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Abstract I

Abstract

Mitigating climate change necessitates the development of new production pathways for
value-added chemicals. Carbon monoxide (CO) is a crucial feedstock for this purpose.
One promising technology for the production of CO is the conversion of carbon dioxide
(CO») by plasma-assisted processes that are powered with renewable energies. Due to
their high potential for flexible operation and high theoretical efficiencies, plasma pro-
cesses can exceed the limitations of traditional thermal conversion approaches. This
work focusses on the process design and modelling of an industrial CO. conversion pro-
cess based on microwave plasma reactor using Aspen Plus V12. The simulation data are
analyzed to evaluate the techno-economic key performance indicators of the process.
The results indicate that CO can be produced with an overall efficiency of approximately
17% for the present reactor design. Notably, the microwave plasma reactor accounts for
at least 85% of the total energy demand at the investigated operating points. The lev-
elized cost of CO production (LCOP) stands at 4.44 €/kgco at the base case (0.20 €/kWh),
but it can decrease to as low as 0.93 €/kgco in the proposed ideal scenario. This cost is
heavily depended on electricity prices and annual operating hours. To enhance the eco-
nomic competitiveness of microwave plasma-based CO. conversion, achieving higher
plasma efficiencies and addressing waste heat utilization are crucial. Additionally, the
development of larger reactor concepts can lead to economies of scale and reduced
investment costs.

Key Words: techno-economic evaluation, CO. conversion, microwave plasma, pro-
cess simulation
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1 Introduction 1

1 Introduction

1.1 Motivation

The anthropogenic global warming — mainly caused by the emission of greenhouse
gases (GHG) such as CO. — provokes various ecological, social, and economic issues. To
overcome this problem the concentration of CO; in the atmosphere must be limited or
even reduced urgently, since there is a rapidly closing window of opportunity to achieve
the required net zero GHG emissions. Therefore, the demand for decarbonization is pre-
sent in all industrial sectors which contribute a major part of the anthropogenic GHG
emissions. [1]

As the chemical and in particular the petrochemical sector are one of the biggest
emitters of CO, [2], there is a high potential for new technologies and production routes
aiming to mitigate these emissions. Power-to-X (P2X) processes are one of those new
production routes. Driven by renewable energies it is not only possible to produce value-
added chemicals and fuels with net-zero emissions but also enable the coupling of the
electricity sector, the mobility sector and chemical industry. One feedstock which is of
major interest for the chemical industry is so-called syngas, a mixture of H, and CO.
While green hydrogen can be produced, for example, via water electrolysis, the sustaina-
ble provision of CO is challenging. An environmentally attractive CO source is atmos-
pheric CO,. Captured directly from the air, it can be converted into CO and O,. Conven-
tional thermo-catalytic processes, however, have to deal with several issues regarding
energy efficiency, heat integration and operation dynamics of the CO, conversion. In con-
trast to that, plasma-based processes show a high potential for an energy-efficient and
dynamic conversion pathway based on renewable electricity. [3] Among other methods,
specifically microwave (MW) plasmas have shown in experiments that efficient conver-
sion of CO; is achievable in a small-scale reactor. [4] Nevertheless, there are currently no
large-scale process plants in existence that integrate the plasma reactor into a compre-
hensive system that enables industrial utilization of the produced CO. Therefore, the po-
tential of industrial application is being evaluated in the scope of this work.

1.2 Task

The working group Plasmas for Gas Conversion of the Max Planck Institute for Plasma
Physics is currently working on a CO, conversion reactor based on a MW plasma. This
reactor, a so-called plasma torch, has been investigated in an experimental setup on a
laboratory scale. [5-7]

The aim of this term paper is the integration of this type of plasma reactor into a com-
plete system and the process design for an industrial application. In order to achieve this,
the following tasks are obtained:
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1. Process design

a. Identification of required unit operations for an industrial large-scale
plant including the evaluation of up- and downstream processes.

b. Investigation of potential technologies which could be applied in unit
operations including a state-of-the-art review.

2. Process simulation

a. Implementation of the developed process in the simulation software
Aspen Plus V12 and execution of steady-state simulations.

b. Modelling of the MW plasma reactor on basis of the experimental data
provided by the working group of the Max Planck Institute for Plasma
Physics.

3. Techno-economic analysis

a. Evaluation of the simulation results by means of technological and eco-
nomic key performance indicators (KPI).

b. Investigation of optimization potential and analysis of sensitivities.

1.3 Outline

Following the introduction, in chapter 2 the fundamentals for the plasma-based CO:
conversion process are briefly explained and the state of the art of relevant technologies
is presented. A general introduction to plasma properties and classifications is provided
and relevant plasma-based technologies are explained. Moreover, different gas separa-
tion technologies that could potentially be applied in a plasma-based conversion process
are described. In chapter 3, the fundamentals and the methodology for the design and
simulation of the plasma-based CO. conversion process as well as the techno-economic
evaluation are explained. Moreover, the data basis, boundary conditions, simplifications
as well as made assumptions are illustrated. Subsequently, in chapter 4 the results of the
techno-economic evaluation are presented, and sensitivity analyses are conducted to
demonstrate the potential for cost reduction. Finally, chapter 5 summarizes the methods
applied and the key findings of this thesis. Additionally, an outlook to possible future re-
search is provided.
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2 Fundamentals and State of the Art

In this chapter the required fundamentals for the plasma-based CO. conversion pro-
cess are briefly explained and the state of the art of relevant technologies is presented.
First, an introduction to plasmas and plasma-based technologies is given in chapters 2.1
and 2.2. Second, different gas separation technologies which potentially be applied in a
plasma-based conversion process are described in chapter 2.3.

2.1 Plasma Fundamentals

Plasma which is often referred to as fourth state of matter is ionized gas. In ionized
gases at least some electrons are not further bound to atoms or molecules due to their
high energy. Plasmas are particularly attractive for conversion processes due to their
possibility to achieve higher energy densities compared to traditional processes and their
high concentration of reactive species such as electrons, ions, radicals, and excited spe-
cies. Additionally, these reactive species can be already provided at low bulk tempera-
tures since plasmas can be operated far from thermodynamic equilibrium. [8]

When regarding artificial plasmas, which are the ones relevant for technical applica-
tions, two types can be distinguished. On the one hand, there are the high-temperature
plasmas, which are in general fully ionized plasmas and, for instance, used in nuclear
fusion processes. On the other hand, there are low-temperature plasmas (also known as
gas discharges) which are usually characterized by a low degree of ionization. The latter,
low-temperature plasmas, can be further subdivided whether they are in a (local) thermo-
dynamic equilibrium (LTE) or not. Since there a various different species present in a
plasma their energy distribution (or temperature) may differ from each other. If this is the
case, the plasma is far from LTE and usually called non-LTE or non-thermal plasma.
However, if LTE exist the plasma is classified as LTE plasma or thermal plasma. At times,
the transitional section between non-thermal and thermal plasmas is categorized as a
distinct plasma type, so-called warm plasma. This type of plasma shares the properties
of both the above, a high level of non-equilibrium and a relatively high energy density
resulting in beneficial conditions for gas conversion processes. [4]

In general plasmas can be generated when enough energy is supplied to a neutral
gas. This can be achieved, for example, by thermal energy from exothermic reactions or
through adiabatic compression. For technical application the generation and sustainment
of low-temperature plasmas is mostly done by means of an electric field. The electric
field accelerates the free charge carriers and causes collisions with other particles lead-
ing either to the creation of new charged particles or the loss of existing charge carriers.
In this way, under certain operating conditions, it is possible to establishment of a stable,
steady-state plasma. [9]
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2.2 Technologies for Plasma-assisted CO. Conversion

The field of CO. conversion is currently very dynamic due to the urgency of maintain-
ing or even decreasing the CO, concentration in the atmosphere to mitigate global warm-
ing. A lot of effort is put into the research of CO, conversion technologies such as elec-
trochemical [10], thermochemical [11, 12], photochemical [13] or biochemical conversion
processes [14]. Yet, none of the technologies in development seems to be clearly superi-
or. However, the utilization of plasma reactors is promising due to the advantageous
conditions described earlier. Theoretically, there is no need to heat the CO, to extremely
high temperatures since the gas is made reactive by the high energetic electrons. Addi-
tionally, because plasma reactors are electrically powered they can be easily switched on
and of allowing a very flexible operation mode making them also suitable for peak shav-
ing and grid stabilization applications. [4]

When splitting pure CO., besides the oxygen (O.), only two possible carbon-
containing products are formed: Carbon monoxide (CO) or solid carbon. In typical plas-
ma reactors, there is no carbon deposition, meaning that the selectivity towards CO is
100%. The resulting reaction is given in equation (2-1). A minimum energy of 2.93 eV per
molecule is required’ [5] as shown in equation (2-1). This equals approximately 283
kd/mol. The complex reaction mechanisms and the various side reactions are not dis-
cussed in this thesis. Further information can be found in the work of Bogaerts et al. [15].

By means of the heat of the reaction AHg, the energy efficiency of the plasma npjasmas
can be calculated as follows. [5]

AHp
NPlasma = Xco, * SEI (2-2)

Where SEI represents the specific energy input to the plasma, expressed in power per
flow, and y.q, stands for the conversion rate of CO.. For the calculation of the SEI, the
total flow of CO, through the reactor is used and not only the gas flow which effectively
interacts with the plasma. The conversion rate y.o, can be determined using equation
(2-3), which depends on the molar flow of COz, 1¢p; 04, and the total molar flow of the
effluent, nrotar oue- FuUrther details can be found in [5].

_ Ncoy0ut
nCOZ,Out _ nTotal,out

Xco, =1—= ;
Nco,,in 14 Nco,,out
2

nTotal,Out

To provide the energy for creating plasma and initiating the conversion reaction, sev-
eral promising technologies have been identified for their energy efficiency and CO, con-
version proficiency. Presently, the three main technologies under extensive research are

1 The value of 2,93 eV per molecule refers to the overall required energy as a result of the combi-
nation of different reactions taking place. More details can be found in [5].
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microwave discharges (MW), dielectric barrier discharges (DBD) and gliding arc dis-
charges (GA) [16]. An overview of the performance of these plasma types is provided in
Figure 2-1. Additionally, the efficiency target and the thermal equilibrium limit are indicat-
ed. It is debated that a minimum efficiency of 60% is required for plasma-based conver-
sion technologies to be considered competitive in producing the CO component of syn-
gas. [4]

¥ MW & RF
100 ~ « GA
x  DBD
*  Other
------ Thermal

Energy efficiency (%)

Conversion (%)

Figure 2-1: Comparison of literature data for CO: splitting in the different plasma types, showing
the plasma energy efficiency as a function of the conversion. MW & RF: Microwave and radiofre-
quency, GA: Gliding arc, DBD: Dielectric barrier discharge. [4]

2.2.1 Microwave Discharge Reactors

MW plasma reactors are operated without electrodes since the energy is provided by
electromagnetic radiation with frequencies between 300 MHz and 10 GHz. [17] A sche-
matic reactor assembly is given in Figure 2-2. The main component is the power supply
and the MW head, which together form the MW source (1). The maximum output power
of commercially available systems operating at 915 MHz is 100 kW. Higher frequency
MW sources can only achieve lower power outputs, for example, 15 kW at 2,45 GHz. The
isolator (2) is required to protect the magnetron form the reflected MW field. The imped-
ance tuner (3) allows to minimize the reflected MW power and enables an efficient energy
transfer to the plasma. Number (4) shows the general reactor assembly. Gas is directed
through a microwave-transparent quartz tube that allows microwave (MW) radiation to
pass through. The gas discharge is initiated at the intersection with a rectangular wave-
guide, where the MW energy is absorbed by the plasma. In some reactors a moveable
plunger (5) is installed to position the electromagnetic wave such that a local electric field
maximum is located at the center of the plasma zone. [3]
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Figure 2-2: Schematic reactor assembly of a microwave plasma reactor including the main

components [3]

This basic reactor assembly has been further developed in order to improve the per-
formance. For instance, it was shown that fast cooling or quenching of the reaction gas
with high temperature gradients (> 107 K/s) at the outlet inhibits CO. recombination reac-
tions. This leads to higher conversion rates at the same specific energy input. Several
methods such as forced mixing of hot gas from the plasma with the surrounding colder
gas by means of a nozzle at the reactor outlet and water-cooled channels have been
successfully tested. In addition, special flow configurations that increase the turbulence
in the reactor and lead to better gas mixing and cooling may be capable of further in-
crease the conversion and energy efficiency of MW plasma reactors. [6, 7] Advanced
designs of current research are shown in Figure 2-3.

a)

-
TR

Tangential
gas inlet

Water cooling

Tangential \, o7

gas inlet H

il rpbi
Cylindrical
resonator

L[

Coaxial
resonator

B

Figure 2-3: Schematic microwave plasma reactor in a) standard configuration, b) reverse vor-
tex with a single gas channel in the effluent c) reverse vortex with 4 gas channels in the effluent

[7]
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As depicted in Figure 2-1, MW-based CO. dissociation can achieve relatively high en-
ergy efficiencies and conversion rates. Even though the both cannot be achieved simul-
taneously yet, MW discharges seems one of the most promising plasma technologies for
CO:; conversion [5]. However, when it comes to the scale-up of MW plasma reactor for
large-scale applications other types of plasma reactor may be advantageous for now
since the maximum power output of available MW sources is relatively low as described
earlier.

2.2.2 Dielectric Barrier Discharge Reactors

DBD are known for over 150 years now and are already applied in large-scale indus-
trial applications today such as ozone generation. DBD reactors can be easily scaled-up
up to megawatts of power input and are mostly operated at frequencies in the range of
kHz to MHz. [18] The basic configuration of a DBD reactor consists of two electrodes
(planar or cylindrical) as shown in Figure 2-4. At least one of the electrodes is covered by
a dielectric barrier, for example, quartz. The barrier reduces the transport of charge carri-
ers and thus prevents the formation of arcs. The reactor is usually operated at reduced or
atmospheric pressure. The efficiency of DBD reactors for CO, conversion is relatively low
when compared to other technologies (refer to Figure 2-1). The performance might be
improved by applying packing materials in the gap between the electrodes. With the
so-called packed bed DBD reactors, it is possible to create an enhanced electric field at
the same power input. Nevertheless, their energy efficiency is still not very high which
makes it unlikely that DBD is the superior technology compared to MW or GA discharg-
es. [4,17]

m s Discharge Gap

Ground Dielectric High Voltage
Electrode  Barrier Electrode

® © &

Discharge Gap

Figure 2-4: Basic planar (top) and cylindrical (bottom) dielectric barrier discharge configura-
tions [4]
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2.2.3 Gliding Arc Discharge Reactors

GA discharge reactors consist of two flat, diverging electrodes. Due to the potential
between the electrodes an arc is initiated at the narrowest gap creating a plasma. The
gas which is flowing through the gap is causing the arc to be pushed towards a larger
interelectrode gap until the distance between the electrodes reaches a critical length and
the arc extinguishes. This process is repeated continuously, starting again with the crea-
tion of an arc at the narrowest gap. Since a large fraction of the process gas does not
pass through the arc because of the unfavorable two-dimensional design, the conversion
rate is relatively low. Therefore, advanced three-dimensional designs have been devel-
oped known as plasmatron or rotating GA. This design allows a longer residence time by
introducing the gas at a tangential inlet creating a (reverse) vortex around the electrodes.
[17] A schematic design of both the original and the plasmatron GA is shown in Figure
2-5.

Gas outlet

ttit

- B |,

: . Tangential
- - 9 —  Gasinlet
” Gas outlet

Gas inlet

Figure 2-5: Schematic design of the original GA (left) and the plasmatron GA (right)
configuration [4]

2.3 Gas Separation Processes

To attain the desired gas specification and purity, separation processes are a funda-
mental part of chemical plants. In the process of plasma-based CO, conversion, gas
separation is indispensable to facilitate CO utilization in subsequent processes. As out-
lined in chapter 2.2, as the gas exits the reactor, it is composed of three elements: CO,
(which was not dissociated), CO, and O.. The challenge of separating three gases is spe-
cific to plasma-based conversion technologies. By comparison, in solid-oxide electrolysis
cells, only two gases (CO, CO,) need to be separated [19], which is much less challeng-
ing. This makes separation of three gases a major disadvantage of plasma conversion
technologies. In the following sections, a variety of separation technologies is presented.
Nonetheless, the review solely encompasses potential options that have been discussed
in the literature as suitable.

First, there are gas separation technologies based on adsorption. Adsorption is de-
fined as the process by which atoms or molecules from a fluid phase adhere to the sur-
face of a solid phase. The material on which the particles are binding at is also known as
adsorbent and is usually a porous medium with a large surface area such as zeolites. The
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reciprocal process of adsorption is known as desorption. Gas mixture separation benefits
from adsorption due to the varying affinities of gases for a solid adsorbent. This property
allows for the selective separation of gas components. The principles of adsorption have
been established for over a century, and today the process technology has advanced
significantly. This has led to a wide range of applications, including, for example, water
treatment, drying, and hydrogen purification. Adsorption is particularly effective at high
pressures and low temperatures, which makes it possible to regenerate the adsorbent by
reversing these conditions. As a result, pressure swing adsorption (PSA) and temperature
swing adsorption (TSA) processes have been developed and widely utilized. When com-
bining multiple adsorber vessels, conducting the different ad- and desorption steps sim-
ultaneously, it is possible to continuously separate components of large gas flows in in-
dustrial process plants. [20] Thus, a precise step sequence needs to be followed be fol-
lowed. An exemplary sequence for a four-bed PSA is presented in Figure 2-6. In this par-
ticular instance, Bed A is utilized for adsorbing the desired species, yielding high-
pressure (HP) product with the desired composition. Simultaneously, Bed B is purged at
a low pressure to promote the desorption process and regenerate the adsorbent. The LP
product now contains the previously adsorbed species. Bed C and Bed D are in interme-
diate stages. As the beds have differing pressures during this sequence, using intelligent
pressure equalization between them can help to lower the power demand of the com-
pressors. For example, the elevated pressure from Bed C can be used to partially repres-
surize Bed D and purge Bed B. Once Bed A is unable to adsorb more impurities, the
subsequent step in the sequence is initiated and the beds assume different roles accord-

ingly. [21]

HP product
) Repressure
Depressure-repressure
Depressure-purge
! I
l}A c 8 D
|
: i
Purge-effluent

Feed __Dump P

product

Figure 2-6: Exemplary cycles of a four-bed pressure swing adsorption unit [21]

When it comes to the specific application of separating CO,, CO and O, which are
typically the components of the product gas of a CO. conversion reactor, zeolites appear
to be very promising as absorbents. Perez-Carbajo et al. [22] screened various zeolite
materials on basis of molecular simulations in combination with ideal adsorption theory.
Their study proposes the use of two zeolites in a combination of two PSA units. In the
first PSA, CO; is separated by means of a FAU zeolite. In the second PSA, it is suggested
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to use a BRE zeolite to capture the CO. Both PSA cycle operate at an adsorption pres-
sure of 2 bar and a regeneration pressure of 0.1 bar, utilizing a four-bed process design.
More details can be found in the supplementary documentation of reference [22]. A
product gas purity of 98,73% CO could be achieved. However, it should be noted that
these theoretical results have yet to be reproduced experimentally.

Second, there are membrane-based separation technologies. Gas separation mem-
branes allow one component in a gas stream to pass through faster than the others. The
separation mechanism of this pressure driven process is highly dependent on the type of
membrane. For very porous membranes typically the Knudsen diffusion and Poiseuille
flow are the dominating permeation mechanism. The selectivity for binary gas mixtures
can be estimated from the square root of the ratio of the molecular weights. For non-
porous membranes the gas transport is usually described as solution-diffusion mecha-
nism. The gases first dissolve in the membrane and then diffuse though it. This enables
the ability to control the separation selectivity by adjusting the membrane material ac-
cording to the properties of the different species. [23] Typical industrial applications of
membrane-based gas separation are the production of nitrogen and oxygen enriched
gases, H. recovery from refinery streams and CO. separation from natural gas. Even
though the research on gas separation membranes, in particular polymeric membranes,
has advanced in the recent years, the growth of large industrial applications is slowed
down due to the problems such as membranes lifetime, selectivity, and permeability.
Moreover, the achievable degree of separation is comparably low leading to the necessi-
ty of multistage separation steps depending on the process requirements. [24]

For the gas separation in the CO, conversion process, membranes are a potential al-
ternative for adsorption-based separation technologies. Particularly polyimide mem-
branes (Matrimid®) might be promising since decent values of permeability and selectivi-
ty for the separation of CO, from CO have been achieved in experimental investigations.
[25] Furthermore, O,-conducting ceramic hollow fiber membranes are being considered
for use in MW plasma reactors to separate O.. [26] However, there are currently no (ex-
perimental) results available to determine whether their performance is adequate for in-
dustrial use.
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Figure 2-7: Different transport mechanism in membrane-based separation processes [23]
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Third, there are electrochemical separation technologies. By means of gas diffusion
electrodes (GDE) it is theoretically feasible to effectively separate the oxygen from the
product gas. GDE which are usually used in the electrolyzer and fuel cell industry, are
multi-layer porous electrodes coated with a catalyst. The O, molecules are able to per-
meate through the GDE, where they are catalytically converted into OH- and dragged to
the anode. Eventually, the recombination reaction occurs and the oxygen can be re-
moved from the system. [27] The basic working principle is illustrated in Figure 2-8. A
proof of concept was already provided by Kaufmann et al. [27], however, for the industrial
application the technology readiness level needs to be further increased.

0
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( ) (cathode)

Active material
Hydrophobic separator

Figure 2-8: Basic working principle of a gas diffusion electrode for oxygen separation [27]

Other gas separation methods, such as absorption or cryogenic separation are widely
used in the chemical industry as well. CO, absorption with amines and cryogenic distilla-
tion are both considered in post-combustion carbon capture from flue gas. However,
both technologies tend to have a very high energy demand. [28] Additionally, neither
technology has been specifically researched for the application of separating the ternary
mixture of CO,, CO and O.. Thus, these options are not under consideration for the pro-
cess design in this work. Another worthwhile alternative to the conventional separation
methods is the in-situ trapping of oxygen. By introducing a hydrogen source, such as
pure H, or CH,, into the feed gas, the O, can be chemically converted to H.O within the
plasma reactor. This method facilitates easier subsequent separation of gas components
since H,O can be separated more easily than O,. However, this comes at a cost of re-
duced CO. conversion efficiency in the plasma reactor. [29] Since this work solely focus-
ses on the conversion of pure CO; as outlined in chapter 3, this concept is not taken into
consideration.
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3 Methodology

In this chapter the fundamentals and the methodology for the design and simulation of
the plasma-based CO. conversion process as well as the techno-economic evaluation
are outlined. Moreover, the data basis, boundary conditions, simplifications as well as
made assumptions are illustrated.

3.1 Process Design and Simulation

In order to achieve a greater understanding on how a large-scale MW plasma-based
CO; conversion process could look like, a concept for a process for industrial applica-
tions is designed. Furthermore, to enable an analysis on how a MW plasma reactor oper-
ates in an integrated process, thermodynamic flowsheet simulations are done with the
software Aspen Plus V12.

The process simulation is based on the research conducted by Hecimovic et al. [7],
which investigated the performance of a 2.45 GHz microwave plasma torch in a reverse
vortex configuration with cooled effluent channels. The experimental data, which has
been provided for this work, include the conversion rates x.,, obtained with the MW
plasma reactor at different operating point (pressure, power input, and flow rate). Hence,
a case study was conducted using Aspen Plus software to determine the optimal operat-
ing point for overall process.

H,0 0,
2’
=> Electrolysis ——=
co, H,
] g’n o ggz co Fisch Final
Air Direct Air | _o.| Feed o, GO, o, co, o, 0, co| 1SCNer product
) . . Tropsch ——=
Capture Treatment Conversion Separation Separation .
Synthesis
co,
0,
=

Scope of this work

Figure 3-1: Block flow diagram of a basic plasma-based CO: conversion process integrated in a
possible production path for renewable fuels

For the general design of the process two major process boundaries were determined
First, the CO, shall be supplied by a direct air capturing (DAC) plant. DAC was chosen
over other, significantly cheaper CO. sources such as inherent carbon capture in chemi-
cal process because it enables the final product to be carbon-neutral. The second pro-
cess boundary - the downstream process — was determined to be a Fischer-Tropsch
plant. In combination with an electrolysis unit that provides green hydrogen, synthetic
fuels can be produced through hydrogenation of CO and H.. [30] Fischer-Tropsch syn-
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thesis was chosen over other processes like methanol synthesis due to its advantages
operating conditions (e.g. lower operating pressures) and its versatility in producing a
various commodity chemicals. [31, 32]

The integration of the plasma-based CO; conversion reactor in such a process neces-
sitates additional unit operations to ensure proper operability of all units and the quality
of the products. This involves removing impurities from the DAC plant's feed gas and
separating the gas mixture leaving the reactor (CO,, CO, Oy). In Figure 3-1 a basic block
flow diagram is given including the up- and downstream process units. Additionally, the
scope of this work is indicated. The detailed process flow diagram (PFD) for this part of
the process can be found in Appendix A). The design and modelling of the therein in-
cluded units are described in chapters 3.1.2 and 3.1.3. The main plant parameters such
as CO; capacity are summarized in Table 3-4 in chapter 3.3.3.

3.1.1 Flowsheet Simulation Setup

After establishing the boundaries, the process simulation is set-up by following a typi-
cal procedure which is outlined in the following. A comprehensive introduction to process
design and simulation is available in [33].

1. Components selection

The first step is the selection of all required components. For the case of the CO;
conversion these are CO,, CO and O. according to equation (2-1). However,
since the CO. of DAC plants typically includes impurities, these have to be con-
sidered in the component selection as well. For the specification of the CO. feed
stream the data of the process by process by Carbon Engineering [34] was used
which includes the following impurities: Oz, N2 and H.O.

2. Property Methods and Phase Equilibrium

The second step includes the selection of a suitable property method. This step
is crucial since the accuracy and credibility of simulation results are highly de-
pendent on the calculation of the physical properties. The selection of the prop-
erty method is done based on the components, the process type, and the sys-
tems thermodynamics. In this work, the Peng-Robinson equation of state was
chosen. This cubic equation of state for thermodynamic properties that is com-
monly used to simulate gas processing plants and is well-suited for the modelling
of light gas such as CO, (mixtures). Additionally, the method is particularly suita-
ble for high temperature (and high pressure) regions. The model can access a
various physical property databanks that are embedded in the simulation soft-
ware. [33]

3. Process Flow Diagram

After the selection of the components and the property method the process flow
diagram (PFD) is implemented. The PFD includes all equipment and indicates the
main process and utility streams. In the case of the design of a new process, as it
is done in this work, the PFD is typically derived from simple block diagrams. As-
pen Plus provides a selection of predefined block models for any kind of equip-
ment and unit operation such as reactors, compressor, vessels etc. Anyhow, the
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simulation flow diagram might differ from the real PFD, for example when a real
equipment is modelled with multiple unit operation blocks in the software or vice
versa.

4. Equipment and Flowsheet Specification

The final part of the setup of a process simulation is the specification of the
equipment and supplementary blocks such as the design specification (DESIGN-
SPEC) and calculator blocks (CALC) as well as tear streams and convergence
properties.

DESIGN-SPEC blocks are used to specify desired values for flowsheet variables.
Besides the input of the target value, an additional variable must be selected to
be adjusted to satisfy the design specification.

CALC blocks can be used to insert Fortran statements or Excel spreadsheet cal-
culations into the flowsheet computation. This enables, for example, the calcula-
tion dependent input variables or evaluation individual KPI.

Since the designed process includes a recycle stream whose intensive and ex-
tensive properties are defined by the process itself, an iterative calculation is re-
quired. In Aspen Plus, such streams are defined as tear streams. Depending on
the character of the tear stream different calculation algorithm are proposed by
the software. Furthermore, it is possible to adjust convergence tolerances and it-
erative calculation boundaries for all blocks if necessary. [35]

3.1.2 Feed Treatment and Gas Separation

The feed treatment is specified for the CO, stream of the DAC process by Carbon En-
gineering [34], as described earlier. The is feed gas is provided with the following compo-
sition, given in percent by weight: 97.12% CO,, 1.51% N, 1.36% O, and 0.01% H.O. [34]
The relatively low amount of oxygen is not problematic for the CO. conversion process
as it is a side product of the conversion reaction. Thus, it is not separated from the feed
gas.

Nitrogen contents below 50% barely influence the CO, conversion nor the efficiency in
plasma-based CO. conversion processes and therefor are not a critical impurity from a
process engineering point of view. However, the presence of nitrogen will cause the for-
mation of harmful nitrogen oxides such as N.O or NO.. [36] In the scope of this thesis,
the N, impurities in the feed gas are not considered. This is because the regarded pro-
cess is strictly designed based on experimental data which were obtained without the
presence of nitrogen. Thus, no data about the formation of nitrogen oxides is available
for this reactor setup making the design of downstream separation step not reasonable.
Furthermore, N, impurities could be completely avoided by powering the calciner in the
DAC process with waste heat and/or electricity instead of methane firing.

The third impurity, water, is very critical for the plasma-based CO. conversion process
as already small amounts of water cause a significant decrease of the conversion rate,
for instance by recombination of CO and OH radicals to CO.. [4] Hence, the water con-
tent in the feed gas must be reduced as far as possible before entering the MW plasma
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reactor. This drying step is designed as a TSA on activated alumina based on literature
data [37, 38]. The implementation in Aspen Plus is done by a simplified modelling of the
dynamic TSA in a steady-state simulation environment. Therefore, a separation block
(SEP) is added to the flowsheet which receives the spilt factors for the separation by a
calculation block. It is assumed, that 100% of the water is separated, however, due to
the competitive adsorption of CO. and H:O at low humidities, the drying step also comes
with CO: losses. [37] The split factor for the CO, is calculated based on the adsorption
isotherms of the binary mixture of CO. and H.O presented in [37].

The product gas separation, is implemented with two PSA units based on the data by
Perez-Carbajo et al. [22] presented in chapter 2.3. The adsorption-based separation was
chosen over to other technologies due to its high technology readiness level and the al-
ready commercially available absorbent material. Similarly to the TSA, both PSA units are
integrated in the steady-state process by means of separation and calculator blocks. In
the first PSA, the CO, is adsorbed. Consequently, after being desorbed and recom-
pressed it is recycled to the reactor. As in the work of [22], it is assumed that the purified
gas does not contain any CO.. Thus 100% of the non-converted CO: is separated. In the
second PSA the CO is adsorbed to be separated from the O.. The O, content in the
product gas should not exceed a concentration of 1-2% to be properly processed by the
downstream Fischer-Tropsch plant without causing thermal issues. [27, 39] For the pres-
surization of the PSA units as well as for the recycle, isentropic compressors are used. A
mechanical efficiency of 99% and an isentropic efficiency of 89% is assumed for all
COMpressors.

3.1.3 CO. Conversion

The design and implementation of the MW plasma reactor is based on experimental
data by Hecimovic et al. [7] as described earlier. Therefore, the Aspen Plus reactor model
RStoic is used, since it not only allows inputs for power, temperature, or pressure but
also the definition of reaction equations, the conversion rate, and the heat of the reaction.
RStoic is a stochiometric reactor model that computes the product properties by means
of the reaction equations and the defined conversion rate without the specification of the
reaction kinetics. [35] The reactor is modelled in a black box approach, which means that
it is tuned to fit the experimental data but not necessarily considers all occurring reac-
tions and physical phenomena (refer to Figure 3-2). Moreover, it not only represents the
conversion step itself, but also the fast gas quenching, which is necessary to inhibit pos-
sible back reactions. To achieve this, a notational heat of reaction is defined. Its value is
adjusted by a DESIGN-SPEC in order to receive a target outlet temperature of Ty, =
800°C. The notional heat of reaction includes the energy required for the conversion of
CO; according to equation (2-1) as well as all the energy, which is lost in different com-
ponents of the reactor, for instance the gas quench, the losses of the MW source, and
other heat dissipations. This workaround enables integration of the experimentally meas-
ured wall-plug power demand of the MW reactor in Aspen Plus, while simultaneously
receiving the correct results for the gas composition and physical properties at the reac-
tor outlet.
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Figure 3-2: Methodology of the experimental data implementation into the RStoic reactor model
in Aspen Plus

To achieve the same CO, molar flow rates at the reactor inlet as in the experimental
setup, despite the presence of a recycle stream, an additional DESIGN-SPEC was im-
plemented. This DESIGN-SPEC ensures that the sum of the feed gas and recycle gas
equals the desired molar CO; flow at the reactor by adjusting feed gas flow rate.

The pressure for the CO, conversion was set at 1.00 bar(a), despite the experimental
data were obtained at slightly reduced pressures in the range of 0.870 to 0.987 bar(a).
This is because studies have indicated that nearly identical outcomes can be attained at
atmospheric pressure, which not only simplifies the process but also reduces costs. [7]
As a result, the vacuum pump can be omitted in the simulation.

3.2 Technological Evaluation

The technical evaluation aims to gain deeper insights into the operation of a MW
plasma reactor as a component within a larger process. It also involves analyzing how
individual process units affect the overall system's performance and efficiency. To facili-
tate this assessment, a set of key performance indicators (KPI) is calculated, which not
only evaluate the process but also allow for comparisons with similar technologies.

The main technological KPI is the total efficiency nrqta Of the process as defined in
equation (3-1). Where the product in the numerator equals the chemically bound energy
in the CO product stream and Pg 1ot Stands for the total electric power consumption of
the process. Pg 1otq) IS calculated as the sum of the power consumption PL of the individ-
ual equipment such as the MW plasma reactor or the compressors (refer to equation
(8-2)). Here, n is the total number of electrically powered equipment.

LHVco * o AHg * o

(3-1)

NTotal =
PE,Total PE,Total
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PE,Total = Z? Pl% (3'2)

Furthermore, the plasma efficiency as defined in equation (2-2) is used for the com-
parison of the process performance with the stand-alone plasma reactor. For the evalua-
tion of utilization and losses of the CO, within the process, a carbon efficiency ncarpon IS
calculated according to equation (3-3). Where 1i¢o; reeq iS the molar flow of CO., that is
introduced to the system with through the feed stream and 7i¢g product iS the useful molar
flow of CO that leaves the system through the compressed product gas stream.

_ nCO,Product

Ncarbon = (3-3)

Nco,,Feed

In the scope of this work two different technological evaluations are conducted. On
the one side, the different data points from Hecimovic et al. [7] are implemented with a
fixed MW source efficiency of 70% assuming that the system is specifically designed for
each operation point. This scenario is defined as Case A. On the other side, a second
evaluation is done where the MW source efficiency is defined as a function of its operat-
ing power. Since the experimental setup of Hecimovic et al. included a MW source with a
nominal power of 3 kW, it can only be operated with a high efficiency when the actual
operating power is near the nominal power as shown in Figure 3-3. [40] This evaluation
shall give more insights on how the part load operation affects the performance of the
whole system. This scenario is defined as Case B. The efficiency of the other electrically
powered equipment is kept constant in both Case A and B, since there are no significant
influences on the process efficiency by these as presented in chapter 4.1.

The MW source efficiency is defined according to equation (3-5). Where P;,, is the in-
jected power in form of microwaves and Py source the actual power demand of the MW
source. This power demand corresponds to the power demand of the MW plasma reac-
tor unit.

Prn

MW Source = (8-4)

PMW Source
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Figure 3-3: Efficiency of a MW source with a nominal power of 3 kW as a function of the operating
power [40]
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3.3 Economic Evaluation

The economic evaluation aims to calculate the levelized cost of product (LCOP), spe-
cifically in this case, the levelized costs of CO. Therefore, all expenses which are associ-
ated with the production process must be considered. It can be distinguished between
capital expenditures (CAPEX) and operational expenditures (OPEX) which are illustrated
in the following. The evaluation is based on methods proposed by Peters et al. [41] and
Turton [42], however, due to the characteristics of the plasma-based process some ad-
justments are made.

Basis of the economic evaluation is the case study and technological analysis de-
scribed in the previous chapter. The most promising operation point is selected to be
scaled-up to the size of an industrial plant according to the boundary conditions outlined
in chapter 3.3.3.

3.3.1 Capital Expenditures

In general, the estimation of CAPEX can be classified in five categories depending on
the targeted level of accuracy as shown in Figure 3-4. Class 1 estimates are the most
detailed ones and thus require the highest level of project definition as well as prepara-
tion effort. A complete detail engineering of the plant and all utility systems must be con-
ducted. This includes, for example, all major engineering documents such as process
and instrumentation diagrams, general arrangement drawings and plot plans. The costs
are then estimated based vendor quotes for all expensive items. On the other site of the
spectrum, there are Class 5 estimates, which can be conducted with lower level of pro-
ject definition and remarkable less effort in order to attain an order of magnitude of the
expected costs. Anyhow, these estimates come along with an high uncertainty. [42, 43]

Since the CAPEX evaluation which is conducted in this work is based on a process
simulation on PFD-level and includes several estimates due to the special plant charac-
teristics, it can be categorized as Class 4 or rather Class 5 estimate.

Primary o
Characteristic Secondary Characteristic
Leve or e
PROJECT END USAGE METHODOLOGY 5
) . H— RANGE Typical degree
DEFINITION Typical purpose Typical estimating Typical +/- range of effort relative
ESTIMATE CLASS | Expressed as % of of estimate method ypia g
complete definition relative to best toleast cost
index of 1 [a] index of 1 [b]
Screening or Stochastic or
Class § 0% to 2% Feasibility Judgment 4to20 1
Caoncept Study or Primarily
)
Class 4 1% to 15% Feasibility Stochastic 3to12 2to4
Budget, Mixed, but
Class 3 10% to 40% Authorization, or Primarily 2to6 3to 10
Control Stochastic
Caontral or Bidf Primarily
0 o,
Class 2 30% to 70% Tender Deterministic 1to3 5to20
Check Estimate or .
Class1 50% to 100% Bid/Tender Deterministic 1 10to 100

Notes'

[a] If the range index value of "1" represents +10/-5%, then an index value of 10 represents +100/-50%

[b] If the cost index value of "1" represents 0.005% of project costs, then an index value of 100 represents 0.5%

Figure 3-4: Generic cost estimate matrix [43]
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CAPEX include both, the capital required to buy the equipment also known as
fixed-capital investment (FCI) and the capital required to operate the plant which is
termed working capital (WC). The FCI can be further divided into fixed-capital investment
which is directly related to the manufacturing process (direct costs) and nonmanufactur-
ing fixed-capital investment (indirect costs). Assuming that the WC account for 10% of
CAPEX [27], they can be calculated as shown in equation (3-5).

FCI
CAPEX = FCI+WC(C = 09 (3-5)

The basis of the FCI calculation are the purchased equipment costs. These are taken
from the literature (refer to chapter 3.3.3) and if necessary, scaled up to the required ca-
pacity by means of equation (3-6).

C Sa\"
La _ (_A) (3-6)
Cp \Sp

Here, C stands for the equipment costs and S for the capacity or scale. The exponent
r is an equipment-specific value which can be found in the literature, for instance, in [41]
and [44].

In order to consider changes in the economic conditions and rising level of prices due
to inflation, the purchased equipment costs, which were determined by data from the
past must be adjusted to the today’s conditions according to equation (3-7). This is done
with so-called cost indexes. One cost index which is commonly used in the chemical
industry is the Chemical Engineering Plant Cost Index (CEPCI). The indices 1 and 2 stand
for different points in time. Historical data for the CEPCI can be found in various sources,
including [42]. As of the current year, the CEPCI value is 601.3. [27]

C; CEPCI;

¢,  CEPCIL, (3-7)

After consolidating the total purchased equipment costs (TPEC), there are different
methods to derive the FCI. A method often used for Class 5 estimates is the application
of so-called Lang factors. The FCIl are approximated by multiplying the delivered-
equipment costs with a factor that depends on the type of the process plant and in-
cludes all direct and indict costs for the plant erection. For fluid processing plant, for ex-
ample, the TCI would be equal to five times the delivered-equipment costs as shown in
Table 3-1. [41]

Table 3-1: Lang factors for the estimation of the fixed-capital investment [41]

Type of plant Factor to be multiplied by delivered equipment costs
Solid 4.0
Solid-fluid 4.3

Fluid 5.0
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The method applied in this work is strongly related to the original Lang factor method
but allows a better understanding of how the TCI compound. Instead of applying one
factor for the estimation of the total FCI, the calculation is broken down to the single cost
items. For each cost item, which is a part of the FCI (refer to Table 3-2) a specific Lang
factor is applied. Afterwards, the sum of all items is calculated (refer to equation (3-8).
[41]

Table 3-2: Lang factors for direct and indirect costs for fluid processing plants [41]

Cost item Factor
Equipment installation fi 0.47
" Instrumentation and controls (installed) f2 0.36
§ Piping (installed) fs 0.68
"g Electrical systems (installed) fa 0.11
'E Buildings (including services) fs 0.18
Yard improvements fs 0.10
Service facilities (installed) f7 0.70
o Engineering and supervision fs 0.33
§ Constructions expenses fo 0.41
‘g Legal expenses fio 0.04
'-E Contractor’s fee fi1 0.22
- Contingency fiz 0.44

Usually, the provided factors are multiplied with the total delivered-equipment costs.
However, in this thesis, this approach is adjusted due to the extremely high TPEC result-
ing from the expenses incurred in the MW plasma reactor. In order to prevent significant
impact on other capital costs, the basis to which the factors are applied was changed to
TPEC’. The TPEC’ include the costs of all equipment but only take 10% of the costs for
the MW plasma reactor into account. Equation (3-8) shows the adjusted method for cal-
culating the FCI. The delivery of the equipment is assumed to be 10% of TPEC’ and con-
sidered with the factor f;.

12
FCI = TPEC + TPEC' * (1 + f;) (1 + Zﬁ) (3-8)

=1
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3.3.2 Operational Expenditures and Total Product Costs

The calculation of total product costs (TPC) considers all expenses associated with
the production process. TPC are determined by adding the manufacturing costs and
general expenses such as research and development. [41] The manufacturing costs in-
clude both OPEX and CAPEX. The latter are included in the form of annualized capital
costs (ACC) as illustrated in Table 3-3.

TPC = Manufacturing Costs + General Expenses (3-9)

Table 3-3: Typical factors for the calculation of the total product costs [41]

Cost item Typical factor Basis
Raw materials and utilities Equation (3-10)
2 Operating labor (OL) Equation (3-11)
_,3 § Operating supervision (OS) 0.15 OL
8 E Maintenance and repairs (M&R) 0.02 TPEC
.g E Operating supplies 0.15 M&R
‘g Laboratory charges 0.10 OL
§ o ag’, Annual capital costs (ACC) Equation (3-13)
= IE E Taxes and insurance 0.02 FCI
Plant overhead costs 0.60 OL+OS+M&R
T § Administrative costs 0.25 oL
% §_ Distribution and marketing 0.02 TPC
C3 Research and development 0.05 TPC

The costs for raw materials and utilities Crgg are calculated by multiplying the specific
costs ¢; with the actual demand d; as stated in equation (3-10). For the regarded CO,
conversion process, the individual raw materials, and utilities i are electricity, cooling
water and CO..

Cres = z ¢ *d; (3-10)
i
The operating labor (OL) is calculated as shown in equation (3-11) which is adapted
from [42], where N, is the number of operators required per shift and c,; the specific
operating labor costs. Additionally, a factor is added in order to enable the calculation for
part load scenarios.

top
*COL* 0

h
OL = 4.5« Ny, * 1960 [—opemtor*a] p— [%] (3-11)
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The number of operators N,; required per shift is estimated on basis of the process
steps or rather the number of equipment Ngqyipmene @s shown in equation (3-12). [42]

Ny, = \/629 + 0,23 * NEquipment (3-12)

CAPEX are considered in form of annualized capital costs (ACC). ACC are calculated
by multiplying the FCI with the annuity factor (ANF) and adding the interests for the WC
(refer to equation (3-13)) as proposed by [45]. The product ANF = FCI is known as an an-
nuity which includes the full capital value of the plant and the interests over the total plant
lifetime broken down into constant annual payments.

ACC = ANF « FCI + i xWC (3-13)

The annuity factor (ANF) is calculated as shown in equation (3-14). Where i is the
interest rate and t is the plant lifetime in years.

ANF = ix (140t
G
The LCOP are derived from the levelized costs of electricity (LCOE) which is a fre-

quently used KPI to assess the economic viability of power plants. Equation (3-15) shows
the general definition of the LCOE.

Total life cycle costs
LCOE = — — = LCOP (3-15)
Total lifetime energy production

(3-14)

When calculating the LCOP for the production of CO, the total life cycle costs are not
related to the energy production but to the CO mass flow. However, it must be paid at-
tention when comparing LCOP of different sources since there are various ways of calcu-
lation. The most frequently calculation methods are either based on the net present value
(NPV) [46-48] or based on the annuity method [45, 48-50]. In this work the latter method
is applied which can be written as shown in equation (3-16), with the simplification that
the amount of CO produced annually and the annual operating costs are constant over
the plant lifetime.

TPC

LCOP = ——— 3-16
Mo * top ( )
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3.3.3 Boundary Conditions

In the following, the boundary conditions for the process simulation and the techno-
economic evaluation are presented. Table 3-4 shows the main plant parameters which
are used for the base case of the techno-economic evaluation. The plant capacity and
the costs of CO, are adapted from the DAC plant of Carbon Engineering. Typical values
from the literature are used for the plant lifetime, the interest rate, and the specific costs
for labor and cooling water. The annual operating time and the specific electricity costs
are based on own assumptions for the base case. However, the influence of the electrici-
ty price and the operating time on the LCOP is discussed in detail in chapter 4.3.

Table 3-4: Main plant parameters for the techno-economic evaluation

Parameter Value Reference
Capacity (Feed) 171 t/h [34]
Plant lifetime 25a [41]
Operating time 7000 h/a own assumption
Interest rate 7% [41]
Labor costs 40 €/h [51]
CO:2 costs (DAC) 150 €/t [34]
Electricity costs 0.20 €/kWh [52] , own assumption
Cooling water costs 0.004 €/t [27]

Table 3-5 shows the cost functions used to calculate the purchased equipment costs
of the main equipment. The specific costs for the MW plasma reactor includes the costs
of the main elements that enable the operation of a 100 kW plasma reactor at
915 MHz. [3] The cost for the turbine-generator set is estimated by multiplying the specif-
ic cost of the turbine by a factor of 1.8 for heat-recovery steam generators (HRSG) ac-
cording to [53].

Table 3-5: Cost functions for purchased equipment costs of main process

Component Cost function Rvaar;%?t;) f CEPCI Reference
MW plasma reactor 1400 €/kW 100 kW 2023 [3]
T“rbi(ri‘rifeH”Fféaé;’r set 392 $/kW * 1.8 15000 kKW 2016 [53, 54]
K, K, K; s
Compressor 2.2897 1.3604 -0.1027 450-3000 kW 2001 [42]
Process vessel 3.4974 0.4085 0.1074 0.3-520 m3 2001 [42]

Heat exchanger 4.1884 -0.2503 0.1974 10-1000 m? 2001 [42]
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The remaining equipment costs are estimated by applying the cost function shown in
equation (3-17) as proposed by [42]. Where C is the equipment cost for the correspond-
ing capacity or size S. The range of validity as well as the data for K, K, and K3 are given
in Table 3-5. Due to the high design capacity of the process plant, the range of validity
may not be sufficient for all equipment. Therefore, to match the required size or power,
the equipment costs are scaled up using equation (3-7) if necessary. For compressors,
the capacity parameter S is the power demand, for the process vessels it’s the volume
and for heat exchangers the heat transfer surface.

10910(C) = Ky + Kylog19(S) + K3[logs0(S)]? (3-17)

The actual size of each equipment and the quantity required can be found in Appen-
dix E). MW sources (at 915 MHz) are currently only available with a maximum power out-
put of 100 kW. Therefore, the necessary power for the large-scale process, which is ana-
lyzed in chapters 4.2 and 4.3, is attained through numbering up rather than scaling up.
This also affects the CAPEX calculation as no economy of scale is factored in for the
equipment costs of the MW plasma reactor.
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4 Results and Discussion

In this chapter the results of the techno-economic analysis of the plasma-assisted
CO. conversion process are presented and discussed. First, the results of the process
simulation and the technological KPI are outlined in chapter 4.1. Second, the economic
KPI of an industrial-scale process are evaluated in chapter 4.2. Furthermore, in chapter
4.3, a sensitivity analysis is conducted including the evaluation of different scenarios for
operating time and electricity costs.

4.1 Technological Evaluation

The technological evaluation includes the analysis of several operating points for two
different cases, as described in chapter 3.1. One evaluation (Case A) for a fixed and one
(Case B) for a variable MW power efficiency. In Table 4-1 the results of the process simu-
lation are summarized for one exemplary operating point of the data set of Case A.

The results given in Table 4-1 were obtained at a molar flow of 6.93 mmol/s, a SEl of
238.2 kd/mol which equals an injected MW power of about 1650 W and a conversion rate
of 21.99%. The stream names correspond to the Aspen Plus simulation flowsheet which
can be found in Appendix A).

A considerably large recycle stream can be observed as a result of the relatively low
conversion rate. Furthermore, two carbon losses within the process can be identified.
Firstly, a small amount of CO:; is lost in the dryer step due to the competitive adsorption
of H,O and CO; as described in chapter 3.1.2. In total 0.000755 mmol/s of CO.. The sec-
ond carbon loss occurs during the separation of CO and O.. A total of 0.0299 mmol/s CO
are included in the waste gas of the second PSA unit (the O, product stream). This re-
sults in a total carbon efficiency of ncarpon = 97.99%. Due to the comparable feed com-
position across all operating points and the assumption that 100% of CO. can be effec-
tively separated in the first PSA unit (refer to chapter 3.1.2), the carbon efficiency remains
constant for all assessed operating points in Case A and B. For an actual system, a re-
duced carbon efficiency is expected due to additional carbon losses in the O, product
stream caused by imperfect CO. adsorption in the first PSA unit.



28 4.1 Technological Evaluation

Table 4-1: Summary of the experimental data input and the flowsheet simulation results for an
exemplary operating point

Experimental Data Input

mmol
Molar flow Tico,m = 6.93 corresponds to the molar CO: flow at the reactor inlet
’ S
Specific K]
Energy input SEI = 238,2m for the MW plasma reactor
Conversion rate Xco, = 21.99% CO:2 conversion in the reactor

Resulting Stream Data

Unit Feed Dry Recycle Rgactor Reactor Product Product
gas Feed inlet outlet 02 Cco
S:;e;';“ FEED-G1 DRY-G1 R'GéAS' REAC-I1 R%Af' PgZO_D P%%'D
Molarflow ™% 1554 1.553 5.51 7.06 7.83 0.801  1.513
Temperature °C 25 25 25 25 800 45 150
Pressure bar 1 1 1 1 1 2 2
Molar
fraction
CO: - 0.9811 0.9814 0.9810 0.9811 0.6909 0 0
CoO - 0 0 0.0140 0.0109 0.2046 0.0373 0.9873
02 - 0.0186 0.0186 0.0050 0.0080 0.1046 0.9627 0.0127
H=0 - 0.000243 0 0 0 0 0 0
Resulting Electrical Power Consumption
Unit MW plasma Recycle PSA Product
reactor compressor compressors compressor
Power W 2358.2 96.00 21.27 32.04

For the exemplary operating point in Table 4-1, the overall energy efficiency of the CO,
conversion system is 16.86%, the highest among all the operating points in Case A. In
Figure 4-1 the total energy efficiency as a function of the conversion rate in the MW
plasma reactor is given for all operating points. In Addition, each series of measurement
at a specific molar flow is clustered for easier classification as stated in the diagram leg-
end.

Besides the already evaluated data point, the analysis of Case A brought up several
other operating points slightly below the maximum, with total efficiencies between
16.74% and 16.82% at conversion rates in the range of 18% to 35% and SEI of 194 to
390 kJ/mol. Generally, the best energy efficiencies were achieved at low to moderate SEI
and thus moderate conversion rates. Details about the operating conditions of all evalu-
ated point can be found Appendix C).
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When comparing the simulation results of Case A with the original experimental data
of the MW plasma reactor [7], it becomes obvious that the plasma efficiency has a major
impact on the process as a whole (refer to Figure 4-2). The calculated total efficiency of
the simulated process appears to have a very high correlation with the plasma efficiency
for the most part. Of course, there is a slight off-set due to the additional energy require-
ments, for example, for the additional separation steps. However, especially at low SEI
and thus at low conversion rates the data does not correlate strictly anymore. In the re-
gion of xcp, < 21% the total efficiency is decreasing although the plasma energy efficien-
cy continuous to increase. This indicates that another system component has a signifi-
cant influence on the process efficiency. This behavior is explained more detailed in the
section about the evaluation of electricity consumers.
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Figure 4-2: Plasma efficiency as a function of conversion rate [7]
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Regarding Case B it can be seen that the MW source efficiency has a major impact on
the overall system performance. When considering the variable MW source efficiency as
presented in Figure 3-3, the total efficiency at low operating powers of the MW source
decreases significantly. This effect becomes more obvious when comparing the plots of
Case A and B in Figure 4-2. Whilst the total efficiency only slightly decreases at low MW
powers (low conversion rates and SEI) in Case A there is a steep decrease in Case B. For
instance, at a molar flow rate of 6.93 mmol/s the MW source efficiency drops from 72.1%
(@t Xcoz = 34.6%; SEI = 389.8 kj/mol; P, = 2730 W) to 52.6% (at Xcop = 12,1%; SEI =
129.9 kJ/mol; P, = 900 W). At the former operating point, a total efficiency of 17.1% was
achieved which is the maximum for Case B. A summary of the performance of all operat-
ing points in Case B is given in Appendix D).

Consequently, when a MW plasma reactor is operated dynamically rather than stati-
cally at the rated power, the efficiency of the MW source must always be considered.
This also implies that in a large plant where multiple torches are operated simultaneously,
partial load cases should be operated not by slightly reducing the power of all torches
but shutting down individual torches completely and operating the remaining torches at
nominal power. In this way, the total efficiency is not significantly decreased during part
load operation.

Figure 4-3 shows the specific electrical power consumption (EPC) (top) and the rela-
tive allocation of electricity demand of the main equipment (bottom). The lowest specific
EPC which is achieved is 20.80 and 20.56 kWh per Nm? of CO, for Case A and B respec-
tively. Both values correspond to operating points with the highest total efficiency pre-
sented above. It can be seen that the MW plasma reactor requires by far the most ener-
gy. This also explains why the function of the plasma efficiency (refer to Figure 4-2) and
the function of total efficiency over the conversion rate (refer to Figure 4-1) show such a
high correlation. The deviation at low conversion rates, as mentioned before, can be
traced back to the increasing energy demand of the recycle compressor. Since the pro-
cess is designed to utilize as much CO. as possible, the CO, which cannot be converted
when passing through the reactor is recycled. Thus, the flow rate of the recycle stream is
proportional to (1 — x¢¢2) leading to high recycle flow at operating points with a low con-
version rate. The relative energy demand for the MW plasma reactor accounts for 85.6%
at the lowest conversion rate (xco, = 56.6%) and 98.3% at the highest conversion (xco2 =
7.9%) rate for Case A. The latter operating point also corresponds to the global maximum
of the total energy demand as shown in Figure 4-3 (top). The numbers for Case B are in
the same order of magnitude.

Based on the above technological evaluation, the following recommendations for the
operation of a plasma-assisted CO. conversion process can be made regarding the en-
ergy efficiency. Although the influence of the plasma efficiency on the overall system is
significant, the design of the process should not solely focus on achieving the maximum
plasma efficiency. In terms of the energy efficiency, a stand-alone MW plasma reactor
should be operated at low conversion rates and thus with a high plasma efficiency (refer
to Figure 4-2). However, this is not applicable when integrating the reactor into a system
with a gas separation unit. A balance between moderate plasma efficiency and higher
conversion rates will optimize the overall system performance. This approach minimizes
the requirement for the separation and recycling of large amounts of CO,, which is asso-
ciated with excessive energy consumption and ultimately results in the greatest total en-
ergy efficiency.
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Figure 4-3: Total specific electrical power consumption (top) and total relative electrical power
allocation (bottom) of main equipment as a function of conversion rate for Case A (left) and Case
B (right)

A remaining issue of the design of this plasma-based process is the heat integration.
As a large fraction of the MW power is not directly utilized for the conversion reaction,
the gas temperature? in the reactor can get very high (~6000K) [7]. Therefore, the lab
scale reactor from which the data of this thesis is obtained, has a special design with a
gas quench. The gas quench inhibits the recombination of O, and CO and is an essential
part to achieve a high conversion rate. The gas has to be cooled down to approximately
800°C to achieve this. Since this must happen very fast, the transported heat is not avail-
able at an attractive temperature level afterwards with this specific reactor design.
Hence, it cannot be used, for example, for steam generation. Only the excess heat in the
range from 800°C to about ambient temperature is theoretically useable in this setup.

One theoretically possible use of this heat is to preheat the feed gas for the reactor.
However, experimental results about the effect of a preheated feed on the reactor effi-
ciency have not yet been published. Since there is no further demand for high tempera-
ture heat within the process itself, the next better option (without exporting waste heat) is

2 The temperature in the quartz tube is highly inhomogeneous. Thus, the 6000K correspond solely
to the reaction zone, where the gas discharge is happening. The bulk temperature is considerably
lower.
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the production of steam for power generation. The produced electricity can be used, for
example, to power plasma reactor.

Also theoretically possible is the integration of the excess heat into one of the up- or
downstream processes (refer to Figure 3-1). The Fischer-Tropsch synthesis, however, is
a highly exothermic process and even provide excess heat by itself. So there is no rea-
sonable integration of the waste heat from the plasma process. [55] The upstream DAC
process, for instance the one by Carbon Engineering, seams more promising in terms of
heat integration due to the high energy demand of the calciner. The utilization of the
waste heat in the methane fired calciner [34] would not only reduce the demand for me-
thane and oxygen but also may decrease the nitrogen impurities in the CO. stream. This
is because the nitrogen is introduced together with the oxygen from an air separation
plant. Thus, if less power must be provided by the combustion of methane, less oxygen
and therefore less nitrogen would be introduced into the system.

The electrolysis unit that supplies hydrogen for the Fischer-Tropsch synthesis offers
opportunities for heat integration as well. Requirement therefor is the application of a
high-temperature electrolysis. Thus a part of the electrical energy can be substituted with
thermal energy. [56] The low-temperature fraction of the waste heat can be used to va-
porize the water. Thus, the electricity that would be required for the phase change within
the electrolyzer can be directly replaced by waste heat. The high-temperature fraction of
the waste heat can then be used to further increase the steam temperature, which re-
duces the electricity demand as well. However, after the phase change more thermal
energy must be supplied than electricity is saved. [57]

Other possible applications, of course, would be the integration of the excess heat in
another heat demanding process nearby, if the plant is built in a chemical plant complex.
In most of the cases, the direct utilization of waste heat by integration in another process
is the superior solution compared to the generation of steam for electricity production.
However, since this requires detailed process data of the other process, in the following
economic evaluation of an industrial-scale plant, the excess is used for electricity pro-
duction.
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4.2 Economical Evaluation

The economic evaluation is based on the most promising operating point of the tech-
nological analysis, as described in chapter 3.3. In particular, this is the case that was
presented in Table 4-1, with an efficiency of 16.86% at a conversion rate of 21.99% and
an SEI of 238.2 kd/mol. Due to the consideration of the waste heat utilization for steam
and electricity generation in the industrial-scale process, the actual total efficiency of the
COz conversion process is 17.5% is this evaluation.

At first, the TPEC are evaluated. Figure 4-4 depicts the TPEC allocation of the main
process units and equipment. The MW plasma reactor makes up the biggest part of the
TPEC with a share of over 96.7% which equals 2305 M€.q.3. Besides from the reactor the
waste heat recovery system and the PSA for the CO, separation are the second and third
biggest cost contributors making up 38.9% (30.8 M€.023) and 29.1% (23.1 M€x023) Of the
remaining costs.

<1%

38.9%

6.7%

19.1%

I MWP Reactor [N Dryer
I Others I PsA
[ PsA2

[I Recylce Compressor

[ Product Compressor

[ Gas Cooler

[ IWaste Heat Recovery System

Figure 4-4: Allocation of the total purchased-equipment cost of main process equipment

When applying equation (3-8) this results in FCI of 3378 M€.s25. With the additional
10% for WC according to equation (3-5) this leads to CAPEX of 3753 M€x23. A detailed
breakdown of CAPEX is given in Table 4-2. Driven by the costs of the reactor, the deliv-
ered equipment makes up the biggest part of the CAPEX with approximately 59%.
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Table 4-2: Detailed breakdown of the CAPEX

Percentage of

Cost item Costs [M€2023] CAPEX

Delivered equipment 2415 59%

Equipment installation 146 3.6%

"3 Instrumentation and controls (installed) 111 2.7%
o

° Piping (installed) 211 5.2%
7]

2 Electrical systems (installed) 34 0.8%
o

Buildings (including services) 56 1.4%

Yard improvements 31 0.8%

Service facilities (installed) 217 5.3%

o Engineering and supervision 102 2.5%

§ Constructions expenses 127 3.1%
o

® Legal expenses 12 0.3%
o

35 Contractor’s fee 68 1.7%
c

- Contingency 136 3.3%

Working Capital 407 10%

CAPEX 4074

In Table 4-3 the TPC are broken down to the single cost contributors. The biggest part
is the variable cost with approximately 79% mainly driven by the electricity cost which
make up for 71% of the TPC. The cost for CO, are also not neglectable as they account
5.4% of the TPC. The fixed charges make of 12.2% while in total 10% are ACC. The total
overhead contributes 1.2% to the TPC. The above sum up to the manufacturing cost of
93%. The remaining 7% are required for general expenses as described in chapter 3.3.2.
In total this results in cost of 3315 M€023s under consideration of the boundary conditions
presented in chapter 3.3.3. Considering the CO, feed stream of 171 t/h a total of 105 t/h
CO can be produced. With the assumed annual operation time of 7000 h, LCOP of
4.44 €/kgco can be calculated according to equation (3-16). An evaluation of these costs
in the context of the current market for bulk chemicals is provided as part of the sensitivi-
ty analysis in the following chapter.
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Table 4-3: Detailed breakdown of total product costs

Cost item Costs [M€2025] Percentage of TPC
CO: (DAQC) 179 5.4%
Cooling water 21 0.1%
~§ Electricity 2362 71%
* g Operating labor (OL) 17.5 0.5%
§ E Operating supervision (OS) 2.6 0.1%
.CE” ‘;’ Maintenance and repairs (M&R) 47.7 1.4%
§ Operating supplies 7.2 0.2%
3]
< Laboratory charges 2.6 0.1%
5
(7]
2 A Annual capital costs (ACC) 343 10%
E 1
L -g Taxes and insurance 73.3 2.2%
Plant overhead costs 40.7 1.2%
= & Administrative costs 4.4 0.1%
- 0
g g,_ Distribution and marketing 66.3 2.0%
C3 Research and development 166 5.0%
Total Product Costs (TPC) 3315

4.3 Sensitivity and Scenario Analysis

For the evaluation of the impact of different cost parameters a sensitivity analysis is
conducted. The considered parameters are the electricity price, the CO: price, the oper-
ating time per year, and the specific costs for the MW plasma reactor. In Figure 4-5 the
LCOP are plotted as a function of the deviation of the above parameters from the base
case. The base case values are described in chapter 3.3.3. In addition, detailed sensitivi-
ty plots with the specific values of each parameter can be found in the Appendix F).

The electricity price has a significant influence on the LCOP. When operating with
50% cheaper electricity compared to the base case (0.20 €/kWh) the LCOP decrease by
almost 40%. The correlation is linear and thus the sensitivity can be written as
0.034 €/%qeviation- Changes in the price of CO, have a much smaller impact on the LCOP
than changes in the price of electricity. The gradient equals 0.0026 €/% geviation for the CO»
price. This means, for instance, that a 50% reduction of the CO. price leads to a LCOP
reduction of approximately 3%. With a gradient of 0.0065 €/%geviation, the specific costs
for the MW plasma reactor have a greater influence on the LCOP compared to the CO,
price but still not as much when compared to the electricity price. Another high sensitivity
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occurs when changing the annual operating time of the plant. Since the CAPEX of the
plant stay the same when operated at part load, the ACC relative to the CO production
increase drastically.

8 T T

LCOP [€/kg,,]

******** LCOP of Base Case
Electricity Price
CO2 Price i
Specific Costs for MW Reactor
Operating Time
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-100 -50 0 50 100
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Figure 4-5: Single-variable sensitivity analysis of the LCOP

Of course, the effect of increasing LCOP or LCOE when operating chemical or power
plants in part load is well known. Conventional plants are therefore designed to always
operate as near as possible at the design capacity. However, especially when it comes to
Power-to-X (P2X) processes with the aim to produce carbon-neutral chemicals by means
of renewable energy, further effects must be considered. The increasing share of renew-
able energies such as solar and wind in the power sector leads to heavy fluctuations,
which may cause a discrepancy between energy production and demand. Since this is
highly undesirable, P2X processes are one possible solution for stabilizing the electricity
grid or peak shaving. Hence, such systems may not be designed to operate always with
the highest load possible but only when excess electricity is produced. This dynamic
operation is technically challenging, especially when a process requires, for example, a
specific warm-up procedure like a lot of conventional gas-fired reactors have. The plas-
ma-based CO. conversion is particularly capable of dynamic operation since the plasma
can be easily switched on and off. [17] The main benefit when operating only at energy
production peaks is the significantly cheaper electricity price. Anyhow, from an economic
perspective this creates and optimization problem for finding the sweet spot of operating
at highest load hours with probably higher electricity prices or operating at lower load
hours with very low cost for the electricity.

In Figure 4-6 the effect of these dependencies on the LCOP is shown as a function of
the operating time. Additionally, the annual load duration curve of the wholesale electrici-
ty prices in Germany in 2022 is plotted based on the data of the Bundesnetzagentur [52].
It can be clearly seen that very low operating times are still economically inefficient due
to their nonlinear effect on the LCOP. However, the effect of the reduced cost for elec-
tricity becomes noticeable and leads to a minimum at about 4000 full load hours per year
and 0.13 €/kWh. It is important to note that this is only a simplified illustration, which not
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includes several other side effects such as the compensation of ancillary services, eco-
nomic planning reliability, futures contracts for electricity, the effect of up- and down-
stream processes and the necessity of gas storages. Even if only a standalone process is
considered, dynamic simulations would be required to analyze the system behavior in
detail to determine the maximum power gradients for the development of a suitable con-
trol concept.

LCOP [€/kg ]
Electricity Price [€/kWh]

1 1 L 1 I 1 1 L I 0.1
0 1000 2000 3000 4000 5000 6000 7000 8000

Hours per Year [h/a]

Figure 4-6: LCOP as a function of operating time (left axis) and the annual load duration curve of
electricity prices in Germany in 2022 [52] (right axis)

Of course, the process can also run independent from the electricity grid prices when
solely powered by renewable energies. For example, when the process plant receives its
electricity by a dedicated wind park, that has a nameplate capacity which is equal to the
nominal power demand of the CO, conversion plant. In this case, when assuming a typi-
cal capacity factor of 0.46 (4000 full load hours) [58] and average electricity costs for off-
shore wind plant of 0.074 € kWh [59] then the LCOP would between 2.28 and
2.82 €/kgco. The LCOP for several the ‘electricity price — load hour combinations’ are
given in Table 4-4.

Table 4-4: LCOP as a function of the annual operating hours and the electricity price

Annual full load hours [h/a]

500 1000 2000 3000 4000 5000 6000 7000 8000 8760

0.031 | 10.29 5.55 3.19 240 2.00 1.76 1.61 1.49 1.41 1.36
0.055 | 10.67 5.93 3.56 278  2.38 2.14 1.99 1.87 1.79 1.74
0.083 | 11.11 6.37 4.00 3.21 2.82 2.58 2.42 2.31 2.23 2.18
0.106 | 11.47 6.74 4.37 3.58 3.19 2.95 2.79 2.68 2.59 2.54
0.126 | 11.79 7.06  4.69 3.90 3.50 3.27 3.11 3.00 291 2.86
0.143 | 12.07 7.34 497 418 3.78 3.55 3.39 3.28 3.19 3.14
0.162 | 12.36 7.62 5.26 4.47 4.07 3.84 368 3.57 3.48 3.43
0.183 | 12.70 796 559 481 441 417 4.02 3.90 3.82 3.77
0.210 | 13.13 8.39 6.02 523 484 460 444 433 4.25 4.20
0.239 | 13.60 8.86 6.49 570 531 507 491 480 472 4.67

Electricity price [€/kWh]
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Currently, under the made assumptions, the MW plasma-based CO, conversion would
not yet be profitable. The market price for CO is approximately 0.65 €/kg according to
the Center on Global Energy Policy at Columbia University [60].° Hence, to see how far
the LCOP of CO can be decreased a ‘best case’ scenario is calculated. Since the lower
limit of the different cost parameters can only be estimated in the scope of this work, the
result only serves as an indicative value. When assuming very low electricity cost of
0.02 €/kWh, 87 €/t for the CO, [34], an annual operating time of 8500 h/a, which equals a
availability of 97%, and specific costs for the MW plasma reactor of 850 €/kW (40% de-
crease compared to current costs), the LCOP could be decreased to 0.93 €/kgco.

Anyhow, it is important to note that the approximate market price of 0.65 €/kgco refers
to conventional production routes. Due to the higher feedstock costs for air-captured
CO. and the increased technological complexity of the plasma-based conversion pro-
cess, well established routes like steam methane reforming for synthesis gas (CO + Hy)
production cannot be economically outperformed yet. Nevertheless, the political and
economic boundary conditions are evolving. On the one hand, climate policy is going to
make production routes with a high carbon footprint increasingly unattractive, for exam-
ple, by CO. emission certificates. And on the other, there is an increasing willingness to
pay a premium for carbon-neutral products even in the chemical industry. Particularly,
when the final products are sold to industrial customers that have committed to ambigu-
ous decarbonization goals. [61, 62]

As described in chapter 3.3.2, it is difficult to compare LCOP of the plasma-based
conversion with competing technologies as there is no standardized methodology for the
calculation. Nevertheless, a rough comparison is given in the following for indicative pur-
poses. In a techno-economic evaluation of low-temperature CO; electrolysis systems by
Shin et al. [63] CO production cost of 0.41 €/kg were calculated. This value corresponds
to the following boundary conditions: 0.027 €/kWh, 37 €/kg CO,, 8400 h annual operating
time, 20 years plant lifetime.® Furthermore, the product costs were calculated by the NPV
method instead of the annuity method and cost items like general expenses, taxes and
insurances and plant overhead costs have not been considered. [63]

In another evaluation of a low- and high-temperature electrolysis system by Huang et
al. [64] CO production costs of minimum 1.44 €/kg for the low-temperature process and
0.35 €/kg for the high temperature process are presented. Again, there are some major
differences in the methodology since a detailed cash flow analysis was conducted. The
details are not explained at this point but can be found in [64]. The assumed electricity
price was 0.063 €/kWh and the CO, price 37 €/kg.?

8 QOriginal prices are given in USD. The conversion into EUR was made using the following ex-
change rate: 1.08 $/€. The values were rounded.
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5 Summary and Outlook

5.1 Summary

Plasma-assisted conversion processes are considered a viable alternative to conven-
tional techniques for CO, conversion. They provide the opportunity for adaptable CO
production and can run on renewable energy. By using CO. extracted from a DAC plant,
the generated CO can be produced in a carbon-neutral way. Coupled with green hydro-
gen from an electrolysis plant and Fischer-Tropsch synthesis, this enables the production
of value-added chemical without CO. emissions.

Several institutes are presently developing plasma technologies such as MW, DBD
and GA discharges for the efficient conversion of CO,. In the scope of this work the ex-
perimental data gathered from a MW plasma reactor of the Plasma for Gas conversion
working group of the Max Planck Institute for Plasma Physics was used to design a pro-
cess, which allows the utilization of microwave-based CO. conversion in an industrial
scale.

The developed process consists of a feed treatment, the CO. conversion unit, and a
product gas separation unit. In the feed treatment unit, the CO. feed gas is dried since
already small traces of water decrease the efficiency of the conversion process signifi-
cantly. In the second step, the dry CO: is converted to CO and O: in the MW plasma re-
actor. Subsequently, undissociated CO. is separated in a PSA to be recycled to the reac-
tor. A second PSA unit separates the CO and O: in order to provide a high purity CO
stream. The outlined process design was implemented in the software Aspen Plus V12.
Both, the feed gas dryer, and the PSA units, have been designed on literature data.
Moreover, simplified equipment models were applied to enable the steady-state simula-
tion of these dynamic process units. The reactor was designed on basis of experimental
data as outlined before. Consequently, various operating points were analyzed in a case
study.

The technological evaluation included the analysis of two different design scenarios. In
Case A, a fixed MW source efficiency of 70% was assumed for all operating points of the
plasma reactor and in Case B, the MW source efficiency was implemented as a function
of the injected MW power. Case A therefore is representative if the system is specifically
designed for the single operating point, while Case B gives more insights about how the
system performs when it is not operated at the rated power but in part load and thus at
lower MW source efficiencies. It was shown that the performance of the process as a
whole is mainly governed by MW plasma reactor itself. In Case A, a high correlation be-
tween the plasma efficiency and the total efficiency of the process was shown at medium
and high CO. conversion rates (yco, > 21%). However, at lower conversion rates, where
the plasma efficiency is the highest, the total efficiency was decreased considerably by
the increasing power demand for the compression of the recycled CO.. The highest total
efficiency of 16.86% was achieved at a conversion rate of 21.99%. In general, the pro-
cess is most efficient at medium conversion rates between 20% and 40%, although a



40 5.1 Summary

lower plasma efficiency is achieved compared to the low conversion rate cases. This is
because less energy is required to compress and recycle the undissociated CO, to the
reactor. The evaluation of the main electric power consumers has shown that a major
part of the electricity demand (between 85.6% and 98.3%) is required by the MW source
of the plasma reactor. This also explains the high correlation of the plasma efficiency and
the total efficiency of the process.

The evaluation of Case B indicates that it is crucial to operate the MW plasma reactor
at the rated power of the MW source to avoid decreasing the total efficiency. This must
be considered for part load operation of a large-scale process where multiple plasma
reactors are operating simultaneously. It is more advantageous to completely shut down
individual plasma torches to achieve the required (reduced) power instead of decreasing
the power input in all the reactors equally.

In the economic evaluation the most promising operating point of technological evalu-
ation was utilized to calculate the LCOP of a large-scale process plant with a CO, feed
capacity of approximately 171 t/h. It is noteworthy that the reactor unit not only consti-
tutes the crucial factor for the process performance, but also significantly influences the
economics. The plasma reactor accounts for approximately 96.7% of the total equipment
costs. However, in this work no economy of scale was considered for the equipment
costs of the plasma torches due to the maximum available MW source capacity of
100 kW (at 915 MHz). The necessary total power was achieved by a numbering up. De-
spite the exorbitant equipment costs, the greatest cost driver for CO production is elec-
tricity, as illustrated by the TPC calculation. In the base case, the LCOP aggregates to
4.44 €/Kkgco, While the pure electricity costs are around 3.67 €/kgco at 0.20 €/kWh. For the
presented best-case scenario, the lowest achievable LCOP, under the made assump-
tions, are 0.93 €/kgco. Additionally, it was demonstrated that LCOPs are highly sensitive
to electricity prices and annual operating hours. A dynamic operation can be economical-
ly competitive compared to continuous operation at the rated capacity since electricity
can be obtained at significantly lower costs, especially when the process runs of renew-
able energies.

In conclusion, plasma-assisted conversion of CO. is a promising technology that can
be integrated into a comprehensive process for the industrial production of CO. Howev-
er, at present the high equipment costs and the high electricity demand due to the mod-
erate efficiency result in comparatively high LCOP. This makes the concept not yet eco-
nomically attractive when compared, for example, with CO. electrolysis.
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5.2 Outlook

Since this term paper only offers a first insight into the potential inclusion of a MW
plasma reactor in a comprehensive system, further exploration of several aspects is nec-
essary.

In order to decrease the electricity demand, which is the primary driver of the LCOP,
enhancing the total energy efficiency of the process is imperative. Therefore, it is crucial
to investigate the impact of preheating the feed on conversion performance. This would
enable direct utilization of waste heat within the process, if feasible. However, if no posi-
tive effects are observed, other heat integration options must be thoroughly analyzed.
For instance, integrating all up- and down-stream units in the process simulation could
be considered. Anyways, it is equally important to find a solution for utilizing the heat
removed through fast gas quenching, as this constitutes the bulk of waste heat and is
currently not being utilized.

Furthermore, to facilitate the implementation of MW plasma reactors in industrial pro-
cesses, it is imperative to conduct a scale-up investigation. Currently, the commercially
available MW sources, with a generation frequency of 915 MHz, exhibit a maximum
power output of only 100 kW. However, as the maximum power output is higher in MW
sources with a lower generation frequency, analyzing the CO. conversion at even lower
frequencies would provide more insights regarding the upscaling potential. In addition, it
is necessary to develop concepts for the integration multiple MW sources into a single
reactor unit. The construction of bigger reactors with increased power output has the
potential to enable cost savings through economies of scale, particularly for large-scale
systems.

Besides the conversion unit, further research is also required for the other process
units. Especially, the adsorbents intended to be utilized in the PSA units must be tested
experimentally. Moreover, the developments of competing separation technologies must
be continuously observed as their technology readiness level increases for the applica-
tion in the CO. conversion process advance.

And finally, as the process design is further refined, it is imperative to conduct dynam-
ic process simulations of the entire system in order to validate the viability of the process
utilizing fluctuating renewable energies or for grid stabilization purposes.
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B) Detailed Summary of Simulation Results for an Exemplary Operat-
ing Point
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Appendix

C) Summary of Main Technological Results of all Evaluated Operating
Points | Case A

= oy :

i = o - j-

o 0 c @ c 1<} S £ ol
&x T S £ 9 g @ 5 0 S E
28 %3 ) @ 9 i < O 38 ° 2 g2
£ E 220 2w T = = 7 T3 9 0 g S
® 3 o oc w 8 o o o9 e
o> ® 5 o = 3] = a £ >sa S
o o 3 7 2 F 2 Q o s
8 o ° o © o

mmol % M % kwh w w w w
s mol Nm3
1 2.77 56.63 974.5 11.10 31.60 10.48 32.99 21.27 3856.1

2 3.46 55.38 779.6 13.51 25.95 13.00 40.29 27.33 3853.3
3 2.77 54.70 866.2 12.04 29.13 10.37 31.86 22.21 3427.6
4 2.77 54.28 812.1 12.73 27.56 10.34 31.61 22.42 3213.4
5 2.77 54.16 757.9 13.59 25.81 10.34 31.55 22.48 2999.2
6 3.46 53.08 693.0 14.54 2413 12.83 38.62 28.74 3425.2
7 2.77 52.91 703.8 14.27 24.58 10.27 30.82 23.09 2785.0
8 2.77 51.01 649.6 14.88 23.57 10.16 29.71 24.02 2570.7
9 3.46 50.37 606.3 15.72 22.32 12.64 36.64 30.40 2997.0
10 2.77 48.22 595.5 15.31 22.90 10.00 28.09 25.39 2356.5
11 3.46 48.04 563.0 16.11 21.77 12.47 34.95 31.83 2783.0
12 3.46 4517 519.7 16.38 21.42 12.27 32.86 33.59 2568.9
13 2.77 44.81 541.4 15.62 22.46 9.80 26.10 27.06 2142.3
14 3.46 42.24 476.4 16.67 21.04 12.06 30.73 35.38 2354.8
15 2.77 4113 487.2 15.88 22.08 9.59 23.96 28.87 1928.1
16 3.46 38.76 433.1 16.78 20.91 11.81 28.20 37.57 2140.7
17 2.77 37.56 433.1 16.26 21.58 9.39 21.88 30.62 1713.8
18 3.46 35.05 389.8 16.79 20.89 11.55 25.50 39.91 1926.7
19 6.93 34.62 389.8 16.59 21.15 23.07 50.39 80.46 3858.9

20 6.93 34.38 389.8 16.48 21.29 23.03 50.05 80.75 3858.9

24 2.77 33.57 379.0 16.53 21.22 9.16 19.55 32.58 1499.6

29 3.46 31.15 346.5 16.72 20.98 11.27 22.66 42.30 1712.6

23 6.93 30.94 346.5 16.60 21.13 22.54 45.08 84.99 3430.1

24 6.93 30.77 346.5 16.51 21.24 22.52 44.84 85.20 3430.1

25 2.77 29.38 324.8 16.78 20.91 8.92 17.17 34.63 1285.4

26 3.46 27.46 303.2 16.75 20.94 11.01 19.98 44 .57 1498.5

27 6.93 27.46 303.2 16.75 20.94 22.05 40.01 89.27 3001.4

28 6.93 27.36 303.2 16.68 21.02 22.03 39.86 89.40 3001.4

29 3.46 23.83 259.9 16.83 20.85 10.75 17.39 46.80 1284.4

30 6.93 23.82 259.9 16.83 20.85 21.53 34.72 93.74 2572.6

6.93 23.59 259.9 16.66 21.05 21.50 34.38 94.03 2572.6

(%]
-




Appendix Vil
32 10.40 2275 2599  16.07 21.82 3208 4971  142.66  3860.7
33 10.40 2275 2599  16.07 21.83 3208  49.69  142.67  3860.7
34 6.93 2199 2382  16.86 20.80 2127 32,04  96.00 23582
35 6.93 2176 2382  16.69 21.02 2123 31.71 96.28  2358.2
36 10.40  20.08  231.0  15.85 22.12 31.51  43.91  147.60 3431.8
37 6.93 20.05 2165  16.82 20.86 2099 2922  98.39  2143.8
a8 10.40 2001  231.0  15.80 22.20 3149  43.76  147.73  3431.8
39 6.93 19.82 2165  16.62 21.10 2096  28.88  98.67  2143.8
40 6.93 1813 1949  16.78 20.90 2072  26.42  100.74  1929.4
41 6.93 17.87 1949  16.54 21.20 2068  26.04 101.07 1929.4
42 10.40  17.66  202.1 15.80 22.20 3099 3861 152.07 3002.8
43 10.40  17.59  202.1 15.74 22.29 3098 3846 15220  3002.8
44 13.90 1635 1949  15.14 23.17 41.05 4773  206.48  3870.0
45 6.93 16.19 1732 16.72 20.98 2044 2360 103.13 17151
46 6.93 15.98 1732  16.50 21.26 2041 2328  103.40 17151
a7 10.40 1532 1732  15.82 22.18 3049 3349 156.39  2573.8
48 10.40 1520 1732  15.70 22.34 3047 3324 15660 2573.8
49 13.90 1469 1732 1517 23.11 4058  42.94 21056  3440.0
50 6.93 1424 1516  16.63 21.10 2017 2075 10553  1500.7
51 6.93 14.04 1516  16.39 21.40 20.14 2046 10578  1500.7
52 10.40 1404 1588  15.71 22.33 3022 30,70  158.75  2359.3
53 13.90 1297 1516  15.14 23.16 4009  37.90 21482  3010.0
54 10.40 1282 1444 1565 22.41 2996  28.04 161.00 2144.9
55 10.40 1277 1444 1559 22.50 2995 2792  161.10 2144.9
56 6.93 1229 1299  16.50 21.26 19.89  17.96  107.94 12863
57 6.93 12.11 129.9  16.26 21.57 19.86  17.70  108.16  1286.3
58 10.40 1156 1299 1553 22.59 2969 2529  163.32  1930.4
59 13.90  11.33 1299  15.21 23.06 39.62  33.11  218.87  2580.0
60 13.90 1050  119.1 15.25 23.00 39.38 30,70 22091  2365.0
61 10.40 1033 1155  15.42 22.74 29.43 2260 165.60 17159
62 10.40 1024 1155 1529 22.94 29.41 2240 16576 17159
63 13.90 9.65 108.3  15.24 23.01 39.14 2819  223.02 2150.0
64 10.40 9.11 101.1 15.29 22.94 29.17 1991  167.86  1501.4
65 13.90 8.76 97.4 15.19 23.10 3889 2560 22521  1935.0

13.90 7.88 86.6 15.13 23.18 3864  23.04 227.38 1720.0

66
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D) Summary of Main Technological Results of all Evaluated Operating
Points | Case B
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mmol % ﬂ % KkWh w w w w
s mol Nm3
1 2.77 56.63 974.5 11.40 30.77 10.48 32.99 21.27 3753.7
2 3.46 55.38 779.6 13.90 25.23 13.00 40.29 27.33 3744.0
3 2.77 54.70 866.2 12.03 29.15 10.37 31.86 22.21 3429.8
4 2.77 54.28 812.1 12.56 27.92 10.34 31.61 22.42 3256.7
5 2.77 54.16 757.9 13.23 26.52 10.34 31.55 22.48 3082.8
6 3.46 53.08 693.0 14.54 24.13 12.83 38.62 28.74 3425.5
7 2.77 52.91 703.8 13.67 25.66 10.27 30.82 23.09 2911.2
8 2.77 51.01 649.6 14.00 25.05 10.16 29.71 24.02 2736.5
9 3.46 50.37 606.3 15.27 22.96 12.64 36.64 30.40 3085.9
10 2.77 48.22 595.5 14.11 24.85 10.00 28.09 25.39 2562.3
11 3.46 48.04 563.0 15.43 22.74 12.47 34.95 31.83 2910.1
12 3.46 4517 519.7 15.41 22.76 12.27 32.86 33.59 2734.6
13 2.77 44.81 541.4 14.04 24.98 9.80 26.10 27.06 2390.0
14 3.46 42.24 476.4 15.37 22.82 12.06 30.73 35.38 2560.4
15 2.77 41.13 487.2 13.85 25.32 9.59 23.96 28.87 2219.7
16 3.46 38.76 433.1 15.09 23.24 11.81 28.20 37.57 2388.3
17 2.77 37.56 433.1 13.66 25.67 9.39 21.88 30.62 2050.9
18 3.46 35.05 389.8 14.66 23.92 11.55 25.50 39.91 2218.1
19 6.93 34.62 389.8 17.06 20.56 23.07 50.39 80.46 3748.3
20 6.93 34.38 389.8 16.91 20.75 23.03 50.05 80.75 3756.4
24 2.77 33.57 379.0 13.27 26.42 9.16 19.55 32.58 1882.3
29 3.46 31.15 346.5 14.07 24.93 11.27 22.66 42.30 2049.4
23 6.93 30.94 346.5 16.58 21.16 22.54 45.08 84.99 3435.9
24 6.93 30.77 346.5 16.48 21.28 22.52 44.84 85.20 3436.8
25 2.77 29.38 324.8 12.74 27.53 8.92 1717 34.63 1711.6
26 3.46 27.46 303.2 13.48 26.03 11.01 19.98 44.57 1880.9
27 6.93 27.46 303.2 16.29 21.54 22.05 40.01 89.27 3090.4
28 6.93 27.36 303.2 16.23 21.62 22.03 39.86 89.40 3090.4
29 3.46 23.83 259.9 12.81 27.38 10.75 17.39 46.80 1710.4
30 6.93 23.82 259.9 15.86 22.12 21.53 34.72 93.74 2738.5
6.93 23.59 259.9 15.70 22.33 21.50 34.38 94.03 2738.5

(%]
-




Appendix iX
32 10.40 2275 2599  16.48 21.28 3208 4971 142,66  3759.3
33 10.40 2275 2599  16.49 21.28 3208  49.69 142,67 3757.0
34 6.93 2199 2382 1558 22.51 2127  32.04  96.00  2564.1
35 6.93 2176 2382  15.42 22.75 2123 31.71 96.28  2564.1
36 10.40  20.08 2310  15.82 22.16 31.51 4391  147.60 34385
37 6.93 20.05 2165  15.18 23.11 2099 2922 9839 23917
a8 10.40 2001 2310 1577 22.24 31.49 4376  147.73 34385
39 6.93 19.82 2165  15.00 23.38 2096  28.88  98.67  2391.7
40 6.93 1813 1949  14.72 23.83 2072  26.42 10074 22213
41 6.93 17.87 1949  14.50 24.18 2068  26.04 101.07 22213
42 10.40  17.66  202.1 15.38 22.81 3099 3861 152.07 3091.9
43 10.40  17.59  202.1 15.32 22.90 3098 3846 15220 3091.9
44 13.90 1635 1949 1552 22.60 41.05 4773  206.48  3767.2
45 6.93 16.19 1732  14.16 24.78 2044  23.60 103.13  2052.4
46 6.93 15.98 1732 13.97 25.12 2041 2328  103.40 2052.4
a7 10.40 1532 1732  14.93 23.49 3049 3349 156.39  2739.8
48 10.40 1520 1732  14.82 23.67 3047 3324  156.60 2739.8
49 13.90 1469 1732  15.15 23.16 4058 4294 21056  3446.7
50 6.93 1424 1516 13.49 26.00 2017 2075 10553  1883.6
51 6.93 14.04 1516  13.30 26.38 20.14 2046 10578  1883.6
52 10.40 1404 1588  14.54 24.12 3022 30,70  158.75  2565.4
53 13.90 1297 1516  14.74 23.79 4009  37.90 214.82  3099.3
54 10.40  12.82 1444 1417 24.76 2996  28.04 161.00 23929
55 10.40 1277 1444 1411 24.86 2995 2792 161.10 23929
56 6.93 1229 1299  12.71 27.59 19.89  17.96  107.94 17129
57 6.93 12.11 129.9 1253 27.99 19.86  17.70 10816 17129
58 10.40 1156 1299  13.67 25.66 2969 2529  163.32 2222.4
59 13.90  11.33 1299  14.38 24.39 39.62  33.11  218.87 2746.4
60 13.90 1050  119.1 14.15 24.79 39.38 30,70 22091 25715
61 10.40 1033 1155  13.13 26.71 29.43 2260 165.60 2053.3
62 10.40 1024 1155  13.02 26.95 29.41 2240 16576  2053.3
63 13.90 9.65 108.3  13.83 25.35 39.14 2819  223.02 2398.6
64 10.40 9.11 101.1 12.50 28.05 29.17 1991  167.86 1884.5
65 13.90 8.76 97.4 13.42 26.14 3889 2560 22521  2227.7

13.90 7.88 86.6 12.95 27.08 3864  23.04 227.38 20583
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Appendix

E) Total Purchased Equipment Cost Calculation Spreadsheet
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Xi

F) Detailed Single-variable Sensitivity Diagrams
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