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Summary

Summary

Plasma enabled Chemical Value-Product Pathways from COz and Hz, Including
Methanol Synthesis

Relentless but periodic renewable green energy is available to humankind via solar
source, and non-thermal plasma discharges offer a direct way to store this volatile
green energy to chemical bonds. Converting COz in this way can contribute to
reducing the greenhouse effect, and provide additional opportunity for chemical
processing, e.g. on-site production or decentralised, small scale production. CO2
transformation includes a wide variety of applications from fuels to bulk and
commodity chemicals mainly methanol. There are two possibilities to integrate CO2
into methanol synthesis, viz. through syngas via reverse water-gas shift reaction
and direct CO2 hydrogenation to methanol. As an energy carrier, apart from
methanol, methane, formaldehyde, formic acid, as well as higher hydrocarbons also
offer attractive routes. The ozone production, analytical techniques, and surface
treatment techniques have exploited plasma technology industrially. However,
plasma technologies for synthesis of chemicals, bulk as well as fine, are
underdeveloped for industrial applications. This PhD research as a part by STW
(Foundation for Technical Sciences, the Netherlands)-Alliander Program on Plasma
Conversion of CO», investigates and provides insight into different routes of

plasma-assisted CO2 hydrogenation to valuable products.

In this thesis, plasma-assisted hydrogenation of carbon dioxide is investigated by
using Dielectric barrier Discharge (DBD) and a gliding arc (GA) reactor, as it has the
potential for scale-up, evident from its industrial establishment in various fields.
Three different routes have been investigated, reverse water-gas shift (RWGS),
direct CO2 methanation and methanol synthesis, via systematic reactor design and
catalysts. The overall economic performance of the plasma-assisted CO:
hydrogenation is assessed through techno-economic evaluation. This research

aims to achieve higher energy efficiency, higher product yield, and a holistic

Xi
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evaluation to give green and cheap solutions for the future industrialisation of
plasma-assisted CO: valorisation. Moreover, the type of plasma source, different
designs of plasma reactors and the influence of operation conditions are studied
in pursuance of selectively forming desired products out of CO2 hydrogenation. It is
established that we can have the selective products from CO2 depending on its

further application.

The first part of the thesis we study the plasma-assisted non-catalytic reverse
water-gas shift (RWGS) reactions to make syngas. The results and inferences of
RWGS reaction carried out using a DBD reactor, are discussed in Chapter 2. In this
chapter, a thorough optimisation of process and electrical parameters for the
RWGS reaction in a DBD reactor is carried out. A burst mode operation is applied for
the first time to the RWGS reaction in a DBD plasma reactor to improve the energy
yield of the RWGS reaction. The outcome of this optimisation provides insight into
the response of CO2 hydrogenation reaction to the DBD plasma parameters, which
proves beneficial in subsequent chapters to improve the process performance. The
performance of the RWGS reaction in a DBD plasma reactor is reported in terms of
CO2 conversion, selectivity, yield and the energy efficiency by exploring a vast
parameter space. The results of the RWGS reaction performed using a sinusoidal
AC gliding arc reactor are presented in Chapter 3. The initial discussion revolves
around the experiments performed to determine the operating regime of the gliding
arc reactor. The burst mode (plasma on and off) function was used to control the
gliding arc profile by manually inducing the termination of the arc. Once the
operating regime of the gliding arc plasma is determined based on the reactor
geometry and the electrical characterisation, then the effect study flow rate
(residence time) and feed gas composition are explored. The bright light emitted
from the gliding arc reactor was used to perform optical emission spectroscopy
(OES) to identify species in the plasma. The results from the OES analysis were
correlated with the reaction performance to postulate a plausible reaction

mechanism. The selectivity of carbon monoxide is 100% with the gliding arc reactor

xii
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with the best value for the energy required to synthesise carbon monoxide as 4.8

moles/kwWh.

In the second part of the thesis, we investigate the plasma-assisted catalytic
hydrogenation of CO2. Chapter 4 reports the direct methanation of COz in a hybrid
plasma-catalytic reactor using various packing materials including Rh/y-Al203
catalyst. Their performances in the plasma discharge on the COz hydrogenation are
investigated and reported. The burst mode plasma operations were applied to
improve energy efficiency. The first-time use of burst mode for plasma-catalytic CO2
methanation is stated. The results for conversion, selectivity and energy yield are
reported with a focus on methane formation. The Rh/y-Al203 catalyst provided 97%
methane selectivity. The characteristic behaviour of the Rh catalyst is used to
speculate the reaction mechanism of the plasma-catalytic CO. methanation
reaction. The higher fraction of hydrogen in the feed-gas mixture and the burst
mode operation show a positive effect on methanation reaction in terms of
improving methane selectivity as well as energy consumption. In the best-case
scenario, 2.4 moles of methane is formed per kWh of energy consumed. Although
DBD reactor demonstrates its ability to perform methanation at ambient pressure,
it also highlights its limitation towards the formation of methanol or other
hydrocarbon oxygenates. Hence, optimisation of the DBD plasma reactor design is
done with the goal to achieve a controlled temperature profile in the reactor, as
confirmed by thermal imaging. This has led to the design and fabrication of a water-
electrode DBD plasma reactor, and its results are discussed in Chapter 5. A Pd-Au/y-
Al>03 catalyst was synthesised and tested by this reactor under exposure to plasma.
The selectivities of the liquid products formed by the chemical reaction, calculated
based on total gas product composition, show substantial improvement in the
selectivities of methanol and formaldehyde compared to that of a standard DBD

reactor.

In the last part of the thesis, Chapter 6 presents the techno-economic assessment
of the plasma-assisted CO2 hydrogenation routes with the experimental data

obtained from the preceding chapters. This method serves as a starting point to

xiii
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make an estimate of the cost analysis to facilitate an ex-ante approach.The process
designs based on plasma-assisted route for RWGS, methanol synthesis and
methanation reactions are performed. The mass and energy flow data are obtained
via Aspen simulations of the process models. Based on this data, capital and
operating expenditures are calculated and reported. This study demonstrates the
current state of plasma processes lacks competitiveness compared with the
conventional technologies. This, however, helps to focus on the specific aspects
that need to be addressed in order to improve the performance of the plasma

processes.

The thesis is concluded with Chapter 7 where the outcomes of the aforementioned
chapters are summarised with the future recommendations. In this thesis we adopt
a holistic approach to studying plasma-assisted COz hydrogenation reactions. The
critical takeaway messages of this thesis can be summarised in simple words as
buying selectivity with the expense of electricity. We recognise the potential of
simple, flexible and environmentally green atmospheric pressure CO:
hydrogenation plasma processes can prove to be an essential phase in the power

to chemicals routes.
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Introduction



Chapter1

1.1  Introduction

1.1.1  Carbon Capture and Utilisation

In recent years, the global consumption of energy has increased rapidly leading to
a scarcity in the sources of energy, and also caused an increase in emission of
thermodynamically stable greenhouse gases in the atmosphere [1]. One of the most
significant contributors to greenhouse gas emission is COz as it is the final product
of all fossil fuels life-cycle. The CO2 emission has been increasing exponentially over
the past decades, 23 GT in 1990 to 36 GT in the year 2015 [2]. Figure 1.1 (a) and (b)
show a clear correlation between CO2 emission and average global surface
temperature. It is evident that the use of non-renewable energy sources, such as
coal, oil and gas dominate the contribution to CO2 emissions, which is the result of

ever-increasing global energy consumption.
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Figure 1.1: (a) Global CO- emission by fuel type, measured in tonnes per year [3], (b) Global

average temperature anomaly, in °C. [4]

To reduce CO2 emissions, two strategies are being heavily explored today [5]. The
working principle of these strategies gravitates towards the sequestration of COo..
Sequestration is a process that entails separating CO2 from emitting sources,
moving it to a storage location, and isolating the compound permanently this

pathway is known as carbon capture and storage (CCS). Whereas the other pathway
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of carbon capture and utilisation (CCU) involves recycling the captured COz directly
in the industry, mainly as a raw material or converted it into chemicals and liquid
fuels [6-8]. Currently, CCU has limited applications, and those can be roughly
divided into two categories, the direct application (without an intermediate
conversion process) and the indirect application. The direct applications consist of
use as an inert agent for food packaging, in carbonated drinks, in refrigeration
systems, in fire extinguishers, as a solvent, and for enhanced oil recovery (EOR).
Moreover, the indirect applications comprise of the chemical production of urea,
methanol and a wide variety of other products in small quantities [9,10]. Yet current
the utilisation capacity is not sufficient and is eclipsed by the production capacity
of COz [11]. Hence realisation of industrially relevant COz utilisation processes is
necessary urgently. A few potential industrially relevant chemicals that can be
synthesised from COz, and their market prices (in USD) are summarised in Figure

1.2, which underlines available fields of research to be explored.

CH,
$5-10
per MBTU

CH,COOH

$100/t

HCOOH
$1000/t

Figure 1.2: CO- products and their current market price
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11.2 Surplus Energy to Chemicals

Energy is regarded as one of the most critical and fundamental requirements for
human survival. The current trends in the consumption of energy have mostly been
driven by the robust global economy and the ever-increasing global energy demand
[12]. A report by McKinsey suggests that the share of renewable energy sources to
satisfy the global energy demand is proliferating, and predicts that it will occupy
34% of the total primary energy demand in 2050 [13]. The sources of energy that are
renewable in nature, such as wind and solar have been adopted by many countries
worldwide currently and are set to become the dominant source of energy supply in
the future [14]. With the higher share of renewable solar and wind energy in the
electrical grid, the chances of temporal surplus are also immense, which causes
the situations where the energy generation exceeds the demand. This temporal
surplus resulting from intermittency of the renewable energy sources needs to be
stored so that it can be used afterwards when the energy demand is higher or can
be transported to the location of application [15,16]. Since renewable sources are
available in nature, an endless supply of energy is evident, but there is a need to
invent and use the advanced technologies which will maximise the supply for

future demand.

The chemical route of the energy storage via the use of the recycled COz provides a
viable and sustainable solution along with the added benefit of CO> mitigation
[17,18]. For instance, CO2 can be converted into methanol using renewable energy,
where the energy is stored. When this methanol is burned, the CO: is recaptured,
thus, making the cycle COz-neutral [19]. The use of this waste CO. gas allows
decreased spending in the conversion into chemicals, and this process complies
with the environmental and green chemistry policy, given that the process used for
such COz conversions reaction itself is green [20]. If we look at the CO:
hydrogenation reactions from a vantage point of Chemistry, then a variety of
potential reactions are possible; however, the thermodynamic stability of CO:

creates the significant restrictions to carry forward those reactions [21,22]. This
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thesis explores a pathway via atmospheric pressure non-thermal plasma
technology for CO2 valorisation. Ozone production, analytical techniques, and
surface treatment have exploited plasma technology industrially [23]. However, the
plasma technologies for synthesis of chemicals, bulk as well as fine, are
underdeveloped for industrial applications. The main reasons being lower product
yield and energy inefficiency of plasma-assisted processes compared to that of
conventional ones. Hence extensive research is required to investigate and

optimise the plasma-assisted chemical synthesis processes.

11.3 Plasma-assisted Chemical Reactions

Plasma, considered as the fourth state of matter is generated via partially or
entirely ionisation of a gas, and it consists of highly energetic electrons, neutral
species, radicals, and excited atomic and molecular species [24]. The collisions of
highly energetic electrons with other heavy species in the plasma assist ionisation
and dissociation of CO2, a thermodynamically stable molecule, via electronic,
vibrational, or rotational excitation at ambient reaction conditions [25]. The CO2
dissociation at low temperature with plasma was proven by numerous
investigations of COz in dielectric barrier discharge (DBD), corona, radio-frequency
(RF), gliding arc (GA), and microwave (MW) plasmas [26-31]. Application of catalyst
to such plasma system has shown improved activity through synergistic effect
between plasma and catalyst [32-34]. When a catalytic reaction is carried out in
plasma, these activated species by plasma generated in the gas phase or directly
on the catalyst surface. Therefore, the role of energy supply to adsorb molecules on
the catalyst surface is undertaken (partially) by plasma rather than heating in
conventional reactions [35]. It is now well established from a variety of studies that
the interaction within plasma and catalysts helps the reaction to take place even
at ambient conditions [36-39]. The application of catalyst in plasma discharge
leads to better selectivity of the desired products and suppression of unwanted by-

products [40-42].
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1.2 The Framework of the Thesis

The central theme of this thesis is to develop various routes of COz valorisation with
renewable Hz activated by means of non-thermal plasma with a particular focus on
the synthesis of methanol. Such an approach entails studies ranging from design
and fabrication of plasma reactor, optimisation of plasma reactor performance
with and without catalyst, studying active plasma species by optical
measurements to postulate reaction mechanism and techno-economic study to
understand the feasibility of industrialisation of studied plasma reactions for

decentralised, small-scale production.

Roadmap For CO, Valorization

€O, + H,> CO & H,0

Highly oxidized
Thermodynamically stable
Lower activity

C®a

€O, +H,> CH,

€O, +H;> CH,

Figure 1.3: Roadmap for CO- valorisation with Hz through plasma reaction

The roadmap has been created presenting the possible major products from CO2
using plasma processes illustrated in Figure 1.3. Amongst all the schemes
mentioned in the Figure COz splitting is widely studied, but yet performed to
benchmark and validate the performance of the dielectric barrier discharge (DBD)
& gliding arc (GA) systems, compared to those reported in the literature (Appendix
A1). As illustrated in the roadmap, the focus of the research has been dedicated
towards the reverse water-gas shift (RWGS), direct methanation and methanol
synthesis due to their significant industrial relevance and prospects of

implementation.
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Along with the investigation of chemical reaction processes by plasma, another
focus of the research is on the continuous improvement of the plasma reactors
design, to get maximum output for the reaction in consideration. In the present
research, a setup (Appendix A2) to perform plasma catalytic CO2 hydrogenation
reactions was designed from scratch and built up, which allowed testing of various
kinds of plasma reactors and their configurations. The best configuration for a DBD
reactor was tested using CO: splitting as a probe reaction. The design and
fabrication of two high capacity 3-D structured gliding arc reactors were done, and
their preliminary tests were carried out in argon flow. However, their performance

with the COz hydrogenation reaction was not tested.

The techno-economic assessments were performed for new-window of
opportunities for plasma-assisted CO2 hydrogenation processes for small-scale
decentralised production facility near the desired application location [43-45].
Small-scale decentralised production plants are advantageous over large-scale
centralised production plants in new and emerging markets. Compared to full-scale
plant decentralised small-scale plants have a lower investment entry point; as a
result, investment risks are fewer. Small-scale plants adapt well with the flexible
market as they have a fast reaction to the market situation, which can additionally
benefit for the development of new markets. They can be installed directly at the
site of product demand, or at the site of feedstock utilisation [46-49]. There is
reduced commercial risk because although the cost-per-unit output of the first
small-scale plant may be high, it will have and a reduced lag between investment
and revenue generation. Technology is not mature; the process will need ongoing
modifications and advancements. If the marketplace is volatile, there will need to
be operational flexibility. If the feedstock is limited or isolated, there will need to be

creative solutions to continue to meet demand.

The thesis is divided into three sections - non-catalytic reverse water-gas shift
reaction (chapter 2 and 3), plasma-assisted catalytic COz hydrogenation (chapter 4
and 5) and techno-economic evaluation of plasma-assisted CO2 hydrogenation

processes (Chapter 6).
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The RWGS reaction was investigated using a DBD reactor, and the results are
reported in Chapter 2. The optimisation of process and electrical parameters was
performed for the RWGS reaction in a DBD reactor, and the outcome of this
optimisation proved beneficial in subsequent chapters to improve the process
performance. The performance of the RWGS reaction in a DBD plasma reactor is
reported in terms of CO2 conversion, selectivity, yield and the energy efficiency by
exploring a vast parameter space. The burst mode was applied for the first time to

the RWGS reaction in a DBD plasma reactor, and the findings are reported.

In Chapter 3, the RWGS reaction was carried using a sinusoidal AC gliding arc
reactor. Firstly, the experiments were performed to determine the operating regime
of the gliding arc reactor. The burst mode (plasma on and off) function was used to
control the gliding arc profile by manually inducing the termination of the arc. The
effect study flow rate (residence time) and feed gas composition were explored for
particular electrical conditions fixed for this reactor geometry. The bright light
emitted from the gliding arc reactor was used to perform optical emission
spectroscopy (OES) to identify species in the plasma. The results from the OES
analysis were correlated with the reaction performance to postulate a plausible

reaction mechanism.

The direct methanation of COz in a hybrid plasma-catalytic reactor was performed.
For packing in the plasma discharge, different support materials and Rh/y-Al203
catalyst were prepared, and their performances in the plasma discharge on the CO>
hydrogenation were investigated and reported. The burst mode plasma operations
were applied to improve energy efficiency. The first-time use of burst mode for
plasma-catalytic CO> methanation is reported. The results for conversion,
selectivity and energy efficiency were reported with a focus on methane formation.
The intensity of the light emitted from the DBD plasma reactor was low, resulting in
a very high signal to noise ratio, making it challenging to analyse the obtained

spectra. Hence not all those results are reported in this thesis.
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Optimisation of the DBD plasma reactor design was done with the goal to achieve a
controlled temperature profile in the reactor, as confirmed by thermal imaging. This
has led to the design and fabrication of a water-electrode DBD plasma reactor.
Experiments were carried out to compare its performance with a standard DBD
plasma reactor. A Pd-Au/y-Al203 catalyst was synthesised and tested by this reactor
under exposure to plasma. The selectivities of the liquid products formed by the
chemical reaction were calculated based on total gas product composition. The

effect of catalyst synergy with plasma was highlighted.

In Chapter 6, a techno-economic assessment of the plasma-assisted CO:
hydrogenation routes was undertaken with the experimental data obtained from
the preceding chapters. This was used as a starting point to make an estimate of
the cost analysis to facilitate an ex-ante approach [50,51]. The process design based
on plasma-assisted route for RWGS, methanol synthesis and methanation
reactions was performed. The mass and energy flow data were obtained via Aspen
simulations of the process models. Based on this data, capital and operating

expenditures were calculated and reported.

In closing remarks of the thesis, Chapter 7 gives conclusions and outlook for the

future.
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Chapter 2

CO: to CO - Reverse water-gas shift
reaction in dielectric barrier plasma
discharge, with view on practical uses

This chapter is based on:

Low-temperature, atmospheric pressure reverse water-gas shift reaction in dielectric
barrier plasma discharge, with outlook to use in relevant industrial processes, Chaudhary,

R., van Rooij, G., Li, S, Wang, Q., Hensen E., Hessel, V., Submitted to Chemical Engineering
Science.
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Abstract.

Plasma discharges offer a direct way to convert electrical to chemical energy and to
store volatile renewable energy sources. Converting COz in this way can contribute to
reducing the greenhouse effect, and provide additional opportunity for chemical
processing, e.g., on-site or on a small scale. The CO2 hydrogenation to CO via the
reverse water-gas shift reaction (RWGS) generates synthesis gas for use as feedstock
to different fuels and chemicals. The RWGS reaction carried out in a Dielectric Barrier
Discharge (DBD) plasma reactor benefits from operation at ambient pressure and
mild temperature, as compared to the harsher conditions of conventional RWGS
processing. To develop that with outlook to real-life uses key performances need to be
achieved; that is, i.a., a threshold COzconversion, a high CO selectivity at low impurity
(low CHa. selectivity), and a high (H2 - C02)/(CO + CO) ratio (favourable for high
reaction rates) as well as tolerable energy efficiency. Central plasma process
parameters for this are the feed gas ratio, residence time, and uniformly distributed
microdischarges. The optimisation of an individual key performance can be adverse
to the other so that the process exploration is a task. This gives room to introduce new
plasma operation types, and the burst mode was applied for the first time to the
RWGS reaction in the present work. By this fast (millisecond) periodic switching on
and off the plasma, the process temperature can be reduced as well as a better
microdischarge distribution can be achieved. The residence time is not only set by the
flow rate, as commonly done, but also by taking the discharge gap as an additional
parameter of freedom, which also impacts the reducing distribution. As a result of
relevant process conditions, a COz conversion of 50%, a CO selectivity of 99%, a CH4
selectivity <3%, and a (Hz -CO2)/(CO + COz) ratio of 2, and energy yield of 337
mmol/kWh is obtained.
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2.1 Introduction

The pressing global concern over the last decades has been climate change to
which the emission of greenhouse gases, mainly carbon dioxide (COz), greatly
contributes. In 2016 the amount of anthropogenic CO2z release was 36 Gt, and in
2050 it is projected to be 55 Gt in a business as usual scenario. This greenhouse
effect has caused an increase in global surface temperature with all its negative
impacts [1]. The rate of natural recycling of COz is unable to compensate for the rate
of CO2 emissions due to human activities [1,2]. Various approaches have been
developed to decrease CO2z release. Among them is the use of CO: as a feedstock for
the synthesis of chemicals and fuels, which creates value products with the option
for renewable energy storage. The demand for CO: is estimated to reach 140 Mtpa
by 2020. However, its availability is 150 times higher, leaving much room for new,
innovative process solutions [3]. This makes the CO2 feedstock also interesting as
alternative bio-based feedstock, when that use is not practical, leads to

environmental concerns, or competes with the primary use as food [2,4-11].

Many of the chemical process technologies proposed to involve the splitting of the

COz2 molecule to generate CO with Oz as a by-product (equation 2.1).
COz2 < CO + % 02 AHzsec = 283 k] /mol 2.1

Undergoing a reaction with COz2 is a challenge, as it is highly oxidised,
thermodynamically stable and relatively unreactive. Hence, huge energy input is
required to transform CO:z into other chemicals. For example, a temperature in

excess of 2000 K is required to perform its thermal decomposition to CO.

CO can be classically produced by the Boudouard reaction of COz with carbon [12,13].
It is further produced by partial oxidation of carbon-containing compounds from
various sources such as coal gas or biomass. Significant amounts of by-products
are also formed during oxidative processes for the production of chemicals, or
during iron smelting as part of steel manufacture. For safety reasons, there is a

request for on-site and on-demand production of CO to fully replace tube trailer or
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cylinder supply. This eliminates transportation and storage of the toxic gas and no
hazardous handling of gas during cylinder or trailer exchange. Haldor Topsoe’s
carbon monoxide generator (eCOs™) allows safe and efficient on-demand CO
production from food or beverage grade COz through electrolysis at the site where
the gas is needed. The standard purity is 99.0%, with modifications as high as
99.999 vol% [14]. This serves environmental, metallurgical, pharmaceutical,
industrial hygiene and safety, and laboratory applications. It has found an

industrial entry at a scale of 96 Nm3/h; Gas Innovations Company, US [15].

Synthesis gas (syngas), the mixture of CO with Hg, is a crucial industrial reactant
for producing many significant bulk and speciality chemicals. One prime example
is the Fischer-Tropsch process yielding hydrocarbons, which can be used as fuel.
Besides, a broad product reach is given towards, e.g., methanol, formaldehyde, or
dimethyl ether, which are considered the backbone of chemical, dyes, food and even

pharmaceutical industry

The oxygen content in the syngas, however, can harm the chemical synthesis by
oxidation of the products or poisoning of the catalysts. Therefore, the oxygen
content of the syngas is commonly eliminated before use in a chemical
transformation [16]. Yet, there is a possibility to synthesise oxygen-free CO directly
from COg, as given for the reverse water gas shift (RGWS) reaction (equation 2.2). In
RWGS, CO2 undergoes hydrogenation to CO on the expense of some Hz which is

converted to H20.
COz2 + Hz2e CO+ H20  AHzs°c=42.1 kJ/mol (2.2)

The RWGS reaction is an endothermic reaction and thus favoured at high
temperatures. At atmospheric pressure, the RWGS reaction requires more than 1000
K to achieve 50% conversion of CO2. Therefore, to overcome the thermodynamic
barrier in this reaction, it is always carried out at a high temperature and high
pressure [17-21]. Industrial applications of the syngas produced by RWGS were
already mentioned above and are similar to the CO2 splitting. The manufacture of

methanol in two steps by syngas (e.g. from RWGS) and directly in one step from
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RWGS have been compared by Aspen process modelling [22-24]. There is a
considerable difference in process equipment, operating conditions, economics,
and seemingly it can target selectivity as a key performance parameter.
Interestingly and as now more a curiosity, the RWGS reaction might be used with
prime intention to generate water which is then split by electrolysis into 02 and Ha.
The latter is recycled. This so-called /n situresource utilisation (ISRU) is considered
to produce oxygen on the planet Mars, where COz availability is abundant (95% in

the atmosphere) [25,26].

Current techniques for RWGS require high temperature and/or high pressure
resulting in high material and operating costs. Kusama et al. obtained 88% CO
selectivity and 52% COz conversion at 200 °C using Rh/SiOz as the catalyst but
needed a high pressure of 50 bar [27]. Lu et al. reported the performance of RWGS at
atmospheric pressure, but the higher temperature of 900 °C, i.e. they obtained 100%
CO selectivity at 55% CO2 conversion using Nickel-based catalyst [28].

It would be more desirable to perform the reaction at lower temperature and
atmospheric pressure. This has encouraged researchers to explore alternative
processing featuring mild reaction conditions such as electrochemical,
photocatalytic [29-32] and non-thermal plasma processes. Amongst them, non-
thermal plasma is being extensively researched for many applications of CO:
valorisation, viz. COz splitting, dry methane reforming and direct COz hydrogenation
[33-36]. A striking advantage, as compared to conventional catalytic processes, is
the ability to activate COz at ambient conditions. In non-thermal plasma, the energy
provided through electricity is used to generate high-temperature electrons with
cold ions and neutral gas molecules, causing a state of non-equilibrium. These
highly energetic electrons collide with cold molecules leading to dissociation

reactions, consequently forming reactive radicals.

Atmospheric-pressure, non-thermal plasmas produced via barrier discharge are
known for their high energy input (~1-10 eV/molecule) [37]. Dielectric Barrier

Discharge (DBD) plasmas have been reported to carry out such CO2 valorisation

17
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reactions [34,38-44]. But till this date very limited work has been reported on the
RWGS reaction carried out with non-thermal plasma. Eliasson et al. showed that it
is possible to hydrogenate COz in a non-thermal DBD plasma reactor and reported
CO:2 conversions of 12% without catalyst, producing mainly CO [45]. Zeng and Tu
obtained 7.5% conversion of COz2 in a DBD for the non-catalytic case with CO
selectivity of 45% which was enhanced to 10.2 and 77.7% respectively, by using
Mn/Al203 catalyst when using 1:1 ratio of CO2 to Hz [46]. They report improvement in
the reaction performance to 55% COz conversion with 92% CO selectivity when using
1:4 ratio of COz to Hz [47]. Dobrea et al. achieved about 76% COz conversion for 1:1 ratio
of COz and Hz in a low-pressure microwave discharge but at the expense of very high
power input of 600W [48]. Kano et al. reported a CO2 conversion of 20-30% by
hydrogenation of COz in low-pressure radio frequency (RF) impulse discharge with

CO selectivity between 80-90% [49].

The research presented in this article involves the experimental investigation of the
non-catalytic plasma-assisted RWGS reaction to obtain oxygen-free CO, in a DBD
reactor operated at ambient pressure and low temperature (100 °C). To reduce the
total power consumption while increasing the productivity, the burst mode DBD
technique has been implemented, and the principle is explained below [50]. With
an outlook on the industrial perspective of using the technique, e.g. toward
methanol synthesis, key performances need to be reached, which are specified in
the discussion below. Those are a threshold COz conversion, a high CO selectivity at
low impurity (low CH4selectivity), and (H2 - CO2)/(CO + CO2) ratio about 2 (favourable

for high reaction rates) as well as tolerable energy efficiency [51].

Previous research of our group has used such process target specifications (given
by the industrial partner Evonik Industries) to guide experimental investigations
for nitrogen fixation (NOx from air) [43,52] towards a ‘window of opportunity’ (a
conceptual business case), which Evonik had further developed and marketed [53].
Based on those achieved target specifications and realistic trajectories to
improved outcome, a full-process scenario (with up- and down-stream processing)

was developed at relevant industrial scale, by Aspen process modelling [54,55].
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The sustainability of that was assessed by cost calculations and environmental
impact check through the life-cycle assessment to study the impact of using
different options of renewable sources, available at different countries, simulated
as energy system (microgrid, energy source, battery) [56]. Those studies could give
insight in the validity of new business models such as small-scale and distributed
production, used for industry transformation, e.g. in the field of agriculture (‘Green

fertiliser; Fertilizing with Wind’) [53,57].

2.2 Experimental Section
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Figure 2.1 (a) Schematic representation of the experimental setup (b) A typical voltage-

current waveform

The schematic of the experimental setup is shown in Figure 2.1 (a). The plasma
experiments were carried out in a cylindrical quartz reactor. Here, the quartz serves
as the reactor wall as well as a dielectric barrier that is required for the generation
of the plasma discharge. The outer diameter of the quartz reactor is 13 mm, and the
inner diameter is 10 mm, giving a dielectric barrier thickness of 1.5 mm. The
discharge zone in the reactor is 100 mm long. The diameter of the stainless steel
axial inner electrode was set to 7, 8 or 9 mm corresponding to discharge gaps of 1.5,
1.0 and 0.5 mm with 16.0,11.3 and 5.9 ml of reactor volume, respectively. A conductive
silver coating on the outside of the quartz cylinder serves as a ground electrode

(Appendix A1). An oven is used for heating the DBD reactor to avoid condensation of
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liquid products inside the reactor. The DBD reactor is powered by an AC high voltage
power supply (AFS G15S-150K). All electrical signals were recorded by a 4 channel
oscilloscope (Picoscope® 3405D). The applied voltage (U) across the DBD reactor is
measured with a 1:1000 high voltage probe (Tektronics P6015A). An external
capacitor (100nF) is connected between the ground electrode and the grounding
point, and the voltage across this capacitor is measured using a 1:10 voltage probe.
The typical discharge signal is shown in figure 2.1(b), where the small spikes in red
correspond to the microdischarges in the discharge. The voltage measured by this
probe gives information regarding the generated charges (Q) in the plasma. Plotting
Q as a function of the applied voltage (U) gives a Q-U Lissajous plot which is further
used to calculate the power consumed by the DBD reactor. The power is calculated
by multiplying the area obtained by Lissajous plot with the operating frequency
(equation 2.3), where P (W) is the power consumption by the DBD, Aiissa (J/cycle) is

area measured by Lissajous plot and f is operating frequency (kHz).

P=Ausax f (23)
The reactant gases, hydrogen and carbon dioxide (Linde Gases) were supplied to the
reactor via mass flow controllers (Bronkhorst). The product gas containing mainly
CO, CHa, unreacted COz2/Hz and some traces of CH3OH and CzHe, was analysed by an
online gas chromatograph (Thermo Scientific) consisting of two thermal
conductivity detectors (TCD) and a flame ionisation detector (FID). For each
measurement, the results are reported with 95% confidence interval calculated
from three repetitions of an experiment. Performance of the reaction is

characterized by the following set of parameters.

The conversion, X, of COz is defined as:

CO2in — CO20
X (%) = %xlOO (2.4)
2,in

20
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The selectivity, S;, where /can be CO, CH4 or CH30H is defined as:

iproduced
Si (%) = ——x100 2.5
i) = C0mn— COmon™ @

The yield, Y;, where /can be CO, CH4 or CH30H is defined as:
Yi (%) =XxS; (2.6)
The energy yield of CO production, Eco, is defined as:

mmol
)

Molar flowrate of CO(

E(mmol/kWh) = Power (kW)

x100 2.7)

The Specific Energy Input (SEI) is defined as:

SEI (L) _ Power (W) 2.8)

M Elow rate (ml/min)x(6—10)

The reactor used in this study was operated at atmospheric pressure, and the
reactor wall temperature was maintained at 100 °C to avoid any condensation in the
reactor and pipelines. The temperature of the outer wall of the reactor was
monitored by an infrared thermal imaging camera (FLIR One Pro, and the
temperature of discharge zone (from the exterior) was found to be within 100 to 150
°C (Appendix A). The highest value of 170 °C was observed at the edge of the
discharge zone. The total gas flow was varied from 40 to 200 ml/min. The high
voltage power supply was set to different frequencies viz. 12,15, 20 and 30 kHz. The
voltage across the reactor was maintained at 15 kV,., (peak-to-peak) for all
experiments. For the burst mode operation, the time of voltage applied (Ton) and
voltage switched off (Torf) was kept constant at 1 ms each, and a frequency of 30 kHz

was fixed.
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2.3 Result and Discussion

2.3.1 Effect of Feed Ratio

The ratio of H2:CO2z is an important parameter, as it determines the exhaust plasma
gas composition. For this, high conversion and high selectivity towards CO the
RWGS reaction must be achieved. This results in a high CO level, which allows an
exploitation of technology. Thus, process parameters were varied which likely
impact those key performance parameters. First of all, the H2:COz ratio was varied
from 1:4 to 4:1, including O (meaning no hydrogen added). The H2:COz ratio was
investigated as the key to obtaining compositional freedom. This was done for two
different discharge gaps, 1 and 1.5 mm, as this is a simple, direct way of changing
the residence time and the plasma itself. The residence times were 16.95 and 24.00
s for the 1 and 1.5 mm discharge gaps, respectively, at a total feed gas flow rate of
40 ml/min. A voltage of 15 kVp-p and 30 kHz frequency were applied throughout this

set of experiments.

In the absence of Hz, the feed stream contains pure CO2 which is dissociated into
CO and O2. A conversion of 22.0 and 24.5% COz conversion is observed, when using 1
and 1.5 mm discharge gaps, respectively. Introduction of Hz to the feed stream is
expected to promote COz dissociation by a shift of the equilibrium through the
reaction of Hz with the active O species, forming water. Indeed, the conversion rises
from about 20 to about 50%, when the H2:COz ratio over the full range as given above,
see Figure 2.2 (a). The only exception for this trend is observed when Hz:CO: ratio
was 1:4, where conversion of COz is at a minimum in this study; this is even more
evident in the energy yield given in Figure 2.2 (b). In this scenario, energy supplied
is distributed among COz and Hz gases for ignition of plasma, hence CO2 molecules
receive lesser energy for their splitting compared to pure CO2 scenario reflecting
negatively in total COz conversion. This effect is assumed not to scale with higher
CO:2 content, so leaving the energy to induce conversion. Moreover, the population

of H2 molecules is not significantly high at the 1:4 ratio to have substantial

22
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collisions with COz or O species present in the plasma, causing lower conversion as
compared to higher Hz content. It was also observed that not all oxygen was

removed from the product stream, leaving behind traces up to 400 ppm.

The CO selectivity is high, as to be expected, and close to 100% at low H2:CO2 ratios.
Increasing the latter reduces selectivity, and likely explanation is the onset of
hydrogenation reactions, competing with the RWGS reaction. Amongst them,
methanation of COz is a major one, as shown by equation (2.9), with maximum

selectivity for methane obtained as 6.6%.
COz + 4Hz & CH4 + 2H20 AHz2sec=-165 k] /mol (2.9

The direct hydrogenation of CO2 is more favoured thermodynamically than the
RWGS reaction as evident from the AH values of the two. Excess of Hz has shown a
positive effect on the RWGS reaction, increasing conversion of COz at atmospheric

pressure (figure 2.2 (a), Appendix A).

The energy yield of CO formation decreases with excess Hz over COz, as to be
expected, since hydrogen competes with the CO2 molecules in absorbing the energy
provided through plasma. Due to the change of gas composition, discharge
characteristics and absorbed plasma power also change, affecting as well the
energy yield of CO formation. From figure 2.2 (b), in the RWGS regime where the ratio
is up to 1:2, the applied power did not vary much (hence SEI as the flowrate is
constant), but the conversion of CO2 was improved, reflecting in improved energy
yield. This phenomenon appears to be inverted for the ratios higher than 1:2. The
trend towards increasing COz conversion with the high ratio is much smaller than
the trend towards decreasing the corresponding applied power (and SEI as well),
which is eventually reflected in reduced energy yield at higher ratios. The highest
energy yield of CO formation is obtained at feed gas ratio of 1:2 (H2:COz2), having
values of 229 and 192 mmol/kWh for 1 and 1.5 mm discharge gap respectively.

As said fine-tuning, the exhaust plasma gas composition is a motivation of the

study presented so far. One key performance parameter is the (Hz- C02):(CO + CO2)
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ratio. The ratio of 2 found when converting CO: at a ratio 3:1 of H2:CO2 matches the
feed gas in industrially operated methanol synthesis plants by conventional
catalysis [58]. Hence, the RWGS reaction using plasma can be applied directly to
create a suitable feed gas for methanol with the only need to remove water content
and no other further processing. Since the ratio of 3:1 of H2:CO2 is industrially

relevant, it was kept constant for all the following experiments.
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Figure 2.2: Effect of the H2:CO:- ratio with respect to discharge gap on (a) COz conversion
and CO selectivity; (b) energyyield of CO formation; voltage: 15 kV; frequency: 30 kHz, total

flow rate: 40 ml/min, barrier thickness: 1.5 mm
2.3.2 Effect of Discharge Frequency

Figure 2.4 (a) illustrates the effect of discharge frequency on the performance of the
RWGS reaction. The applied voltage is kept constant at 15 kV,-p in all experiments
while changing the operating frequency viz. 12, 15, 20 and 30 kHz. Hence the applied
power and specific energy input were also changed accordingly. The feed gas flow
rate was kept constant at 40 ml/min with H2:COz ratio maintained at 3:1. The

temperature is set to 100 °C.
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As evident from the similar Lissajous diagrams, the charge transferred from a
single wave of applied voltage does not change when the frequency was changed;
see Figure 2.3. However, it changes the corresponding applied power as it is
calculated by multiplying area obtained by Lissajous figure with frequency
(equation 2.3). Hence the applied power is higher when the frequency is higher while
keeping the applied voltage constant. This is relevant, as a higher frequency (hence
higher power) will give higher COz2 conversion. For the 0.5 mm discharge gap, the
CO2z conversion is found to increase from 20% at 12 kHz to 38% at 30 kHz. A similar
trend is followed in the cases of 1 mm and 1.5 mm discharge gap, where it increases
from 27 and 27% to 49 and 50%, respectively. The experiment with 0.5 mm discharge
gap shows a lower conversion compared to the experiments with 1 and 1.5 mm
discharge gap at the same operating frequency. This is due to the change in

residence time of the feed gas and discussed in detail in section 2.3.3.

However, it is also observed that with higher power consumption, the selectivity of
CO decreases. The higher energy efficiencies at low frequencies give higher
selectivity of CO, as evident from Figure 2.4 (a). This is in accordance with the results
on COz splitting in a DBD plasma reactor [59]. At a constant frequency of operation,
it was found that the energy yield of CO formation decreased with increasing
discharge gap, as shown in Figure 2.4 (b). This can be attributed to the fact that
higher discharge gaps lead to the formation of high energy microdischarges,
increasing overall power consumption [37]. Such change to higher power
consumption is not proportionally compensated by an increase in COz conversion
so that the energy yield of the CO formation in a negative way. Hence to have a
narrow discharge gap is desirable for enhancing the energy yield of the RWGS

reaction at lower frequency amongst the measured range.
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Figure 2.4: Effect of operating frequency on (a) CO:> conversion and CO selectivity; (b)
energyyield of CO formation voltage: 15 kV, barrier thickness: 1.5 mm, total flow rate:

40ml/min
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2.3.3 Effectof Discharge Gap with Respect to the feed Gas Flow

Rate and Residence Time

Figure 5(a) shows the flow rate variation of the feed gas at different discharge gaps
(0.5, 1 and 1.5 mm) and constant other relevant parameters (frequency: 15 kVp-p;
voltage: 30 kHz; H2:CO2 ratio 3:1). The idea of the experiment is to test for the effect
of residence time, by varying the flow rate and the discharge gap; their combined
effect allows for varying in a broader range of residence times (noting that the
discharge gap also impacts the electric field and plasma, as said). The CO:
conversion decreases with increasing flow rate, as to be expected, for all kinds of
discharge gaps. At 40 ml/h, the change from 1to 1.5 mm discharge gap (24.00 and
16.95 s residence time) has hardly any impact on the conversion, just changing from
49 to 50%, respectively. On the contrary, the conversion drops to 38%, when using a
discharge gap of 0.5 mm 8.85 s). At the other flow rates (85, 100, 200 ml/h), the
conversion drops with decreasing flow rate. Thus, residence time has a significant
impact, and only for the lowest flow rate provided, the additional benefit of
increasing residence by the discharge gap has seemingly no impact, i.e. enough

reaction time is provided (about 17 s).

The CO selectivity does not change significantly in the above experiments, varying
flow rates and discharge gaps. An investigation from van der Wiel et al. shows that
low residence times are favourable for accomplishing high CO selectivity over
methane [60]. This is also found in our investigations. The CO selectivity drops from
98 from 93% as feed gas flow rate is changed from 200 ml/min to 40 ml/min (1.5
mm discharge gap). Among all discharge gaps used, the highest energy yield is
found for a gap of 0.5 mm, and that is found at any flow rate measured (Figure 2.5
(b)). The best energy yield of CO formation of 337 mmol/kWh is obtained at 200

ml/min of feed gas flow rate with the 0.5 mm discharge gap.
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Figure 2.5: Effect of discharge gap at the same flow rate on (a) CO: conversion and CO
selectivity; (b) energyyield of CO formation; applied voltage: 15 kV, frequency: 30 kHz,

barrier thickness 1.5 mm

In Table 2.1, CO2 conversions are compared for all discharge gaps at the same
residence time. This was achieved by adjusting to compensate for the residence-
time differences caused by the discharge gap. With the exception of the experiment
using the longest residence time (24 s), conversion of CO:z is always highest when
using the lower discharge gap. At 24 s reaction time, the conversion of the
experiments with all discharge gaps is almost the same. This outcome is explained
by the correlation of the COz conversion to the number and energy of
microdischarges formed in the plasma volume. A large discharge gap creates only
a few microdischarges of high energy, while a small discharge gap increases the
number of microdischarges on the expense of their energy [61-64]. Therefore if
plasma exposure time per unit volume is the same, more conversion is due to the
higher number of microdischarges (assuming that the single discharge energy is
above the threshold for chemical conversion). As found earlier, a higher residence
time promotes methanation of COz; hence CO selectivity is decreased significantly.
Thus, at any residence time investigated, experiments using the 0.5 mm discharge
gap show two-faced result, i.e. highest conversion, yet lowest CO selectivity and also

overall lowest energy yield.
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Table 2.1: £Effect of discharge gap with respect to residence time on RWGS key parameters

Discharge gap (mm) Residence time (s)  CO, conversion (%) Selectivity (%)  E., (mmol/kWh)
co CHA

4.8 27.6 96.1 38 2442

0s 6.4 325 95.1 48 217.3
9.6 394 93,5 6.4 1597

24 484 87.5 12.2 80.2

4.8 237 97.4 26 274.0

: 64 28.8 96.9 3.1 253.2
9.6 376 95.8 4.2 2137

24 48.9 92.3 7.6 110.9

4.8 16.9 98.2 1.8 251.1

s 6.4 22.0 97.8 2.2 2442
9.6 335 97.1 2.9 246.1

24 49.8 94.0 6.0 141.4

2.3.4 Burst Mode

In the plasma-assisted RWGS reaction, the energy absorbed by the gas inside the
reactor generates heat as well. This leads to an expansion of the gas, which
decreases the gas density and thus increases the space velocity of the molecules,
influencing the conversion, respectively. The ambition thus is to focus discharge
power entirely on the chemical reaction without heating the whole gas. Therefore, in
this study, the concept of ‘burst mode’ introduced by Okzan et al. for COz splitting
in a DBD was studied [50]. Electric energy is not supplied continuously but
intermittently at high frequency. Figure 2.6 represents the electrical signals of the
discharge during burst mode. The burst mode is also acclaimed, due to
intermediate quenching of products, to allow control over product formation and
curb undesirable reaction pathways. The burst mode has a second advantage - the
microdischarges are widely spread in the discharge zone [50]; thus an enhanced

distribution of microdischarges is expected over the continuous operation.
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Figure 2.6: Burst mode waveform, applied voltage: 15 kVy», frequency: 30k Hz, barrier
thickness 1.5 mm, discharge gap: 1 mm, operating frequency: 30 kHz

In the burst mode investigations frequency and applied voltage are kept constant
as given for the continuous mode while applying Tms as the time period ((Ton)
between the start of a ‘plasma discharge wave’ and its stop (Torr) time respectively
(Figure 2.7). As the capacitive characteristics remain the same, the average energy
supplied via a single wave remains the same as for the continuous mode making
power consumption in the burst mode to be half of the power consumed in

continuous AC mode.

Table 2.2 shows the comparison of the COz2 conversion, CO selectivity and energy
yield in continuous and burst modes. For all flow rates investigated, the CO:
conversion in the burst mode dropped not to the same extent, as compared to the
halving of the residence time and power consumption as given for the continuous
operation. This means that the ‘burst-mode corrected’ conversion is higher. More
remarkably, the CO selectivity can be increased for the best operation points by 2-
3%, which means at best an almost halving of the CH4 impurity load. In all

experiments made, the burst mode has higher selectivity towards CO as compared
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to experiments in continuous AC mode. The combined effect leads to a notable
improvement in energy yield through the application of burst mode. Table 3
presents the summary of a few critical results from literature and this work
highlighting mainly CO2 conversion and energy yield of CO formation. As evident
from the table, this work demonstrates the best energy yield along with the highest

CO selectivity amongst other results.

Table 2.2: Effect of the burst mode on the RWGS reaction

Discharge  Power supply Flow rate COz conversion  Selectivity  Selectivity Eco
gap (mm) mode (ml/min) (%) (%) (%) (mmol/kwh)
Cco CH4
40 49.4 934 6.6 156.2
. 80 28.4 96.0 3.8 184.9
Continuous AC

100 24.6 96.0 3.9 199.8

1 200 14.7 97.0 3.0 240.7
40 30.1 96.0 3.9 195.9

80 20.3 97.6 24 268.4

Burst mode

100 171 97.9 21 283.7

200 9.7 98.5 14 324.9

40 49.8 937 6.3 141.0

. 80 33.5 96.7 3.3 195.9

Continuous AC

100 29.0 97.1 2.9 213.1

15 200 16.9 98.2 1.8 251.1
’ 40 29.7 96.0 0.3 172.6
80 18.4 97.9 2.1 217.7

Burst mode
100 16.2 981 1.9 239.9
200 9.1 987 1.3 270.3

Table 2.3: Comparison of CO- conversion and energyyield of CO formation, Eco for reverse

water-gas shift reaction via plasma

;’Iyapse r:; Power (W) CO2 cco(%erswn Cco Se(l;t):tlwty H2:CO5 (mmEIC/okWh) Reference
DBD 500 13.3 96 31 78 [45]
DBD 35 10.2 777 11 96 [46]
DBD 30 55 92 4:1 229 [47]
MW 600 77 - 11 58 [48]

RF 10 26 75 4:1 96 [65]
DBD 45 127 97.8 31 337 This work
DBﬁ?ézz;St 36 97 98.5 31 325 This work
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2.4 Outlook on Business Implementation

The RWGS technology has the highest readiness level aiming towards the use of
recycled COz2 coupled with local renewable energy resources and renewable
hydrogen [66,67]. Through such effective RWGS reaction, a CO2/CO/H2 mixture can
be obtained having (Hz - C0O2)/(CO + CO2) ratio equal to 2, to find direct use in

methanol synthesis.

Even though the non-catalytic reaction pathway chosen provides ease of operation,
the by-products are still not completely abridged, which may not be desired in
subsequent chemical processes. Therefore future investigations may aim in the
direction of tailored catalyst development specific for the RWGS reaction towards
improved productivity, especially focusing towards depletion of the by-products.
Following the last paragraph of the introduction, the achieved process performance
may be taken as a guide to developing a ‘window of opportunity’ for a future
industrial business case. That would need to develop a full-process scenario at
relevant industrial scale and to determine its sustainability by cost calculations
and life-cycle assessment. That would include for a check of suited renewable

sources, and giving an energy system vision for the aforementioned scenario.

Such forecasts are typically not done as a retrofit (i.e. simple replacement) of
existing technologies or their parts. The view is rather on industry transformation,
and that might mean in this case to have the plasma plant next to the chemical
plant of intended follow-up use (e.g. methanol) or even more far-fetching to have
the plasma reactor integrated into the follow-up plant. Such an ensemble on a small
scale, decentralised manner opens new windows of opportunities for CO2 capture

and utilisation.
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2.5 Conclusions

The supply of pure CO streams is essential for several industrial processes such as
Fischer-Tropsch and methanol synthesis. The Reverse-Water-Gas-Shift (RWGS)
reaction is a viable option here and suits a plasma process. It is based on adding
hydrogen to COg, since the pure CO2 splitting, i.e. in the absence of Ha, results in
lower CO2 conversion and also produces an equivalent amount of oxygen which is
undesirable for further hydrogenation of CO/CO2 mixture. The results of this study
confirm this. The introduction of Hzinto COz feed stream has a significant effect on
the COz2 conversion as it forms stable water molecules, which suppresses the
backward reactions from intermediate species and facilitates the forward RWGS

reaction.

This chapter shows the feasibility of the RWGS reaction carried outin a DBD plasma
reactor operated at ambient pressure and mild temperature. A maximum COz
conversion of 50% was achieved. The benefits of plasma operation are seen in the
low-temperature operation as compared to conventional operation, overcoming
harsh process conditions and lower yields. The paper adds to the literature the use
of a burst mode which demonstrated the opportunity for further reducing
temperature and increasing energy yield. The article also adds to literature the
process simplification of not adding a catalyst, with a few other papers have already
demonstrated that. The CHa selectivities are the lowest reported in the literature, to
our best knowledge. That provides an opportunity to use the CO plasma exhaust gas
streams of this study as feed to industrial processes, which use syngas for
chemical synthesis. That renders the plasma process as a pre-processing step with
the aim to replace a costly, harmful reactant (CO) by a better candidate (COz). That
at-site feed provision allows making the CO at the site, with sustainability

advantages such as better energy yield and reduced global warming.

This chapter focuses on the CO selectivity obtained and explores opportunities to
increase that. Important reactor asset is the decoupling of the direct dependence

of residence time to the flow rate. Using different discharge gaps, and thus
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miniaturisation provides another opportunity to set residence time to the best
value. As demonstrated, CO selectivity is best for small discharge gaps and short
contact times, then an efficient plasma is required. The burst mode provided the
additional advantage of utilizing more and more homogeneously distributed
microdischarges. As a result, a higher normalised conversion is achieved, and more
importantly, a higher CO selectivity and purity of the CO product gas stream (with
low CHa selectivity). In this way, also the critical process parameter energy yield of
CO formation was optimised. 337 mmol/kWh is the optimum value achieved in this

study.
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Chapter 3

CO: to Syngas - Reverse water-gas shift
reaction via atmospheric pressure
gliding arc process

This chapter is adapted from

Chaudhary R, Peeters F.J.J, Li S, van Rooij G.J., Hessel V., Reverse Water-gas Shift reaction
via ambient condition gliding arc plasma, in preparation



Chapter 3

Abstract.

The reverse water-gas shift reaction is being realised as an essential process to
produce syngas via recycled CO2 and renewable energy, which serves for the dual
purpose of CO2 mitigation and storage of excess electricity from renewable energy
sources. The use of plasma to carry out chemical reactions is attracting interest
globally. This research focuses on plasma-assisted Reverse Water Gas Shift (RWGS)
reaction by means of a gliding arc reactor. This investigation is carried out by planar
two electrodes gliding arc reactor with two planar electrodes. The feed gas composition
and total flow rate are optimised to get maximum output from the reaction, in terms of
better conversion as well as energy efficiency. A maximum of 54% CO. conversion is
obtained when feed gas contains 75% hydrogen. At equal content of Hz and COz in the
feed gas, the maximum energy efficiency of 11% is obtained. The same condition also
yields the best value of energy required to synthesise CO, which is 4.8 mol/kWh. Optical
emission spectroscopy is employed to calculate plasma parameters. The calculation of
electron density (~10'® cm™) and rotational temperature (3250K) confirmed the
classification of gliding arc as a warm plasma. Supported by optical emission

spectroscopy data, a plausible reaction mechanism is proposed.
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3.1 Introduction

Reverse water-gas shift (RWGS) reaction, discovered in the 19t century denotes the
reversible hydrogenation of CO2 (Eq. 3.1) to form water and CO (syngas). RWGS
reaction in conjunction with the Fischer Tropsch (FT) process to produce synthetic
liquid hydrocarbon fuels and with CAMERE (carbon dioxide hydrogenation to form
methanol via a reverse-water-gas-shift reaction) process to produce methanol

seems to be a joint solution for COz capture and valorisation [1,2].

COZ + HZ « CO + H20 AHOZQSK = 4‘1 k]/mOl (3.1)

Traditional methods of the production of syngas are via Pt-catalyzed partial
oxidation of methane, Ni-catalyzed steam reforming of methane and light
hydrocarbons or gasification of heavy hydrocarbons and coal as carbon feedstock,
which have a substantial environmental impact in terms of COz2 emissions [3-6].
However, an alternate strategy to use COz as renewable raw material to produce
syngas via RWGS reaction provides chances to be environmentally benign. The use
of recycled CO2 also makes the whole upstream sustainable via bringing the
renewable raw material in the chain. Additionally, the significance of RWGS over
other methods can be explained through looking at the carbon footprint of the
processes. Traditional methods of syngas production have significant carbon
footprint, as the synthesis and the separation of CO emit approximately from 1.396
to 2.322 kg of carbon dioxide equivalent (kg COz-eq) per kg of CO. On contrary; if
syngas is produced from CO2 directly at near ambient pressures, this value comes
out to be -0.2 kg COz-eq/kg. This indicates that the CO2 consumption in this process
is more than what it emits, bringing down the carbon footprint [7]. Besides,
valorising CO2 with renewable energy sources to chemicals and fuels mitigates
about 20-40 times more COz than sequestration over 20 years [8-10]. Theoretically,
recycling only 30% of emitted COz, can fulfil the total global fuel requirements [11].
The FT process also requires H2 and CO without any oxygen content in the presence

of a catalyst to yield straight-chain alkanes [12]. Although the formation of small
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amounts of alkenes and alcohols is unavoidable, the higher alkanes can be used as
fuels. The temperature range for both reactions differs significantly and hence
provides a strong motivation to achieve the RWGS reaction at lower temperatures,

apart from making it energy feasible [13].

In the interest of achieving this goal, the use of plasma techniques has been
explored in the last few years. Amongst them, dielectric barrier discharge (DBD),
microwave discharge (MW), spark discharge and radiofrequency discharge (RF)
have been reported for COz hydrogenation [14-20]. Plasma processes are much less
investigated for RWGS reaction, and RWGS specifically using an AC gliding arc
plasma has not been reported on at all. The gliding arc plasma has both thermal
and non-thermal working regimes. During the ignition, a thermal arc is observed,
which is subsequently quenched to non-thermal conditions due to its sudden
expansion caused by the gas flow. Therefore, it couples benefits from both thermal
and non-thermal plasma and is classified as warm plasma [21-23]. Typical plasma
characteristics of a gliding arc plasma are electron temperature in the range of 1-3
eV, rotational temperature of the arc between 2000-4000 K, and electron density of
10'2-10'> cm?3 [24-26]. Direct current (DC) power supply or pulsed power supply is
typically used for generation of gliding arc plasma, but alternating current (AC)

power supply can also be used [27-35].

By use of a dielectric barrier discharge (DBD) plasma reactor (chapter 2) we
obtained about 50% COz conversion for RWGS reaction. However, in DBD, along with
CO, CH4 and some higher hydrocarbons (in traces) were also formed, bringing down
the quality of syngas produced. The energy consumption of the DBD reactor was
also very high; hence, we decided to explore the gliding arc reactor for the RWGS
reaction. In this work, the RWGS reaction carried out by an AC gliding arc plasma is

presented.
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3.2 Experimental Section

3.2.1 Setup

The plasma-assisted RWGS reactions were carried out at atmospheric pressure
using a gliding arc reactor. Figure 3.1(a) illustrates the experimental setup. A unique
ceramic called Macor® is used in making the gliding arc reactor body with a quartz
window. Two identical triangular Tungsten blades are used as electrodes, one as a
high voltage and one as a ground. They are 2.5mm thick, 80 mm high and have a 2

mm gap between their narrowest points.

High Voltage
(AC) Power Oscilloscope
Supply

>d—

Gas Chromatograph

(@) (b)

Figure 3.1: (a) Schematics of the experimental setup, (b) progression of a gliding arc:

superimposed image

A sinusoidal AC high voltage power supply (AFS G15S-150K) is used to power the
gliding arc reactor. All electrical signals were recorded by a 4 channel oscilloscope
(Picoscope® 3405D). The applied voltage (U) across the DBD reactor is measured
with a 1:1000 high voltage probe (Tektronics P6015A). An external resistor (5 Q) is
connected between the ground electrode and the grounding point, and the voltage
(V) across this resistor is measured using a 1:10 voltage probe. The typical V-l signal
is shown in Figure 3.2. The following equations (3.2, 3.3) are used to calculate the

current (1) and dissipated power (P).
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I—V 3.2
=7 (3.2)

1 t=T
P= Tf V.Ldt (3.3)
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Figure 3.2: V-/ signals of a gliding arc plasma
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Figure 3.3: V-/ signals (a) Ignition region (b) Propagation region

The reactor used in this study was operated at atmospheric pressure and
temperature without any external heating. The temperature of the outer wall of the
reactor was monitored by an infrared thermal imaging camera (FLIR One Pro), and
the highest value was found to be 37 °C. The temperature of the outlet gas stream
was measured with a thermocouple and found to be below 45 °C. The total gas flow
was varied from 200 to 1600 ml/min. Mass flow controllers (Bronkhorst) were used

to supply the reactant gases, hydrogen and carbon dioxide (Linde Gases >99.9) to
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the reactor. The product gas was analysed by an online gas chromatograph (Thermo
Scientific) consisting of two thermal conductivity detectors (TCD) and a flame
ionisation detector (FID). In the product gas, only CO and unreacted COz2/Hz were
measured, and no other products (such as methane) were found. For each
measurement, the results are reported with 95% confidence interval calculated
from three repetitions of an experiment. Performance of the reaction is

characterised by the following set of parameters.
The conversion, X, of COz is defined as:

CO2in — CO20
X (%) = %xwo (3.4)
2,in

The energy yield of CO production, Eco, is defined as:

Molar flowrate of CO(mol/h)

E(mol/kWh) = Power (ki) (3.5)
The energy efficiency (1) is defined as:
n (%) = g7 )((kjfo)Ix(g/:(lf /lznol) (3.6)
Where the Specific Energy Input (SEI) is defined as:
SEI (k] /L) = Power (W)x60 3.7

Flow rate(ml/min)
Where AH is enthalpy of the RWGS reaction as per the equation 3.1.

The photos of the arc plasma are taken by a camera (Nikon, D5200) with a lens of
(Tamron 18-200mm f/3.5-6.3). Moreover, a superimposed image of gliding arc

plasma showing arc progression with respect to time is presented in figure 3.1 (b).
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3.2.2 Controlling Gliding arc

The gliding arc plasma was operated without any noble gas dilution, and only with
the reactant gases. In the gliding arc reactor, the plasma is ignited at the shortest
discharge gap between the electrodes, which eventually glides up along the
electrode length until a point where the gap between the electrodes is too wide to
sustain the arc. Once the arc is extinguished at this point, a new arc is ignited at
the lowest discharge gap, and this cycle is repeated. However, the gliding arc does
not always form a stable arc cycle. To obtain a stable gliding arc cycle across all the
flow parameters, the operational frequency was scanned from 10 to 100 kHz. The
operating regime of the gliding arc was found to be between 47-55 kHz. Therefore,
an operating frequency of 50 kHz was set for all experiments, for which a stable

gliding arc cycle could be established at all the process parameters examined.
3.2.3 Optical Emission Spectroscopy

Optical Emission Spectroscopy (OES) was employed to identify the main active
species in the plasma. The emission spectra of the gliding arc plasma were
recorded via an optical emission spectrometer (HR2000+ES, Ocean Optics). A
calibrated Dz lamp for UV region and a halogen lamp for the visible region were used
to calibrate the wavelength and relative intensity of the spectrometer (Appendix
A5). The slit width of the instrument was set at 10 um, resulting in 0.88 nm
resolution. A 600 um diameter optical fibre was used in combination with a UV/VIS
collimating lens to collect the emission spectra. The location of sample collection
was set just above the lowest discharge gap point, i.e. the ignition zone of the gliding
arc. The recorded spectra were used to obtain plasma parameters such as
rotational temperature, electron number density, and ground-state atomic oxygen
density. The OH radical (A2Z+-X2Ily transition) spectra were used to calculate the
rotational temperature of the plasma with the help of LIFBASE simulation software.
This software includes transition moments, rotational Honl-London factors and the

emission coefficients as a function of vibrational and rotational quantum numbers,
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which are essential for the spectroscopic computation of rotational and vibrational
temperatures, even with low-resolution spectroscopic data [36]. Stark broadening

(As) of He emission spectra (656.27.nm) is used to calculate electron density [37].

3.3 Results and Discussion

3.3.1 Operating Regime

The voltage and current waveforms (figure 3.2) roughly adhere to the in-phase
sinusoidal form except for a few instances in between. During such instances, the
voltage waveform shows a rapid drop and the current waveform presents a sharp
pulse. This is associated with a plasma arc, or spark, which develops inside the
plasma channel [38]. Plasma arcs can occur randomly at sufficiently high voltages,
when electron multiplication between the electrodes is high enough to create a self-
propagating avalanche of high electron density plasma, creating a channel of low
resistivity between the electrodes (a sort of short-circuit). It is evident from the
current waveform that the sharp pulse does not regularly occur at every half-cycle
period. However,when such a sharp pulse in the current signal occurs, it is observed
that the voltage signal at the same instance shows a rapid drop in voltage. The
current through the plasma arc channel is significant enough to affect the voltage
being generated, i.e. the voltage source cannot supply the current required to
maintain the voltage between the electrodes. Similar behaviour is observed during

the ignition phase, where the voltage collapses almost entirely.

Nevertheless, a gliding arc survives over thousands of AC cycles. This behaviour of
the gliding arc voltage-current waveforms is consistent with the prior findings in
the literature [39-41]. However, a distinction needs to be made between short-lived
(10 ns), high-current (20 A) arcs and the long-lived (10 ps), low-current (200 mA)
gliding ‘arc’ plasma. As evident from Figure 3.3, a high-current arc is first ignited at
the closest gap when the applied voltage reaches the value equal to Vign, which
drops suddenly while attempting to sustain this arc. After the high-current arc has

passed, the voltage recovers, but along with it a broad low-current signal can be
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observed developing almost in phase with the voltage. This low-current signal
returns every half-cycle and can be identified as the part of the discharge that
actually glides, and it has a sufficiently long lifetime to move progressively upwards
over many AC cycles. As the plasma glides through the electrode, the maximum
voltage magnitude in each half-cycle is observed tO increase with the height (Vh).
When Vi reaches the value of Vign, then the plasma extinguishes, and a new arc is

ignited at the bottom where the discharge gap is lowest.

The picture that emerges is that, initially, when there are no free charges in the gas
(no pre-ionization), the bottom of the electrodes with the lowest discharge gap is
the likeliest location for a discharge to occur. This discharge comes in the form of
an arc, rapidly creating much ionisation in a small plasma channel. While this arc
disappears quickly due to a rapidly falling voltage, the ions and free electrons
survive. Once the voltage starts to increase again, this cloud of ions and free
electrons conduct current while simultaneously moving upwards due to buoyancy
and gas flow. In the next half-cycle, the same cloud of ions and free electrons still
forms the path of least resistance for current to follow, and so on, until some
maximum height is reached. Progressively less current can be conducted by this
gliding plasma (since it becomes longer), allowing the voltage to reach a higher and
higher magnitude with each half-cycle. At some point, the maximum voltage
magnitude Vh becomes high enough to allow the ignition of a new high-current arc
at the position of lowest discharge gap. The height at which Vi = Vig, is termed as
gliding arc height (Harc), which is greatly affected by the flow of gas surrounding the
plasma discharge. The Harc was observed to be inversely proportional with the gas
flow rates. The specific power dissipated from the discharge per unit length
increases when the gas flow rate increases, hence Vy approaches Vig, faster making

Harc shorter than that of lower gas flow gliding arc [42].

In some cases, when the gas flow rate is low, the rate of increase of Vi (§Vn/8t) is not
sufficiently high, resulting in a situation where Vi does not reach Vign. In these
situations, the current drawn by the plasma during a half-cycle is high enough to

prevent the generator from recovering back to a maximum voltage magnitude.
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Here, the plasma gets stationary at a particular height, providing a path of least
resistance for the electrons to transfer between the electrodes and preventing new
arc formation at the bottom of the electrodes. Due to this phenomenon,
progressively more current is drawn from the power supply to the point when the
power supply is forced to switch itself off. To avoid such circumstances altogether,
and to have uniform electrical characteristics in all gliding arc cases, we introduced
a manual pause of Tms in the applied voltage. This allows time for any residual ions
and free electrons to flow out of the reactor, so that each gliding cycle can start
fresh, with an arc ignition at the lowest discharge gap. Depending on the gas
composition and the flow rate, we adjusted the applied voltage time and the pause
timeinorderto get an optimum Harc for each case. Applying such technique ensured

a long running time of the plasma discharge in the reactor.

3.3.2 Effect of H> Fraction in Feed Ratio

The amount of Hz in the feed gas mixture has an apparent effect on the COz
conversion, as illustrated in Figure 3.4. The fraction of H2 was varied from 0.25 to
0.75 in the feed gas mixture. The total flow rate of the feed gas mixture was
maintained at 200 ml/min in all the cases to ensure the same residence time of the
reactants. The higher amount of hydrogen in the feed enhances the total CO:
conversion as depicted in the literature [ref], from 21% at 0.25 hydrogen fraction to
54% at 0.75 hydrogen fraction. With an increasing fraction of Hz in the feed gas, the
probability of interaction of oxygen species with the hydrogen species increases,
leading to the formation of water and pushing the reaction forward. It also helps to
limit the CO back-reaction to COz. This is explained in detail in section 3.3.4.2.
Another interesting point to note is that although direct hydrogenation of CO:z to
CH4is favoured thermodynamically compared to the RWGS reaction as evident from
the AH values of the two, the product gas did not contain any amount of CHa4, and

only CO was formed, hence in all the cases CO selectivity obtained was 100%.

CO, + 4H, & CH, + 2H,0 AH®qg¢ = — 165 kJ/mol (3.8)
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Figure 3.5: (a) Power to chemistry and (b) CO productivity, as a function of the H- fraction
in the feed gas

The power consumed by the gliding arc plasma changes as the composition of the
feed gas mixture changes. Correspondingly, the specific energy input varied, and
their values were found to be between 8 to 10 kJ/L. Higher hydrogen fraction
dissipates more power. Hz has a higher ionisation potential than COz (15.45 eV vs
13.78 eV), which makes it so that a higher hydrogen fraction requires a higher
electric field, and hence a higher voltage Vign, to ignite. Related to this, a higher
ionisation potential also means a higher Te to sustain the discharge, hence a higher
Te for higher Hz fractions [43]. A higher Te at same gas density provides more

reactivity via electron-impact dissociation, signifying that more of the input power
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is spent on these reactions and explaining the corresponding higher conversion of
COz. This is illustrated in Figure 3.5 (a) as actual power delivered towards useful
chemistry out of total power dissipated. Therefore, less power is required to sustain
a discharge at low Ha content, but the corresponding lower Te also gives less
conversion, and as Hz content increases, more power is needed to sustain the
discharge, resulting in a higher Te but also more conversion (Appendix AG). It is
observed in Figure 3.4 that the energy required to form a mole of CO generally
decreases when Hz fraction in the feed is increased, with an exception at a fraction
of 0.33 of Ha. At this composition, 3.4 moles of CO are formed with the expense of 1
kWh of energy, which is the highest value among all the feed gas compositions.
Furthermore, at highest CO2 conversion this energy yield was found to be 1.9
mol/kWh. However, the energy efficiency improves with a higher amount of
hydrogen, from 4% to almost 9% (Figure 3.5 (b)). The productivity of CO is plotted
against the Hz fraction in the feed gas in Figure 3.5(b). It is evident that overall, less
CO is produced with increasing Hz, despite COzconversion going up, because there
is less CO2 passing through the reactor. The maximum 108 mmol/h CO productivity

is observed when feed gas contains 50-50% Hz and COz stoichiometrically.

3.3.3 Reactor Performance Evaluation at a Different Flow Rate

The effect of gas flow rate was studied at two different inlet gas compositions
having 0.5 and 0.75 Hz fractions. From both cases, it is established that the flow rate
has a strong effect on the overall COz conversion. High flow rates require high power
to sustain the gliding arc plasma. Moreover, with an increase in the flow rate, the
CO:z conversion decreases in both the cases. For the case of 50% Hz in the feed, the
flow rate was varied from 200 to 800 mI/min, and for 75% Hz case it was varied from
200 to 500 ml/min. The maximum flow rate was limited by the capacity of the mass

flow controller used.
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In the case of 50% Hz, the CO2 conversion at 200 ml/min was 45% which decreases
to 28% at 700 and 800 ml/min (Figure 3.6). As the amount of CO2 flowing through
the plasma reactor increases with the high flow rates, the CO productivity also
increases correspondingly, from 108 mmol/h to 281 mmol/h (Figure 3.7). Similarly,
in the case of 75% Hz in the feed gas, the COz conversion decreases from 54% at 200
ml/min to 32% at 500 ml/min (Figure 3.6), and the CO productivity increases from
66 mmol/h to 100 mmol/h respectively.

As more molecules flow per unit time through the plasma zone, the gliding arc
plasma requires more power to sustain. Although power increase with the flow rate,
the SEl decreases as seen in Figure 3.10, which corresponds to the lower conversions
at high flow rates. The energy required to form CO sees a maximum value at 600
ml/min with the value of 4.8 mol/kWh, and that corresponds to the highest energy
efficiency of 11%, in case of 0.5 Hz fractions. On occasion of 0.75 Hz fractions in the
feed, the energy required to form CO decreases with increase in the flow rate with
the maximum value of 1.8 mol/kwWh, corresponding to an energy efficiency of 8%.
Comparing these values with the values of a DBD reactor, it is seen that the gliding

arc plasmas produce more conversion with higher energy efficiencies. Similar
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conclusions are reported in the literature[17]. The values of energy required to

synthesise CO are 10-12 times more than that of a DBD reactor.

3.3.4 Optical Emission Spectroscopy Analysis

The electron density (Ne) and rotational temperature are important parameters
which define the plasma characteristics. To calculate these parameters, the light
emission of the plasma was recorded through optical emission spectroscopy.
Various atomic and molecular spectra were identified in these OES measurements.
Amongst those, the molecular band of OH radical at 306 nm (A2X*-X2[ly transition)
was used to calculate the rotational temperature of the plasma, and Ha spectral line
(656.27 nm) was used to calculate the electron density of the plasma. Furthermore,
atomic O spectral lines at 777 nm were used to check the atomic oxygen
concentration. The protuberance in the measured spectra was found to be caused
by chemiluminescence phenomenon of the CO species, which explains the extent
of CO backreaction and its effect on the reaction mechanism. This outcome is
essential to propose a reaction mechanism for the RWGS reaction using a gliding

arc reactor.
3.3.4.1 Calculation of factors

3.3.4.1.1 Electron Density (Ne)

Ne is calculated by the Stark broadening (AAs) of Ha spectral emission. The Stark
broadening of Ha spectral line in the plasma allows quick determination of the
electron density [44,45]. To determine the Stark broadening, the measured Hq
spectra were fitted with the Voigt function, which is a convolution of Gaussian and
Lorentzian profiles (Figure 3.11). Doppler broadening (AApop) and instrumental
broadening (AAinst) mechanisms contribute to the Gaussian profile, whereas,
natural broadening (AXn), resonance broadening (AA;), van der Waal’s broadening
(AAvan), and Stark broadening (AXs) are responsible for the Lorentzian component of

experimentally measured emission atomic emission lines [46-48]. The total FWHM
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AAL for all Lorentzian contributions is directly the sum of each individual

contribution.
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Figure 3.11: Example of the Voigt function fitting and experimentally measured H. spectral

lines to calculate Lorentzian width (R° = 0.995) for 0.75 H2 in feed mixture

At our experimental operating conditions, AA, and AA: are negligible; hence, they are
left out of the equation to calculate AAs. The van der Waals broadening was
calculated using the Griem’s correlation; the literature mentions that at high
density (atmospheric pressure) plasmas, the value of AAvan can be ~ 30 to 35% of
the total FWHM of Lorentzian profile [46]. Having both the values of Alvan gives us a
range of minimum and maximum values of AAvan, hence also the range of AAs and
subsequently Ne. The Stark broadening correlation with electron density is given by

Griem as follows [49]:

Ne 0.67965
AS = 0.549 nm x (W) 6796 (39)
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Figure 3.12: Effect on the electron density with respect to (a) the gas flow rate, (b) feed gas

composition

The results suggest that the values of Ne are in the range of 106 to 10”7 cm, which
is typical for a gliding arc plasma [24]. Figure 3.12 (a) and 3.12 (b) shows the effect
on the electron density with respect to the different feed gas composition and the
flow rate. It is apparent from the Figures that the conditions where we have
observed, namely high conversions (Figure 3.4 and 3.7), correspond to higher

electron density. The electron densities at 200 and 800 ml/min flow rate are found
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to be 1.3 x 10" and 3.9 x 10'® cm3. Whereas, at 25% and 75% H. in feed these values

were 4.6 x 10 and 9.7 x 107 cmS.

3.3.4.1.2 Rotational Temperature

The spectra recorded via OES are compared with simulated spectra to determine
rotational temperature, assuming that the population of rotational levels follows a
Boltzmann distribution. The OH (A-X) transition was used to determine the
rotational temperature in this study [47,50]. The rotational temperature can be
calculated either by fitting the entire rotational band of OH (A-X) or simple by fitting
R and P branches of the OH spectra. R and P branch occur at 307 and 309 nm

respectively. Figure 3.13 shows the simulated and experimental spectra of OH (A-X)

band. The rotational temperature was found to be 3250 K.
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Figure 3.13: Experimental and simulated spectra for the OH (A-X) band obtained using

‘LIFBASE’ software
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3.3.4.2 Plausible Reaction Mechanism

As stated in the literature, the flow rate and applied power mainly contribute to the
conversion of COz, and it is safe to assume that the reaction mechanism follows a
similar path when only flow rate and power varies [51]. Therefore, OES
measurements from three different feed gas composition are considered to
investigate the reaction mechanism, no Hz, 50% Hz and 75% Ha. Figure 3.14 (a) shows

the OES spectra for these 3 cases.
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Figure 3.14: (a) Optical emission spectra of the gliding arc plasma (b) zoomed-in region of

the Hy emission

Figure 3.14 (b) shows that the intensity of the Haemission is highest when the Hz
content is highest. No Ha emission is observed in case of no Hz. The intensity of Ha
emission corresponds to the population of atomic H. The broad protuberance in the
region 300-700 nm was observed. This is attributed to the chemiluminescence
phenomenon given by the reaction shown by equation 3.17. This protuberance is
higher in case of pure CO2 compared to the other two cases, where the CO
recombination reaction towards CO:zis slowed down. The electronic dissociation of
CO2z produces CO and atomic oxygen which emits atomic spectra observed at 777
and 844 nm. The OH (A-X) band is absent in case of no hydrogen but is present in
the other two cases. In both of these cases the P and R peak ratio of OH band does

not vary, indicating that both cases have similar rotational temperatures. The
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significant reaction pathways of the gliding arc are listed in equation (3.10 to 3.17).
Along with rotational and vibrational excitation from impact by electrons [52], CO2
can be dissociated by electrons (equation 3.12). Similarly, Hz is dissociated via
electron impact (equation 3.13). OH radicals are formed by O reacting with Hz and H
reacting with COz (equation 3.14 and 3.14). OH and CO combining together to form
CO:2 is possible but undesired to drive RWGS reaction forward (equation 3.16).
However, recombination to form water is desirable and drives the whole RWGS

reaction forward.

CO,+e >CO+e+0 (3.10)
Hy,+e - H+H+e (3.11)
Hy,+0 - OH+H (3.12)
CO,+H - OH + CO (3.13)
OH+CO - CO,+H (3.14)
H,+OH - H+ H,0 (3.15)
OH +OH - H,0 +0 (3.16)
CO+0 - COy+ hv (3.17)
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Figure 3.15: Plausible reaction mechanism of the RWGS reaction in a gliding arc plasma

reactor
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The plausible reaction mechanism is illustrated in Figure 3.15. Here the solid arrows
denote the desired reaction mechanism of the RWGS reaction, while dashed arrows
imply other reactions occurring simultaneously. Comparing CO2> hydrogenation
OES spectra (Appendix B) of a DBD reactor it can be observed that the
chemiluminescence phenomenon has seen a severe declination in the gliding arc
plasmas. Interestingly the OH (A-X) band which is predominantly detected in the
gliding arc plasma was absent for the DBD reactors. Moreover, the CHO emissions
observed in the DBD reactor spectra were absent in the gliding arc spectra. This
suggests that the different path in the reaction mechanism is responsible for the

better energy efficiency and yield of the gliding arc reactor.

3.4 Conclusions

The reverse water-gas shift reaction is carried out using an alternate current
sinusoidal gliding arc plasma reactor at ambient conditions. The operating regime
analysis of the gliding arc plasma elucidates technique to form a stable gliding arc
plasma while carrying out the RWGS reaction. The effect of the composition of the
feed gas mixture and the gas flow rate are evaluated based on overall COz
conversion, energy efficiency, CO productivity and energy required to produce CO.
Optical emission spectroscopy is used to determine the active species in the
plasma, which subsequently are used to justify the reaction performance and to
deduct the plausible reaction mechanism. Electrical diagnostics revealed that with
higher Hz content in the feed gas increases, the gliding arc plasma requires more
power to sustain. Likewise, a higher gas flow rate draws more power to sustain the
gliding arc plasma. Increasing Hz content in the feed gas mixture and having low
feed gas flow rates benefits the overall CO2 conversion Best performance in terms
of the COz conversion, 54% is obtained at 200 ml/min gas flow having 75% Hz. While
from the energy point of view, the best performance is 11% energy efficiency which
corresponds to 4.8 mol/kWh energy yield, achieved at 600 ml/min gas flow having
50-50% H2 and CO2 composition. When the feed gas composition is varied, an

optimum value of CO productivity is observed at 50% Hz in the feed gas mixture. The
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reason for such optimal value is attributed to the combination of total power going
to the discharge and available CO: to convert, giving most CO molecules/s. Overall
highest productivity achieved in this study is 281 mmol/h. As mentioned in the
literature [53,54], a 3-D configuration of the arc plasma potentially offers improved
energy efficiencies, 2 more variants of gliding arc reactors were designed and

fabricated.

Plasma parameters calculated using OES are used to decipher the reaction
mechanism of the RWGS in a gliding arc reactor. The electron density calculated
using Ha emission is in the range of 10’ cm3. The rotational temperature calculated
using OH (A-X) band is 3250K. Both of these values represents a typical gliding arc
discharge. The gliding arc discharge shows diminished chemiluminescence as
compared to DBD discharge for the same reaction, which explains the high energy
efficiency of gliding arc plasmas. From the optical analysis, it is established that
the RWGS reaction in gliding arc plasma, the reaction mechanism proceeds via OH
species formation, unlike DBD plasma. This outcome is important to propose a
reaction mechanism for the RWGS reaction using a gliding arc reactor. This study
confirms that industrially relevant RWGS reaction can be performed at ambient
conditions while forming highly pure syngas by a gliding arc plasma process. The
output gas composition from this gliding arc process is already acceptable for
CAMERE and FT synthesis. Hence, a localised small scale methanol or FT plant can
be designed in conjunction with a gliding arc process to provide syngas, if further

energy efficiency can be achieved.
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Chapter 4

CO2 methanation reaction using an
atmospheric pressure plasma with
Rh/y-Al203 catalyst

This chapteris adapted from
CO2. methanation reaction using an atmospheric pressure plasma with Rh/y-Al20s

catalyst, Chaudhary, R, van Rooij, G, Li, S., Hessel, V., in preparation.



Chapter 4

Abstract.

There is an increasing quantity of research that recognises the importance of Power-
to-Gas technology to store surplus renewable energy into methane gas. If P2G is
realised with recycled CO2 as a carbon source, then it could provide a solution to the
COz mitigation problem. This chapter focuses on the direct CO> methanation via
atmospheric pressure, through the pathway of the non-thermal plasma-catalytic
hybrid reaction by using Rh/y-Al203 catalyst. A dielectric barrier discharge reactor was
used for this investigation. The effect of different support materials in plasma was
investigated, which shows improved CO2 conversion compared to an empty reactor
with plasma discharge. Without the metal catalyst, the support material shows high
selectivity towards CO, which was inverted by the implementation of Rh/y-Al203
catalyst in the plasma discharge. The plasma reaction with the Rh/y-Al203 catalyst
increases the CH4 selectivity to 97%. Lowering the residence time and applied power
resulted in enhanced energy efficiency. The burst mode was employed to further
improve the energy efficiency of the reaction, with the best value of 2.4 mol/kWh for the
formation of CHa. The results of Rh/y-Al.0z catalyst plasma reaction are used to predict

a reaction mechanism for plasma-catalytic direct CO2 methanation.
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4.1 Introduction

The power to gas (P2G) process is highly regarded as a potential technique to
provide a sustainable solution to renewable energy storage problems as well as to
CO2 mitigation [1]. The prospect of large-scale implementation of this process is
compelling for the scientific community to explore since it has the advantage of
using already existing natural gas infrastructure for transport and distribution of
methane [2-7]. CO2 methanation (eq. 4.1) serves as a backbone of the P2G process
for the production of synthetic natural gas, and non-thermal plasma technologies
are considered as a potential approach to implementing the CO2 methanation [8-
11]. Figure 4.1 presents an overview of the plasma integrated P2G process. This
approach uses the surplus energy for the production of hydrogen via water
electrolysis process as well as for the process of conversion of the CO2 to methane

via the non-thermal plasma route.

CO2 + 4Hz2 & CH4 + 2H20 AH2s°c=-165 kJ/mol (4.1)

energy

CO; plasma
/ Process

ki  Hl =

capture

Figure 4.1: Schematic representation of the Power-to-Gas process comprising of the

plasma-assisted CO> methanation process

69




Chapter 4

The non-thermal plasma medium allows collisions of highly energetic electrons
with other heavy species in the plasma which assists ionization and dissociation
of even the thermodynamically stable molecules, such as COa, via electronic,
vibrational, or rotational excitation at ambient conditions [12-19]. This principle is
being widely explored and implemented to various fields from the purification of
exhaust gases to the synthesis of chemicals [20,21]. The high concentration of
energetic and chemically active species offers alternate pathways which promote
thermodynamically unfavourable reactions even at low temperature [22]. Therefore,
CO: excitation via electrical energy in a plasma reactor generates active radicals,
excited molecules, atoms, and ions, which are even at low temperatures energetic
enough to initiate chemical reactions of CO2 and Hz to achieve methanation.
Furthermore, a plasma reaction operated along with a catalyst could further help in
achieving a high selective yield of the desired product at mild reaction conditions
via the synergistic impact of plasma and catalytic combination [23-26]. Moreover,
the plasma reaction route offers additional advantages, viz., rapid startup, simpler
assembly and operations at atmospheric pressure, which could reflect positively

on the economics of the process.

The plasma-catalytic synergy for the CO2 methanation is well established as known
from a few prior studies with a DBD reactor. Fan et al. obtained about 80% CH4 yield
in an atmospheric pressure DBD packed with Ni/MgAl:04 catalysts; however,
external heating was needed to maintain the temperature at 350 °C [27]. The ratio
of Hz: CO2 was 4, and the whole feed gas mixture was diluted by 20% with nitrogen.
A study by Lee et al. reported to achieve 95% CHa selectivity with 23% of the CO2
conversion with the ratio of Hz to COz as 7 [28]. A few recent studies with Ni catalyst
on a modified ceria-zirconia support showed the selectivity of CH4 close to 100%
[29,30]. Group VIII metal catalysts on various supports have been investigated for
the direct CO2 methanation [5,31-35]. So far, Ni, Ru and Rh have been stated as the
most effective metals for this reaction, while Ru and Rh have been reported as the
most selective towards methane [36]. Although Ni is very widely accepted the

catalyst for the CO2 methanation, it tends to get deactivated at low temperatures
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due to the surface saturation of the metal particles with carbon monoxide via
formation of nickel subcarbonyls [37]. The plasma-assisted CO2 methanation is
carried out at low temperatures, hence the application of the Ni-based catalyst is
not considered in this study. Rhodium has been demonstrated as one of the most
stable and active catalysts, even at low-temperature reactions for the CO:
methanation. Moreover, Rh has been shown to be one of the most active metal for
the direct CO2 hydrogenation [36]. Rh/y-Al.03 was used as a probe catalyst to infer
plausible reaction mechanism of CO2 methanation. The reaction mechanism
analysis is primary in nature as understanding of a hybrid plasma-catalytic system
is underdeveloped to the current date. The interdependence of the plasma
properties on the packing material and surface behaviour of the catalysts on the
surrounding plasma phase and simultaneous surface and plasma phase reactions

increases the difficulties in prediction of the reaction pathway.

A green reaction route for the CH4 synthesis from CO: is proposed to be enabled and
facilitated by non-equilibrium cold plasma using Rh/y-Al20z as a catalyst.
Therefore, in this chapter, we will examine the way to steer the selectivity in plasma-
catalytic reaction in order to achieve better performance of CO2 methanation while
lowering the energy consumption. This chapter also discusses a plausible reaction

mechanism for plasma-catalytic hybrid reaction route.
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4.2 Methods and Materials

421 Experimental Setup

Vent

High Voltage i }
(AC) Power Oscilloscope
Supply
b, | 7]
- ]
High voltage probe 1 c

S SHECH Computer
DBD reactor

Nitrogen as external standard Gas Chromatograph

Feeding section Reaction section Analysis section

Figure 4.2: Schematics of plasma-assisted CO- methanation experimental setup

The schematic representation of the experimental setup is shown in Figure 4.2. To
perform plasma-assisted catalytic methanation of CO2, a cylindrical quartz reactor
is used, where the quartz serves the dual purpose of reactor wall and a dielectric
barrier that is required for the generation of the plasma discharge. The outer
diameter of the quartz reactor is 13 mm, and the inner diameter is 10 mm, making
the dielectric barrier thickness to be 1.5 mm. The discharge zone in the reactor is
100 mm long, while the discharge gap is 1.5 mm by using an inner electrode of 7 mm.
This configuration provides 16 ml of reactor volume. The empty volume surrounding
the electrode was filled with the designated packing materials. Quartz wool was put
at the end of the filled tube to fixate the catalyst bed. This reactor was implemented
into a Carbolite Gero oven and operated at atmospheric pressure, and the
temperature was maintained at 100 °C to prevent condensation of water inside the
reactor. A conductive silver coating on the outside of the quartz cylinder serves as
a ground electrode. Furthermore, to prevent the condensation of the liquid products

inside the reactor, an oven is used for heating the DBD reactor. An AC high voltage

72



Plasma-assisted CO, methanation

power supply (AFS G15S-150K) is used to generate plasma in the DBD reactor. All
electrical signals are recorded by a 4 channel oscilloscope (Picoscope® 3405D). The
applied voltage (U) across the DBD reactor is measured with a 1:1000 high voltage
probe (Tektronics P6015A). An external capacitor (100nF) is connected between the
ground electrode and the grounding point, and the voltage across this capacitor is
measured using a 1:10 voltage probe. The voltage measured by this probe gives
information regarding the generated charges (Q) in the plasma. Plotting Q as a
function of the applied voltage (U) gives a Q-U Lissajous plot which is further used
to calculate the power consumed by the DBD reactor. The power is calculated by
multiplying the area obtained by Lissajous plot with the operating frequency
(equation 4.2), where P (W) is the power consumption by the DBD, ALissa (J/cycle) is

area measured by Lissajous plot and f is the operating frequency (kHz).
P = ALissa x f (42)

The reactant gases, hydrogen and carbon dioxide (Linde Gases) were supplied to the
reactor via mass flow controllers (Bronkhorst). The product gas containing mainly
CO, CHa, unreacted COz/Hz and small amounts of CH3OH, CzHs, and some traces of
higher hydrocarbons, was analysed by an online gas chromatograph (Thermo
Scientific) consisting of two thermal conductivity detectors (TCD) and a flame
ionization detector (FID). For each measurement, the results are reported with 95%
confidence interval calculated from three repetitions of an experiment

Performance of the reaction is characterized by the following set of parameters.
The conversion, X, of COz is defined as:

COZ,in - C02,out

X0 =—"¢o,
2,in

x100 (4.3)

The selectivity, Si, where i can be CO or CH4 is defined as:

iprod uced

Y (%) - -
' COZ,in - COZ,out

x100 (4.4)
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The yield, Y;, where i can be CO or CH4 is defined as:
Y; (%) =XxS; (4.5)
The energy yield for product formation, Ei, where i can be CO or CH4 is defined as:

mmol
)

Molar flowrate of CO(

E;(mmol/kWh) = Bower (o)

x100 (4.6)

The Specific Energy Input (SEI) is defined as:

SEI (L) _ Power (W) @

mi Flow rate(ml /min)x(6—10)

The plasma-catalytic reactions have demonstrated synergy in performance
between plasma and catalyst. The synergy between plasma and catalyst can be
interpreted as the percentage change in a performance parameter (consider yield
of a product) when plasma and catalyst are employed together, with the total
performance from their individual application. This synergistic effect (SE)) [38] on
the yield can be quantified according to Equation 4.8, where ‘i' can be CO or CHa. If
CO:z conversion is used in place of yield, then synergy between plasma and catalyst

in terms of CO2 conversion will be obtained.

SE; (%) = —Yi"’z;;ff;’;)y i) 5100 (4.8)
The reactor used in this study was operated at atmospheric pressure, and the
reactor wall temperature was maintained at 100 °C to avoid any condensation in the
reactor and pipelines via an external oven heating. The temperature of the outer wall
of the reactor was monitored by an infrared thermal imaging camera (FLIR One Pro),
and the temperature of discharge zone (from the exterior) was found to be within
100 to 160 °C. The highest value, a bit higher than 180 °C was observed at the edge

of the discharge zone (Appendix A3). The total gas flow rate was varied from 40 to

200 ml/min. The 20 and 30 kHz frequencies of the high voltage power supply were
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set according to the desired process conditions. The different values of voltage
across the reactor tried were 12 and 15 kVp-p. For the burst mode operation, the time
for the voltage applied (Ton), and voltage switched off (Tof) was kept constant at 1
ms each. In the chapter, plasma discharge without burst mode is referred to as AC
mode operation. Assuming 40% voidage in the packed bed plasma reactions, the
empty reactor experiments were carried out at two different flow rates, one
representing the same residence time of the reactant and another having same

feed gas flow rate as that of packed bed conditions.
4.2.2 Catalyst Preparation and Characterization

The support materials used in this study were SiO2, PbTiOs, BaZrOs, a-Al20s, and y-
Al20s. Among them a-Al20s and y-Al:0s pellets were purchased from Sigma Aldrich.
SiO2 and PbTiOs were synthesized and procured from Inorganic Materials &
Catalysis research group, Eindhoven University of Technology. BaZrOsz was
synthesized via coprecipitation of BaCl2.2H20 (Sigma Aldrich) and ZrOCl2.8Hz20 (Alfa
Aesar) by the methods reported in the literature [39]. The pellets of 630-850 um size
were prepared for packing in the plasma discharge. The 5%wt Rh/y-Al.0s catalyst
was prepared by wet impregnation method using a rhodium precursor
(Rhodium(lll) chloride hydrate, Alfa Aesar) on the y-Al.Os support pellets with the
same size. The y-Al:0s support was dipped in the precursor solution prepared to
contain desired (5 %wt) amount of rhodium and then evaporated naturally with
constant shaking using an Orbit Environ-Shaker. The catalyst was dried at 120 °C
for 12 h and calcined in an oven at 450 °C for 2 h under static air. The prepared
catalyst was reduced in hydrogen flow before using in a plasma reaction. The
temperature for reduction of the catalyst was obtained by H> temperature-
programmed reduction (TPR) analysis. For the TPR, the temperature was increased
from 20 to 850 °C in 10% Hz/Ar with a flow rate of 25 mL min™ and a temperature
ramp of 10°C min™ using the Micromeritics® Autochem Il 2920 Chemi-sorption

Analyzer.
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In order to determine the specific surface area of the support materials and the
catalysts, standard multipoint Brunauer-Emmett-Teller (BET) analysis was
performed using TriStar 3000 Micromeritics® analyser. On the same equipment,
Barrett Joyner Halenda (BJH) analysis yielded pore size distributions and pore
volumes. Prior to the measurements, the samples were dried in the Nitrogen gas
environment at 120 °C for 6h. The analyser employs multilayer nitrogen adsorption
measured as a function of relative pressure. The nitrogen adsorption-desorption
isotherms were collected at -196 °C, and the specific surface area was calculated by

applying the BET equation.

The scanning electron microscope (SEM) was used to evaluate the topography of
the catalytic surface. This was done using a Quanta™ 3D FEG with an electron beam
resolution of 1.2 nm at 30 kV (SE) and an accelerating voltage of 200V-30 kV. SEM-
EDX provides the information about the components present on the catalyst. The

SEM, SEM-EDX data can be found in Appendix B1.

4.3 Results and Discussion

4.3.1 Effect of Support Materials on the Reaction Performance

The plasma conversion of CO2 and Hz was carried out with different support
materials packed in the plasma zone, to investigate the effect of the support
materials on the reaction performance. The feed gas ratio and flow rate were kept
constant in all the experiments. The ratio of H2:COz used was 3:1 and the feed gas
flow rate for 40 ml/min. For comparison of the process performance with the empty
reactor (no support packing), the experiments were carried out at two conditions,
the one with the same flow rate and the with same residence time. Considering
average void fraction for the given geometry as 0.4 [40], the flow rate for the case of
same residence time was 9.6 s, which corresponds to 100 ml/min of flow rate for the
empty reactor. The pellet size of the support material was 630-850 pm (Appendix

B2). The dielectric properties of the support materials are given in Table 4.1. Both

76



Plasma-assisted CO, methanation

forms of the alumina support were tested although they have the same dielectric

constant; they differ significantly in their surface area.

Table 4.1: Dielectric properties of the support materials

Support material Relative dielectric constant
SiO2 3.9

Y-Al203 9

a-Alz03 9

BazZrO3 40

PbTiO3 100-200

The different dielectric properties of each support material affect the plasma power
dissipation, as operating frequency and voltage are maintained constant in all the
conditions. Combining plasma and packing material exhibits lower plasma power
than that of an empty reactor. The electrical characteristics of the plasma
discharge get modified when the plasma zone is packed with support materials.
The variation in the discharge characteristics occurs from the filamentary
discharge in the empty reactor to the combination of filamentary and surface
discharge with the packing material. This allows to generate filaments within the
pellet-pellet and the pellet-quartz wall gaps, and surface discharge generated over
the surface of pellets near the contact points between the pellets [41-43]. The
change in discharge characteristics may affect electron energy distribution and
subsequently, the reaction performance [44,45]. The overall capacitance of the
reactor is determined by the collective contribution of the capacitance of the
dielectric barrier, gases flowing through the reactor and the packing material
[46,47]. Therefore, having a packing material with higher dielectric constant results

in a higher electric field within the voids where the reaction gas is flowing,.
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Figure 4.3: Effect of the support material on the CO> hydrogenation in terms of conversion
and CO/CH. selectivity, 40 ml/min, 3:1 ratio of Hz and COz 30 kHz, 15 kV,,» (a) normal mode,
(b) burst mode
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Figure 4.3 (a) presents an overview of the CO2 hydrogenation reaction performance
with different support materials. In general, having a packing material
demonstrates a higher conversion than an empty reactor while keeping the
residence time constant. Therefore, when the feed gases are exposed to the plasma
for the same amount of time the activity of COz reduction is higher in the presence
of packing materials. Here, SiO2 has the highest CO2 conversion with the value of
51% closely followed by BaZrOsz and a-Al203 with 49 % COz conversion each, whereas
y-Al203 gives 43% CO2 conversion. PbTiOz displays the least activity towards CO2
conversion among this group of packing materials. However, PbTiOs packing has
revealed maximum selectivity towards CO (95%) than remaining support materials.
The CHa selectivity is generally less in all the cases. Amongst them, y-Al20s is most
selective towards CH4 with a value of 7.6%. The trend of selectivities of CO and CHa4
has not changed even with the application of supporting material in the plasma
zone. Therefore, without metal catalyst doping, the CO2 hydrogenation in plasma
undergoes mainly reverse water-gas shift reaction than methanation reaction.
Nonetheless, an improvement of approximately 200% in the CO2 conversion is
obtained by the implementation of packing materials in the plasma discharge

when the residence time of the reactants is kept constant.

The CO:z reaction evaluation is also performed in a burst mode plasma operation
(Figure 4.3 (b)). Chapter 1 has established that the burst mode plasma operation
demonstrates a better energy performance of the plasma reaction than continuous
AC mode plasma operation. In burst mode, BaZrOs yields significantly higher CO2
conversion (39%) than other packing materials and the blank reactor. The CO2
conversions of SiOz, PbTiO3, a-Al,0s and y-Al.0s are found to be 30, 22, 33 and 27%
respectively. Burst mode plasma is observed to be even more selective towards CO
than that of AC mode reaction. It must be highlighted that the applied power in
burst mode plasma is 50% less than that of the AC operated mode plasma; however,
the COz conversion is considerably higher than 50%. For instance, in the case of
BaZr0s, the CO2 conversion in burst mode operation is 80% of AC mode operation.

Hence burst mode plasma produces better energy performance than continuous AC
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mode plasma processes. The improvement in energy performance can be realized
through Figure 4.4, where CO2 conversion is plotted against specific energy input

(SEI), where SEl is calculated through the power dissipated in the plasma reactor.
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Figure 4.4: CO- conversion as a function of SEI, 3:1 ratio of H> and COz 40 mi/min, 30 kHz, 15
kVpp

4.3.2 Performance Evaluation of the Rh/ y-Al.O3 Catalyst

Chapter 2 showed that the presence of Hz favours the CO2 dissociation, but in the
absence of a catalyst mainly reverse water-gas shift reaction prevails. Moreover,
combining a support material with the plasma discharge improves COz conversion
and energy performance of the COz hydrogenation reaction; however, it fails to steer
the reaction away from reverse water-gas shift and towards CO2 methanations.
Therefore, to transpose the selectivities of CHs and CO during plasma-assisted CO2
hydrogenation reactions, a Rh/y-Al20z catalyst was employed. The initial
experiment was carried out to investigate the thermal activity of the catalyst at 100
°C, and it was found that the catalyst shows almost no activity. Furthermore, to
assess the effect of the Rh loading on the y-Al20s catalyst, plasma-catalytic

reactions with Rh/ y-Al20s catalyst were carried out at the same reaction conditions
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as given when using only a y-Al203 packing. The voltage and operating frequency
were kept constant at 15 kVpp and 30 kHz, while the feed gas flow rate was
maintained at 40 ml/min with 3:1 Hz to COz ratio. The results, as shown in Figure 4.5
confirm complete inversion of the selectivities of CO and CH4 when the Rh/y-Al203
catalyst is packed in the discharge zone, having values of 2 and 96% respectively.
Analysis of the product steam showed that the remaining 2% product contains
mainly CzHs (>1%), methanol (<0.01%) and a few higher hydrocarbons (in traces). The
conversion of CO2 and therefore the yield of CH4 are also improved from 42 to 68%
and from 3 to 65%, respectively. The burst mode reaction for the Rh/y-Al203 catalyst
demonstrates significant enhancement in the CO2 conversion, where 63%
conversion is obtained in burst mode. Hence with almost 50% of SEI, 93% of
conversion compared to the reaction without burst mode, is achieved via the burst
mode operation while having 95 % CH4 selectivity. The detailed analysis of the

energy performance of the plasma reactions is discussed in the subsequent

section.
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Figure 4.5: Effect of the Rh/y-Al-0s catalyst on the CO- conversion and product selectivities,
3:1ratio of Hz and CO2 40 ml/min, 30 kHz, 15 kV,,
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Since no CO: activity is observed in the only thermal reaction using Rh/y-Al203
catalyst, the yield of CH4 is found to be zero. From Figure 4.5, the yield of CH4 for
plasma only reaction and plasma + Rh/y-Al20s catalyst reaction can be used to
calculate the synergistic capability using equation 4.8. The plasma catalytic
reaction shows the synergistic capability of COz conversion as 35% for AC mode
plasma and 112% for burst mode plasma. The synergy between plasma and Rh/y-
Al203 catalyst in terms of CHa yield is monumental since a small yield of CHa4 is
observed for plasma only reaction having 1900 and 6600% value for the AC mode

and the burst mode operations, respectively.

The Rh/y-Al.0z demonstrates to be a suitable catalyst for the direct CO:
methanation using a plasma discharge; however, the process parameters used
above do not reflect well in terms of energy yield. The specific energy input for this
condition is quite high (106 kJ/L) resulting in a low output of CH4 with respect to
energy yield, 0.23 and 0.41 moles/kWh for the AC mode and the burst mode,
respectively. However, examining the burst mode performance, it can be inferred
that even lowering the SEI did not inhibit the CO> methanation activity and
simultaneously improved the energy efficiency by lowering the energy
requirements for the formation of CH4. From Chapter 2, it is already established that
the energy performance of the plasma reaction improves via high flow rate and low
operating frequency. Hence we carried out experiments with a total flow rate of 200
ml/min, with a 20kHz operating frequency and applied a voltage of 12 kVp-p, in both

the AC and burst mode plasma. The results are presented in Figure 4.6.
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Figure 4.6: £ffect of the Rh/y-Al-0s catalyst on the CO- conversion and product selectivities;
3:1ratio of H2 and COz 200 ml/min, 20 kHz, 12 kVp

Lowering the residence time to 20% and the applied power to almost 50% displays
the effect on the CO2 conversion as it decreases from 68 to 56% and 63 to 36% for
the AC and burst mode operations, respectively. On the contrary, the CH4
selectivities increases to 97 % in both plasma operating modes, which gives a CHa
yield as 55 and 35 % consequently. With this combination of process and electrical
parameters, a substantial enhancement is observed in the energy efficiency for the
CHa4 molecules produced. In the AC mode operation, 2.05 moles of CH4 gas are
produced per kWh consumed. The burst mode operation requires the lowest energy
to produce a unit quantity of CHs, resulting in the highest energy efficiency value of
2.4 moles/kWh (Figure 4.7). The synergistic capability of the CO2 conversion and CH4
yield are found to be very high, especially seen that without plasma no reaction
occurred and that in the empty reactor with plasma reaction performance was very
low. According to Table 4.2, the AC mode plasma operation at lower residence time

case shows the highest productivity of CHa.
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Table 4.2: Effect of the residence time and type of plasma mode on the CH4 productivity and

energy yield
Flow rate Plasma Operating Applied SEI CHa Energy yield
mode frequency voltage productivity

(ml/min) (kHz) (kVP_P) (kJ/L) (mmol/h) (mol/kWh)

40 AC 30 15 106 16.1 0.2

200 AC 20 12 10.5 14.9 0.4

40 Burst 30 15 54 68.7 2.1

200 Burst 20 12 5.2 43.2 2.4

Figure 4.7 (a) and (b) illustrate that the catalytic activity does not change with time,
over a period of 3 hours, and the effluent composition does not vary significantly.
The first data-point corresponds to the instance (t=0) when the plasma discharge
is switched on in the reactor. Here, only a small CO2 conversion with total selectivity
towards CO is observed. It should be noted that the results are displayed with a time
resolution of 17 minutes since the gas chromatograph takes about 15 minutes for

each run with about 2 minutes of preparation time in between.
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Figure 47: Effect of the catalytic activity of the Rh/y-Al-0s catalyst with respect to time on
the outlet product composition (dry basis) in case of (a) 3:1 ratio of H> and COz, 40 ml/min,

30 kHz, 15 kV» (b) 3:1 ratio of H- and COz 200 mi/min, 20 kHz, 12 kV),

The hybrid plasma-catalyst process shows significant improvement in the COz
methanation reaction. The thermal reaction at the same temperature did not show
any activity of the COz conversion. Whereas reactions with only plasma and plasma
with support material packing were not selective towards methane. Packing the
Rh/y-Al203 catalyst in the plasma discharge overwhelmingly enhanced the overall
CHayield. This indicates the synergistic effect of the plasma-catalytic system where
plasma seems to influence the surface reactions. A study by De Bie et al. studying
the reactions occurring in the plasma phase (Figure 4.8) system without catalyst
reveals that in presence of Hz, CO2 dissociation to CO is very fast and dominating.
Several intermediate species are formed, but the absence of surface reactions
prevents other hydrocarbons formation, and product gas mainly contains CO [10].
The presence of a catalytic surface offers an alternate reaction route leading to
lower CO and significantly higher CH4 output. In a plasma-catalytic system, the

plasma reactive species generated in the plasma phase can associate with the
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catalytic surface in contact even at mild reaction conditions. Pre-activation through
plasma may decrease the energy required for adsorption of different species on the
catalyst surface, making the first step of adsorption very fast [48,49], which can

lead to subsequent reactions to achieve the methanation reaction.
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Figure 4.8: Dominant reaction pathways for the plasma-based conversion (without
catalysts) of COz- and Hz into various products, in a 50/50 COz/H-gas mixture. The thickness
ofthe arrow lines is proportional to the rates of the net reactions. The stable molecules are
indicated with black rectangles, reprinted with permission from [10]. Copyright American

Chemical Society, 2076.
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Figure 4.9: CO adsorption on Rh surface with and without Hz[50]
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Assisted by plasma, the surface adsorption of rhodium has demonstrated
significant affinity to adsorb CO on its surface along with the hydrogen, even at low
temperatures [50-52]. Prior studies with in-situ IR revealed that the CO adsorption
on the rhodium surface exhibits the geminal dicarbonyl (Rh(CO)2) structure,
bridged structure, and the linearly bonded structure [53]. Whereas, hydrogen
adsorption displays atomic attachment on the rhodium surface [54], in a system
comprising of a mixture of CO and Hz gases the structure of the adsorbed species
on the rhodium surface differs from that of the pure component system. The
adsorbed atomic hydrogen and CO species are reported to coexist on the rhodium
surface [50] as illustrated in Figure 4.9. In the COz2 methanation reaction
mechanism, it is reported that initially CO2 undergoes dissociative adsorption on
Rh surface generating adsorbed CO species [53]. The CO: activation and
dissociation to CO with the aid of plasma discharge would accelerate CO adsorption
on the Rh surface. Therefore, it can be considered that the Rh/Al>03 catalyst while
performing the direct CO2 methanation in a plasma medium, would resemble the

CO and Hz co-adsorption.

In contact with the plasma, the CO surface adsorption can take place via the COz
dissociation in either plasma or on the surface itself (Equation 4.9-4.11). Which
leads to the formation of Cs and CHxs species on the Rh surface via subsequent
reactions (Equation 4.12-4.18). Simultaneously, water formation can take place via
reactions mentioned in Equation 4.17 and 4.18 to consume and balance the O
containing species being formed on the surface or in plasma. The stepwise addition
of H to these Cs and CHxs species leads to methane formation (Equation 4.19-4.22).
Having dissociative adsorbed H on the Rh catalytic site and plasma-activated H
species in gas accelerates methane formation steps. The reaction between surface
species and plasma gas-phase species could follow both The Langmuir-
Hinshelwood-Hougen-Watson (LHHW) mechanism where adjacent surface species
react together and/or Eley- Rideal (E-R) mechanism where a surface species reacts
with a gas-phase species. The fast consumption of the Cs and CHxs species

consumes surface adsorbed CO quickly, which results in shifting the COs
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consumption reactions forward. This could explain the overall higher CH4 and low
CO selectivities. From the experimental results, it was observed that lowering the
value of SEI by 10 times resulted in the 17% decrease in the yield of CHa4. This also
explains the role of plasma to be most influential in the initial steps which lead to
CO adsorption on the catalyst surface. Hence the majority of the energy applied
through plasma supports the desired reaction pathway, and plasma energy is not
lost for other undesired reaction pathways (from Figure 4.8). This hypothesis is also

supported by tremendous improvement in energy efficiency.

It is reported in the literature that during the methanation of CO: at low-
temperature range (up to 200 °C), the formate species forms on the support,
however, they do not participate in the desired methanation reaction mechanism
[55]. Hence the surface reaction through the formate species is not significant
compared to the methyl group pathway and is not considered in the plausible

surface reactions of CO2> methanation.

C0,+e>CO0+0+e (4.9)
€0, > CO +0, (4.10)
€O > CO, (411)
€O >C +0, (4.12)
CO,_+H, > CH_+ OH_ (4.13)
CO,+H_ > CH +0_ (4.14)
CO, +H_~> CHO, (4.15)
CHO_+H_-> CH_ (4.16)
Os + Hs > OH; (4.17)
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OHs + Hs > Hz20 (4.18)
C_+H > CH (4.19)
CH_+H_-> CH,_ (4.20)
CH,,+H > CH,_ (4.21)
CH, +H > CH, (4.22)

4.4 Conclusions

In this investigation, the aim was to assess the effect of the Rh/y-Al203 catalyst on
the plasma-assisted direct CO2 methanation. Improved COz. methanation was
obtained by Rh/y-Al203 catalyst with the assistance of plasma at ambient pressure
producing CHs4 with very high selectivity. The experimental study of the
methanation of COz over the Rh/y-Al203 catalyst in plasma discharge reveals a
strong synergy among plasma and catalyst. Without the Rh catalyst, loading only
support materials (SiO2, PbTiOs, BaZrOs, a-Al.0s and y-Al.0s) were tested. CO was
found to be the main product with a selectivity of >95, mainly due to lack of surface
reaction within hydrogen and CO:z species. The reactions without any packing in the
active plasma discharge show less COz conversion than for the preceding case and
similar product selectivities. The thermal reaction at the same conditions did not
show any kind of activity. The use of the Rh/y-Al20s as a hybrid plasma-catalytic
system has been proven beneficial to steer the selectivity of products to achieve a
high degree of the methanation reaction. A maximum yield of 65% is obtained in
this study with the selectivity of CH4 as 96%. Lowering the SEl via low applied plasma
power and high feed gas flow rates decreases the COz conversion by a modest
fraction and further improved CH4 selectivity, to 97%. However, the energy efficiency

improves by 10 fold, 2.1 mol/kWh of CH4 being produced compared to 0.2 mol/kwWh.
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To our best knowledge, this is the first study in literature for implementation of the
burst mode on a plasma-catalytic CO2 methanation reaction. The investigation with
the burst mode provides the highest energy efficiency with 2.4 moles of CH4 being
produced per spent kWh of energy. Specific properties of Rh were used to justify the
reaction mechanism of the plasma-catalytic hybrid CO. methanation. Using a
plasma in conjunction with a catalyst allows the CO:2 to get activated and
additionally accelerates the overall reaction to occur at the atmospheric pressure
and lower temperatures. This research shows that the amount of energy
consumption for CHs4 production can be substantially lowered and a high selectivity
of CHaup to 97% can be achieved. Further research is required to accomplish at least
50% reduction in the current energy consumption in order to materialize an
economic small-scale plant operation for direct CO2 methanation via the plasma

route.
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Chapter 5

Abstract.

Direct CO2 hydrogenation to methanol is identified as a significant route to convert vast
CO:2 resource into chemicals and fuels. The use of non-thermal plasma process can
assist this reaction to take place at ambient operating conditions. This chapter
provides an initial analysis and evaluation of the current, and prospective feasibility of
methanol synthesis reaction carried out with a water-electrode dielectric barrier
discharge (DBD) operated at ambient pressure and temperature. A water-electrode DBD
reactor was designed and fabricated to minimise the heating of a DBD reactor, the low-
temperature profile of this reactor was observed to promote the oxygenated
hydrocarbons formation over CO or CH4 even without using a catalyst in the plasma
discharge. The use of Pd-Au/y-Al:03 in the plasma discharge showed substantial
improvement in the selectivity towards oxygenated hydrocarbons products through
the synergistic effect. These oxygenates were identified as methanol and formaldehyde,
which are different from the previous study where methanol and ethanol were
produced together. The maximum conversion of COz observed was 49%, while the
maximum selectivity of liquid product was 47%. The research output highlights the
significance of the appropriate selection of a plasma reactor configuration to achieve
methanol formation from CO: via plasma operated at ambient conditions. The water-
electrode DBD reactor is found to be an essential factor to steer the selectivity of

plasma-assisted CO2 hydrogenation reaction towards oxygenate hydrocarbons.
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5.1 Introduction

The largest global concerns of the last few decades are climate change, and its most
significant contributor is the emission of COz [1]. Converting CO: to a feedstock for
the manufacture of chemicals and fuels has been suggested to be one of the best
ways of storing surplus renewable energy as well as COz recycle. Liquid chemicals
such as methanol and formaldehyde can be used for this purpose. Methanol has a
high volumetric energy density, and it is easier to handle and transport. It used
widely for the synthesis of numerous chemicals, and it is found beneficial for
various direct applications in domestic and industrial scale [2,3]. A large fraction
(30%) of methanol consumed in the chemical industry is for the synthesis of the
formaldehyde, which itself is one of the most essential feedstock chemical industry
[4]. It is estimated that the global methanol demand is going to increase by more
than 200% in the span of 10 years, from 60 million MT in 2012 to approximately 137
million MT in 2022 [5]. Presently, the centralised large-scale production of methanol
via syngas, obtained from steam reforming of the natural gas, occupies the
majority of share in the market [6]. Conventional catalytic methanol synthesis from
syngas is a high temperature, high-pressure, exothermic, and equilibrium limited
reaction. To realise small-scale production of methanol directly from COz, two main
problems need to be overcome, which are the removal of the large excess heat of

reaction, and elimination of thermodynamic [7,8].
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Figure 5.1: Developments in methanol production technology through the years
CO2 + 3Hz 2 CH30H + H20 (AHz2s°c = -49.5 k] /mol) (5.1)

The above reaction (eq. 5.1) is facilitated at high pressure and low temperature as it
is highly exothermic and results in a reduction in the number of molecules.
Moreover, CO2z is a highly oxidized, thermodynamically stable compound having low
activity. Hence in order to perform direct hydrogenation of CO2 to methanol, it is
necessary to overcome a thermodynamic barrier at ambient conditions. The CO2
activation for subsequent methanol synthesis can be achieved via non-thermal
plasma, where high energetic electrons, excited atoms and molecules, charged
particles assist activation of CO2 at ambient conditions [9,10]. The direct CO2
hydrogenation to synthesise methanol eliminates an extra process step for the
syngas synthesis, and hence it is found suitable to realise small-scale methanol
production. The use of non-thermal plasma for the synthesis of methanol from the
recycled COz is a great way to introduce the surplus renewable energy into the CO:
neutral cycle [11-16]. There is evidence of a synergistic catalytic effect between the
non-equilibrium cold plasma and suitable catalyst to synthesise the methanol
directly from COz and Hz under low temperature and atmospheric pressure [17,18].

The development of methanol production technologies through the years as
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summarised in Figure 5.1, show that plasma technology has a long way to go to

compete with conventional catalysts.

Klier et al. reported that methanol production with Cu/ZnO catalyst was promoted
at low CO2 concentration in CO/CO2/Hz2 mixtures, and it was inhibited in COz-rich
atmospheres [19]. However, a study by Sahibzada et al. contradicted it and explained
that the CO2 did not inhibit methanol synthesis; instead, the progressive inhibition
in COz-rich atmosphere was due to the increasing product water concentration
reaction; while using a Pd promoted Cu/ZnO catalyst [20]. Using isotope-labelled
1C0g, Chinchen et al. indicated that during the methanol synthesis, from CO/COz/Hz
with the Cu/ZnO catalyst, most of the methanol was produced from CO: reaction
[21]. Later, it was shown that the direct methanol synthesis from CO2 can be
improved by a catalyst containing Pd, since Hz spill-over from Pd counteracted the
inhibition by water formation [22-26]. The reaction mechanism of direct catalytic
COz hydrogenation to methanol is well established in the literature. It suggests that
the rate-determining steps are the formation of formate intermediates from COz,

and the hydrogenation of a formate intermediate [27,28].

The main issue with the conventional approaches, like in the studies mentioned
above, is the high temperature and high pressure needed in order to reach high
conversions and selectivity. This high-temperature requirement causes energy
yield to be less. Another drawback is the deposition of carbon on the catalyst at
these higher temperatures, rendering it saturated. It would be more desirable to
perform the reaction at a lower temperature (ideally room temperature) and
atmospheric pressure. The hydrogenation by the use of the non-thermal plasma-
driven catalysis could achieve this. In the past few years, research has been done
involving different types of plasma reactors and catalysts. In the study of Eliasson
et al. in a packed-bed dielectric barrier discharge (DBD), a maximum yield by the
plasma-catalyst hybrid reaction was obtained as 2.2%. While an investigation by
Kano et al. at low-pressure in a DBD reactor (1-10 Torr), without any catalyst reported
increased CO2 conversion (20-30%), but a low selectivity for the methanol (4%) on

the expense of increased methane selectivity. The investigation by Kawasaki et al.
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using a specially fabricated water-sealed DBD reactor showed the synthesis of
performic acid from COz2 and Hz20 system, signifying the structural configuration of
plasma reactor to target a particular product selectivity [29]. A recent study
performed by Wang et al. researched the conversion of COz to methanol in different
kinds of plasma reactors. The best result using a water electrode DBD and a Cu/y-
Al203 catalyst showed the maximum methanol yield of 11.3% with a selectivity of
53.7%. These results are obtained when the Cu/y-Al203 catalyst was placed directly
in the plasma-discharge, the highest methanol yield and selectivity reported in the
plasma CO2z hydrogenation process was observed. However, this is much lower than
conventional methods can achieve. Hence, further research is necessary to be able

to implement plasma reactors in the industry.

In this chapter, the plasma-assisted catalytic hydrogenation of CO2 to yield
methanol is being investigated by using a water electrode Dielectric barrier
Discharge (DBD) reactor. A new reactor design which uses water as the ground
electrode and as a coolant to remove excess heat is designed and fabricated to
investigate this reaction. The catalyst used for his reaction is Pd-Au supported on
y-Al20s. This synergy between catalyst and plasma benefits the reaction additional
with the milder reaction conditions of pressure and temperature, as favoured by
the thermodynamics of the reaction. The effect of burst mode application is
investigated. The preliminary findings of this process are reported and discussed.
Although this synergy increases the complexity of understanding the reaction

kinetics/mechanism, it can be used to affect the methanol yield positively.

5.2 Materials and Methods

The key reason for using the plasma for the direct methanol synthesis from COz is
to activate COz at an atmospheric temperature as it is favoured thermodynamically
for this reaction. However, in a typical DBD reactor, the temperature usually
escalates quickly up to 150-180 °C, and also the temperature is non-uniform in the
reactor volume. Hence, to control the temperature and keep it uniform, a water

jacket was outside the reactor was fabricated. The water in this jacket serves the
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dual purpose of acting as a ground electrode and a coolant for the DBD reactor.
Initial experiments showed the DBD operations to be steady at ambient conditions
with the DBD wall temperature at 50-60 °C. A cylindrical quartz reactor with a quartz
jacket around the discharge zone was used to carry out the plasma-assisted
catalytic experiments of COz hydrogenation. The characteristic dimensions of the
reactor were kept the same to the previously used DBD reactor with the outer
diameter as 13 mm and the inner diameter as 10 mm. This makes the dielectric
barrier thickness to be 1.5 mm. The 100 mm discharge zone was also identical with
the DBD reactor used for methanation in chapter 4. A discharge gap of 1.5 mm was
employed with a 7 mm diameter stainless steel axial inner electrode. Water was
circulated through the quartz jacket outside the quartz DBD reactor. The water in
this jacket serves the dual purpose of acting as a ground electrode and a coolant

for the DBD reactor (Figure 5.2).
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Figure 5.2: Schematic representation of the experimental setup of the water-electrode DBD

reactor

An AC high voltage power supply (AFS G15S-150K) was used to supply the power to
the DBD reactor. The voltage across the reactor and operating frequency were
maintained at 15 kVp-p and 30 kHz, the same conditions from chapter 4. Picoscope®

3405D, a 4 channel oscilloscope was used to record the electrical signals. An
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external capacitor (100 nF) is connected between the ground electrode and the
grounding point, and the voltage across this capacitor corresponds to the
generated charges (Q) in the plasma. The applied voltage (U) across the DBD reactor
is recorded with a 1:1000 high voltage probe (Tektronics P6015A) and the voltage
across the external capacitor is recorded using a 1:10 voltage probe. The same
method for power calculation used in chapter 2 and 4 was applied, by plotting Q-U
Lissajous plot. The area (ALissa) of Q-U plot gives energy dissipated in the DBD reactor
per cycle of the applied voltage. Hence multiplying this value with applied frequency
(f) gives the power (P) consumption of the DBD reactor, which is illustrated by the
equation 5.2.

P =Apssax f (5.2)
The assembly of the DBD reactor was vertical with inlet at the top. The inlet reactant
gases, hydrogen and carbon dioxide (Linde Gases) were supplied to the reactor via
mass flow controllers from Bronkhorst. The flow rate of the feed gas mixture used
in this study was 40 ml/min. The outlet stream coming from the bottom of the
reactor was bubbled through water kept in an ice bath to condense and collect the
liquid product. The plasma reaction was continued for 3 to 6 hours, after that the
liquid products were collected from the bottom and analysed using a gas
chromatograph. The gas chromatograph was equipped with a methaniser at flame
ionisation detector (FID) to analyse formaldehyde. A nitrogen gas fed at a fixed flow
rate was mixed with the gaseous products containing CO, CHa4, unreacted CO2/H2
and some traces of CzHe after the liquid trap. Here nitrogen serves as an external
standard for the analysis. This gas mixture was analysed by an online gas
chromatograph (Thermo Scientific) consisting of two thermal conductivity
detectors (TCD) and a flame ionisation detector (FID). However, it was observed that
the liquid collection via cooing does not condense all the liquid products, and some
amount of desired liquid product are continuously lost through flowing gas-phase
products. Hence separately measured liquid products are used only for the
identification of the chemicals, and the calculation of total liquid product is done

based on measured gas products to satisfy the mass balance.
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The conversion, X, of COz is defined as:

CO2in— CO
X (%) = %xmo (5.3)
2,in

The selectivity of gas products, S;, where /can be CO, CH4 or higher hydrocarbons is

defined as:

iproduced
Si (%) = ——x100 5.4
i) = C0 = COmon (>4)

Collectively, X S; gives total selectivity of gas products, i.e. Sg
The selectivity of liquid products, S,, is defined as:

S (%) = 100 — S (5.5)

The energy yield of product formation, Ei, where /can be CO, CH4 or CH3OH is defined

as:

mmol

Molar flowrate of CO( n )
E;(mmol/kWh) = Bower (o) x100 (5.6)

The Specific Energy Input (SEI) is defined as:

—)= (5.7)

SEl (L) Power (W) .
Flow rate(ml /min)x(m)

The reactor used in this study was operated at atmospheric pressure. Unlike a
typical DBD reactor where the reactor wall temperature usually escalates up to 150-
180 °C, this water electrode DBD remained cooler as observed by an infrared thermal
imaging camera (FLIR One Pro). To measure the typical operating temperature in
this reactor, infrared thermal imaging was done longitudinally through the
downstream outlet of the reactor. For such measurement, the reactor filled with

catalyst bed was operated in flowing Argon gas instead of the reaction mixture to
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satisfy the safety concerns. From Figure 5.3, we can see that the temperature of the

catalyst bed in the plasma zone reaches up to 44 °C.

The support material and catalyst used in this study was y-Al.0s and Pd-Au/y-Alz0s.
The y-Al:0; pellets were purchased from Sigma Aldrich and crushed to desired sized
pellets (630-850 pm). The prepared y-Alz0s pellets were used directly for packing in
plasma discharge and to synthesise the supported catalyst. A 2.5-2.5 %wt Pd-Au/y-
Al:03 catalyst was prepared by wet impregnation method using a Pd and Au
precursors (Palladium (I1) Chloride and Gold (Ill) Chloride solution, Sigma-Aldrich).
The prepared catalyst was characterised using H:> temperature-programmed
reduction (TPR) analysis, Brunauer-Emmett-Teller (BET) analysis and the scanning

electron microscope (SEM).

Figure 5.3: Thermal image of the cross-section of a water-electrode DBD reactor operated

in Ar plasma
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5.3 Results and Discussion
5.3.1 Effect of Type of DBD Reactor

Experiments investigating the plasma-assisted direct CO2 hydrogenation to
methanol, with and without catalysts, carried out using water-electrode DBD
reactor are presented. Those were gained in the last stage of the PhD research and
related project, could not be completed in their full dimension, and open

possibilities for future research.

The use of the water-electrode reactor showed an improved heat removal from the
plasma reactor as compared to the DBD with a silver-coated ground electrode (in
Chapters 2 and 4), as confirmed by the thermal imaging. GC analysis confirmed that
the methanol is formed along with formaldehyde and some traces of impurities.
Even with a cold liquid trap to condense the liquid products, some amount of water,
methanol and formaldehyde may have escaped with the gas outlet. Improvement
with collecting liquid products is required to have a comprehensive quantification
of products. The reported selectivities of liquid products were calculated from the

total selectivity of the measured gas products.

Employing a water-electrode DBD reactor without even a catalyst or any packing
material showed a substantial increase in the methanol selectivity. Figure 5.4
illustrates the differences in the performance of the CO2 hydrogenation reaction in
a DBD and water-electrode DBD reactor. The overall COz conversion is lower in case
of the water-electrode DBD reactor when the plasma discharge was not packed with
any packing material. However, the liquid products selectivity (mainly methanol) is
observed to improve significantly, from almost O to 9%, with an expense of CO
selectivity. Use of y-Al203 in the discharge zone improved the COz conversion slightly
and methanol selectivity considerably (from O to 10%). A slight effect on the CHa4
selectivity was observed. Hence it is inferred that the importance of the selection of
the plasma reactor configuration is a crucial factor to synthesise methanol directly

from CO2z at near ambient conditions with plasma. The choice of a plasma reactor
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and its configuration is also essential to steer the selectivity towards desired
products along with a suitable catalyst packing. From preceding chapters, we learnt
that the DBD reactor without any metal catalyst material in the plasma discharge
undergoes the RWGS reaction giving a highly selective CO. However the formation
of methanol or other oxygenated hydrocarbons was negligible in that process. Using
a metal catalyst completely inverted the selectivities of CO and CHa, yet the output
towards the methanol was insignificant. Doping Ag with Rh catalyst in the same
DBD setup (Appendix B3) showed a marginal improvement in the methanol and
other hydrocarbons, but selectivity for methanol was still <0.6%. Apart from the
catalyst property heat accumulation was one of the main reason for the low
methanol productivity, as it is thermodynamically limited at higher temperatures

[30], which is addressed by the use of water-electrode in DBD reactor.
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Figure 5.4: Effect of the type of plasma DBD reactor on the CO- conversion and product
selectivities including liquid products; 3:1 ratio of H> and COz, 40 mi/min, 30 kHz, 15 kVp,
100+5 W
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5.3.2 Effect of Pd-Au/y-Al>03 Catalyst
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Figure 5.5: Effect of the Pd-Au/y-Al-0s catalyst on the CO- conversion and product
selectivities including liquid products; 3:1 ratio of H> and COz, 40 mi/min, 30 kHz, 15 kVjp,
100+5 W

Figure 5.5 compares the results obtained from the Pd-Au/y-Al20s catalyst reaction
carried out in a water-electrode DBD reactor. The reaction with an empty reactor
showed 40% CO2 conversion with 9% liquid product selectivity. Since the catalytic
experiments without plasma did not show any COz conversion at the same reaction
conditions; it can be inferred that the application plasma discharge is necessary to
achieve COz conversion to methanol. By virtue of the Pd-Au/y-Al20s catalyst, a small
increase in CO2 conversion was achieved compared to the plasma reaction without
the catalyst. A three-fold enhancement in the liquid product selectivity was
observed at the expense of CO and CHa selectivities when the feed gas flow rate was
kept constant for the Pd-Au/y-Al.03 experiment compared to the empty reactor and
Y-Al203 packed reactor. This is an indication for synergy between the plasma and

the catalyst. When the feed gas flow rate was increased from 40 to 200 ml/min to
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reduce the residence time, a 61% improvement in the methanol selectivity was
observed. This provides the highest selectivity towards liquid products found in this
study (47%). However, the CO2 conversion was decreased from 49 to 24 % with a
decrease in the residence time. In the case of higher feed gas flow rate, the CO
selectivity was the lowest among all the cases with a value of 52% and the CHa
selectivity was reduced to 0.7%. A possible reason for the improved selectivity for
liquid products when the residence time is lowered could be the prevention of the
methanol decomposition by plasma. With the higher flow rates, the exposure of
methanol (or formaldehyde) formed during the reaction to the plasma before
leaving the discharge zone is less, and hence it could restrict the decomposition of
methanol (or formaldehyde) [31-34]. This hypothesis is seconded by results from
the burst mode application (Figure 5.6), where a 46% improvement is observed in
the liquid product selectivities via reducing SEI by 50% (154 to 78 kJ/L). Moreover,
the lesser SEl in the burst mode operation could restrict the probability of methanol
(or formaldehyde) decomposition by plasma. It is seconded by the results of the
burst mode operation, where liquid products selectivity increases from 9 to 21% and

from 24 to 28% for empty and Pd-Au/y-Al20s packed plasma reactor, respectively.

The measured power in the case of water electrode is found to be higher than that
of a DBD reactor when the same electrical parameters were used. This result is
coherent to what has been found concerning the performance in the CO:
hydrogenation reactions carried with the water-electrode DBD reactor. The
maximum energy yield was observed when a low residence time was used for the

reaction with a maximum value of 141 mmol/kWh of the product.
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Figure 5.6: Effect of the burst mode on the Pd-Au/y-Al20s catalyst performance with
respect to the CO- conversion and product selectivities; 3:1 ratio of H> and COz, 40 mi/min,

30 kHz, 15 kV)pp, 10045 W

54 Conclusions

The Pd-Au/y-Al203 catalyst together with the plasma discharge generated by a water
electrode DBD reactor showed that oxygenates molecules such as methanol and
formaldehyde can be synthesised directly from CO2 hydrogenation at ambient
conditions; which was not possible without the application of plasma at the same
reaction conditions. It is established that the importance of plasma reactor
configuration is essential to achieve methanol synthesis directly from CO2 and Hz
via the plasma process. Performing the plasma-catalytic CO2 hydrogenation in a
water-electrode DBD reactor substantially improved the selectivity of the liquid
products containing mainly the methanol and the formaldehyde. The enhanced
selectivities of the liquid products obtained were possible because of less heating
of the DBD reactor itself. The improved reaction performance established the
evidence of synergy between the plasma and the catalyst. The lower residence time
and the application of burst mode have a significant positive effect on the liquid

product selectivity at the expense of CO selectivity. The maximum liquid product
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selectivity obtained is 47%. The energy yield of the reaction was found to be 147
mol/kWh of liquid products. This value is less than a value reported in the literature,
and the liquid products composition is different (ethanol instead of formaldehyde
[35]. The product formed via plasma catalytic activity might undergo
decomposition through the plasma exposure, which justifies the observation that
the liquid products selectivities are lowered at higher residence time. However, as
the exact interactions between the catalyst and the plasma are as of yet relatively
unknown, the reaction mechanism of direct the CO2 hydrogenation to methanol is
not yet completely developed. The late materialisation of the specialised water-DBD
reactor did not allow the optimisation of this process. Yet, the first results showed
promising prospects of the co-generation of industrially relevant formaldehyde and
methanol from CO: [36]. Hence, future investigations exploring tailored catalysts
for this reaction and optimisation of process and electrical parameters are

necessary to further increase the yield of the liquid products.
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Chapter 6

Abstract

Reducing the environmental impact encourages humankind to move towards a
society based on renewable energies. However, renewable energy sources such as
solar and wind produce electricity which is intermittent, leading to surplus power,
which can be stored via CO2 hydrogenation processes carried out with the help of
plasma reactors. The main costs of synthesis, in all cases, are hydrogen production
and applied plasma power. The process models are made using Aspen Plus for
process design of the plasma-assisted CO2 hydrogenation at small-scale. These
models consider Hz production from water electrolysis and COz procured via flue-
gas capturing. The capacity of the process is defined through the CO2 capture
capacity data from chemical industries. Use of parallel reactor array of plasma
reactor is assumed instead of scaling it up. Reverse water-gas shift, direct
methanol synthesis, and methanation of COz carried out at atmospheric pressure,
are considered in this chapter for techno-economic evaluation. The mass and
energy analysis based on the process simulations has revealed the plasma energy
consumption of 22.5 GJ/t of CO for the RWGS process, 37.5 GJ/ton for the methanol
synthesis process and 28 GJ/t for CO2 methanation process. The operation costs
and capital investment costs obtained for these processes are not compatible with
the large-scale industrial production facilities as of now. The operating costs for the
plasma-assisted RWGS, methanol synthesis and CO2 methanation are 169, 911 and
649 € per ton of the product respectively, whereas the capital investments are 2.4,

4, and 3.4 k€ per ton of the product, respectively.
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6.1. Introduction

GW

Power generation

Hour

--- Demand ® Storage @ Wind Hydro

— Demand & demand ® Nuclear Solar @ Gas

side response

Figure 6.1: Surp/us power produced by the intermittency of the renewable energy sources,

taken from BP Technology Outlook 2018 [16]

Power-to-Gas and Power-to-Chemicals are the techniques comprising of various
conversion routes of renewable electricity to chemicals and fuels which are easily
stored and transported. Renewable electricity obtained by solar and wind sources
is abundant but intermittent [1,2]. Such intermittency leads to the periods where
the energy generation surpasses the demand producing surplus power, as shown
in Figure 6.1. Power-to-gas and Power-to-chemicals technologies facilitate the
storage of surplus energy [3]. In both of these pathways, in principle first
electrolysis of water is carried out to produce hydrogen followed by its chemical
conversion to desired products, such as syngas, methane and methanol. Syngas
and methanol are enormously crucial feedstock in the chemical industry [4,5].
While methane can be directly used in the already established gas grid [6-8]. Use of
recycled CO2 as a carbon source for the synthesis of these molecules promotes CO>
mitigation [9-12]. The current methods of use of CO2 as a carbon resource in the
chemical industry have a negligible positive effect on net COz balance globally as it
is approximately 1% of the total CO2 emissions [13]. Hence such hydrogenation of
recycled COz to syngas, hydrocarbons or liquid oxygenates could have a higher

positive effect on net COz balance [14,15]. Reverse water-gas shift (RWGS), direct CO2
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hydrogenation to methanol, and CO> methanation provide raw materials as
platform chemicals (syngas and methanol) and a directly implementable gas for

already existing gas grid.

This chapter focuses on estimating the economics of these aforementioned
processes carried out via a plasma pathway. The economic study provides the
required capital investment and the operating costs. Moreover, it also highlights
the focus areas of research needed to be explored to make the industrialisation
possible for the process. Considering that similar industrial process has not been
employed at an industrial scale, ex-ante process design for the novel plasma
technology is necessary. Such preliminary process economics is essential torealise
the feasibility of emerging plasma processes on a small scale installation. Small-
scale production, even when operated at ideal efficiency, costs more than a
centralised commercial practice. However, decentralised small-scale production
facility can be set-up near the intended application of product, leading to cost
savings on storage, reducing the total carbon footprint, as well as local jobs
creation. In the chemical industry, the general idea has always been that bigger is
better. Through upscaling, processes became more efficient and cheaper.
Nowadays, there is a paradigm shift occurring towards small scale processes. The
economy of scale is then obtained by increasing the number of plants instead of
the capacity (i.e. mass production). The advantage of having a container-sized plant
is that the supply of product can be located much closer to the demand. This way,
either the cost for transport is reduced or transport losses are avoided. Another
advantage is the ability to relocate the plant to another location if the profitability
is jeopardized due to changes in the market. There are only a very few industrial
users of plasma technology for chemical manufacture. For instance, Evonik
Industries, which operates several small-scale industrial plasma plants for special
chemistries. The new monosilane and aerosol plant was started up in 2010 in
Yokkaichi and was with 150 Mio Euro the largest single project of Evonik in 2014. The
preferred plasma equipment manufacturer for Evonik, U-W-E Company, has

meanwhile installed > 150 industrial plasma plants worldwide.
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The main objective of the plasma-assisted CO2> hydrogenation is to use surplus
renewable energy to valorise CO2z, obtained via capturing. Today supply of CO2
(including sequestration) is 150 times higher than its demand (utilisation); hence
we have no option but to store the excess CO2 underground. Also there are several
ways, proven in lab scale, by which CO2 can be converted into other chemicals and
fuels; however these methods are not practically employable owing to the fact that
their incompetence with current large-scale industries. The current infrastructure
is based on fossil fuels for supply of energy as well as raw materials; that is what
makes them commercially viable. They have an enormous environmental impact
with a large carbon footprint. Though the cost of production is small for these
plants, the actual price can be higher than expected at some location due to
transport/storage/handling charges. They do not have any problem like excess
energy consumption, and hence it is not a case where we need to find new ways to

save energy by substitute processes.

The idea of using plasma lies with the creation of new market where we intend to
use the excess COz which is being buried, to supply necessary chemicals (or fuels)
at the point of demand; which may not be cheaper than the current commercial
products, but they have substantially low environmental impact (low carbon
footprint). This is creating a new parallel market for the carbon products. The aim
is not to replace the current large-scale industry, but to increase the share of these

“green carbon chemicals” in the market.

Let us take an example of methanol. Worldwide, over 90 methanol plants have a
combined production capacity of about 110 million metric tons. The methanol plant
we considered in our cases produces approximately 500-600 tpa, i.e. 0.0005% of
global production. One hundred such plants would barely make 0.05% of the global
capacity; however, they can be operated at multiple locations where there is
demand for methanol. This will create local manufacturing infrastructure and jobs
as well (additional benefit is less environmental impact including that from

transport and storage).
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Hence, through techno-economic study, we are trying to state the feasibility of
setting up a plant using current technical advancements of the plasma processes.
Furthermore, we provide a vision where we show the impact of improved
performance of plasma reactions on the feasibility of the establishment of a small-
scale plant. Hence the selling price of the methanol considering the container-sized
approach is a crucial point here. In the case of methanol synthesis, the calculation
of CAPEX/OPEX with the experimentally obtained results sets the benchmark for the
current status of the plasma-assisted COz hydrogenation reaction routes. Whereas
CAPEX/OPEX calculations with the best case scenario provides potential

improvement of the plasma-assisted COz hydrogenation reaction routes.

6.2. Methodology

6.2.1 Process Design and Simulation

A modular methodology used for the process designing of the CO2 hydrogenation
routes under consideration is described in Figure 6.2. The essential feature of this
approach is the use of plasma technology. In this method, it is considered that CO:
is obtained from a CO2 capture system, whereas hydrogen is obtained from water
electrolysis using renewable energy. The design of this process is exclusively
dependent on the amount of CO2 produced by the CO2 capture unit. Hence the
capacity of the process is defined by the amount of CO2 that needs to be processed
per unit time. Depending on the type of hydrogenation reaction, the required
quantity of hydrogen varies. The desired ratio of reactant gases, viz. COz and Ha, is
maintained before passing them through the plasma reactor. Subsequently, the
products undergo several separation processes to obtain the pure product, and a

recycle stream if necessary.
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Figure 6.2: Schematic representation of overall plasma-assisted COz hydrogenation

process

Among all the cases, water electrolysis is the first phase of the overall process.
Water electrolysis consists of converting electricity to (green) hydrogen and oxygen
by dissociation of water [17]. Although the green hydrogen production process is well
established over a century, it still occupies a tiny market share in the global
production of hydrogen. However, a recent drop in the price of green hydrogen
indicates that hydrogen production can become economical. At present, green
hydrogen can be available from as low as 3.2 €/kgH2 from a typical electrolyser
operating about 50 kWh/kg capacity [18]. The second phase in these process
designs is COz capture to provide the CO2 for plasma reaction. From the reports of
International Energy Agency (IEA) and Global CCS Institute, today CO2 capture units
from 50 to 400 ktpa capacity are operating around the globe. The cost of COz2 capture
with new emerging technologies is estimated to be between 25 to 45 €/tC02[19,20].
At present, the largest operating plant base on captured CO2 producing methanol,
by the ‘Carbon Recycling International, Iceland’ treats 5.5 ktpa of COz [21]. Hence, to
simulate small scale plant, the process designs of all three processes
acknowledged in this chapter are intended for treating CO2 captured by an
industrial COz capture unit operating at the rate of 2 ktpa. Today, among the

processes producing synthetic fuel directly from COz, the syngas and methane
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production processes, via direct CO2 hydrogenations have exhibited the highest
readiness level [22]. Moreover, direct synthesis routes of methanol from CO: to
achieve a methanol economy have displayed ever-growing interest worldwide.
Hence, the following three reactions are considered in this chapter for the techno-

economic evaluation,

1. Reverse water-gas Shift (RWGS),

CO2 + Ho<» CO+ H20  AHasec = 41 kdJ/mol
2. Methanol synthesis

CO2 + 3H2 2 CH30H + H20 (AHzsc = -49.5 kJ mol-1)
3. COz2 methanation (Power-to-gas)

CO2 + 4H2 <> CH4 + 2H20 AHzsc = -165 kJ/moI

6.2.1.1 Plasma-assisted Reverse Water-Gas Shift

PLASMAR

o> o H2
PLIN E
C> coz -

MIXER

Figure 6.3: Process flowsheet for plasma-assisted RWGS reaction

The process design for plasma-assisted RWGS reaction is shown in Figure 6.3. The
objective of the RWGS reaction is to produce syngas, which is suitable as raw
material for further use in methanol synthesis (CAMERE reaction) or Fischer-
Tropsch process [23,24]. From chapter 3, we learn that syngas can be synthesized
directly from CO2 and Hz with 100% selectivity towards CO, without any carbon by-

products. This indicates that the syngas without any contamination can be
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successfully produced with the help of a plasma process. Moreover, it was found
that the proportion of individual components in the syngas is acceptable for direct
use in the methanol synthesis process and the Fischer-Tropsch process with the
further addition of Hz only, if desired. Hence, the output gas from the plasma
process can be used in further processes as it is and any complex separation
processes could be altogether avoided. The proposed plasma process is designed
as a small scale plant with a capacity to treat 2 ktpa of CO2, coming from a CO:
capture unit, which defined the demand of H2 as well. It is assumed that the process
is operated 8200 hours per year. From operation point of view, plasma processes
carried out are atmospheric pressure eliminate the use of compressors or vacuum
systems, reducing the overall complexity of the process. Initially, the COz is mixed
with Hz, which is assumed to be obtained from the electrolysis unit while
maintaining their temperature at 20 °C. The ratio of H2:CO2 needs to be maintained
as 1:1 at the time it is fed to the gliding arc plasma reactor while keeping the
pressure at 1 bar. The Aspen Plus software does not accommodate novel and state-
of-the-art plasma reactor, hence a stoichiometric reactor is used to represent the
gliding arc plasma reactor. From the experimental data, it was found that the outlet
gas from the gliding arc plasma reactor has a temperature of 70 °C. Therefore, the
temperature of the stoichiometric reactor is set at 70 °C. As the energy required to
heat up the temperature in the plasma reactor is already considered in the energy
consumption value of the plasma reactor, any extra heating duty is not considered
for the plasma reactor. From chapter 3 the energy consumption value of the gliding
arc plasma reactor is determined to be 2.4 mol/kWh, at 54% COz conversion. The
RWGS reaction, along with CO, produces an equivalent amount of water (equation
6.1). The water is separated from the syngas in the plasma reactor outlet stream via
a condenser unit at 20 °C. The separated syngas is available at 20 °C and 1 bar

pressure for further use.
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6.2.1.2 Plasma-assisted Methanol Synthesis from CO:

RECYCLE

oo E-09

co2

Figure 6.4: Process flowsheet for plasma-assisted methanol synthesis

The capacity of methanol synthesis process via plasma-assisted direct CO:
hydrogenation is determined based on a COz usage capacity of 2 ktpa. This COz
consumption by the plasma process determines the overall hydrogen uptake.
Similar to the RWGS case a stoichiometric reactor is used in the process design of
the Aspen software to represent the dielectric barrier discharge (DBD) reactor. The
overall yield of the methanol which is 14% obtained from chapter 5 is used in the
stoichiometric reactor along with the by-products, CO and CH4. This DBD plasma
reactor produces 0.3 moles of methanol per kWh of power applied. The reactor exit
gas stream containing methanol, water, unreacted feed gases and the by-products
(CO and CH4) undergoes 3 steps of separation processes. In the first step, the gases
are separated from the liquid products using a flash separator. The liquid stream
containing water and methanol is fed to a distillation column to isolate the pure
methanol. The gas stream contains unreacted COz and Hz along with CO and CHa. As
the Hz is obtained via renewable energy sources, it is too valuable to be discarded
hence its recycling is essential. A single step separation unit is mentioned in the
process design to separate and recycle unreacted CO2 and Ha. However, in the
economic calculations, it is considered that this separation is carried out via 2 step

processes, first, separation of Hz then separation of CO2. A membrane separation
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technique is employed for separation of Hz, and the amine absorption technique is
considered for COz separation. The yield of CO is very high (32%) compared to that
of methanol. This adds to the overall cost of methanol as important feed gases are

consumed for unwanted reactions.

6.2.1.3 Plasma-assisted CO> Methanation

L) RECYCLE

GASSEP

PLASMAR

LIQWASTE

Figure 6.5: Process flowsheet for CO- methanation via plasma route

The elementary components of the CO2 methanation process model are similar to
that of the methanol synthesis process. The process flowsheet of CO2 methanation
processes is illustrated in Figure 6.5. The capacity of this process is established
based on COz uptake rate, similar to aforementioned cases, which is 2 ktpa of CO..
The CO2 and Ha feed streams are mixed with the recycled stream, and resulting
stream is fed to the stoichiometric reactor, representing a DBD plasma reactor. The
CO:z hydrogenation reaction shows 97% selectivity towards CH4 and 3% towards CO.
Although a few hydrocarbons are obtained in traces, they are not considered for the
Aspen simulation. The molar ratio of H2 and COz is maintained at 3 in the stream
‘PLAIN’ via adjusting the flow rate of feed Hz stream. This plasma reaction is carried
out at 100 °C, and the product stream is condensed immediately to separate the
water formed in the reaction. The dry product stream ‘GASMIX’ undergoes

separation process to recover and recycle the CO2 and Ha. The ‘PROD’ stream
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containing CH4, CO and unrecovered feed gases is available at 20 °C. In the
calculations of recovery of CO2 and Hz a similar approach is adopted as the
methanol synthesis case. The energy requirement for the formation of CHas via

plasma-assisted process is considered as 2 moles/kWh obtained from chapter 4.
6.2.2 Sensitivity Analysis

The power consumption of the plasma reactor is humungous among overall energy
requirements of the processes mentioned above [25-27]. Hence, in all the three
cases, the different scenarios for energy consumption were considered to
understand their effect on the overall cost. In case of the RWGS reaction 3,4 and 5
moles/kWh were considered, and in case of the methanol synthesis, 1, 2 and 3
moles/kWh were considered, while in case of the methanation reaction 3, 4 and 5
moles/kWh were considered. Apart from energy considerations, different design
alternatives have also been taken into account to identify the optimum operating
conditions which would lead to making the overall process more energy efficient. In
the RWGS case, a sensitivity analysis is carried out with respect to overall CO2
conversion. Along with the aforesaid 54% conversion case, the scenarios involving
60, 70 and 80% conversion are also assessed. As the product from the RWGS case
is directly acceptable, it does not have the energy-intensive downstream processes,
unlike the other two cases. In the case of methanation 65% yield and in the case of
methanol synthesis 20% yield scenarios were evaluated to observe their impact on

subsequent downstream processes.
6.2.3 Economic Evaluation

The economic evaluation comprises of estimation of capital expenditures (CAPEX)
and operating expenditures (OPEX). Such a cost analysis of the process attempts
to predict the attractiveness of capital investments in the project. Although plasma
techniques are not mature and contemporary in nature, the economic evaluation
benchmarks the current processes, provide their competitiveness with respect to
conventional processes and directs the research of scientific community in the

direction to make these processes feasible. The latter is the most important, as it

126



Techno-economic assessment of plasma-assisted CO2 hydrogenation

allows a process-options analysis, when including optimistic future performance

assumption besides considering the immature present technology status quo.

The CAPEX involves direct and indirect costs, along with the initial working capital.
Direct costs contain instrument purchase cost, their installation, instrumentation
controls, piping, electrical systems, buildings, site development and utilities, while
indirect costs cover engineering and supervision, contractors and construction
payments, legal expenses and contingency amount. Moreover, the OPEX consists of
the cost of raw materials, fixed costs, maintenance, labour, supervision, plant
overheads, laboratory charges, insurance and taxes and sales expenses. The CAPEX
and OPEX analysis have been performed using the factorial approach [28,29]. In this
methodology, various cost elements of CAPEX such as installation, piping, electrical
systems, instrumentation, and civil work are considered to be varying fraction of
‘purchased equipment cost’ (PCE). The factorial approach data used in this study is
explained in Tables 6.1 and 6.2. The purchase cost of green Hz, recycling cost of Hz
and CO: are directly used for calculation of OPEX. The lack of literature data for
chemical reactions employing plasma techniques prompts to assume for the
calculation of the plasma reactor. Therefore, in this evaluation studies, a cost of
€1M is considered for a 1 MW plasma system including the plasma reactor and the
power supply [31]. The power rating required by the plasma system is calculated
based on energy consumption value and mass flow analysis provided by the

process simulations.
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Table 6.1: Capital cost factors for estimation [28,29]

Direct costs

%

Total purchase cost (PCE)

Purchase equipment installation

Instrumentation controls installed

Piping installed

Electrical systems installed

Buildings, process
Site development
Utilities / Services
Total

Indirect costs

Engineering and supervision

Construction expenses
Legal expenses
Contractor’s fee
Contingency

Fixed Capital Investment (FCI)
Working Capital Investment (WCI)

Actuals (€)
25% of PCE
6% of PCE
10% of PCE
10% of PCE
4% of PCE
(-)% of PCE
6% of PCE
Direct costs

5% of Direct costs

6% of Direct costs
(-)% of PCE

(-)% of PCE
5% of FCI

Direct Costs + Indirect Costs
15% of TCI

Table

Total Capital Investment (TCI) WCI + FCI
6.2: Operating cost factors for estimation

Variable costs %

Raw materials Actuals ($)
Utilities Actuals ($)
Catalysts Actuals ($)
Fixed costs %
Maintenance 2% of FCI
Operation labour Actuals ($)

Supervision

Plant overheads
Laboratory charges
Insurance

Local taxes
Royalties

Total

Sales expenses

Total operating costs

(-)% of operating labour

50% of operating labour

10% of operating labour

0.4% of FCI

1% of FCI

(-)% of direct costs

Variable + Fixed costs

10% of (Variable costs + Fixed costs)

Variable costs + Fixed costs + Sales
expense
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6.3 Results and Discussion

6.3.1 Process Simulation Results

The Aspen simulation results for the RWGS, methanol synthesis and CO:
methanation are presented in Tables 6.3-6.5. As the capacity of the aforementioned
processes is pre-determined with respect to uptake rate of the CO2, the process
simulations provide the quantity of Hz required for each process. The mass and
energy flow data from the Aspen simulations is used for further calculation of the

CAPEX and the OPEX for the economic evaluation of these processes.

Table 6.3: Material and energy data obtained via process simulation of plasma-assisted

RWGS process
Material Value Unit
Hz input rate m1 kg/h
CO production rate 83.8 kg/h
Hydrogen 132 kg/tCO
Energy for water electrolysis 23843 MJ/tCO
Plasma energy 48913 MJ/tCO
Cooling and Heating 150 MJ/tCO

Table 6.3 lays out the mass and the energy portfolio for the plasma-assisted RWGS
process obtained via Aspen simulations. The composition of the syngas obtained
via RWGS reaction is 31.5, 31.5 and 37% of Hz, CO2 and CO respectively, which makes
this process suitable to be used in conjunction with the conventional methanol
synthesis process or Fischer-Tropsch process. The productivity of this process is
realized to be 83.8 kg/h of CO. The hydrogen is required at the rate of 11.1 kg/h to
produce 83.8 kg/hr of CO, which leads to total 132 kg of Hz to produce a ton of CO. To
provide this amount of Hz via water electrolysis, 23843 MJ of electricity is needed,
considering the performance of the electrolyser to be 50 kWh/kg [17]. The water
electrolysis is approximately half of the electrical energy consumed by the plasma

reaction. The plasma reaction requires 48913 MJ of electrical energy to produce a
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ton of CO gas. The high energy consumption in the plasma reaction dictates the
overall energy performance of the plasma process and establishes itself as the
most crucial factor. A similar trend is observed in the plasma-assisted methanol
synthesis process, where a humungous 367647 MJ of electricity is required to
produce a ton of methanol. Along with electricity required to provide hydrogen via
water electrolysis (65935 MJ) for a ton of product, it can be inferred that the energy
utilisation of remaining unit operations is substantially outweighed. From the
process engineering point of view, it can be argued that to optimize the process, an
adequate improvement in the energy performance of the plasma reactor is

necessary.

The mass and energy balances for the plasma-assisted methanol production are
shown in Table 6.4. The hydrogen input rate of 19 kg/h yields 58.1 kg/h of Methanol
alongside the 103 kg/h of CO as a by-product. Since per pass yield of methanol is
lower than that of CO, valuable Hz is not being used sufficiently for the desired
reaction of methanol synthesis. The amount of Hz required for the production of one
ton of methanol is found to be 366 kg, which is approximately double compared to
the stoichiometric requirement. The recycled quantity of Hz gas is 2.6 times that of
the input quantity, and 4.5 times for COz gas. Such high recycle quantities

necessitate a high investment in separation processes.
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Table 6.4: Material and energy data obtained via process simulation of plasma-assisted

CO:2 hydrogenation to methano/

Material Value Unit

H, input rate 19 kg/h

Methanol production rate 58.1 kg/h

CO production rate 103 kg/h

Recycled H, 50.1 kg/h

Recycled CO, 2614 kg/h
Hydrogen per t Methanol 366.3 kg/tCH3OH
water electrolysis electricity per t 65935 MJ/tCHsOH

Methanol

Plasma energy required per t Methanol 367647 MJ/tCH3OH
Cooling and Heating 800 MJ/tCH3OH

Table 6.5 depicts material and energy flow data involved in the plasma-assisted CO2
methanation reaction. To achieve 85 kg/h production rate of methane, 43 kg/h
input rate of hydrogen is to be maintained. Alongside the methane, 4.6 kg/h of the
CO is also produced. The amount of Hz and CO2 recycled is 14.8 and 179 kg/h,
respectively. Further investigation illustrates that per ton of methane produced 506
kg of hydrogen gas is consumed, which is very close to the stoichiometric
requirement. This is due to the very high selectivity of the plasma process towards
methane (>97%). 91750 MJ of electricity is demanded from renewable sources for the
water electrolysis. The calculated plasma energy needed for the methanation
reaction is significant, i.e. 54878 MJ per ton of methane. In this case, the energy
required for water electrolysis is almost 1.6 times higher than the energy required
for the plasma reaction. The energy consumption of the water electrolysis is about
4 times more than that of methanation reaction for the P2G process using a
conventional catalytic reactor for methanation [32]. Which indicates that the
performance of the novel and contemporary plasma process is following the right
footsteps. Compared to electrical energy required to produce per ton methane the

cooling and heating energy requirements are insignificant.
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Table 6.5: Material and energy data obtained via process simulation of plasma-

assisted COz hydrogenation to methane

Material Value Unit
Hz input rate 43 kg/h
Methane production rate 87 kg/h
CO production rate 4.6 kg/h
Recycled Hz 14.8 kg/h
Recycled CO2 179 kg/h
Hydrogen per t methane 506 kg/tCH4
water electrolysis electricity per 91750 MJ/tCH4
t methane
Plasma energy required per t 54878 MJ/tCHa4
methane
Cooling and Heating 554 MJ/tCHa4

The impact of the electrical energy required on the overall energy performance for
the processes mentioned above is illustrated in Figure 6.6. In all the cases, the
electrical energy eclipses the energy requirements of heating and cooling of the
process. In the plasma-assisted RWGS case, more than 70% of the total electrical
energy is consumed by the plasma reactor. While in the plasma-assisted methanol
synthesis and plasma-assisted CO> methanation the energy accounts for about

85% and 65% respectively.
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Figure 6.6: Distribution of energy requirement of plasma-assisted (a) RWGS process, (b)

Methanol synthesis, (c) CO>- methanation process

133



Chapter 6

6.3.2 Sensitivity Analysis
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Figure 6.7: Analysis illustrating the effect of plasma power consumption on the plasma
energy requirements for the plasma-assisted (a) RWGS process, (b) methanol synthesis,

and (c) CO> methanation process
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The sensitivity analysis for all the three processes is carried out to investigate the
effect of the energy consumption and product yield on the process performance. A
general trend of improved energy efficiency of plasma process yielding better
overall energy consumption by the process is observed in all three cases (Figure
6.7). However, it is observed that for RWGS, methanol synthesis and methanation
process, when the plasma energy consumptions are 5, 3 and 4 mol/kWh,
respectively, the energy consumption obtained is close to the energy consumptions
required for a conventional process. In other terms, theoretically plasma process
could show compete with the conventional catalytic process if this energy
efficiency is achieved. Although it should be noted that the cost of the plasma
reactor is calculated based on the energy rating of the process, hence improving
the energy efficiency giving low purchase cost of plasma reactor does not entirely

describe the scenario of effect on capital expenditures.

The yield used in the RWGS process simulations was 54%. Figure 6.8 shows the
effect on the product composition by varying the yield to 60, 70, and 80%. As yield

increases, the ratio of CO:COz also improves, from almost 1:1 to 4:1.

100.0
80.0
60.0
40.0
20.0

0.0
54% 60% 70% 80%

uCO mCO, mH,

Figure 6.8: Yield sensitivity analysis, showing the effect on product composition for

plasma-assisted RWGS reaction

The effect of the yield variation on the outcome of the other two cases is shown in
Table 6.6. For the plasma-assisted methanol synthesis process, a 20% yield

scenario is compared with the original 14% yield scenario. The overall CO:
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conversion is kept constant, and it is assumed that the yield improvement is solely
the result of enhanced selectivity towards methanol. It is directly reflected in the
product flow rate as it increases from 51.8 to 73.1 kg/h, and the CO flow rate
decreases from 103 to 83.6 kg/h. The improved selectivity towards methanol is
positively reflected in the hydrogen requirement of the process, from 366 to 299 kg
of Ha to produce a ton of methanol. The recycle of Hz is lower while COz is a bit higher
in the case of 20% yield scenario. The total energy requirement also went down from
434 to 422 GJ. The apparent effect for the CO2 methanation case is not very
prominent by varying the methane yield. As the original process was operating very
close to the stoichiometry of the reaction, owing to the high selectivity of the
methane, the effect on improvement with respect to methane productivity and
hydrogen uptake rate is minute. The major improvement is observed with the
recycle streams of the process. The desired recycle rate of hydrogen declined by 58%

of the original value, while for CO: it declined by 33% of the original value.

Table 6.6: £ffect of yield variation on methanol synthesis and methanation process

Methanol Methane Unit
14% Y 20% Y 55%Y 65% Y
Product flow rate 51.8 731 85.0 86.0 kg/h
Recycled Ha 50.2 47.9 14.8 6.3 kg/h
Recycled CO2 2614 264.1 179.7 118.8 kg/h
By-product (CO) 103.0 83.6 4.6 4.2 kg/h
Total energy 146 146 GJ/t of
434.0 422.0
product

H § X

ydr.ogen 366.0 299.0 43.2 43.6 t/t of
requirement product
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6.3.3 Economic Evaluation

The distribution of various factors amongst CAPEX and OPEX is illustrated in Figure
6.9,6.10,6.11and 6.12 for plasma-assisted RWGS process, plasma-assisted methanol
synthesis process and plasma-assisted CO2 methanation process, respectively. In
the case of the plasma-assisted RWGS process, the share of purchased cost
equipment dominates the overall capital cost with 47%. Out of the total purchased
cost equipment, the contribution of the cost of the plasma reactor system (€ 0.52M)
dominates the cost of the other purchased equipment. The share of the raw
materials purchase cost is 44%, while electricity required for plasma reaction
contributes to 26% of the entire OPEX. The total CAPEX and OPEX values are
estimated to be € 1.IM and € 0.6M, respectively. The CAPEX value translates to € 2.4k
of capital investment per ton of CO produced. Similarly, the operating cost of 169
€/ton of CO is determined. The simplicity of the RWGS process saves costs on
expensive downstream process units, as the product syngas can be directly

implemented.

CAPEX

Electrical equipment and
1 0
materials m.€0.05 5% Buildings m.€0.02
o
Piping m.€0.05 5% 2%

Instrumentation and
control m.€0.03 3%

Working capital
0.17 15%
PCE 47%

Purchased equipment
installation m.€0.13
12%

Construction expenses .
m.€0.054% Other equipments
1.5%

Engineering and supervision ; 9
m.€0.04 3% Contingency m.€ 0.05 4%

(a)
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OPEX

General expenses
k€ 60.97 10%

Plant-overhead costs k€ 30.49

Rent k€ 3.89 1%

Local taxes k€ 9.73 1%
Laboratory charges k€ 4.08

Maintenance and repairs k€ 19.46 3%
Heating and cooling k€ 0.26 0%

materials k€
1.26 56%

Electricity
k€ 98.77
16%

Operating labor k€
40.80 7%

(b)
Figure 6.9: (a) CAPEX and (b) OPEX for the RWGS reaction (ideal energy case)

In the case of the plasma-assisted methanol synthesis from CO2, the purchased
cost equipment dictates the total CAPEX with a contribution of 46%, out of which
72% comes from the plasma reactor assembly cost. The total CAPEX estimated is €
1.61M, and capital investment per ton of methanol is € 3.4k. Owing to the fact that a
low-per-pass yield of methanol is given, recycling cost dominates the OPEX with a
share of 36% and a value of almost € 1.5M. The electricity required for plasma-
process has the second largest fraction of the OPEX (2%) accounting for € 0.91M. The
total operating cost is estimated to be about € 3.21M resulting in a production cost
of 911 €/t of methanol. The high operating cost via the plasma-assisted process
obtained resonates the findings in prior cost estimation studies of plasma-
assisted nitrogen fixation processes, where the operating cost for the conventional
route was found to be multiple times lesser [31]. The low selectivity towards
methanol causes two issues, low per pass yield, which requires a high rate of
recycling, and high by-products formation, which consumes expensive green

hydrogen. These issues are reflected in high OPEX. Here the ratio of CAPEX to OPEX
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is very low (0.5) which means that even a less investment plant requires excessive

operating cost, making it less attractive for investors.

CAPEX

Electrical equipment and Buildings m.€0.03
materials m.€0.08 5%

2%

Piping m.€0.08 5%

Instrumentation and
control m.€0.05 3%

Working capital
15%

PCE 46%

Plasmarea
33

Purchased equipment
installation m.€0.19
12%

Construction
expenses m.€0.07

4%
Enginé’ering and
supervision m.€0.06 Contingency m.€ 0.06
4% 4%

(a)

OPEX

Operation Labor k€ 123 3%
Catalyst k€ 61 1%

General expenses k€ 400 10%

550 13%
Plant-overhead costs
k€ 200 5%

Rent k€ 47 1%
Local taxes k€ 117 3%
Laboratory charges k€ 4 0% \

Maintenance and repairs

Heating and cooling k€ 0.26 l
0%

k€ 233 6%

Electricity k€ 911
22%

Raw materials k€

Recycling cost k€

(b)

Figure 6.10: (a) CAPEX and (b) OPEX, for the methanol synthesis (ideal energy case)
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In the cases of RWGS and methanation the energy considered for the expenditure
calculations is not very far from the ideal case energy. However, in the case of
methanol synthesis, the ideal case energy is a magnitude low. This will not forecast
a reasonable cost estimation. Hence it is important to consider the experimental
energy value of the cost analysis as well and then compare them both of them. In
the case of plasma-assisted methanol synthesis considering the experimental
energy consumption, purchased cost equipment contains a big share from the total
CAPEX with a contribution of 47%, out of which 97% comes from plasma reactor
assembly cost. The total CAPEX estimated is €11.7M, and capital investment per ton
of methanol is € 24k. Owing to the fact that low per pass yield of the methanol,
recycling cost dominates the OPEX with a share of 37% and a value of almost € 1.5M.
Electricity required for plasma-process has the second largest fraction of the OPEX
(23%) accounting for € 0.91M. The total operating cost is estimated to be about €
3.8M resulting in production cost of 1072 €/t of methanol. Comparing both cases of
methanol itis clear that the operating cost does not change by a huge margin, even

when the energy consumption considerations are a magnitude apart.
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OPEX

General expenses
040 M.E 10% Raw materials 0.55

Flant-overhead costs M.E 14%

0.20 M.€ 5%

Rent 0.05 M.€ 1%

Local taxes 0.12 M.€ 3%

Laboratory charges 4E-3 M.€
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Qperating labor 0.04
M€ 1%

(b)

Figure 6.11: (a) CAPEX and (b) OPEX, for the methanol synthesis (experimental case)

The economic assessment of the plasma-assisted CO2 methanation process
estimates the total capital expenditure as € 1.88M. The main contributor to this
CAPEX value is the plasma reactor system itself costing € 0.67M alone. The amount
of hydrogen required for the direct CO2 methanation is quite high, which reflects the
considerable share of raw material costs among the total OPEX (54%). Besides, the
electricity cost occupies 11% share of the whole OPEX which is determined to be €
2.29M. The estimated values of CAPEX and OPEX provides capital investment cost
and operating cost as € 4k and €649 per ton of methane, respectively. Again, in this
case, OPEX is much higher that CAPEX, which represents an investment to create

useful assets for the business.
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CAPEX
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Figure 6.12: (a) CAPEX and (b) OPEX, for the plasma-assisted CO> methanation. (/deal

energy case)
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The sensitivity analysis of the process simulations establishes that the
improvement of the energy consumption by the plasma reaction which reflects
heavily on the required amount of electricity. The experimentally obtained energy
consumption is compared with the ideal scenario energy consumption case for
each of these three cases. Here the plasma reactor costs, which contributes to the
CAPEX, and electricity expenditures, which contributes to the OPEX, are calculated.
The improved energy efficiency of the plasma process has an enormous impact on
the reduction of the CAPEX and OPEX directly. The fraction of amount saved on the
plasma reactor will reflect on overall CAPEX as it will reduce the purchase cost and
as the factorial approach is used in determining the CAPEX, the other elements of
the CAPEX will also reduce consequently. A 50% saving on the cost of the plasma
reactor will effectively save about 35-40% from the total CAPEX. For RWGS and
methanol synthesis cases, the share of plasma electricity cost on overall OPEX is
approximately 25%; hence a 50% saving on the plasma electricity cost will save
12.5% of the OPEX. However, in methanation case the share of electricity of plasma
process is only 11%; hence a 22 % savings in cost would result in merely 2-3% of total
OPEX. In case of methanol and methane formation, the contribution of the recycling
cost to the OPEX is quite significant. From sensitivity analysis with respect to
overall productyield, it is established that the improvement in per pass yield of the
product reduces the recycle rate (Table 6.6). Reduced recycle rate has two
significantimplications, firstis proportional cost-cutting in the OPEX. Furthermore,
second is more critical, as the rate of recycling reduces, the per pass material flow
alsoreduces, Since we assume a parallel flow numbering up of plasma reactors, the
reduced material flow will require fewer plasma reactor units. Savings on the

purchase price of the reactor units would consequently lower the overall CAPEX.
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6.4 Conclusions

A preliminary techno-economic assessment for three different plasma-assisted
CO2 hydrogenation processes described in this chapter provides primary
benchmarking of these plasma processes. The mass and energy flow data obtained
via Aspen simulations are used to estimate the cost of these plasma processes. The
basis of the process design is determined by the desired rate of CO2 treatment
obtained via a COz capture plant. The energy consumption for the plasma-assisted
RWGS, methanol synthesis and CO2. methanation, considering the experimental
data, is found to be 73, 434, and 146 GJ/t of the desired products respectively. To get
a perspective on these values, let’s consider methanol synthesis, where the
calculated energy consumption value is about 10 times more than that of a large-
scale commercial facility [33]. Hence an ex-ante cost evaluation is performed
considering ideal energy consumption by the plasma reactor. The economic
evaluation also provides the operating cost for the plasma-assisted RWGS,
methanol synthesis and CO2 methanation 169, 911, and 649 € per ton of the product.
These operating costs are monumental compared to current large scale industrial
production facilities. However, it is worth noting that the plasma-assisted CO:
hydrogenation processes are intended to represent the small-scale, decentralised
chemical industry. The small-scale, decentralised process allows the production of
desired chemicals to be possible near its intended application site, minimising the
handling, transport and storage costs. A case study shows that the conventional
methanol process in small scale in Nigeria would be profitable for local use of
methanol [34]. Likewise, case of the nitrogen-fixation via plasma process, it is
demonstrated that though the process is bit expensive, if implemented in a right
place, for example, away from the centralised industrial cluster (in Africa) [25], a
profitable business case could be built. It is essential to adopt an identical
approach in case of CO2 hydrogenation routes as well. Moreover, considering that
the environmental impact of plasma processes is much less than current
industrial processes, classifying them as green synthesis processes [35].

Considering the economic estimations, the direct CO2 methanation followed by
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RWGS process stand a reasonable chance for commercial exploitation for on-site

supply of syngas as a raw material.

The sensitivity analysis has identified the pathway to improving the overall cost of
the process via improving the energy efficiency of the plasma reaction. Thereby,
considering the best-case scenario of the energy consumption, approximately 35-
40% savings of CAPEX and 12-15% savings on OPEX could be achieved for RWGS and
methanol synthesis cases. Whereas in case of methanation, improved energy
efficiency only reflects significantly (~40%) in overall savings on the CAPEX.
Nonetheless, improved plasma energy efficiency has a minimal effect on the OPEX,
and hence it is important to achieve lower costs for procuring renewable hydrogen
to make this process more economical. This provides another angle to industrialise
the plasma processes, i.e,, production of cheaper plasma reactors and power
supply. Besides that, improved energy efficiency could be achieved via enhancing
the plasma reaction performance and also via different configuration and design
of a plasma reactor and its source. The reaction performance of a 2-dimensional
gliding arc reactor was considered in this study for techno-economic evaluation. In
the literature it is mentioned that using a 3-dimensional arc reactor would improve
the energy performance significantly than a 2-dimensional gliding arc reactor [36-
38]. Similarly, microwave plasma processes are reported to exhibit a high energy
efficiency which could bring down cost as mentioned above [39-41]. The role of
consumed electricity is enormous on the overall cost of the plasma processes.
Hence it has been recognized that the type of electricity source, location of the plant
installation will have a significant impact on operating cost as the price of
electricity depends on these parameters. Since, the COz hydrogenation using green
hydrogen involves two high electricity consuming operations, viz. water electrolysis
and plasma reaction smart operating process should be implemented based on the
surge in the electricity prices. For instance, consideration of the fluctuations in
electricity prices, which are lower during nights and weekends for operating
procedure of the plant. To decrease the cost of products the energy-intensive

processes can operate at reduced capacity during those periods of higher
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electricity prices and at full capacity during lower electricity prices. The outcome of
the sensitivity analysis also suggests that the capital expenditure could be
minimized given the improvement in per-pass yield of the product. Nevertheless,
plasma processes manifest few advantages over conventional production
facilities, in terms of mild operation conditions, a green environmental profile and
suitability for decentralized production. By virtue of identifying the economic and
sustainability targets and windows of opportunity, the theoretical potential of the

technology could be transferred to the chemical industry.
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Chapter 7

Abstract

The Overview of the results, for plasma-assisted COz hydrogenation, presented in
this thesis is illustrated as follow with a graphical abstract.

S =100%
Gl Idmf arc Without catalyst:
reactor 4.8 mol/
kWh
0.37 mol
co, Smax = 98.5% /
i kWh
Hydrogenation
with plasma
Without catalyst
Dielectric Barrier Smax = 97%
Discharge reactor —No heat removal T> 100°C: Classic DBD With catalys
DBD
(PED) 2.4 mol/
kwh
Removal of excess heat
T =room temperature
— 479
Water Smax = 47%
- Methanol &
electrode With catalyst Formaldehvde
DBD 0.15 mol/ v
kwh

Without catalyst

0.02 mol/
=21%
Smax = 21% kWh

Methanol &
Formalde hyde
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The hydrogenation of CO2 at atmospheric pressure is an intriguing research topic
as it offers various routes to obtain several key industrially relevant chemicals. On
the same subject line, the three routes for CO2 hydrogenation to desired products
via a plasma discharge were studied. The present thesis explores different plasma
reactor and reactor configurations along with the application of catalysts, in order
to steer the selectivity towards the desired product. The product channels identified
and explored within the scope of this thesis are syngas, methanol/formaldehyde
and methane. A techno-economic evaluation of these three CO2 hydrogenation
plasma processes was also carried out to analyse the status quo of these processes

from being industrialised.
7.1 Conclusions

Being a thermodynamically stable molecule, CO> does not readily react with
hydrogen at atmospheric pressure and low temperatures. Investigation of CO:
hydrogenation at atmospheric pressure plasma was performed to realise that the
multiple reaction pathways to different valuable products can be undergone,
depending on the type of plasma reactor, process parameters and a catalyst. The

main conclusions from the study are compiled below.
7..1 Reverse Water-Gas Shift Reaction (RWGS)

The RWGS reaction was performed via a dielectric barrier discharge (DBD) reactor
and a gliding arc reactor to produce CO, which is free of oxygen and hence can be

directly implemented in further chemical synthesis.
DBD reactor for RWGS

CO:z splitting is widely explored pathway by plasma processes to form CO molecules.
However, the co-existence of 02 makes it challenging to implement it directly in
further relevant chemical processes. Hence the RWGS reaction was studied in a DBD
reactor, which provides an opportunity to use the CO plasma exhaust gas streams
of this study as feed to industrial processes, which use syngas for chemical

synthesis. The introduction of Hz into CO2 feed stream showed a significant effect
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on the COz conversion as it forms the stable water molecules, which suppresses the
backward reactions from intermediate species and facilitates the forward RWGS
reaction. Several process parameters were studied such as feed gas ratio, residence
time, discharge gap, and operating frequency, to optimise the reaction
performance. A higher fraction of Hz in the feed gas and higher residence time
showed the higher CO2 conversions. Reducing discharge gasp and operating
frequency saw lower CO2 conversion but better energy consumption. Further, the
application of burst mode demonstrated the increase in energy efficiency. A
maximum COz conversion of 50% was achieved, and the maximum selectivity
obtained was 98%, with 2% of methane as a by-product. It was established that 337
mmol/kwWh was the optimum value of energy required for CO molecule formation in

this study.

e Higher content of Hz in feed gas mixture gives improved COz conversion
e Lowering operating frequency results in improved energy efficiency
e Highest conversion obtained: 50% with 94% CO selectivity.

e Burst mode: best selectivity 98.7%, best energy consumption 337 mmol/kWh

Gliding arc reactor for RWGS

The reverse water-gas shift reaction was also performed using an alternate current
sinusoidal gliding arc plasma reactor at ambient conditions, which saw 100% CO
selectivity and significantly improved energy efficiency. The maximum conversion
of COz2 was established as 54% when operating at 3:1 ratio of Hz2 to CO2, whereas the
best energy efficiency value obtained was 4459 mmol/kWh when operating at 1:1
ratio. Plasma parameters calculated using optical emission spectroscopy (OES) are
used to interpret the reaction mechanism of the RWGS in a gliding arc reactor. The
electron density calculated using Ha emission was in the range of 10" cm™ and the
rotational temperature calculated using OH (A-X) band was 3250 K, which
represents a typical gliding arc discharge. From OES of the gliding arc discharge,

the diminished chemiluminescence signifying CO oxidation to CO2 was observed as
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compared to DBD discharge for the same reaction, which explains the high energy

efficiency of gliding arc plasmas.

e The selectivity of CO is 100%

e At 3:1ratio of Hz to CO2, highest conversion obtained: 54%

e At 1:1ratio of Hz to COz, highest energy efficiency: 4.46 mol/kwh
e OES results: ne ~ 10 cm3, Tror is 3250 K

7.1.2 Direct CO> Methanation in DBD Plasma Reactor

The effects of different support materials and Rh/y-Al20s catalyst in plasma
discharge using a DBD reactor were investigated. The plasma discharge packed
with support materials showed improved CO2 conversion compared to an empty
reactor with plasma discharge, but no significant effect on CHa4 selectivity and high
selectivity towards CO were observed. These selectivities were completely inverted
by the implementation of Rh/y-Al20s catalyst in the plasma discharge with 97% and
2%. By implementation of burst mode, it can be inferred that COz conversion
decreases and CHa selectivity increases by a small margin. However, a humungous
improvement in the energy efficiency was obtained, 2.1 mol/kWh of CH4 being
produced. The results of Rh/y-Al203 catalyst plasma reaction were used to predict a
reaction mechanism for plasma-catalytic direct CO2 methanation, considering
characteristic CO and Hz adsorption on Rh surface. It was demonstrated that by
using the plasma in conjunction with a catalyst allows the CO2 to get activated and
additionally accelerates the overall reaction to occur at the atmospheric pressure

and lower temperatures.

e Blank reactor and only support material with plasma: Sco >92%, Scha <7%
e Rh/y-Al203 with plasma: Sco <4%, Scha >95%
e Highest CHayield obtained (Rh/y-Al203 with plasma): 65% (Scha = 96%)

e Lowering residence time improved selectivity and energy efficiency
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e Burst mode (Rh/y-Al203 with plasma): highest energy efficiency obtained 2.1
mol/kWh, highest Scns 97.3%

7.1.3 Water-Electrode DBD for Methanol/ Formaldehyde
Synthesis

Reactor design and configuration are fundamental parameters to the DBD reactor.
With the traditional DBD configuration, it is challenging to produce methanol at
ambient conditions; however using a new design of water-electrode DBD, methanol
synthesis was achieved at ambient conditions. This is evident by the 21% selectivity
towards liquid products when the reaction was carried out without any catalyst
using a burst mode plasma. When the plasma discharge was packed with Pd-Au/y-
Al203 catalyst, methanol along with the formaldehyde showed a maximum total
selectivity of 47%. It shows that the use of water-electrode reactor can be used to
direct the selectivity towards desired methanol and formaldehyde. The energy
consumption of the reaction was found to be 147 mol/kWh of liquid products. This
value is less than a value reported in the literature; however simultaneous
synthesis of formaldehyde makes this methanol synthesis process an attractive

route to explore further.

e Methanol and formaldehyde identified in the liquid product

e Blank reactor with plasma: 9% liquid product selectivity

e Blank reactor with plasma (burst mode): 21% liquid product selectivity

e Highest COz conversion by Pd-Au/y-Al203 with plasma: 49% (S. = 29%)

e Highest liquid product selectivity by Pd-Au/y-Al203 with plasma: 47% (Xcoz =
24%)
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7.1.4 Techno-Economic Evaluation

The techno-economic evaluation was performed to realise the aforementioned
plasma-assisted COz hydrogenation processes for a small-scale plant operating to
treat 2kt of captured COz annually. A model is made using Aspen Plus for process
design of the plasma-assisted COz hydrogenation. This model considers H:
production from water electrolysis and COz production from capturing. The capacity
of the process is defined through the CO2 capture capacity data from chemical
industries. Use of parallel reactor array of plasma reactor is assumed instead of
scaling it up. The mass and energy analysis based on the process simulations has
revealed the plasma energy consumption considering experimental data is 49 GJ/t
of CO for the RWGS process, 367 GJ/t for the methanol synthesis process and 55
GJ/t for CO2 methanation process. Moreover, the plasma energy consumption
considering best case scenario (ideal plasma energy efficiency) is 22.5 GJ/t of CO
for the RWGS process, 37.5 GJ/t for the methanol synthesis process and 28 GJ/t for
COz2 methanation process. It was found that the main costs of synthesis, in all cases,
are hydrogen production and applied plasma power. Cost-analysis was performed
using an ex-ante approach where ideal plasma energy efficiency was considered.
The operating costs for the plasma-assisted RWGS, methanol synthesis and CO:
methanation are 169, 911 and 649 € per ton of the product respectively, whereas the

capital investments are 2.4, 4 and 3.4 k€ per ton of the product, respectively.

e Plasma energy consumption (experimental): 49 GJ/tCO, 367 GJ/tCH30H, 55
GJ/tCHa4

e Plasma energy consumption (ideal): 22.5 GJ/tCO, 37.5 GJ/tCH30H, 28 GJ/tCH4

e Operating cost: 169 €/tCO, 911 €/tCH30H, and 649 €/CHa

e Capital investment: 2.4 k€/tCO, 4 k€/tCH30H, and 3.4 k€/CH4
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7.2 Outlook

In the light of the present results, it seems that the hydrogenation of CO2 at low
temperature could be a realistic solution for the control of increasing emissions of
CO2, in spite of the fact that more research should be carried out in order to reach
the optimal reaction conditions to improve the catalytic performances It was
demonstrated that a steady RWGS reaction could be performed using a GA reactor.
As it is mentioned in the literature that using a 3-D geometry for the arc discharge
improves energy efficiency [1,2]. Therefore, a six electrode gliding arc reactor was
designed and fabricated based on a 3-phase 6-electrode design [3]. Preliminary
tests with Ar confirm the randomness of arc formations. A simple electrical circuit
operated with AC sinusoidal power supply, which is already being used

commercially for plasma treatments, can make its implementation easy.

Figure 7.1: Geometry of a six electrode gliding arc plasma reactor

In this thesis, utilisation possibilities for the carbon dioxide-to syngas, methanol
and methane processes were outlined, following traditional channels and new
windows of opportunity [4,5]. This is now somewhat refined with the aid results and
has led to point 2. Yet, we found that we can make a number of products with our
approach and not only methanol. Most promising seems to be the pure CO

manufacture through the RWGS reaction. This has led to the statement of point 3.
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2)

3)

Conclusions and outlook

Market potential

A literature check has been performed to get the net potential for CO:
emissions reduction. It is reported that the anthropogenic CO: release

amounts to 36 Gt of CO2in 2016 [6]

Niche / future markets

We identified the RWGS reaction to pure CO as a promising route and are
optimistic to improve the present performance (54% yield). Therefore, we like
to check if this opens a market perspective. An ex-ante cost analysis
performed gives an insight. By coupling it to the catalysed hydrogenation of
CO to methanol (without plasma) there is a chance to achieve the goal of
methanol formation via CAMERE process. As we have already a process
simulation on the fully plasma-based methanol synthesis, a refined techno-
economic evaluation by a combined plasma and non-plasma two-step

process will help to realise the status quo.

Proposal for new Windows of Opportunity: suited (niche) business cases

Apart from using the CO gained by the RWGS reaction for methanol as given
in 2, there might be another process channel to be connected to. Gas
fermentation has been identified as a suitable method to process RWGS

products, i.e. a mixture of CO2-CO-Hz gas [7,8].

The syngas fermentation process has advantages over a chemical process
since it takes places at lower temperature and pressure, has higher reaction
specificity, tolerates higher amounts of sulphur compounds, and does not

require a specific ratio of CO to H..

A disadvantage of gas fermentation is the slow speed of reaction. Yet, this
can be changed by combination with established chemical processes.
Besides, this helps to diversify the product spectra and value, as, eg.
renewable aviation fuels and synthetic rubber are reported as possible

products.
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Appendices

Appendix Al

1. Selection of dielectric barrier thickness.
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a) Old reactor: applied voltage: 15kVy-p, frequency: 50kHz, barrier thickness:

2mm, discharge gap: 1.4 mm, power 105 * 5W

b) New reactor: applied voltage: 15kV,-p, frequency: 30kHz, barrier thickness:

1.5mm, discharge gap: 1 mm, power 105 + 5W

2. Selection of ground electrode for DBD reactor.

Type Conversion % Energy efficiency
%

Mesh 77 9.0

Al foil 77 9.0

Ag paint 9.2 nz

*corona outside the reactor is eliminated by Ag paint as the ground electrode
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3.CO: Splitting
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Appendix A2

PnID: experimental setup:
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Appendix A3

Thermal image DBD
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Appendix A4
OES-DBD
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—— 25 ml/min
—— 40 ml/min
4000 - 50 mumin
— 100 ml/min
E 150 mi/min
£ 3000+ [—— 200 mU/min|
Z
8
E 2000
1000 -
04
200 400 800 1000
Wavelength (nm)

Effect of flow rate, Voltage: 15kV,-p, frequency: 30kHz, CO2 only
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Effect of Hz addition and burst mode, Total Flow: 40 ml/min, Voltage: 15kVp-p,
frequency: 30kHz
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Appendix A5
OES calibration

Iplasma (A) : actual experimental measurements with OES

Calibration curve (A) (data from the lamp)
feal (O :
Imeas,cal—ldark (from measurement of lamp)

Ipisamascal = Iptasma (A). feal (A)

Absolute Y-Axis:

Cal curve (A) is in (MJ/cm?2/nm)

Imeascal (A) is in [counts] (more accurate > [count/pixel])

feal (1) should be in MJ/(counts/pixel) ... (A certain number of counts on a pixel
corresponds to a certain number of photons)
cal curve (A) nm

X(=—) ... Afiber (UM?3), tinteraction (S)
(Imeas,cal_Idark)/(Afiber-tintegration) pLxel)

fcal (7\) =

168



Appendices

Appendix A6

Te determinations

Eion

KT,
In this equation only Eion is significant affected by the gas composition,
hence roughly it can be stated as Ejon X Te

= In(kongTioss)
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Appendix B
Appendix B1

kv:20.0 Tilt:0.0 Take-off:44.2 Det: SUTW Sapphire

ounts
Al

2. [

Res:128 Amp.T:102.40 FS:4017 Lsec:100 19-8ep-2019 10:19%:12

EDAX ZAF Quantification (Standardless)
Element Nermalized
SEC Table : Default

Element W & At 3 K-Raztio 4

A F

oK 47.52 62.03 0.1892 1.0425 0.3818 1.0007
47

RIK .85 0.3529 0.9727 0.759%4 1.06005
RhL 4.64 0.0D245 0.7544 0.%378 1.0000
Total 100.00
Elemenl Nel Inle. Bkgd Inle. Inle. Error P/B
QK 97.65 1.50 1.03 ©5.10
AlK 245.08 2.96 0.€5 82.80
RhL 7.56 3.24 4.96 2.33

SEM -EDX for 5% Rh/yAl203
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Support Support size Pressure Conversion
fraction [pum] drop [mbar] | [% CO2l

Al203 500-630 73 12.8
630-850 84 13.1

TiO2 500-630 56 2.70
630-850 28 3.18

Appendix B3
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Gas chromatograph shows 20+ products on FiD detector, Rh-Ag/y-Al203;
200ml/min; 30kHz, 15kV
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OES spectra: water electrode DBD, COz hydrogenation, 15kVp-p, 30 kHz, 40 ml/min,
3:1 ration of H2 and CO2
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