror
BOS Gas productic GJ/tls
Oxygendemand BO Nm3 / tls

By-product generatic

t By-products / t Coke

Carbon content Pt

kg C/tPClcos

Carbon content coaking c

kg C/t coaking co

Carbon content Natural G

kg C/ G,

Carboncontentimportedcoke

kg C/t Coke

Carboncontentby-producs

kg C / t By-produc

Energy content of stee

Gl

Steam consumptic

kg /t Crude Ste
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Energyloss 1aring

GJ / tCrude Stet

Energysintering GJ/t
Energy CGP (Coke Gt GJ/t
Energy BI GJ/t
Energy BO.:. GJ/t
Power Othe kWhr / t Crude Ste
Power Sinterin kWh / t sinte
Power Pellet kWh / t pelle
Power CGlI kWh /t coki
Power B kWh / thrr
Power BO! kKWhr / t c
Power (2 productior kWh / Nm?
Powerdown stean kKWh / t c:

Total energy inpt GJ /t Crude Ste

5.3.8 Base case energy balance model

To validate the model’s energy balance, which intlude only the upstream areas of interest to
liquid hot metal (heavy end), first a more sopbititd site energy balance was needed. This site
energy balance included all energy users and gemsrdJsing gas and electrical consumption
data for the site, the energy generations and copons were established. The data is
represented in figure 5.2 in either % (PJ/y) fas,gand % (GWhly) for the electrical generation
and import. Percentages are used to hide the eoiad nature of the site information. Steam
generation and boiler efficiency are calculatecedagoon the calorific value of gases and steam
production data. Turbine alternator (TA) efficieexiare determined to calculate the overall
power generation capacity for the site. The shibitfaenergy generation is met by gas import,
which correlates well with the site consumptionaddtased upon the annual financial energy
costs. This model is unique to this techno-econsmaigsessment, as the processes are split
between heavy end and downstream, so that we taloliss the effect of changes to our heavy
end production on site energy imports and costdHerwhole site. With this approach it is
possible to determine the impact of a reductiofrNiAG generation, use or power plant

modifications on the site energy balance and costs.
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Figure 5.2 Breakdown of site energy balance in to upstrela@ayy end) and downstream processes

There is some simplification to the model’s enetzptance (calorific values of gases for
example), but the CQemission correlates well with the actual emissidat for the site. A
similar calculation is also conducted for eachhef¥arious technology options. The calculations
are different, due to process changes, energysrud process gases generated. For example,
EAF does not need such complex carbon input cdlonk and the off-gases are not used
throughout the site for energy and reheating. Tle iGtensity of each process is then cross-
referenced to the volume of steel produced via eathod (given in the volume scenario), which

is then summed within the ‘Mass Energy Flow’ spedet. Note that the results for alternative
technologies within the 2016 base case are, ofsepzero. No volume of steel is produced via
these routes within the base case, therefore weotd@xpect any Cfassociated with these

methods. This provides a useful systems-checkhfontodel.

Energy efficiency improvements are integrated itite model, buy reducing the amount of
wasted processes gases (a reduction in flared Dais)assumes that, over a period of ten years
improvements are implemented so that all processygns used. Also, to reflect improvement
elsewhere, the amount of imported energy is redogedtime. However, the carbon emissions
gained here are offset by continuous decarbonisafithe grid decarbonisation, so this primarily

benefits the cost performance.
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5.3.9 EAF model

EAF data inputs were sourced from previous roadingpgata used for EUROFER’s 2050
roadmap (Eurofer The European Steel Associatioh3R@nd cross-checked with online date
from Steelonthenet.com’s EAF cost model (Steelarehe2020). It is important to note the scope
of CO, emissions. Different reporting methods for £@ocess intensity include different
emissions scopes. An example of emissions scogb®ign in figure 5.3. As we are considering
EAF technology, which is powered primarily with pbased electricity, it is important that we
also consider scope 2 emissions. The model doesciatle scope 3. An estimate for the £LO
intensity of grid power has been made. It was motsidered valid to assume we would gain
access to 100% renewable power for the processrfroment of installation, owing to the time
taken to decarbonise the grid and a disinterestviesting in new power production from the
perspective of a steel plant operator. Howevershkiarild not rule out a private wire arrangement

if possible, but this would be on a case by casespand is not included in the model.

The CQ intensity of the grid ‘CO2 External Power’ has bestimated for the UK based upon
estimated carbon reduction trajectory (figure 5H)is reduction may accelerate if net-zero
targets are enforced and carbon budgets are resassdéJnder the model’'s assumption, the grid
will reach zero carbon intensity, reducing by 108#GWh each year, in 2046. A liner transition
was assumed, given the difficulties in predictihg future trajectory. A sensitivity analysis on
this was not carried out, due to the already higheuainties in the grid carbon reduction
trajectory, and except for full EAF (which as wdlwiscuss has critical issues) this energy input
plays a minor role in the carbon reduction, witthei coal CCS or fuel switching to hydrogen

being the significant factor.

The ability to utilise greater scrap content shobkel considered essential in any future
configuration and it is a key enabler for a transito DRI, but there are limits in a global coritex
of its ability to solve the issue. There is no doéxlevidence to support that scrap availability
will be able to meet global steel demands, evesteél is used more efficiently. Steel from
primary iron will be needed well beyond 2050. Maexently, the ‘Steel Arising’ report
promoting the solution to the UK steel sector avade, from a credible academic has emerged
(Allwood, et al., 2019). Whilst using less, a kbgine of the work, is a viable solution that should
certainly be taken forward, this work exclusivalgitifies ‘new’ EAF technologies for the UK.
Ironically EAF technology is not new and is arodr) years old. Metallurgical industry experts
confirm that a 100% UK transition to EAF is curdgniot technically viable, due to restrictions
on product quality, leading to a reliance uponlsteports. A globally co-operative approach
would seem sensible, whereby those with the alidityecarbonise the primary route should take
the opportunity, so that scrap is available forerdifficult to decarbonise regions that are without

access to alternative low-carbon fuels, carboragtsolutions and economic incentive. That is
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to say, CQ is not patriotic and reducing G@n one region does not correlate to the global
reduction in carbon emissions if the €O later imported our outsourced to different oagi of

the globe.

Figure 5.3 Definition of emissions scope 1, 2 and 3

Source: (ARUP, 2018)

Figure 5.4 Forecast of Cegrid intensity

5.3.10 DRI model

The significant model differences between the lsase and a transition to a DRI installation are
the switch in energy input from coal to gas. As difatains almost an equal amount of hydrogen
as well as carbon, the following reactions botletplace. A transition to DRI with NG can lead

to a ~50% carbon reduction compared to the BF duke hydrogen content of NG. Equations
5.1 and 5.2.

, : H =+ 104.9kJ/mol (Eq5.1)

H = - 18.4kJ/mol (Eq. 5.2)
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The DRI process naturally has a lower carbon eong$ian BF-BOF, given the hydrogen within
the input energy. Given the restrictions on avédaas in the studied plant area, a Finex process
was chosen as it is considered an advanced conaitgeorailable technology. Finex could also
be operated with non-coking coals in the transipoocess, allowing for greater flexibility. The
use of a DRI shaft furnace as a gas-based solalions the transition, once available, to large
volumes of hydrogen. Note that the BF is limitedthg amount of gas that can be used due to
the structural burden that is fed into the tophaf furnace, hence is not a future solution in a
hydrogen transition. To simulate the transitiorhtamrogen within the model, the natural gas
energy input is reduced from baseline 10GJ/thmrapthced with the same hydrogen energy
content in the quantities, 35%, 55% and 70%. Téesition starts in 2042, as it is expected that

large volumes of hydrogen will take time to be &fae for the steel plant.

At the time, no detailed TEAs exist of the Hydrogacess, with only one comprehensive
academic study by Vogl et al, and even more reoeatelling by Patisson & Mirgaux (2020) as
part of the ULCOS program (Vogl, et al., 2018)t{fson & Mirgaux, 2020). Hence some of
the parameters are not fully know and estimatiars rmade on the influence of hydrogen
injection.

10GJ/thm is considered the energy requirementhi®dR| process and is therefore the same
energy used for a hydrogen substitution withinrtteelel. At 10GJ/thm this corresponds to 76.92
kg of H/thm. Yet some recent reviews state that stoichiomeonsumption is 54kg of +per
ton of iron, which equates to only x 7.02 GJ. (Vadlal., 20), (Patisson & Mirgaux, 2020). A 3
GJ (30%) energy difference between the consensus firoven DRI operation and academic
studies can lead to significant misinformation fréature TEA assessments and analysis.
Overall, the hydrogen reaction is endothermic, wherCO is exothermic (Kato, 2012). Keeping
the iron molten is therefore of some concern, peicHically raised within the literature. No
information is available as to how a 100%ftirnace will perform at scale and following theka

of availability of surplus GJ quantities of,Hmany uncertainties exist. Low metallization is
expected within the DRI furnace, leading to gre&&® reduction required within the following
EAF stage. Common metallization within the DRI iese to 94%. The model does not take
account of the influence of metallization degreé&hwhe volume % split for DRI and EAF,
leading to some degree of error. The metallizatiegree for a KHreductant is unknown as this

is unproven (and could be higher), so no guessasiteen made at this stage.

The details available for the Finex process suggest5-20% lower CAPEX and OPEX cost
when compared to the BF route. If economic modglmalysis suggest that this process is
feasible, a more detailed study (which would inellmpistics, plant locations and gas pipelines
for example) would be needed. The reduction in@aih the iron that is subsequently supplied

to the EAF, following a transition to dHneeds further investigation as to its impact.nis
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detailed information exists for this region, itnst taken account of in the model analysis, so
some care must be taken at this stage. Even $m® technology seems equal to the BF route in
costs, we could conclude that further work is neethis opens the door for a future transition to
full hydrogen and zero emissions. For simplificatio the modelling and because it shares the
same parameters as the SoftA, the Finex procdsslisinto the model as an alternate SoftA

process. DRI model data example is shown in figube

Figure 5.5 Example of DRI data input into the model

5.3.11 State-of-the-art (SoftA) iron production rabd

The parameters and values to input into the mamahie application of a State-of-the-art blast
furnace technology were obtained from the R&D dgpant. This technology is under
development (demonstration stages) and the detaisiot publicly available. A consideration
for full scale technology availability has to bedealmplementation pre-2028 is unlikely, which
makes transition to this technology challengingdiofeing lifetimes of existing assets, but it is
possible, potentially in a phased approach. Thie lbasdelling principle was to substitute, where
applicable, the new values with those of the BFelzmse, with some consideration for changes
in upstream processes, energy balance and impentdy requirements. Wider benefits from
the improved circular-economy of materials and lla@raquality using this method have not been
included as it was not possible to monetise theiue; but they should be noted as additional
benefits to this process route. A reduction in Bsagy investments to achieve future
environmental compliance can and has been consgiderthin the investment scenarios,
improving the cost performance for this technolo@Qyher cost benefits include the closure of
sintering and coking capacity, lower cost of carbapture implementation, and the ability to use
lower-grade, thus cheaper iron ores. All of whioh factored into the investment (CAPEX) and

OPEX calculations.
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5.3.12 CCS model

A detailed assessment of the overall energy imaa& result of the application of CCS to the
reference integrated site was not fully known atttime of the model development. Therefore, a
simplified methodology was adopted for the modéke TQ capture rate and the associated cost
per ton of CQcaptured has been applied. By altering the capatecand adjusting the cost, the
effect from these parameters can be clearly evadudthe cost of capture is based on internal
Tata Steel technical assessments and validated agitistance of partners. Various L£O
separation methods and technologies could be adiogtel the choice will often depend upon
the type of store and transport method (the speatifin of gas composition or pressure thee CO
to be supplied), local opportunities and accessxternal, alternative energy sources. There is
also currently no standardisation of £Xpecification for storage. What was apparent frben t
literature and process modelling undertaken by dhbéhor are the typical costs for the
implementation of CCS; both CAPEX and OPEX. Thelementation of CCS on a site increases
both the investment and operation costs for théh"iCS’ scenarios. An estimate of transport
and storage (T&S) cost was made, given the geogmplocation of the C®source and
proximity to a potential storage site, utilising@nt internal cost estimates in collaboration with
external consultants. A fixed cost for T&S was ysedl shipping was the preferred option for
the reference site. The T&S cost is likely to vaignificantly between sites, due to a number of
factors, such as store type, distances to storeamtber of store users. Without a pre-front end
engineering design (FEED), or indeed a full FEEBeasment, these costs are difficult to

guantify with a high degree of certainty.

Both the BF (~71% of base case {£&nissions) and the sinter plant (~11%) emissiooslav
need to be captured to reach >80% total capturthéobase case. Although the aim for carbon
reduction was 80%, a specific carbon reduction target was niotosgehe model, so additional
CO; sources were dismissed for this exercise. It ghbal noted that greater capture rates are
possible at additional cost. Capturing gases framerosources, for example reheat furnaces or
coke production are possible, but would be mordlycas the concentration of G@vithin the
exhaust gases are much lower than BF gas. Iticifzated that the application of low levels of
CO, capture (~30-40%) can be conducted at the least, clme to improvements in the
effectiveness of onsite gas utilisation. The metltwdeparation has not been specified as there
are still many variables to assess, however IEA Gi$&ssment and internal analysis would
place this in the range from £43 — £61 /t@@ptured (IEAGHG, 2014). Additional capture rates,
due to the lower C&concentrations as mentioned, will increase thst,dberefore an estimated
capture cost of £40 per ton of g@aptured has been used for an 80% capture raie.iS’h
considered toward the low end of the capture estintaut it is believed that improvement in

onsite energy efficiencies would be possible. Alsontinuous improvement in capture
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performance such as those demonstrated withinhlthpter 3 and demonstrated in the use of
proprietary could be realistically achieved witkiie years to full deployment (Oko, et al., 2017),
(Zacchello & Wang, 2018). A cost of £20 per tonGfd, stored has also been applied for the
transport and storage, producing a total captumesport and storage cost of £60 /tGQr the

BF-BOF route capture cost.

The impact of removing BFG from the energy mix wias assessed in detail. Although of low
calorific value, the blast furnaces provide a vhlaaénergy source for use onsite for heat (pre-
heating blast air in the stoves), steam and poWee.impact on the site’s energy balance is a
complex issue (and varies significantly from oreekplant to the next) that must be addressed.
The impact is estimated and applied to the coappfying CCS, where it is assumed the calorific
content of the gases will not be lost and recovei@dome means on-site. It is clear that this is
an oversimplification of a rather complex matteattlis site specific, but allows adequate
comparison of the costs to apply the technologytheability to compare the various technology

pathways. Any shortfall in site energy balance @&lmup of NG import.

Application of CCS to a SoftA furnace has a sigmifitly reduced cost following the nitrogen
removal in an air separation unit, similar to oxglfcombustion processes. Whilst air separation
has its own cost associated, the overall operdtioosts is lower than the conventional BF +
CCS capture route. An estimated cost of £15 #t€ptured has been estimated, with an equal
£20 /tCQ for transport and storage. Total costs of captuamsport and storage for the SoftA
route is estimated at £35 /tcO

5.3.13 CCU model (the conversion of £i@to a product of greater value)

There are various projects exploring options fa #teel sector to utilise the carbon within
process gases (table 2-2). Within the model amesti was made of the costs and impact,
however, as these programmes are still in the wnid TRL stages, with limited publicly
available data, it is difficult to assess the olldmapact. The model’s outputs do provide the
ability to assess and discuss within the results the two technologies investigated within this
study may be applied in a future steel making cdani&ithout this assessment, it would not be
clear what part they may play in a future assefigoration and it would be difficult to make a
case for continued development. Further analygisrarestigation into the deployment of CCU

technologies is made outside of the model and dgsliin the analysis and results.

Whilst some CCU methods, such as algae and caibanatn utilise direct process streams, it
can be assumed that the £1@eds to be supplied in a ‘storage ready’ comiposior the CCU
process. Within the model we can assume that teeggrand cost needed for the CCS is also

applicable to CCU. A crude, but effective, methad heen used to then add the additional energy
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and cost onto the CCS model, to generate a valuthéoCCU potential, offset by a hominal

value of the product made.

It is generally understood that for large scalevension of CQ hydrogen is required, with a few
exceptions. There are 3 potential sources of hyair@gsociated with steel production that can
be considered for Cronversion. The first is the hydrogen within caken gas (COG). Most
European steel plants will have an onsite cokingifa producing hydrogen rich gas, whereas
in China these coke plants are often independettteofteel works, and given local Chinese
energy policy, these gases are often transfornmtedniiethanol. In European plants these gases
are used within the processes. Removing the hydregsuld impact upon the site energy
balance, requiring an import of NG (or convertirgdlectricity or hydrogen). Because the
current, onsite use of the hydrogen produces lowssams, utilising this hydrogen is not
considered in the modelling as it would likely rie$n high cost and an increase in emissions.
The total volume of hydrogen available in COG wdirdt the quantity of sites C{xonversion

to <5%, depending upon carbon content of product.

The second potential source of hydrogen could treeeblue or green hydrogen. For this, a

significant investment in infrastructure is reqdir®Vithin the model we have assumed, as is the
case for hydrogen based DRI, a cost to supplyytegen only and not the necessary investment
in infrastructure, which would be outside of scdpethe steel producer. For this exercise, only

green hydrogen is considered as blue hydrogen vwadsitdrequire CCS unfractured, and greater
import of NG. Within this context, although the L@®incomplete, it was difficult to justify this

approach when considering a reduction in totalifeasbon use.

A third and final source of hydrogen comes froniisitig the site’s CO contained within the
WAGs using a water gas shift (WGS). Using CO onfatepower generation will ultimately
result in a C@emission. This method provides a way to utilise eéhergy content of CO in an
effective way that simultaneously produces a highcentration of C®and a hydrogen and
nitrogen rich gas. The analysis of this processtiisunder development, but shows promise.
Again, in the context of the modelling, a simplppeoach has been taken; the purchase of green
hydrogen into the process. A WGS approach, howéver possible solution, supplemented by

green hydrogen for a full-scale facility.

Given the consideration above, the model was useddluate CCU upon a BF case, with and
without the application of CCU. There has been nal@tling of CCU without the application of
CCS as the capture element is still required. &wstd sending the CQo store, the transport and
storage cost has been set to zero. A cost for drga@mogen is included as offset by an estimate
for the value of the product, minus the estimatest of CAPEX and OPEX for the facility.
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Whilst the model has the ability to evaluate CCUlrods, given the uncertainties, many possible
process options, various products, sources of gnargrket condition and lack of real data, it

was considered that it would need further develognpunce first the CCS technicalities and cost
uncertainties are overcome. The data is likelydartisleading if a thorough assessment is not
carried out, which will require considerable effartd development budget. Hence the model

results for the CCU function are considered a ugeaiure, but still ‘under development'.

5.3.14 Risks

The model is unable to directly determine risk®aisged with technology choices, but the ability
to assess risk is very important with any stratdgyelopment or roadmapping process. The
ability to avoid ‘regret capital’ is essential, givthe size and scale of typical of steel making
operations. Those technology pathways that pravidgreatest flexibility with minimal risk and
investment are more likely to be considered (byomations and their lenders) above those that
lead to only one possible technology option. Italso not possible to determine if new
technologies that are not yet commercially viabigust concepts, will be successful. A decision
on technology available is factored into the volusnenarios data (when the technology will be
deployable), but it is not possible to precisehedict if these technologies will become
commercially available within these timescales. iAgdlexibility to change to a different
technology pathway would be advantageous in angtegfic decision making if these

technologies prove unviable.

Most of the prices in the financial model are fixew based upon current costs. It was chosen to
fix these variables to today’s prices, to be abledmpare the technologies using a common
price. Predicting future prices was not within #e@pe of this study (and price forecasting is
highly subjective), but would clearly have an imipapon chosen pathway, if say electricity
prices were to suddenly increase due to policyrandwable deployment. Likewise, is was not
possible to predict policy intervention to incemg&s certain pathways, such as a tax incentive for
a lower-carbon route, but it is clear that somdcgdhtervention is needed to transition away
from the well-established, higher carbon emittinggesses. Some predictions have been made,
such as the allocation of ETS credit and their @aged cost to business, as well as the CO
intensity of grid electricity, otherwise fixed cesare used throughout the model. The current
policy mechanisms in place are designed to delibgrgpush up the price of carbon credits,
following limitation of free allowances (free allance allocations are known) leading to
increased demand, therefore some estimate ofmustaise has been made for ETS credit price.
It has been assumed that if the technology iseftesttive with today’s prices, it should also be
fit for the future. Predicting prices is quite deabing and risky given the uncertainty

surrounding the energy transition and challengeshgeving net-zero emissions, but care should
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be taken to the options sensitivity to cost fluatu@s (such as a surge in scrap price if demand is

to soar, following, for example, a policy interviemt stipulating recycled content).

The timeline for key decision (investment) pointsi@ to avoid regret capital. It is well in
advance of these key decision points, that critieglisions to retain, or replace assets must be

made, with a view on if these assets will be neéddide future.

5.4 Simulation results and discussion.

5.4.1 Introduction to section

For this section of the thesis, the results forftitare scenario simulations will be presented,
immediately accompanied by the discussion for eactel output. This decision was taken so
that the reader can follow the results and the imgan a logical order, without skipping back
and forth to the charts to visualise the outpuhefsubsequent discussion. Results are displayed

in, as far as possible, the order of importance.

5.4.2 Carbon reduction potential

The primary objective of the technology roadmappaxgrcise was ultimately to determine
carbon reduction potential. An 80% carbon redudigmget by 2050 is the benchmark, reflecting
the previous emission target for the UK. This tafges subsequently been extended to NetZero,
however this ability to meet the final 20% has heen evaluated at this stage, and may be
considered very challenging, as this representsrbst difficult (often low concentration or
dispersed) fraction of emissions. The ability teat®onise the process is critical in determining
the future pathways of steel making operations. él@y, given the requirement to remain
competitive, the cost per-ton of @8aved could equally be taken as the most significatput

of the modelling exercise to steel plant operatditse carbon intensity of the process is
determined by the summation of the carbon inputstime production of crude steel as well as

the energy balance and the carbon source intesfsibe energy and any imports.

A BF example is presented below (table 5-2) to destrate the process. Numbers have been
changed slightly from those used within the modielkdn from actual site data) for

confidentiality.

CO; = sum of carbon inputs multiplied by the molecuhsight of carbon dioxide to that of
carbon (*44/12).
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Table 5-2 Carbon intensity of the blast furnace (base cps®esses

Model parameter Units Value
Carbon use from coal Kt 1,500
Carbon use from Purchased Coke Kt #
Carbon by-products Kt -50
Carbon use from NG Kt #
Carbon use external gas powerplant Kt #
CQO; from electricity Kt #
CO, from crude steel production Kt 5,800
CGO; from external gas powerplant Kt #
CQO; from electricity Kt #
Total CQ from BF steelmaking Kt 6,300

The robustness of the model stands up well to apaoison of the literature for the various
technologies (taken from World's Steel data angldiged in the following table 5-3). The model
produces a Cantensity of 1.986 tCalton of crude steel (tcs) for the BF route and @G8y/tcs

for and EAF. Utilising available EU ETS data, adlae site data, this shows the model produces

data that is accurate for the purpose.

Table 5-3 Carbon intensity of processes, as determinethéyrtodel and World Steel data

tCO2/tcs Model World Steel (top 15%)

BF-BOF 1.986 1.85

EAF 0.38 0.37

DRI/ Finex 1.68 (Finex process)  1.49 (15 site agerDRI)

SoftA Confidential No comparison (constant witheimtal reported
data)

Table 5-3 shows the carbon intensity, calculatethiwithe model compared to data table at

today’s (2019) electricity grid intensity.

Figure 5.6, shows the final carbon intensity (#Z€3) of the process by 2050, for each of the 18
modelled scenarios. The results are broken down fethnology category, to show the
contribution of each type of process towards tied amission reduction. In particular, the impact
of CCS is clearly visible as a negative emissiamgribution, as shown in light blue. For many
of the technology scenarios (those that includeaint of in full, BF or SofTA), significant carbon
reduction cannot be achieved without the implententaf CCS, since they are primarily carbon

based. The scenarios are kept confidential to mairommercial sensitivity, but the analysis

148



demonstrates that significant carbon reduction (8@¥n be achieved by 2050, with the
anticipated technology roll-out and expected abéity. The orange dashed line represents an
80% carbon reduction. Biomass has not been includiih this analysis, but it could be used
to add further carbon reduction, beyond the typi®@% reduction target, to reach more
challenging net-zero target. Implementation of GD® other site processes, considered out of
scope, would increase the cost, but would potdyptidibw an 80% site emissions reduction target

to be achieved. Assessing the model results, ackjieet-zero without the addition of some

atmospheric carbon removal technologyég possible This could be achieved by employing

biomass into some of the CCS options or carborettiifgy, with air capture and CCS.

Figure 5.6 Site annual carbon intensity, as simulated inythar 2050, under the different technology
scenarios

The following figure (figure 5.7) is presented wilb year resolution. Whilst the target set by
Government determines the amount of,Gkat could be emitted within a single year (or %
reduction from a point in time), it does not pravigh accurate representation of the impact upon
total carbon reduction in the atmosphere. To addcémate change, the total area under the
curve, that is the cumulative emissions between ao#v2050, is ultimately the most important
output value. This value is the total carbon erdititeto the atmosphere from this test case
production site. The model has demonstrated thatgaquickly will ultimately lead to a greater

reduction in the total carbon emissions, and tleatgist impact upon climate change. For this
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reason, technologies with a higher TRL that arela@bla today and that are also cost effective
will lead to the best solution. Whilst a DRI-hydesgfurnace in theory produces the ultimate
solution for the future, the low TRL and much ladsmilability of the bulk, low-cost hydrogen
that is anticipated within the model, results ineftective improvement within the pre-2050
emission reductions when compared to the readaylave options, such as CCS. The choice to
transition to hydrogen would need external incertito accelerate the availability of hydrogen
and be seen as a long-term strategy, consideragitiner initial cost and being highly reliant

upon future hydrogen prices; speculation into whiclries greatly.

The maximum cumulative emissions are 200,563 kth®@base case, and the minimum is 73,526
kt, producing a range of ~127,000 kt. The averagddghnology options with CCS produce a
total carbon emission of 124,049 kt, whereas tttwseemploy an EAF option, alongside a fossil
CCS option, produce an average emission of 93,54%/kere possible, recycling more scrap
proves to have the greatest impact on total enmisdio atmosphere, assuming cautiously that
access to zero-carbon electricity is possible. Hanewe should be very careful with this
assumption. The scrap has high value, it is usedigfinout the world and unlikely to end its life
in landfill. Hence, reduction at one site may léadn increase in emissions elsewhere, if that
scrap is diverted and those emissions are subsiyguen captured or reduced by some other
means (CCS, electrification or hydrogen). That msedomestic emissions may appear to be
reduced, but the overall global emissions may remaichanged as a result. A domestic
emissions approach should be treated with cautiohisaclearly not sufficient to estimate the
global carbon impact. This model does not predietglobal carbon emission, but it should be
taken into account in any decision making, esplgciloff-shoring production is seen as an
attractive solution. Estimates for steel recycliag,of 2018, are that 88% of all used steel is
recycled, making it the most recycled material, toer, in the world (American Iron and Steel

Institute - Steel Recycling Institute, 2020).

150



Figure 5.7 The cumulative summation of all the carbon erdittetween 2020 and 2050

Figure 5.8 Annual carbon emission intensity of the chosesnacios and contribution of technologies,
within the year 2040
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Figure 5.9 Annual carbon emission intensity of the chosesnacios and contribution of technologies,
within the year 2040

Figure 5.8 and 5.9. shows the carbon intensithefprocess in 2040 and 2030 respectively.

The annual emission within 2030, as illustratedtiie model output within figure 5.9,
demonstrates little reduction in emissions andearctontrast to the emissions in 2040. Before
2030, new technologies, especially CCS, are nbt iimiplemented. Only the implementation of
EAF shows significant reduction before 2030. Howeuas discussed above, this will not reduce
overall global carbon emission to atmosphere dadréady high 88% global steel recycling rate

and will likely only influence domestic emissions.

Table 5-4 Cumulative emission of selected pathways

Technology 2020 2025 2030 2035 2040 2045 2050

kt kt Kt kt Kt kt kt
Base-case (no6,601 39,409 72,018 104,427136,637 168,647 200,563
abatement)
BF full CCS 6,601 39,409 72,018 104,42¥16,004 123,001 129,534
BF CCS/ EAF 6,601 39,409 60,187 77,131 84,0688,574 92,723
DRI-H2/ EAF 6,601 39,409 62,704 74,076 83,22B9,813 94,040
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Table 5-5 % reduction of process compared to base case &digions

Technology 2020 2025 2030 2035 2040 2045 2050
% % % % % % %
Base-case (no 0 1 2 2 3 3 4
abatement)
BF full CCS 0 1 8 8 78 81 81
BF CCS/ EAF 0 1 48 49 85 87 87
DRI-H2/ EAF 0 1 37 73 72 86 89

The two sets of data shown within tables 5-4 alddBevide great insight into the actual climate
impact. Whilst the 3 technology options, have bglemwn to all reach the 80% reduction target
ahead of schedule, the outcome cannot be moreditiePrimarily due to the estimated TRL
and ability to roll out the new technology, theeatatat which carbon reduction accrues differ
significantly. For the full CCS BF case, althouglke 80% reduction target can be met in 2045,
the overall % reduction stalls at this value, beeaaf the difficult and costly carbon point sources
that are not included in this exercise. Due todahktimated availability of CCS in the test case
region (2037), significant carbon reduction is m@de prior to this date, whereas including an
EAF demonstrates greater carbon reduction, buhatpossible consequence of increased
emissions outside of the UK, if this scrap demandikiely filled with iron from unabated
processes. The difference in cumulative emission2d50 due to this delay in technology
deployment is >30,800 tCOThis is a significant amount of carbon that muestcaptured from
the air with ever increasing and costly technolafy NetZero target is to be reached. The
delayed availability of bulk low carbon hydrogenlis the even greater potential fos BRI to
match the carbon reduction potential of BF CCS wadHitional CCS. Initial carbon reduction of
this route is achieved if we assume a switch tdgbe carbon intensive NG fuel input, which can
potentially come online long before a BF CCS fagilivet the reduction from this pathway is
stalled in the 2040s due to lack of bulk hydrogédtimately resulting in slightly greater emission
to atmosphere over the period 2020-2050. It wopfzkar that fast action within the 2030s might
have the greatest impact in stalling dramatic den@hange, so a switch to DRI with NG would

seem a sensible approach to limit global climagngle in the short term.

All technology routes can achieve an estimated >8a%on reduction, however, fast action,
regardless of technology option will make the gestdifference in overall carbon reduction.
Whilst a >80% reduction can be achieved, negledtimgact on global emission displacement
from scrap use, domestic emissions to atmospherstiirlikely to greater than 90,000 tGO

between now and 2050.
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5.4.3 Cash flow (profitability)

The cost per ton of COcaptured may be seen as the second most critctdrffrom the
modelling exercise. Taken out of context the datalie misinterpreted, as the most cost-effective
way forward is to continue to utilise unabated floksels, or to import unabated steel from
elsewhere, (with high-embedded carbon emissiort®nvwonly viewing the annual data. Figure
5.10 demonstrates that all cases modelled showcagcise in operational cost from base case in
2050. This is because the move to decarboniseutihent operation requires measures to remove
the CQ or change the processes, which will add cost tieatioperations. In particular, the cost
of hydrogen for a DRI hydrogen shift shows the tgshincrease in operating costs. To keep
costs for the hydrogen as low as possible, a bjdedgen source and estimated cost has been
used. For this purpose, it was fixed at a costdopér kg. It is estimated that hydrogen can, by
2050, reach a cost comparable with unabated hydrag€?2 per kg, but this was considered
unlikely in the region due to gas prices, or a nietnport low-carbon hydrogen. The error in
estimating price reduction in low-carbon fuel pscds one of the greatest sources of error.
Producing green hydrogen in the volumes requiredlavancrease the cost significantly and
likely take longer for the conversion to hydrogeesulting in a greater total of G@mitted into
atmosphere. Moving quickly with the transition tgdhogen will limit the emissions to
atmosphere, but likely increase the cost (certaiihthe cost has not yet come down to the
estimated value) and will require more Governmatgrvention. An estimate of the impact of
moving quickly has not been made, but could be tsadsess the impact of active Government
intervention, if the hydrogen route was politicaiyoured over the abated fossil alternative. For
now, we can conclude that the hydrogen options iftemtieesult in greater cost of operation and
possibly delayed roll out of decarbonisation tedbgg. Again, it should be emphasised that the
costs are based upon today’s commodity prices, sdathe estimates on the cost trajectory for

the ETS scheme carbon credits and a fixed cost/gffhydrogen.

The aim was to determine if ar80% carbon reduction target could be achieved, adtime

scenarios shown to exceed this value. In the istereminimising cost, it could be that all the
scenarios are set to a maximum carbon limit of 8BRéwever, with the NetZero target now
applicable to the UK, any emissions that are netv@nted, could suffer a cost for carbon

offsetting. Therefore, no maximum carbon emissinit lhas been set.
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Figure 5.1Q0 The percentage shift (increase) in the sitesaifmral costs as a results of decarbonisation
methods in the year 2050

Figure 5.11 shows the cost per ton of steel owee tiThis is a summation of fixed and variable
operational costs and does not factor in CAPEX ireqents. The labels, quantities and the
colours have been deliberately removed for comraksansitivity, yet the variability and the
changes can be clearly seen, showing some rowdsghly sensitive to process (changes. The
model does not feature a simple sensitivity analfisnction due to its complexity. It is still
advantageous to input high and low costs to theeaintwl determine the impact on the cost
trajectory shown. As fixed costs were chosen fas #xercise (except for ETS price), no

estimates of the parameters for high and low-asichsts have been displayed.

Analysis of the primary influences to cost incresisewed that measures to reduce carbon, such
as carbon capture or use of hydrogen have a ciepadt on operating cost. Therefore,
minimising these costs, whilst still achieving cambreduction is critical. Within the base case,
taking no action to minimise carbon emissions dguakults in a greater operational cost, due
to the estimated ETS price impact. The breakevéarit pdereby cost of decarbonisation is equal
to the cost of the ETS is subjective due to théadilties in estimating future ETS cost, but can
be evaluated within the model. Obviously, takingaetion will not reduce carbon emissions and
will incur an ETS charge. Whilst this maybe morestceffective in some scenarios with a low
future ETS price than taking positive action, thes not the objective. Including the ETS price
was used to establish if moving quicker, by empigyhigher TRL technologies, could reduce
the overall cost and improve cash flow. The effetess of an ETS scheme for the steel sector
is questionable. Without supporting business modelsass on the cost of decarbonisation or to

protect from high-carbon embedded imports, thid wibstly likely lead to further carbon
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leaking. Whereby, heavy industry is located offgh@n locations with less stringent emission

targets and no ETS) and the products are imported.

Figure 5.11 The cost per ton of steel from 2020, up to 2088iweach scenario. Actual values have been
concealed, due to the commercial sensitivity ofs¢tenario outputs

To establish the financial performance it is moegevant to look at the site’s cash flow.
Noticeably, long periods of negative cash flow veblelad to bankruptcy, or continuous subsidies
via respective Governments. Net cash flow is thal twost of operation, minus the necessary
CAPEX investment. Greater CAPEX requirements masnbt with an increase in profitability,
if these are to be sustained. 2030 seems to bicalgyear for cash flow, as a result of increased
CAPEX needed for the technology transition, and ééwhe technologies can sustain an upward
trend immediately thereafter, showing negative dksi for at least a 10-year period or worse,
perpetually. This means that some financial supp@thanism or protection measure will be
needed for at least a 10 year period between 2082@40, to assist the steel sector. Ultimately
an increase in the price of steel will be needealltav the decarbonisation of the industry, but

that must be within the global market context whempeting with non-decarbonised steel.

The net cash flow, for the various configuratioasshown within figure 5.12. Scenarios are

concealed for commercial sensitivity.
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Figure 5.12 The estimated net cash flow, between 2020 an@ &iX3he chosen scenarios

Cash flow is calculated using the following formuba3.
Net Cash Flow = Operations before tax (EBITDA) p€alInvestments (Eq.5.3)

These trends need to be treated cautiously asréteyipon some future financial predictions,
which is obviously difficult and risky. Sensitivignalysis of the data was carried out based upon
the raw material and energy costs. This clearlywsbthat cost of energy and raw material inputs
leads to the greatest variation in operation codtmofitability; a transition toward hydrogen is
particularly sensitive. Using the cost ratios frateelonthenet.com as shown below, and
converting the costs into % of total costs hightigthe sensitivity to raw material prices and
electrical energy costs (Steelonthenet, 2020)tf®@EAF route, raw materials account for 76%
of overall cost, whereas for BF-BOS, they accoumt 79%. For BF-BOS, under these
assumptions, coal is attributed to the raw matetiatial, even though it is also used as a high

degree of the site’s energy needs (table 5-6 and 5-

For those technology transitions showing signiftcar80%) carbon reduction, an increase in
operational cost between 20-40% is predicted. dLitthn be done within a fixed region to

influence the labour costs greatly or increaseiefficy beyond best practice. For example, if a
10% decrease in coal use could be achieved, thifdvamly relate to a total of 2.5% decrease in

total OPEX, which would not offset the increase ttudecarbonisation measures.

Whilst a full EAF transition is included, due taethemaining difficulties in assessing the impact
in product range and profitability, it has beenuassd that a full orderbook can be maintained.
This is incorrect. Therefore, this route was inelddonly to see the overall carbon impact and

no reference to cost has been made in this assessme
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Table 5-6 The percentage of the total sites operationakcper ton of steel for the EAF route

EAF % Cost per ton ste
Steel Scrap 65.5
Electricity 11.8
Electrode 4.7
Ferroalloy: 4.27
Capital Charge 4.12
Othel 3.2C
Laboul 3.C3
Steel Scrap Transp 1.4¢€
Fluxes et 1.2t
Industrial Gase 0.42:
Refractorie 0.260
PIG Iron/ DR 0.0C
PIG Iron/ DRI Transpo 0.0C
Thermal Energ -0.1(7
Total 10C

Table 5-7: The percentage of the total sites operationakcper ton of steel for the BF-BOS route

BF - BOS % Cost per ton ste
Iron Ore 35.3
Coal 25.4
Capital Charge 8.3C
Steel Scra 7.9¢
Laboul 5.€6
Fluxes et 5.6¢
Ferroalloy: 4.7:
Othel 4.6(
Industrial Gase 4.17
Electricity 3.21
Iron Ore Transpo 2.3
Coal Transpo 1.2:
Refractorie 0.976
Steel Scrap Transp 0.17¢
By-Product Credi -1.12
Thermal Energy, N -8.9C
Total 10C
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Figure 5.13 shows the variation in iron ore prid& ($/t) over recent years; a significant range
of 40 to >180 US $/t. A good performing, positivash flow is needed to overcome these times
of variability, which none of the trends show atreat price estimates. It is not unusual for raw
material prices to vary by more than 100%, whick &grofound impact on operational cost.

Iron ore seems particularly sensitive to supply @eehand, due to global economic output.

Figure 5.13 The volatility of iron ore prices over time

Source:(Trade Economics, 2020)

5.4.4 Error analysis

Great care has been taken to produce as accunabelel as technically possible. Pivotal is an
accurate energy and carbon balance, followed byaa gost estimate with an aim to reduce
uncertainties. Limiting exposure to these uncetigsnwill reduce the overall risk of the low-
carbon transitions, but it seems they are unavteddlvo major sources of error exist, causing
great uncertainty in the future technology selecta the steel plant operators. First are the cost
estimates and second are the TRL or technologyputltiates. Selecting the correct estimates is
not always possible, as is evident from the widettlations in iron ore price (figure 5.13).
Energy and raw materials have been shown to prawelgreatest source of variability in the
operational costs, therefore accurate scrap poi@est, NG and H2 costing is necessary in any
transition away from coal and iron ore. The behitimn is one that can absorb this possible error

and still remain profitable.

There is also a 30% discrepancy between the acadésrature on hydrogen requirement
needed for FeO reduction, and my estimate usingRridR| energy requirements (7 GJ/thm vs
10 GJ/thm). Given the high cost of energy and tiygsict of hydrogen cost to the future viability

of this pathway, this is a significant source aberwhich the industry needs to address.
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5.5 Conclusions from techno-economic simulation

The detailed simulation exercise has shown, usingriologies with a TRL of 7 or higher, that
an 80% carbon reduction from base-case is posSMitdst these reductions are possible, most
require CCS and where CCS is not applied, hydrdg@h-or a full shift to EAF (scrap based)

will be needed, to reduce (domestic only) emissions

The aim of this research chapter was to answefiotloeving questions, so that we may evaluate

the two technologies that have been developedaptehs 3 and 4:

1. Will fossil energy still feature between now ancb206
2. Will CO: still be emitted from our future steel plant, fmw long and by how much?

3. What technologies are we likely to employ to sigpaifitly reduce the carbon emissions?

From this evaluation we are able to conclude tbattd cost and TRL, fossil energy is still likely
to feature significantly either as coal input ithe BF-BOS route with CCS, or as NG input into
the blue hydrogen route to establish a hydrogen<goRition. It is highly probably that GQvill
be emitted and this will need to be captured (aerdhjanently stored) to reach significant carbon
savings. A carbon reduction§0%) would be possible, within the timescale uR®50, using
available technologies (currently atRL7). A technology agnostic approach was usedao
to purposely favour the two technologies that waegeloped within chapters 3 and 4. Only
pathways considered close to commercialisationréatlly at TRL7) were chosen and no
decarbonisation methods were deliberately reject@fd.the high TRL (7) technologies
considered within the model, CCS is identified asritical technology within most cases to
achieve the significant (~80%) carbon reductiohie timescale, up to 2050. Those pathways
that do not employ CCS (hydrogen-DRI and EAF) woliteély be less economical and/or
potentially unable to meet customer’s product neqaents, necessitating steel imports (when
TRLY is considered an essential parameter). Thatgrehe cost of operation, the higher the
level of support mechanisms that will be neededfffiget carbon leakage, due to unabated, high

embedded Cgsteel imports.

To achieve reasonable economic performance, isssimed that the hydrogen will be Blue
hydrogen from SMR or ATR with CCS. CCS is still vegd for the hydrogen-DRI option if blue

hydrogen is the source, which is used in this mo@eten hydrogen would produce a worse
economic performance, following an expected highgirogen price and it is assumed that it
would take longer to achieve the large volumes edéar steel production, needing first the role
out of surplus renewable power and hydrogen storbgported H in the form of shipped

ammonia, produced in equatorial regions by sol&argn may prove cost effective if prices

continue to decline, but this still proves moretlyothan a BF CCS route. Ultimately, the
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transition to hydrogen and the associated longad lemes result in slightly greater €0
emissions into the atmosphere, following the deday#lout of bulk hydrogen. The model has
demonstrated that, moving quickly, independent Upancarbon technology choice, ultimately
leads to less net G@missions to atmosphere and the greatest positjyact in the mitigation
of climate change. That is not to say that CC®esdnly correct pathway, as this still locks in
the use of carbon fuels. If hydrogen is seen asviheforward, in this analysis we have shown
that much greater emphasis must be placed on makéngolume of hydrogethat is needed
available sooner. Regret capital may occur if agwfrom a CCS BF to a hydrogen-DRI is

needed, before the end of the asset lifetime, attiy resulting in greater CAPEX spend overall.

A full transition towards EAF has major implicat®on product portfolio and due to the cruelly
high (88%) global steel recycling rate. Viewing tjlebal trends in steel carbon reduction and
current asset lifetimes, it is thought that thil mdt have a global impact upon carbon reduction,
only regional, domestic emissions. Predicted irsgea scrap availability does not align with the
carbon reduction goals and steel demands. Whilgi@ease in scrap to align with availability

is envisaged, a full transition to EAF to achievezarbonisation does not correlate with the

evidence that has been assessed.

Though converting to hydrogen would likely be tlenacea for a future steel plant, the lower
TRL, lack of high volume low-carbon hydrogen protime, storage and distribution and
therefore a longer duration of roll-out for the lirology, would result in a slightly greater
cumulative CQ emission to atmosphere, although some early gaiesissions can be made
with an intermediate switch to natural gas. Whea DRI-H, route is evaluated against
alternative, lower-cost scenarios, especially ober early modelled period, whereby great
reductions in carbon emissions are needed to slomate change, higher TRL and quickly
deployed solutions will lead to a reduction in £© atmosphere. The use of hydrogen from
electrolysis (green hydrogen) has been found t@rbhibitively expensive, compared to the
alternative blue hydrogen sources (SMR with CCS) Bkely require longer to implement,
resulting in yet greater G@missions into the atmosphere. CCS is still reqliirutilising a blue
hydrogen source. Ultimately, moving quickly, at theast-cost, has the greatest positive
contribution towards climate change and possiblg likelihood of remaining profitable. That is
not to say a fossil-based CCS BF is preferenti&r @/ hydrogen solution, but if hydrogen is
consider the preferred way forward for the industffort must be taken to accelerate its
deployment and reduce the cost of hydrogen to &ligth that of fossil-based CCS. Swift action
will be the greatest influence in overall carboduetion. Although a >80% reduction can be
achieved (neglecting impact on global emission ldsgment from scrap use), the domestic
emissions to atmosphere are still likely to be gmethan 90,000 tCObetween now and 2050,

within the current technology roll out estimategisTis a significant amount of carbon, which
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must be removed subsequently to reach NetZero.eldrer from a cumulative emissions
perspective, only a 55% reduction in total £&issions will be achievable at the current, best-

case estimated pace of new technology deployment.

Economically, it was demonstrated that all of tberarios modelled, generate a negative impact
on the immediate cash flow, increasing the opematioost above the base-case. With all cases
resulting in negative cash flow durations &fyears, due to a combination of higher investment
costs and increased operational costs. Limitingetmsts will be critical to the future success
and therefore form a foundation for future effokt¢hilst CAPEX requirements maybe reduced
in some scenarios, this is offset by an increasmparational cost (and possible loss of market
share due to steel/scrap quality, which has nat beedelled) resulting in a negative cash flow
in most cases, up to 2040. It is anticipated thatesform of Government intervention would be
required to support the steel sector financiallgirduthe transition period, especially to protect
the sector from high-carbon embedded imports fruaetive regions, so that the increase in cost
can be passed onto the consumer. Ultimately, teeatsteel must increase for it to be made in
a low-carbon way. This is echoed across the Euromteel industry, which supports this
analysis. Evidently, the current, high-carbon emissteel production method proves to be the
most cost-effective way of making primary iron,@mnthat this is commercially proven and fully
optimised over >100 yearg/hilst some value may be raised from the use of, @@loes not
look possible to fully offset the increased cospinduction, within the scenarios that have been
modelled. This function of the model requires fertlvork, due to the many variables: access to

actual data, market predictions and technical ehgks.

Given the high contribution to operational cost%/&r EAF and 79% for BF- BOS), raw

material costs have the greatest impact upon ey&iqmance and sensitivity within the model.
Access to cheap raw materials would be criticaldat reduction, however as a globally traded
commodity, fluctuations will impact all steel makepreventing cost differentiation. Pathways
that lead to significant carbon emissions reducti@®%) result in an OPEX increase of between
20-40%. Ultimately, access to cheaper alternativggy sources will drive the transition towards
a low-carbon alternative. In the absence of th€$eS of fossil-based iron production is the
cheapest option, whilst maintaining market shattaaoiding de-industrialisation (reliance upon

steel/iron imports).

5.6 Chapter summary

Whilst developing the technologies within chapt@i@nd 4, it became critical to have access to
the knowledge of what technologies are likely teebgloyed in a future low-carbon steel plant,
so that the application of aqueous ammonia captuleCQ plasma conversion can be correctly

evaluated. Reviewing the available literature dswevident that a site-based investigation of steel
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plant decarbonisation was needed to complementetjienal approaches in identifying low
carbon solutions. Therefore, to fully understaral plotential pathways to a low-carbon, future
steelworks and to envisage what technologies wexikt in a likely future steel plant, a first-of-

a-kind techno-economic model has been developéd vsal data from a chosen test case site.

A model has been developed to simulate and thetuatea 18 potential new technology

pathways and their deployment, in a yearly tramsitip to 2050, the carbon reduction potential
of these new technologies and the asset configmsa(utilising a detailed site energy and carbon
balance), the cumulative carbon emission up to 20®0shift in the operational costs and the

impact of the technology transitions upon the pastton of steel and finally, the net cash flow.

From this detailed simulation exercise, we are able to predict what a future steel plant may
look like, what are the most likely technology pa#tys, raw material and fuel inputs and the
operational costs. From here we have the abilityasgsess how new technologies and
breakthroughs, such as those developed within er@ptand 4, (or indeed any other technology
option) may be applicable to one of our future Ispt@nt configurations, how they could be

applied and also their relative cost implications.

It is highly likely that carbon capture, due toTiRRL and cost will feature initially in either a BF
BOS route or a hydrogen-DRI solution. Especiallg if.5°C target is to be met and pace and
scale of decarbonisation is prioritised. Given geshnology pathways will increase the cost of
steel manufacturing, cost reduction should feateminently in the application of new
technology or future research and development.€fbez, the improvements identified within

chapters 3 and 4 seem, at first instinct, highlgvant.

In the following chapter, this knowledge of stelelnt decarbonisation options will be applied to

evaluate the application of the two technologied tave been progressed within this research.
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The application of novel ammonia-based Cépture and
micro-plasma systems to future steel plant opearatio

6.1 Introduction to chapter 6

Utilising the output from the simulation exercisedathe further developments of the two
technologies progressed within Chapters 3 and 4camenow explore how these technologies
may be applied in a steel making context, withipaential low-carbon future steel plant
configuration. The modelling exercise has providedwers to the initial questions which we
faced; will CQ still be emitted from our future steel plant, fmw long and by how much? Will
fossil energy still feature between now and 2050#atNechnologies are we likely to employ to

significantly reduce the carbon emissions?

The modelling approach established within chaptg@a® necessary to establish if £43 a result

of fossil energy use, will still feature within atéire steel plant scenario, between now and 2050.
Or that the future is most likely carbon free, togkn or electrically powered. This is a critical
guestion to answer, if it is possible to evaluatg @0, based technology solution within a steel

plant scenario and it was believed has been negléctcurrent evaluations.

Next, we will evaluate how the two technologieslddue applied within the possible new steel

plant configurations evaluated in the model, fokalhdoy how they might perform economically.

6.2 Technology application of aqueous ammonia CApture

Using a technology agnostic approach and evalu@tiegnost likely, cost effective pathways to
achieve an 80% carbon reduction, it would seem that fossildijand hence CQproduction)
are likely prominent features within the steel proiibn even up to 2050. Therefore, technologies
that will capture or address the resulting.G@ll be highly valuable, especially if they addses

the increase in cost that is incurred as a negdssitecarbonise.

For each ton of steel, about 1.8-2.0 tG© typically produced via the world dominating
integrated BF-BOF route, therefore a use for the @@uld seem extremely desirable. We have
seen from the model that, due to the lifetime af #xisting assets and the availability of
alternative new technologies, scrap or clean ensugyplies, BF technology is likely to exist up
to at least 2040 and quite possibly beyond 205@edd, either the BF route or the DRI route,
though the use of blue hydrogen is likely to camtimo produce carbon emissions that need to be

captured, used or stored to meet significant cagamngs.
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Producing urea from the resulting €@ common form of carbon utilisation, was envishge
within the early developments of the thesis, asag of utilising some of the process €0he
use of CQwithin urea fertilisers, currently represents tiheagest commercial use of @ we
exclude enhanced oil recovery (EOR). However, assessing the composition of the current
steelmaking gases, they would not be suitablerea production in their present form. First the
CO; needs to be captured and purified from the stedimy process, adding significant cost.
Yet, coincidently, what we have established from thodelling is that the most economical
pathways incorporate carbon capture (the procegdfpurification) especially in the early
stages, if we wish to make quick gains inQ@duction and reduce the overall cumulative
emissions into the atmosphere. If we assume CCS8 beilapplied with or without urea
production, then this cost can be negated fronetfaduation and saving maybe realised on the

transport and storage costs for the,Ghich is alternatively recycled into the ureaqass.

Urea and nitrogen release fertiliser is currentbaturated market and therefore only growth in
this market would see the need for more capaciigrdy 2013). In the early stages of the
decarbonisation trajectory, it is unclear when tere this market would appear. It is unlikely
demand within the UK will be of sufficient size ¥earrant a commercial scale plant. We also
find, from the literature review, that urea does dmminate as the preferred fertiliser option for
European countries, due to high ammonia losseslandrelease resulting from the low average
temperatures, making the release process difficalbntrol. Nonetheless, the fertilisers produced
could be transported outside of the UK and repieeefficient processes, or this concept applied
to non-European sites. To improve production efficies and material costs due to corrosion, a

low-temperature process was proposed and tesgghtrate the urea intermediate, carbamate.

What we find is that, if urea is the target produdtilst the process could be conducted at mild
conditions, the current integrated commercial apphanakes best use of the heat generated from
the reaction of Nklwith CGQ; to further drive the dehydration of ammonium canbte to urea.
The low-temperature approach would subsequentlg assecond stage heated reactor to convert
carbamate to urea, alas the carbamate will decoenpesgr time once more back into £ahd
NHs. This energy could be met from waste heat utiipatrom steel plants, but experience of
this is very challenging, due to the intermitteature of availability and the low exergy; requiring
an upgrade of the heat to more useful temperatsieb, as the use of an organic Rankine cycle.
The cost and efficiencies of the Organic Rankinel€yechnology have led to slow adoptions
of these processes. The urea process requires@e stfuNH;, which itself is a highly carbon
intensive process and accounts for >80% of the évtargy requirement. The G@hat results
from the ammonia production process is of hightgwand does not require the use of costly CCS
equipment, unlike the GQeparation from the steel processes gases. Tagroduction would

be better suited to sites where ammonia is cugrgmtdduced and therefore the £fdom the
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ammonia process could be directly captured in goirsdg urea production plant. Continuous
deliveries of ammonia would be needed otherwighegpoint source of the GOAround 80%
of ammonia produced is used for the purpose dfifes, so it makes sense to locate and combine

the ammonia production and the £€ource with urea production. (Yara, 2013).

A low carbon route to ammonia production was dégcriby The Royal Society (2020), whereby
hydrogen from electrolysis may be combined withagjen from air separation to yield carbon
free ammonia (The Royal Society, 2020). Followihg targe volumes of oxygen required for
the modelled SoftA iron making processes, an exatsrogen would become available from
the air separation units, as would the nearly @@®e (80%) source that is also required for the
urea process. However, this steel making techndkggt envisaged for deployment until post-
2030 and also relies upon further roll out of blaiw-carbon hydrogen production. This could,
though, vyield a promising pathway to low-carbon awnia, if the SoftA process is
commercialised, in parallel to low-carbon hydrog&ecovery of spent, low concentration
ammonia from wastewater may also be an alternatimmonia source. A breakthrough at The
University of Sheffield may make this possible, buther development is needed to increase
the TRL and evaluate the cost (Desai, et al., 2020)

Nitrate fertilisers are preferred within Europe,d@scribed, as their release of nitrogen is better
controlled within the lower temperature climate. diufewer nitrates can be added to the soil,
compared to ammonia liquor or urea, resulting duoced ammonia loss and lesser total carbon
emission. While ammonia nitrate is preferred, amiabitarbonate (NHHCO:s) can also be used
and is still common in some areas, such as Chitafétiliser use). Therefore, the MHCO;
produced in the low-temperature, aqueous ammoipauEa process (as described in Research
Chapter 3), if the solvent is not regenerated,lm@nsed directly as a low-cost nitrogen release
fertiliser. NHUHCGQ; is slightly hazardous and decomposes at an aatetbrate, at temperatures
above 38C. Yet it does not decompose below@y7which is fairly typical of UK weather
conditions (Yeh & Bai, 1999). The nitrogen contehtNHsHCO; is only 18% N compared to
the 45% N within urea. It is therefore less dedadbr transport over longer distances, but would
be perfectly adequate for localised use within Uihates. With the deployment of aqueous
ammonia carbon capture, a low-cost fertilisersNHGO; route, could become viable as a by-

product, if the ammonia solvent loss is to be regdawith a low-carbon ammonia alternative.

It could be viable to use the NHCO; within an ammonia capture system as a local feetiland

to potentially source sustainable ammonia, foicdq@ure process from waste waters. Within this
context, it is unclear exactly how a future steddm@ facility equipped with CCS could make
use of the mild-condition urea production procesthout further developments and research to
address access to carbon emission free ammonian(@ily from waste waters) and an

expansion in the local or European fertiliser marké&e unique composition of BF-BOF steel
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plant gases provides access to large volumes oa@®potentially hydrogen (if undertaking a
WGS), that makes synthesis gas routes to chenacalduel attractive in assisting difficult to
decarbonise sectors (aviation and shipping), astd® plants sites energy requirements could

then be met with electricity and/or hydrogen.

That is not to say that the developments withis gtudy are not highly applicable to the steel
sector. On the contrary, the breakthroughs disealefithin this research lend themselves to the
steel process gases and requirement for carboiddicapture, which, as mentioned, has been
demonstrated as a key technology, establishedgltirvinmodelling exercise. Tigapture of C@
within aqueous ammonia has quickly become a vemynjging technology. Indeed, it has many
beneficial properties over amine capture systeraslémd themselves to the gas compositions

typically found in steel making facilities, whiclea

A higher CQ absorption capacity compared to conventional M&zhhology
No degradation of the solvent from the presend@,of

The removal of SQand NQ from flue gases (typically present in steel plaades)

A w0 N PF

Is non-toxic to the environment following solveasses, compared to MEA (in the low
volume anticipated)

5. Has a low regeneration energy

All of the above properties make aqueous ammoigialyiappealing as a capture method to the
steel sector. However, there are two major drawbéehkts use: the rate of GQptake into the
solvent, and the N&Elip into the off-gas, which must be captured smaycled. These two critical
restrictions mean a larger facility is needed pprivalent volume of gas, and a limit on the ;NH
concentration that can be used. Reducing the ddticentration to avoid Ndslip will also
restrict the rate of CQuptake, thus increasing the solvent volume neetiedavoid NH slip,

GE employ a chilled ammonia process, which previdhtsvaporisation. Whilst the chilling will
consume energy, this is off-set by the reductiothanregeneration energy when compared to
MEA systems. The GE process will also miss any fieokheat integration by recovering heat

generated during the capture process for the ptiebeaf the regeneration stage.

There are 6 ways in which we can increase theiogakinetics, to reduce the footprint of the

capture facility. These are:

1. Increase the available surface area of the reactant

2. Vary the concentration of reactants and productdrie the reaction in the desired
direction
Control the temperature and pressure to ideal tondi
Manage the pH concentration to the optimal conaigio

Employ the use of a catalysis to lower the actbragnergy
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6. Remove the presence of any inhibitors to the reacti

The system demonstrated within research chapteriréctly addresses number 1. By
incorporating microbubbles, the gas-liquid surfacea is significantly increased. Also, the
internal mixing of the bubbles gas is rapidly iraged with reducing diameter, which will aid the
reaction kinetic by ensuring the reactive componentear the surface of the bubble for the
maximum time possible. The tests used a pure ctradiem of CQ gas delivered to the reactor,
therefore the benefit of increased bubble mixingpisbelieved to be so applicable in this context
as the pure gas bubble does not have competingaranfs within. More rapid gas mixing does,
however, become more relevant with gas composititypscal of steel making process or
combustionEnsuring the C@closest to the bubbles’ surface is constantlyer@phed until it is
depleted will rapidly improve the microbubbles’ exffiveness. To test this hypothesis, a
continuous capture system employing synthesised glant process gases is now needed. It is
unclear if the remaining gas components, primanilsogen for steel and combustion processes,
would cause the hot (>20) ammonia solution to vaporise and the escapiimggen to carry the
vaporised NH into the off-gases, causing greater \biss. Undertaking the process at low
concentrations of Nkishould prevent this, due to the high solubilityNdfis. What we do know

is that the unique microbubble phenomenon, whenaioyobubbles do not transfer heat energy
either to or from the gas and liquid, would redtltoe ammonia slip from temperature increase
and vaporisation, as we have witnessed in the muexgerimentsOperating the system at an
elevated pressure, in combination with microbubbdesuld potentially prevent the vaporisation

of NH3 at high NH concentrations.

The world’s first application of microbubbles toGO,-NHs-H,O system resulted in some
remarkable discoveries, which lend themselves el full-scale aqueous ammonia capture
system. First, the low kinetics are overcome hyittlheease in gas bubble surface area, achieving
high CQ to solvent loadings within 8 minutes. This alldwa concentrations of Nikolvent to

be used, which subsequently prevents the loss affidifh the system, reducing NHlip. The
system is also able to operate at elevated temyesatwithout an increase in Nksses, due to
the low kinetic environment, allowing for the pdskiy of heat integration within the solvent

regeneration process.

Considering the economic performance of such augnidiscovery, we can potentially re-
evaluate the cost of G@apture, to lower the total cost of capture. Farllachain CCS system,
and a steel plant capture system is no exceptlom,capture element represents the most
significant cost and energy requirement. For an Miggtem, which is highly plausible for steel
applications: experience from the vast commeraalaf MEA has shown that these systems will
tolerate gas compositions similar to those founa isteel plant. The estimated split between

capture cost as transport and storage (T&S) isO7(@8pture/T&S) (Roussanaly, et al., 2018).
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Within a capture system, the regeneration of tiura medium is the greatest energy consumer,
combined with alternative efforts made to reduds &mergy demand, such a compression. A
breakdown of the capture costs for a steel pldas(llurnace gas) are presented below, whereby
energy cost represents ~70% of capture cost (Roalgseaet al., 2018). This is mostly steam
generation for the solvent reboiler, with a steamstimption of ~3.2 GJ per ton of €aptured.
These are estimated cost for dhaf-a-kind CCS facility; to date a full chain (1stf-a-kind)
CCS plant has yet to be established on a BF-BG# staking plant.

Figure 6.1 Breakdown of blast furnace MEA capture costs

The application of CCS using MEA would cost anreated ~£60 per ton of G@aptured and
stored from the blast furnace, following internaldaexternal assessment (IEAGHG, 2014).
Given an estimated finished steel coil price of Eper ton and 1.8 ton of G@er ton of steel,
this corresponds to £608 per ton of steel; a 1ir&¥ease in the cost per ton of steel, if CCS is
applied. If by employing microbubbles it is vialite control the size of the plant and the ;NH
loss, one can assume all other costs are the sathataf an established amine facility. Costs of
amine facilities are well known, yet the cost of anmonia-based capture system is still an
estimate, so this approach was considered apptegiien the lack of cost data. Assuming all
else remains equal, the major difference, and tbatgst cost, is the reboiler energy use. If the
temperature of the solvent regeneration is reddiced 120 to 80 (table 2-4), a 4D drop in
temperature, not knowing the volume of solvent & Heated to this temperature, we will
cautiously assume 3% drop in steam demand and the energy cost. Thiddwepresent a
reduction of 1.07 GJ steam per ton of @ptured and roughly a 24% reduction in captust co

using the breakdown of capture costs representiglire 6.1.

This would reduce the cost of capture and the taiat per ton of steel from £608 to £590 per

ton for our low carbon steel offering, at a Blastriiace capture rate of 80% €@\ 24%
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reduction in capture cost results in an £18 redudti total capture costs per ton of steel. With a
3.8 MT per year output of finished steel coil cho$ar our test case steel plant (4MT of steel

provided to the downstream processing), this eguate £68.4 million cost saving per year.

This estimation compares well, if not slightly censtively, to the cooled ammonia process,
which was evaluated for Specific Primary Energy €lonption for Carbon Avoided (SPECCA),
by Valenti et al. (2018), whose estimates are 42186 and 2.58 GJ/t Gdor MEA, chilled
ammonia and cooled ammonia respectively (ValenBdaalumi, 2018). This represents a 1.58
GJ/t CQenergy reduction for the chilled process compaoeMIEA, against the assumed 1.07
GJ/t CQ, utilising the 33.9% steam energy reduction method as described. d$tesavings,
estimated at £68.4 million, are therefore justifidthilst newly emerging solvents may approach
similar regeneration energy savings (Oko, et @172, ammonia has the advantages of mild

corrosivity, negligible thermal degradation, minireavironmental impact and cheap.

The size of a capture facility is also a significharrier to the implementation of CCS at some
steel making sites, with limited land availabiliy increasing the kinetics, the size or number
of absorption columns could be reduced. This willuce footprint and also CAPEX. An estimate
of this reduction has not been made but a fullneebconomic assessment of aqueous ammonia
based capture, enhanced with FO microbubbles apldy# on a steel plant should now be

undertaken.

The ammonia capture system looks promising, as theesarly developments of a mixed salts
process, adding potassium carbonatgC(®e) to the capture systems. This addition may vyield
an ever greater improvement in performance, althdtuig too early to say if these developments

could lead to a commercialised system (Jayaweted, 2017), (Han, et al., 2014).

6.3 Technology application of G@issociation by DBD plasma

Within the steelmaking processes, equal proportwnSO and C@gas are produced from the
blast furnace. Whilst the CO has value as a fuslfgathe site, the CQOcauses an immediate
issue as it is vented, once cleaned of contaminamthe atmosphere. The CO, however, once

combusted also results in a significant and equahtity of CQ emission to atmosphere.

CCS, as evaluated in the techno-economic modeleahdnced within the work of Research
Chapter A, is likely to be required in our fututeed plant scenario, in the period up to 2050.
With the application of CCS, high purity G@ould become available for dissociation within a
plasma reactor. This could potentially lend itdelthe top-gas-recycling concept (Directorate-
General for Research and Innovation (European Cssiam), 2014), whereby G@ separated

from the processes gases of the blast furnace dnighaconcentration CO stream is recycled
back to the furnace, to reduce overall carbon iffigtire 6.2). If the C@captured within this

process is subsequently supplied to a plasma sthgetesultant CO anddrom plasma
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dissociation could also be recycled back to thedae, further reducing primary carbon input.
The nitrogen content within the gas will be redu(sithe @from the plasma reactor can replace
a proportion of air) reducing the CCS cost, as lgas volume is generated and the>CO
concentration of the gas is increased. One limitaggor in fossil-based steel production, is the
ability to electrify this process by incorporatizgro-carbon electricity. Using zero-carbon
electricity to power the plasma reactors, we hawerinciple reduced the fossil carbon input
(recycling the carbon back into the furnace in tliesociated form of CO) by the coveted

substitution with zero-carbon electricity.

Figure 6.2 Configuration, energy balance and carbon savfitfse top gas recycling blast furnace process

Source:(Directorate-General for Research and Innovatiarrggean Commission), 2014)

If the electricity used is from a fossil free saayrthe total efficiency of the plasma process does
not influence the carbon emissions, only the eneagpgumption of the process. This technology
could be applied as a retrofit process to existitagl plant, reducing capex and disruption to

operations from switching to new technology.

However, even when we consider the breakthroughdmew developments of the two-staged
plasma reactor design that could potentially leagdrld class C@plasma dissociation, we still
find that, due to the efficiency of the plasma digation mechanisms for GOdominated via
electronic excitation, the efficiency of the progds low and inversely proportional to €0
conversion. To achieve high conversions and highc@@entration that would warrant a return
of the reactor gas back to the furnace, this wéedd, under current operations, to low plasma
efficiencies. The alternative, low conversion ratesuld need subsequent gf@moval, which
comes at a high energy penalty. The plasma digsatiaf CO at 100% efficiency, requires
almost the same energy input as that fgd ldissociation into Hand Q, as set out in equations
2.39 and 6.1 (Fridman, 2008).
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H=29eV/mol (Eq2.39)
, , : H=2.6eV/mol (Eq6.1)
At 100% efficiency, a hydrogen electrolyser woutthsume 39.4 kWh per kg ot Hvhere 1 kg
of hydrogen has an energy content of 12.75 MHEMSTP and 143 MJ/kg. A typical PEM
electrolyser operates at an efficiency of 80%, Whiields a total energy consumption of 47.3
kWh/kg H, or 0.33 kWh/MJ of K (Bertuccioli, et al., 2014).

At 100% plasma conversion efficiency, the highetauolar weight of CO allows a lower energy
requirement per kg of CO. Only 2.81 kWh/kg CO iguieed. The plasma CQlissociation
efficiency has a theoretical maximum 48%, under quasi-equilibrium condition&ridman,
2008). Whilst higher efficiencies may be possibleder non-equilibrium conditions, the
conversion rate is very low (Aerts, et al., 201Bddaerts, et al., 2015). At an optimistic 50%
efficiency, this would equate to a total energystonption of4.21 kWh per kg of CO. With an
energy content of 10.1 MJ/kg CO, this equates4th RWh/MJ. Which, if the gases are both used

as a fuel, at 100% efficiency, is slightly worsarththe hydrogen example.

In a steel context, equal mols of &hd CO are required for the reduction of iron ditee values

are therefore presented in kWh per mol: 0.095 kVdhfor hydrogen and 0.118 kWh/mol for
CO. Hence, as an iron reductant, plasma convedsies not yield a promising result. A similar
~80% efficiency would be required to equal thahgfirogen conversion energy input, which

appears unlikely with current technologies.

Under these assumptions the l@as been attributed no value, which is often guitstakenly
overlooked, yet this does not change the above adsgm, as both dissociation pathways

produce ¥2 @ with a similar energy input.

The generation of hydrogen rather than CO would &ad to no further carbon emission, if
used to supplement coke or coal within the blashdoe, or indeed elsewhere with the
steelmaking operation. Given the low conversioagaits does not seem viable to use any surplus
zero-carbon electrical energy to convert the, @Dan alternative carbon source, which would
later require capture, when;Hand not excluding the valuable;)Ccould be generated and

supplied to the furnace resulting in no furthebcar release at a higher electrical efficiency.

The scale-up of industrial hydrogen electrolyserslso likely to occur before those of £0
dissociation plasma reactors. Given the results ftte modelling exercise, we have learned that
it is key to move quickly in technology deploymetatyeduce the net G@mitted to atmosphere,
between now and 2050. Even so, the role out ofstidll scale electrolysers is limited by the

availability of surplus renewable power and, of rsayi the cost.
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It does not seem, given the mechanisms fos @& ma dissociation and need to further address
the carbon from the use of the resultant CO, thiattechnology could be applied to achieve a
deep decarbonisation of the steel sector in the teemedium term. It is likely the hydrogen
electrolysers will dominate, if surplus renewabtergy becomes available. From our techno-
economic modelling within Research Section 5, wevkrthat substitution of carbon with
hydrogen, is more expensive than carbon captumasport and storage. With hydrogen from
SMR or ATR with CCS more cost effective than elelgisers. A plasma system would only be
applicable for smaller applications, where addaio6O was needed, yet with the steel CCU
applications being developed, the limiting compdriemhydrogen and not alternative forms of
carbon. AWGS to turn the CO into hydrogen woulthis case likely be considered an attractive

alternative. The generation of hydrogen from CO ldsd is demonstrated by equation 6.2.

, , H=-0.4 eV /mol (Eq. 6.2)

Where this technology is likely applicable to thee$ sector, is utilising the industrial carbon
emissions for the production of synthetic fuelshelp the technically more difficult to
decarbonised sectors, such as aviation. If renemadlver is used in the process, CO can be
generated from the GQOwhich can be used to produce methanol over aeraggtalysis or using

a fermentation process. Methanol synthesis from(i@@ically from fossil based synthesis gas)
is a proven technology and can be used to produetian fuels (The Royal Society, 2019).
These processes require both a carbon source arddgepn, eliminating the aforementioned

requirement to compare the efficiencies betweenvwbeprocesses.

Given the challenges in decarbonising the aviatienotor and the conflict with bio-energy
sources, the use of industrially sourced carboifddoe a viable pathway to lower carbon flight.
Batteries, due to their very low energy densityrawea viable solution to zero carbon flight in
the medium term, so some carbon off-setting oraarecycling to establish high density fuels
is required (figure 6.3). Steel plant gas convers{GO) via fermentation is becoming an
established technology route for the productiosyaithetic fuels which responds favourably to
high CO content, which can be enhanced via ther@atissociation method (figure 6.4). This is
effectively an indirect method of electrifying atian. Whilst estimated current efficiencies are
lower for a synthetic diesel fuel vehicle (13%)mgmared to using battery power (69%) it may
be the only solution for long haul flights and any improvements in efficiency will be welcome.
It's clear that transparent LCA, aligned to a cetesit methodology is still required to assess the
overall impact from this approach (Garcia-Garctagle 2020). The LCA and techno-economic
assessment for the application of CCU to synthagtproduction to a steel plants has still to be
performed, but will be assessed as part of the g&ao Horizon 2020 project named COZMOS
(COZMOS, 2019).
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Evidently the improvement shown here within the €@@version efficiency of 36% are a positive
step for DBD plasma dissociation. However, theyaireourse no match for the record breaking
90% Faradaic efficiency achieved recently usingekattrochemical method, over a copper—

indium binary catalyst (Xiang, et al., 2020).

Figure 6.3 Energy density for fuel options including tankigle

Source:(The Royal Society, 2019)

Figure 6.4 Current examples of synthetic fuel production

Source:(The Royal Society, 2019)
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6.4 Chapter Summary

The evaluation of the two developed and testedntaolgies within a future low-carbon steel
plant have shown that the utilisation of steel ptambon emission for the production of nitrogen
release fertiliser is unlikely to lead to signifntaemission reduction. However, the capture of
CO; using an agueous ammonia system could becomeyhiglelvant. Following the detailed
techno-economic modelling exercise, it is determhitieat the availability of CCS is a critical
technology option, especially in the near term, that a low-cost ammonia capture solution,
would significantly improve economic performance.cAnservative estimate of >£68m per
annum could be recognised, for the test case lmat following the successful deployment of

this technology.

With respect to the application of plasma dissommof CQ, due to the mechanisms involved,
achieving both high conversion yields and highogdficies has not been possible, even when re-
evaluating the plasma reactor design, with a breakgh two-stage system. It is unlikely that
the dissociation of COwill lead to deep decarbonisation of the steel®dn the near to medium
term, due to low conversion efficiency and currpate of technology development. Further
assessment suggests substitution with hydrogemwiis hikely as the KD exhaust does not need
further treatment. Given that equal mols of hydroged CO are required for iron ore reduction,
hydrogen generation via electrolysis yields a ba&tergy efficiency. The TRL of the hydrogen
electrolyser is also much greater, and in the ctnié steel plant decarbonisation, moving
quickly prevents a greater quantity of carbon engethe atmosphere. For these three reasons, it
is likely that hydrogen electrolysers will dominatfehere is surplus renewable power, as a fossil

fuel substitution within a steel plant.

Where this technology could be applicable is fa pnoduction of synthetic fuels or carbon-
based products. As industry is likely to form amgaing source of C& being able to efficiency
convert the C@would seem highly desirable. It is likely that song this carbon from industry
will be more cost effective than direct air captutee to the higher Gxoncentration and also,

possible necessity to separate the @Dstorage.
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Final summary and future recommendations,

7.1 Final summary
The steel industry today represents about 8% dirapbgenic C@emissions, without obvious
cost-effective solutions available to decarborisg $ector. This represents a major challenge to

the industry and one which provided the focus drallenge for this research.

This research sought to first progress two techgiefowithin the areas of aqueous ammonia CO
capture and C&plasma dissociation, which were identified as psimg solutions to reduce GO
emissions to atmosphere. Whilst aqueous ammoni@areapystems had been applied to steel
plants and show promise, it was believed that timeldmental issue of slow kinetics could be
significantly improved. C® plasma dissociation was believed to have beenicaid to
enhanced carbon recycling within the steel indugsych as to further enhance a TGRBF).
However, low conversion efficiencies were seen sigificant barrier to address. The aim was
to apply propriety knowledge to these issues tehigwnovel, state-of-the-art solutions. Whilst
investigating the application of G®ased solutions to the steel sector, it was app#rat some
fundamental questions needed to be answered. \B&Kilf energy (and C still feature
prominently in the near, medium or long-term stewking future? Or will the current
steelmaking solutions be replaced with electricitthydrogen? To answer these questions and
ultimately determine how the developments of the t&chnologies under development could be
applied, a detail techno-economic model was prodiudieiltiple projects provided some insight
into the possible future direction on a global, tawental or regional level, but lack the detail

needed to determine the possible pathways anéthef deployment.

Three hypotheses were proposed. Each challengohgvéih the aim to advance the knowledge
within their particular research field, to ultimptg@roduce one significant contribution to the

knowledge of steel plant decarbonation solutions.

The modelling methodology that was developed, skiadat all available solutions (with a TRL
today of 7) that could be applied to a typical steel plamtachieve significant (>80%)
decarbonisation would increase operational coserdfbre, cost reduction of the applied
technologies, such as those demonstrated withérréisiearch would be highly advantageous to
the industry. Equally the availability of hydrogand its high cost is likely prohibited in the short
to medium term and that if applied, blue hydrogethe most likely source. This confirms that
fossil energy and CQwould indeed feature prominently between now an802@ithin the

industry. Therefore, methods to effectively redocaecycle CQwould still feature in many
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future steel making sites. It was also demonstrtitati swift action would lead to the greatest
reduction in cumulative emission to atmosphereifiing catastrophic climate change, regardless
of technology the solution. This is a unique digay of this model and not previously

demonstrated by other studies.

By applying FO microbubbles to the @8Hs-sytem for the first time, it was demonstrated that
the much enhanced gas-to-liquid surface area assilge bubble surface pseudo-catalytic effect,
overcame the slow kinetic problem for aqueous amanGR;, capture. With this new discovery,
it would be possible to apply this capture techgglto a steel plant, so that the benefits of low
solvent cost and low energy regeneration coulcebésed. It was estimated that, as removal of
CO; is likely to future in a future steel plant, eithdirect capture of from blue hydrogen, a
significant cost saving could be recognised. Atbe, size of the plant could be significantly
reduced, limiting CAPEX and the plant footprintz&iof the capture facility is another major
barrier to decarbonisation at many steel planttiona, not represented in this or indeed other

modelling exercises.

The efficiency of plasma dissociation was furth@manced with the invention of a first-of-a-kind
two stage DBD reactor. This reactor, with its higkergy input and subsequent lower energy
exit, reduced energy losses. A 40 % increase isnmaefficiency was gained over the single
stage configuration. Whilst a significant step fard, this still represents a low overall
efficiency, which still represents a barrier tofstale deployment. Although it was determined
that the application for deep decarbonisation eklsplant maybe limited, it could have
significant application in the recycling of induatrCG; into synthetic fuels for difficult to

decarbonised transport, such as aviation.

7.2 Recommendations for further work

As a first-of-a-kind demonstration of two new teclogical developments, there are limitations
on what can be achieve within the timescale (amthbt). Specifically, extra consideration must
be given to identifying and overcoming new and ve$een challenges as the new knowledge is
generated. Naturally, there are recommendatiorfsiftrer work to take this knowledge forward

and overcome existing barriers.
These can be categorised for the agueous ammapeaierents as follows;

Further back-to-back comparisons and optimisatibman-oscillatory bubbles with
bubbles of various sizes to validate the results.

Repeat of the agueous ammonia experiments withrdiit reactor set-ups and various
levels of plasma power input, to determine the midély competing influences of
bubble surface charge (phantom catalyst) and tieefénence from the conversion of
COyinto CO and @
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Design and operation of a system for continuousatfpmal modes to reflect a carbon
capture system, with a greater focus on the acgwfihe CQ and NH measurements.
Review of the use of C-13 NMR for precipitate yieddasurements, which may lead to
carbamate losses in the analysis preparation poaed replacement with a more
suitable method.

Identifying if ammonia can be efficiently recovergdm wastewater, so that this may
supply an agueous ammonia capture unit and enhélalility to produce ammonia
bicarbonate fertiliser, utilising an industrial €€burce.

A full techno-economic analysis is aqueous ammdsised capture, with increased
kinetics as a result of FO microbubble technolagimow needed to fully understand the

potential.

Additional steps to the novel two-stage plasmatoragystem should be taken to advance the

knowledge. These are, to repeat the experimerdstermine efficiency with greater accuracy

by:

Utilisation of a more accurate mass flow control.

Continuous and accurate monitoring of the gaseddtin the reactor inlet and outlet,
using either a twin Fourier-transform infrared dpescopy (FTIR) or Mass
Spectrometer Setup.

Perform plasma gas measurement between the twivogles within the intermediate
‘after-glow’ stage.

Greater control in plasma power input, includingvesaformation, especially the
decaying waveform of the second power supply iripat may have caused arcing at
smaller electrode gap distances.

Review of insulating materials between the two plagpower stages, to reduce the gap

beyond 13mm, to limit the after-glow period to wiitlthe ps range.

To further improve the techno-economic model, tiiliving could be implemented:

Improvement in the detail and accuracy of the mald¢a with pre-FEED assessment
and full-FEED for the technology deployment, fulitshing and system abatement
options.

LCA assessment for the total impact of each tedygyobption.

Greater clarity on the global impact on emissiormmf changes to the UK scrap
circulation.

Expansion upon the CCU modelling capability witlcess to better data.

178



Addressing of knowledge gaps in the local infradite requirements and lead times to
access suitable quantities of low-carbon hydrogermihmonia), renewable power and
CCS infrastructure.

Until a DRI-H; furnace is operated at 100% tHe influences are still unknown. There
is a 30% discrepancy in GJ/thm between some theaketcademic studies and the
known energy input required for a DRI furnace, vhhiteeds to be rectified. Further
knowledge is essential to full estimate the im@ad cost of a transition to hydrogen-

DRI.
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