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Abstract

The chemical industry must become carbon neutral by 2050, meaning that
process-, energy-, and product-related CO, emissions from fossil sources are
completely suppressed. This goal can only be reached by using renewable
energy, secondary raw materials, or CO, as a carbon source. The latter can be
done indirectly through the bioeconomy or directly by utilizing CO, from air
or biogenic sources (integrated biorefinery). Until 2030, CO, waste from fossil-
based processes can be utilized to curb fossil CO, emissions and reach the turn-
ing point of global fossil CO, emissions. A technology mix consisting of
recycling technologies, white biotechnology, and carbon capture and utiliza-
tion (CCU) technologies is needed to achieve the goal of carbon neutrality. In
this context, CHEMampere contributes to the goal of carbon neutrality with
electricity-based CCU technologies producing green chemicals from CO,, N,
0,, and H,0 in a decentralized manner. This is an alternative to the e-Refinery
concept, which needs huge capacities of water electrolysis for a centralized
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1 | INTRODUCTION

The Paris Climate Agreement, adopted by 196 parties on
12 December 2015, has set the goal of limiting global
warming to well below 2°C, compared to pre-industrial
levels. On 8 October 2018, the Intergovernmental Panel
on Climate Change (IPCC) released its Special Report
detailing the impacts of global warming by 1.5°C above
pre-industrial levels (SR1.5). The report clearly showed
that exceeding this 1.5°C global warming level by addi-
tional warming of just 0.5°C will cause tremendous dam-
age to the ecosystems, for example, oceans, water, and
land resources, and their biodiversity. Furthermore, in
the report, mitigation pathways compatible with global
warming of 1.5°C were given, all of which imply achiev-
ing carbon neutrality by 2050. This is a truly challenging
goal considering a population growth of 1.1% per year.!?!
Depending on the magnitude and duration of a possible
temporary overshoot of the 1.5°C mitigation pathway tar-
get, carbon dioxide removal from air and CO, sequestra-
tion will have to be performed after 2050.!

Given the importance of achieving carbon neutrality by
2050, a Climate Ambition Alliance!*! (consisting of 73 coun-
tries plus the EU, 398 cities, and 786 companies) was formed
in Madrid during the UN Climate Change Conference
COP25 in December 2019, which will work towards achiev-
ing net-zero CO, emissions by 2050 following the IPCC’s
SR1.5 guidelines.[S] Countries such as Canada and Germany,
the European Union, cities such as Toronto or Berlin, and
companies such as SkyPower (Canada) and Beiersdorf AG
(Germany) are among the members of the alliance.

The worldwide global fossil CO, emissions amounted
to 35.6 + 1.8 Gt in 2019.l% This number was expected to
decline by at least 4% and as much as 7% in 2020 but only
as a result of the COVID-19 pandemic.”! According to
the Tracking Clean Energy Progress Report 2020 on
Chemicals of the International Energy Agency, direct
CO, emissions of the chemical industry amounted to

CO, conversion with green hydrogen, whose demand is expected to rise dramati-
cally due to the decarbonization of the energy sector, which would cause a conflict
of use between chemistry and energy. Here, CHEMampere’s core reactor technol-
ogies, that is, electrolyzers, plasma reactors, and ohmic resistance heating of cata-
lysts, are described, and their technical maturity is evaluated for the
CHEMampere platform chemicals NH;, NO,, O;, H,0,, H,, CO, and C,H,0,
products such as formic acid or methanol. Downstream processing of these
chemicals is also addressed by CHEMampere, but it is not discussed here.

catalyst ohmic heating, CO, utilization, electrolyzers, plasma, TRL evaluation

880 Mt in 2018,!®! which corresponds to nearly 2.5% of
the global fossil CO, emissions (compared to the total
emissions in 2019). Direct CO, emissions comprise the
process and energy-related emissions. However, when
considering the indirect CO, emissions as well, which
account for the total carbon content of the chemical
products that can be released into the environment as the
product degrades over time, additional CO, emissions of
similar amounts can be expected[9] and the contribution
of the chemical industry to the worldwide CO, emissions
rises to 5%. In countries with a strong chemical sector,
like Germany, the share of the chemical industry’s CO,
emissions to the national CO, emissions is higher. For
instance, in Germany, the sum of the process-, energy-,
and product-related CO, emissions of the chemical
industry, that is, direct and indirect CO, emissions, was
expected to be around 112.8 Mt in 2020'°! (a value that is
likely not to have been reached, due to the COVID-19
pandemic), which would have corresponded to 16% of
the total 702 Mt of CO, emitted in Germany,**! while in
Canada, for example, which does not have such a strong
chemical industry, this value was 6.8 Mt of CO,, out of a
total of 730 Mt of CO, emitted in 2019.1'!!

To achieve the goals set by the UN Climate Change
Conference in 2019, all industrial sectors, including the
chemical industry, have to achieve net-zero CO, emissions
by 2050. Highly industrialized countries such as Germany
or Canada have major responsibilities to develop funda-
mentally new technologies and processes for a CO,-
neutral chemical production. Aside from enhanced chemi-
cal recycling of waste and a shift towards biomass as a raw
material (bioeconomy), CO, itself can be used as a carbon
source to produce hydrocarbons. Thus, by also collecting
CO, from the air by direct air capture processes in the
long-term future!’*'*! or from biobased processes such as
biogas or bioethanol production and biomass power plants
(a concept known as integrated biorefinery!'*) in the
medium-term future, the carbon cycle can be closed.
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During this transition to a chemical production with
net-zero CO, emissions, such emissions can be mitigated,
in the short-term future, by reusing the CO,, which is
formed as a waste product in fossil-based processes such
as steel, cement, ammonia, or ethylene oxide production,
to mention some of the largest contributors of industrial
CO, emissions.">™'7! This can, at the very least, reduce
the overshoot of the 1.5°C mitigation pathway target and
thus the effort for carrying out net-negative emissions, that
is, irreversibly removing CO, from the atmosphere. How-
ever, chemicals and their corresponding products contain
not only H and C atoms but also heteroatoms such as O
and N as the most prominent ones, all of which can be
found in the air, making it an ubiquitous raw material that
is readily available. The availability of water as a hydrogen
source is not as unlimited as one might think, and its
availability depends on geographical, economic, and social
factors. Figure 1 visualizes the material flow of a CO,-
neutral chemical industry using air and water as resources
instead of oil, gas, and coal, by a tree with aerial roots.

To become completely CO, neutral, the energy
demand of the whole chemical production process must
be supplied by renewable sources such as hydro, solar,
wind, tidal, geothermal, etc. Processes using solar power
to drive chemical reactions (photochemistry) can be con-
sidered to be artificial or technical photosynthesis, but
while such a concept might be highly attractive, its main

Adhesives

Detergents Dyes Plastics

FIGURE 1 New “ChemisTree” with aerial roots as an
illustration of the value-added supply chain from air and water as
raw materials to some selected important end products whose
respective industries, combined, are expected to be worth at least

900 billion US dollars, worldwide, by 2026/82!]
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drawback is that this process is completely reliant on a
single energy source, which supplies a variable amount
of energy throughout the day, making continuous pro-
duction challenging, particularly in developed countries,
which, in general, tend not to be the best geographically
placed to make the best use of solar energy. Thus, this
technology is still in its infancy and needs to be pushed
to higher technology readiness levels (TRLs) before it can
be successfully implemented on an industrial scale. In con-
trast, a larger share of processes that activate CO,, N, O,,
and H,O with the help of electricity generated from
renewable primary energy sources are already at higher
TRLs and closer to industrial application. These processes
have the advantage of being able to make use of several
different renewable energy sources, which allow them to
be used in a wider array of geographical locations with
continuous operation. Of course, complete CO, neutrality
means that electricity from renewable sources must be
used in all other upstream and downstream process units
as well. In essence, this leads to an “all-electric” process,
which needs to be highly heat integrated, because electri-
cal processes always lead to some degree of Joule heating
effect, which is hard to avoid. Thus, special attention has
to be paid to heat recovery, heat storage, and heat transfer,
for example, using heat pumps, to further increase the effi-
ciency of the processes.

The amount of renewable energy available at present
is too low to power all human activities.”! Therefore, heat
recovery, especially at lower temperature levels, is manda-
tory if the energy is to be used efficiently. This leads to the
concept of an ultra-efficient' factory, which is defined as a
loss-free production site, which has a positive symbiotic
relationship with its environment.?! Aiming at a holistic
view of production sites, the concept of the ultra-efficient
factory follows five fields of action, namely, material,
energy, emission, human/staff, and organization.!*>**
Thus, the electrification of the chemical industry, in com-
bination with efficient heat recovery, is one of the keys to
reach the concept of an ultra-efficient chemical factory.*!

Due to the large electricity requirements of indus-
trial processes, those regions of the world with a high
potential for wind and solar energy production are pre-
ferred to host such ultra-efficient chemical factories.
For example, regions with a high potential for solar
energy production are the so-called sun-belt regions of
the world, namely, the Mediterranean Area, Northern
Africa, South Africa, China, India, Latin America, and
Australia. It can be expected that chemical production
based on electricity from renewable sources and CO,,
N,, O,, and H,0 as raw materials will become economically
competitive first for speciality chemicals (Power-
2-Specialities) and afterwards for commodities (Power-
2-Commodities).?® The decentralized production of not
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only the specialty chemicals but also of the final products
seems to be practicable both from a technological as well
as from an economic point of view.*®!

CHEMampere” is a research initiative of the University
of Stuttgart (Germany) with the goal of investigating and
developing electrically driven technologies to utilize CO,,
H,0, N,, and O, as raw materials and produce final prod-
ucts such as adhesives, detergents, dyes, and plastics in an
ultra-efficient chemical factory. CHEMampere will address
greenhouse gas neutrality of the whole process, including
upstream and downstream processing and heat integration.
The core reactor technologies of CHEMampere for using
electricity from renewable sources to drive chemical reac-
tions have been chosen to be electrolysis, plasma, and
ohmic resistance heating of catalysts (see Figure 2).

As can be seen from Figure 1, the intermediates
accessible from the CHEMampere reactor technologies
are NH;, NOy, O, H,0,, H,, CO, and CH,O, such as
formic acid, methanol, ethanol, ethylene, or propanol.
These are the platform chemicals of an electricity-based
chemical industry using CO,, air, and water as raw mate-
rials, similar to the typical platform chemicals of a bio-
based circular economy such as ethanol, furfural, or
hydroxymethylfurfural,’®”! which will also significantly
contribute to future CO,-neutral chemical production.
Even combinations of the two concepts are promising, for
example, using platform chemicals from electricity-driven
technologies such as formic acid or synthesis gas® (syngas)
for microbial fermentation to produce value-added products
such as isobutylene, crotonic acid, polyhydroxybuyrate, buta-
nol, and hexanol.[?5%"!

CHEMampere follows the concept of decentralized
and distributed production, given the fact that renewable
electricity production is itself often decentralized and that
the largest renewable electricity power plants are capable
of producing electricity in the order of several gigawatts

CHEMICAL ENGINEERING

+

(GW). Thus, building a centralized eRefinery that is
based on green mega-methanol or Fischer-Tropsch
plants utilizing green hydrogen from water electrolysis
and CO, would require hundreds of GW of renewable
power plants to be feasible. Nevertheless, such chemical
routes will significantly contribute to the CO,-neutral pro-
duction of chemicals in the mid-to-long-term future.*! How-
ever, less integrated, decentralized plants are also needed for
the CO,-neutral dedicated production of certain intermedi-
ates and products, as discussed in this article. Naturally,
decentralized plants cannot take advantage of the economy
of scale, which is typical for the aforementioned chemical
routes, thus making them less profitable for small-scale pro-
duction. However, the direct conversion towards the target
products, as described in this article, would avoid the depen-
dence on green hydrogen from water electrolysis, which is
desired because green hydrogen will also be demanded in
large quantities by the energy sector. In any case, technology
diversity is needed for future chemical production because,
at this point, no one can anticipate to what extent each tech-
nology will contribute to CO,-neutral chemical produc-
tion, such as, for example, technologies for a circular
bioeconomy, for a methanol economy, for chemical
recycling, and for decentralized production with renew-
able electricity as described in this article. Moreover, local
differences in resource availability, supply chains, indus-
trial activities, and policies, for example, can also influence
the choice of the most suitable process.

The present review focuses on the electricity-driven core
reactor technologies shown in Figure 2 (electrochemistry,
plasma, and ohmic resistance heating). Their state of the art
is described, the advantages/disadvantages are discussed,
and research needs are identified. TRLs are evaluated with
regard to the conversion of CO,, N,, O,, and H,O to the inter-
mediates NH;, NOy, O, H,0,, H,, CO, and C,H,0,. Thus,
the processes from the intermediates towards the final
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FIGURE 2
processes; and right: Ohmic resistance heating of catalysts
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Electricity-driven core reactor technologies of CHEMampere. Left: Electrochemical processes; centre: Plasma-based
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products lie outside the scope of this publication and are not
discussed here, but a general consideration of the efficiency
of chemical production with renewable electricity is
discussed.

2 | TECHNOLOGIES USED IN
CHEMAMPERE

2.1 | Electrolysis

2.1.1 | Low-temperature electrolysis

Low-temperature electrolysis occurs, as one might expect,
at temperatures within the range of liquid water (i.e.,
below 100°C) and usually at a pressure equal to (or close
to) atmospheric pressure. Some processes, like low-
temperature water electrolysis (LT-WEL), which operate
between 60-80°C,"*!! are already at a quite mature stage,
that is, already commercialized.*?! Others, such as low-
temperature CO,-H,0, N,-H,0, or O,-H,0-electrolysis
(LT-CO,EL, LT-N,EL, and LT-O,EL), which operate
between 20-50°C,1**! are still at a lower TRL level. The

TABLE 1 CHEMampere
intermediates that can be produced
directly from CO,, N,, O,, and H,O by

Reduction reactions

Acidic conditions (pH = 0)
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reduction reactions of the different electrolysis processes,
in both alkaline and acidic conditions, as well as the oxy-
gen evolution reaction (OER), which is usually the

anodic reaction in all cases, are given in Table 1 along
with their respective equilibrium potentials.

Existing cell configurations

To perform the reactions mentioned above, a variety of dif-
ferent cell concepts have been presented in the literature.
Within CHEMampere, focus is placed on those concepts
that make use of: (1) gas diffusion electrodes (GDEs) to
enhance the mass transport of gaseous reactants or products
towards and away from the reaction zone for achieving
high current densities’*" and (2) ion-exchange membranes
that can either be a cation exchange membrane (CEM) or
an anion exchange membrane (AEM) or even both, to
avoid product crossover to and losses at the anode.l*>*¢!
The remainder of Section 2 is dedicated to exploring the
advantages and disadvantages of each of the designs as well
as their suitability for CHEMampere-related processes. In
principle, unless stated otherwise, these cell configurations
can be adapted to all of the above-mentioned electrolysis
processes.

Equilibrium potential (V vs. SHE)

) N, +6H" +6e~ = 2NH; +0.06 1)
low-temperature electrolysis under
alkaline or acidic electrolyte conditions 0z +2H" +2¢- = H20, 062 n
2H" +2e = H, 0.00 (11m)
CO;+2H" +2e~ = CO+H,0 —-0.10 av)
CO,+2H" +2e~ = HCOOH —0.17 W)
CO,+6H" +6e~ = CH;OH +H,0 +0.02 (VD
2C0, +12H" +12e~ = C,HsOH +3H,0 +0.08 (VID)
2C0, +12H" +12e~ = C2H,+4H,0 +0.08 (VIID)
3C0,+18H" +18e- C3H,0H + 5H,0 +0.11 IX)
Alkaline conditions (pH = 14)
N2 +6H,0 + 6e~ = 2NH;+60H ™ —-0.77 X)
0, +2H,0+2e~ = H,0,+20H" —0.21 (XD)
2H,0 +2e~ = H,+20H" —0.83 (XI)
CO, +H,0+2e~ = CO+20H™ —-0.93 (XIII)
CO, +H,0+2e" = HCOO™ +OH~ —0.69 (XIV)
CO, +5H,0 +6e~ = CH30H + 60H —0.81 XV)
2C0;, +9H,0+12e~ = C,H;sOH +120H~ —0.75 (XVI)
2CO; +8H,0 +12e~ = C,H4+120H~ —0.75 (XVII)
3C0, +13H,0 +18e~ = C3;H,0H +180H~ —0.72 (XVIII)
Oxidation reactions

Acidic conditions (pH = 0)

2H,0 = O, +4H" +4e~ +1.23 (IXX)
Alkaline conditions (pH = 14)

40H = 0, +2H,0+4e” +0.40 (XX)
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Cell design using a cation exchange membrane
The first design to be explored is the cell design using a
CEM, which is the most prominent design, mainly due to
its high chemical stability and acceptable ohmic resis-
tance. Although they are often associated with an acidic
environment, like in the well-known acidic proton
exchange membrane water -electrolysis (PEMWEL),
CEMs can also be employed when alkaline liquid electro-
lytes are required. Such a cell configuration is shown in
Figure 3A.

In alkaline CEM-based cells, hydroxide ions are pro-
duced at the cathode, according to Equations (X)-(XVIII)
in Table 1, but they are prevented from reaching the
anode by the CEM. Instead, cations (e.g., potassium) that
are leftover from hydroxide consumption at the anode
move through the membrane to the cathode side to
maintain charge neutrality in the cell. In the case of LT-
CO,EL, the CEM thereby effectively prevents the oxygen
produced at the anode from being contaminated with
CO, due to bicarbonate crossover from the cathode side.
Furthermore, the alkaline anodic environment generally
allows for the use of non-precious metal catalysts like
nickel or iron-based systems and cheaper bipolar plate
materials like stainless steel. However, this configuration
comes with the downside of an unstable pH value. The
anode pH gradually decreases while the cathode pH
increases,”’ making downstream pH balancing necessary.

Instead of a liquid, an anodic zero-gap configuration,
incorporating a membrane electrode assembly (MEA),
can be used (Figure 3B). The direct contact between
anode and membrane circumvents the need for a highly
conductive anolyte* and allows for the use of pure water
instead. Due to the lack of other metal cations, protons
are transferred through the membrane, neutralizing the

(A) (B)
Gaseous o Gaseous
products  Liquid products
products 0,

CEM

Cathode

I

I Catholyte I ]
K

Reactant (aq) Reactant

Liquid
products 0,

Catholyte I

hydroxide ions produced at the cathode or replenishing
consumed protons. While this configuration now allows
for a stable pH at the cathode,!”! the anode’s acidic envi-
ronment requires the use of precious metal catalysts, like
iridium, as well as corrosion-resistant cell materials.

Both the configurations described above show a severe
downside when it comes to liquid or solved products,
which require a liquid film to be present between the cath-
ode and the membrane (Figure 3A,B). Even when adding
large amounts of conductive salts (which can, in turn, lead
to problems in the product purification steps), this film
adds a significant amount of ohmic resistance and potential
heat removal problems in an industrial-scale cell. This may
be avoided by using a full zero-gap configuration as known
from PEMWEL (Figure 3C). Avoiding the liquid electrolyte
film and supplying water only by humidification or electro-
osmotic drag from the anode can also help to increase the
concentration of liquid products. However, three major
challenges arise with this configuration: first, once again,
the need to use precious metals on the anode; second, prod-
ucts need to be removed efficiently without completely dis-
placing the reactant; and third, the close proximity between
the highly acidic membrane and cathode brings along the
problem of a competing hydrogen evolution reaction
(HER) for technologies except for LT-WEL.

Cell design using an anion exchange membrane

AEMs can be used analogously to what has been described
for CEM-based designs (Figure 3), with the difference
being that it is now anions that are transported through
the membrane to close the electrical circuit. For the pur-
poses of CHEMampere, the main drawback of this config-
uration is that it is not applicable to all processes listed in
Table 1. While alkaline membrane water electrolysis is a

©)

Gaseous
+ liquid
products o,

CEM

GDE

[}
°
o
=
=}
©
o

H,0 Reactant H,0
(humidified)

FIGURE 3 Various cation exchange membrane-based electrolyzer configurations, potentially applicable for all mentioned low-

temperature (LT)-electrolysis technologies
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well-known process with great advantages for stationary
and steady operation, LT-CO,EL and LT-O,EL experience
some severe disadvantages. For LT-CO,EL, hydroxide ions
formed at the cathode can react with CO, to reversibly
form bicarbonate/carbonate ions, which then migrate to
the anode (where, as mentioned before, the OER takes
place), where they are once again converted to CO,,
contaminating the oxygen product stream. In the case of
LT-O,EL towards hydrogen peroxide, the existing alkaline
conditions impair the product stability.

Cell design using anion and cation exchange
membranes

CEM-based configurations have recently been subjected
to modifications and can now incorporate both an AEM
and a CEM. The membranes can either be separated
(Figure 4A) or attached to each other, forming a bipolar
membrane (BPM, Figure 4B). Separating the AEM and
CEM, depending on the application, can prove beneficial
in the following ways. First of all, since the AEM is placed
over the cathode GDE, it acts as a protection layer for the
catalyst, which allows the bulk electrolyte to be much
more acidic than the reaction environment inside the cath-
ode GDE. Second, the AEM can also inhibit the precipita-
tion of salts (such as potassium bicarbonate*”!) in the
porous cathode by keeping cations in the bulk phase and
facilitating anion removal, ultimately decreasing the deg-
radation of the electrode.*®! Lastly, if an ion-conducting
resin is introduced in the electrolyte compartment, there is
no need for a conducting salt to be introduced, which
leads to the generation of a pure product stream,*! and,
consequently, the overall operating costs are reduced.

As mentioned earlier, the AEM and CEM can be
placed adjacent to one another, thereby forming a BPM,
which results in a setup similar to the one just discussed
above. With such a setup, the focus inherently shifts
towards the pH values within the cell. Upon applying a

(A) Gaseous
products

FIGURE 4 Potential cell
configurations with both cation and Reactant H,0/

anion exchange membranes

Liquid
products

Catholyte
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voltage, water is split inside the BPM (at a thin catalyst
layer between the AEM and CEM), forming protons and
hydroxide ions, which are transported to the cathode and
anode, respectively. This allows the anode to be operated
under alkaline conditions, while the protons delivered to
the catholyte maintain pH stability. However, this water-
splitting reaction adds a significant voltage drop in the
system (around 1 V at 100 mA/cm?).[*°! Hence, such a
cell configuration needs to be economically evaluated for
each individual application to determine if the higher
operating expenditures (higher cell voltage) justify the
lower capital expenditures, CAPEX (cheaper catalysts
and cell materials).

2.1.2 | High-temperature electrolysis
High-temperature electrolysis processes, referred to as
solid oxide electrolysis (SOE), are attractive due to the
possibility of attaining higher reaction rates and due
to the lower specific electrical energy consumption
compared to low-temperature electrolysis, given that
some of the energy is supplied to the system in the
form of heat.[*} This makes the processes especially
attractive if a renewable heat source is available.
High-temperature electrolysis reactions typically take
place at temperatures above 600°C in ceramic-based
membrane reactors, which are electrochemical reac-
tors that are especially attractive for the direct conver-
sion of electricity into chemicals, owing to their fast
kinetics.

Ceramic-based electrochemical cells can be classi-
fied into two main families depending on the nature of
the charge carrier in the electrolyte material. The solid
oxide cells (O-SOC) rely on ionic oxygen transport
through the electrolyte while the proton conducting
solid oxide cells (H-SOC), also known as proton

B Gaseous o
() products Liquid

products 0,

CEM AEM

I Catholyte
H,0 Reactant
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conducting ceramic (PCC) cells, implement a solid-
state electrolyte that enables the transport of protons.
By design, O-SOE is especially appropriate for oxygena-
tion/deoxygenation reactions, whereas the proton-
conducting solid oxide electrolysis (H-SOE), on the
other hand, finds its application in processes that call
for protonation/deprotonation reactions (see Table 2).
Both of these designs will be further explored in this
section.

Oxygen ion conducting solid oxide electrolysis cells
(0-S0OC)

0O-SOC exist in multiple cell architectures, but the planar
design, owing to its compactness and high specific power
density, has so far received most of the attention and is
by far the most commonly used architecture to develop
O-SOE for commercial applications. O-SOC can be fur-
ther subdivided into: (i) the so-called electrolyte
supported cell (ESC) and (ii) the cathode supported cell
(CSC). They are briefly discussed below.

ESC relies on a thick and dense zirconia-based electro-
lyte (60-200 pm), which provides sufficient mechanical
strength to the cell and supports the cathode material.
They are operated at high temperatures, typically above
800°C to minimize the ohmic losses related to the electro-
lyte thickness. As a cathode material, a Ni/Ce,_,Gd,O,_
(CGO) cermet is used since it shows promising features
such as a good redox stability, high coking resistance, and
a fair tolerance towards potential sulphur-containing
impurities in CO, sources!*>*”! (see also Section 2.1.3).

TABLE 2
proton-conducting solid oxide electrolysis (H-SOE) (H")

In the CSC design, a thick and porous cermet cath-
ode, which is around 300 pm thick, provides the mechan-
ical strength of the cell and supports a thin and dense
zirconia-based electrolyte (5-15 pm). The cathode is typi-
cally made of a Ni/Zr; Y0, _ (YSZ) cermet. Compared
to ESC, the thin electrolyte allows reduced ohmic losses,
which improves the overall performance. Therefore, the
CSC operates at a lower temperature, typically in the
range of 700-800°C. However, the CSC design faces criti-
cal challenges due to the thick and porous YSZ support
layer, in particular, a low tolerance towards redox and
thermal cycling and a poor tolerance towards carbon
deposition.

Both types of cells are especially well suited for the
production of the CHEMampere-relevant products: H,,
CO, and syngas!*'**! via steam electrolysis, dry CO,
electrolysis, and simultaneous co-electrolysis of H,O
and CO, (Figure 5), for a wide range of CO/H,
ratios.[*1*8] Moreover, they can also operate in pressur-
ized conditions. An overview of the functionality of the
different cell types in the different conditions can be
found here.[*1:4°-51]

High-temperature electrolysis is very attractive in
terms of efficiency, for H, and CO production, compared
to low-temperature technologies. This is even more
favourable if a heat source is available to reduce the heat
demand of the electrolysis process. Nonetheless, industri-
alization of the technology and scaling up to the multi-
megawatt (MW) scale is still challenging, as SOE is
CAPEX intensive compared to low-temperature

CHEMampere intermediates that can be produced directly from CO,, N,, O,, and H,0 by solid oxide cells (O-SOE) (02-) and

Equilibrium cell voltage at 600°C (V)

O-SOE
Overall 2H,0 = 2H,; + 0, 1.05 D
Reduction 2H,0+4e~ = 2H, +20%*"
Oxidation 202 = 0, +4e~
Overall 2CO, = 2CO0+0, 1.11 (IT)
Reduction 2COy+4e~ = 2C0O +20°"
Oxidation 202 0, +4e~

H-SOE
Overall N, -+ 3H,0 2NH; +3/20, 1.19 (110
Oxidation 3H,0 = 3/20,+6H" +6e~
Reduction N, +6H' +6e~ = 2NH;
Overall 2H,0 = 2H; 4+ O, 1.05 Iv)
Oxidation 2H,0 = 0, +4H" +4e”
Reduction 4H' +4e~ = 2H,

*Thermochemical data extracted from the NIST database.
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FIGURE 5 Typical configurations of high-temperature
electrolysis cells. (A) Solid oxide cells (O-SOC). (B) Proton
conducting solid electrolyte cells (H-SOC)

electrolysis, and the ceramic processing challenges do not
allow for large cell areas. Furthermore, the dynamic
response of large SOE systems to the fluctuation of
renewable electricity is still challenging. Dealing with the
carbon deposition during CO, electrolysis is still a prob-
lem, which requires material optimization to prevent
metal dusting of the metallic components and safe oper-
ating strategies.

Proton conducting solid oxide electrolysis cells (H-SOC)

PCCs and related technologies are relatively young, that
is, the first evidence of proton transport in ceramics was
presented in 1981. Considerable progress has been made
in the last decade, which has boosted the performance of
laboratory-scale devices to a level suitable to consider
commercialization of the technology.? H-SOC were
developed, and their potential application for different
Power-to-X applications was demonstrated for reactions
relevant to CHEMampere, which include steam elec-
trolysis and direct electrosynthesis of ammonia (see
Table 2). For all of these applications, PCCs provide a
unique competitive solution compared to oxygen ion-
conducting ceramics.!**! Typically operating between
400 and 600°C, H-SOC are particularly promising for
such applications. The electrode configuration sepa-
rates steam supply and hydrogen production, thereby
preventing dilution of both streams while keeping the
reversibility capability (e.g., see Figure 5B). However,
despite these advances, the commercialization of
H-SOC is far behind other similar ceramic-based tech-
nologies such as the O-SOC. Promising state-of-the-art
protonic ceramic electrolytes, for example, BaZrCeOs;-
based perovskites, are hard to densify, which makes it
challenging to develop membrane reactors due to: (i) the

CHEMICAL ENGINEERING

lack of scalable, cost-effective, and reliable manufacturing
processes and (ii) the lack of suitable electrode materials
available as they must be thermochemically compatible
with other components while ensuring good catalytic
activity towards the desired reaction.

By 2020, solid-state reactive sintering (SSRS) had
already been broadly adopted for the production of
tubular cells (CoorsTek Membrane Sciences AS, Oslo,
Norway) and planar cells (FuelCell Energy Inc., USA;
PANASONIC, Japan). It represents the state of the art of
H-SOC manufacturing.®* However, despite its broad
deployment, this method still faces some challenges. In
particular, the incorporation of NiO as a sintering aid in
the electrolyte hinders the protonic transport properties
of the electrolyte and is suspected to add some elec-
tronic conductivity.[54] Furthermore, the presence of a
secondary phase can potentially lower the mechanical
strength of the electrolyte over long-term operation.
Moreover, since it relies on the reactivity of the electro-
lyte precursor with NiO to achieve the high density of
the electrolyte, SSRS leaves very little flexibility in the
choice of materials for the cathode, which negatively
impacts the range of applications of the cells, since the
materials cannot be selected for the sake of their perfor-
mance. A particularly important challenge for H-SOE is
the p-type leakage across the electrolyte that induces a
flux of protons from the cathode to the anode side and
thus strongly reduces the Faraday efficiency. The mini-
mization of this current leakage through optimization of
the electrodes, electrolyte material, cell architecture,
and operating conditions is mandatory to achieve high
process efficiency.

2.1.3 | Catalysts

Considering the requirement for high current densities in
industrial applications, GDEs have become the state-of-
the-art solution to overcome the mass transport limitation
resulting from the low gaseous reactant solubility in aque-
ous electrolytes for LT-electrolysis. Their purpose is to pro-
vide a large surface area at which solid, liquid, and
gaseous phases coexist and form the so-called triple phase
boundary. As seen in chemical Equations (I)-(IX) or (X)-
(XVIII) in Table 1, each of the listed reactions includes
electrons, ionic species, and a gaseous reactant or product
that needs to be transported. Hence, GDEs usually consist
of an electrically conductive material like metals or
carbon-based materials (e.g., carbon black, graphite, etc.)
and solid or liquid electrolytes that provide the ability to
transport ionic species. The porous structure necessary for
gas transport is usually created by adding hydrophobic
binders like Teflon to render the electrode (partly)
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hydrophobic and prevent flooding. If not added as a con-
ductive metal itself, the electrocatalyst is often supported
on carbon or other metals (e.g., titanium) and covered
with a thin film of liquid electrolyte during the cell opera-
tion, allowing the gaseous reactant to reach the active site.

Although a lot of recent and current work is focused
on finding new catalyst materials for LT-electrolysis, typi-
cal elements can be named for each product. Mo-based
materials are known in NH; synthesis,®* while Hg, Au,
Ag, Pt, and Pd can form hydrogen peroxide.[*! Pt, Ir, Ag,
and Ni are typical for LT-WEL.*”! LT-CO,EL to CO usu-
ally works well on Ag, Au, and Zn, while formate/formic
acid can be produced on Sn, Bi, In, Pb, or Hg. Copper is
the only element known in LT-CO,EL that allows the
formation of alcohols or aliphatic hydrocarbons.!**!

In HT-electrolysis, for both the O-SOC and the H-SOC,
a porous nickel-based cermet has become the state-of-the-
art cathode. It consists of a mixture of nickel and an oxidic
phase that acts as an ionic conductor. The purpose of the
nickel phase in the form of a 3D percolation network is to
ensure a good current distribution in the volume of
the electrode while catalysing the cathode reactions.
The oxidic phase enables the transport of the ions involved
in the electrochemical reaction to or from the active sites
located at the so-called triple phase boundary, that is, at
the junction of the nickel and the oxidic materials facing
the gaseous atmosphere. When the oxidic material is
a mixed ionic and electronic conductor, such as CGO in
O-SOC (see Section 2.1.2), the electrode reaction is
delocalized over the double-phase boundary between
the oxidic and the gas phases. The microstructure of the
electrode, in terms of porosity, pore size distribution, and
tortuosity, is tuned to maximize the density of reactive
sites while minimizing gas transport resistance.

In the specific case of O-SOC, however, it has recently
been shown that, specifically for electrolysis operation,
the cermet is prone to microstructural instabilities at
high operating current densities, that is, at large cathodic
overpotentials, in the form of Ni migration away from
the electrode/electrolyte interface thus causing severe
degradation.®® 1 Moreover, traditional cermet elec-
trodes require activation and operation within a reducing
atmosphere, that is, H, or CO, which impedes operation
under pure H,O or pure CO, streams. Therefore, the
development of oxidic electrocatalysts that are fully redox
stable such as perovskite materials would be beneficial to
enable their operation under pure H,O or pure CO,
streams, which could result in a system simplification
and thus cost reduction.

In the specific case of H-SOC, the anode materials
remain an important challenge. Recently, mixed pro-
tonic and electronic conductors based on the double
perovskite Ba; ,GdggLap,,xC0,0¢_s have shown

promising performance.!?! For NH; synthesis, studies
have focused on identifying effective catalysts and two
catalysts, Pd-Fe!®*! and VN-Fe,!**! have shown improved
ammonia production rates over traditional nickel-based
catalysts.

2.2 | Plasma technologies

Gas discharge plasmas can be generated by supplying elec-
trical energy to convert a gas into a plasma state. Neutral
gas components are split into electrons and ions by ioniza-
tion (among other chemical species). Seen from the outside,
the gas remains neutral because it consists of equal num-
bers of negative and positive charges. A degree of ionization
of 10~* (1 in every 10 000 particles is ionized) is sufficient to
imprint the typical collective behaviour of a plasma on the
gas: plasma light emission, coupling to electric or magnetic
fields, and extraordinary reactivity. To utilize the latter for
chemical production, atmospheric pressure plasma pro-
cesses are preferred with regard to energy efficiency and
productivity. Avoiding vacuum and compression technolo-
gies enables the direct operation of plasmas with subse-
quent processes in the same pressure range.

In terms of their classification, atmospheric plasmas can
be classified into “cold” (or non-thermal/non-equilibrium)
and “hot” (or thermal/equilibrium) plasmas. Non-thermal
or non-equilibrium plasmas are so called because the aver-
age kinetic energy (temperature) of the neutral gas mole-
cules is the lowest and nearest to room temperature (also
referred to as cold or warm), while electrons, the lightest
particles in the plasma, have a higher temperature, often in
the order of 10* Kelvin.!*”! Conversely, in thermal or equi-
librium plasmas, the electron and the gas temperatures are
more or less the same and are in the range of 4000-
20 000 K. This is why they are also referred to as “hot
plasmas”. A detailed description of plasma physics and
technology can be found in the study of Fridman and
Kennedy.[°)

In the following sections, the “warm plasma” (a type
of plasma in between the “cold” and “hot” plasmas, that
is, the gas temperature ranges from 400-4000 K) and
“hot plasma technologies”, which are mainly applied in
CHEMampere, will be discussed more deeply. The termi-
nology is also updated, with the term “low-temperature
plasma” used to address the warm plasma technologies,
which have gas temperatures in the typical range for
thermocatalytic gas reactions (400-1000 K), and “high-
temperature plasma” used for the hot plasma technolo-
gies, which have gas temperatures in the typical range for
homogeneous radical gas reactions (>4000 K). An over-
view of the chemical reactions relevant for CHEMampere
is given in Table 3.
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TABLE 3 CHEMampere intermediates that can be produced “Cold” “Warm” Thermal

< > <« » €—

directly from CO,, N,, O,, and H,0 by low-temperature (LT) and/
or high-temperature (HT) plasmas

Targeted chemical reactions  LT-plasma  HT-plasma®
3H,+N, =2NH; X X

N, + 0, =2NO X X

30, =205 X
CO;+H,0=CO+H,;+0, X X
CO,=CO0+1/20, X X

3H, +CO, = CH;0H + H,0 X

*HT-plasmas indicated in this table are limited to those studied within
CHEMampere (see Section 2.2.2).

2.2.1 | Low-temperature plasmas
Low-temperature plasmas can be created simply by apply-
ing an electric field between two electrodes (using either
DC or AC). This causes the gas between the electrodes to
partially break down into positive ions and (negatively
charged) electrons. As the electrons are accelerated towards
the positive electrode, they collide with the gas molecules,
which can either ionize, excite, or dissociate the impacted
molecules. Ionization processes generate new ions and elec-
trons, and if they are emitted faster than they recombine,
then the plasma becomes self-sustainable. Excited mole-
cules will decay to the ground state (or another lower
energy state) by emitting light, giving the plasma its charac-
teristic colour (e.g., see Figure 10). Lastly, dissociation colli-
sions lead to the formation of radical species, which react to
form the products.

“Cold” plasmas, where the gas temperature is near
room temperature, are, in general, appropriate for acti-
vating stable molecules such as O,, N,, and CO,. How-
ever, electron density and discharge currents are too low
(see Figure 6) for achieving productivities high enough
for industrial production. Those cold plasmas can be
applied to living tissues in cancer therapy by “producing”
reactive oxygen and nitrogen species that tackle the
tumour cells.!®”! This is where “warm” plasmas, which
can be created by dielectric barrier discharges (DBDs)
and DC-glow discharges, come into play, as they are both
good at activating stable molecules and can provide good
reactant conversion by allowing the translational temper-
ature of the gas to be controlled to a certain degree.[65]
This is due to their higher electron density and lower
average electron energy.

The power input is an important parameter, as it will
dictate the type of plasma that will be generated. As can
be seen in Figure 6, “warm” plasmas have a higher power
input than “cold” plasmas thereby allowing the gas mole-
cules to be heated to several hundred or even a thousand

Corona Glow Transition|| Arc

Unregulated source

Regulated source ‘F )

Discharge voltage V/

A\

Discharge power P

I
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Discharge current (A)

FIGURE 6
characteristics of a typical plasma at atmospheric pressure. The

Exemplary direct current (DC) current

discharge voltage is shown in blue and the plasma power in red.
Different discharge regions are distinguished by vertical lines. The
effect of using different types (regulated and unregulated) of voltage
sources is depicted by the black lines. Dashed lines indicate the use
of an unregulated source, while the dotted line shows the use of a
regulated voltage source. The red cross indicates a stable point of
operation

degrees Celsius. As the power input increases, so does
the temperature of the gas and electrodes, until they get
hot enough for thermal electron emission to occur. Thus,
one challenge in creating “warm” plasmas is to prevent
electrical breakdown and the transition of the plasma
from a “warm” (non-thermal) plasma to a thermal plasma.
The latter will be further detailed in Section 2.2.2.
Different approaches try to prevent “warm” plasmas
from transitioning to a thermal plasma: One such strat-
egy is to control the voltage using a regulated voltage
source to limit the discharge current, which is marked in
Figure 6 as a stable operation point. Another strategy is
to place a dielectric material between the electrodes to
limit the discharge current, thus creating a DBD. With
such a barrier, an AC electric potential must be applied
between the electrodes (with a frequency ranging from a
few hertz to megahertz!®!) to generate the DBD plasma
(Figure 7A). However, the use of dielectrics is a major
constraint for reactor design. This is why electronic com-
ponents are also used (instead of a dielectric material) to
limit the discharge current. A common laboratory setup
for such plasmas consists of a pin- and a plate electrode,
which is illustrated in Figure 7B-D,F for different power
supplies. A ballast resistance can then be used to limit
the discharge current (Figure 7B) and prevent the plasma
from transitioning to a thermal plasma. This technique,
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however, is only appropriate at the laboratory scale as a
lot of energy is wasted in the resistor. A water electrode
can be used instead, which handily combines cooling and
electrical resistance (Figure 7C).1%8] This offers the additional
possibility of involving water and dissolved chemicals like
ammonia in chemical reactions. Discharge current limiting
can also be achieved with power electronics and inductors,
which is more efficient (Figure 7D). Three electrode geome-
tries, where two electrodes serve as the current source and
the third one accelerates the electrons, are employed for
glow discharges as well (Figure 7E).*” An example of this
is the hollow cathode discharge. Magnetic fields can be used
to stabilize direct current (DC) discharges and increase their
volume by changing the path of electrons in a DC glow dis-
charge (Figure 7F)."! A further strategy is to generate very
fast discharges (in the nanosecond range), which are
referred to as nanosecond-pulse discharges.”"!

Dielectric barrier discharges

DBDs have been in operation since the late 19th century,
when they were used as a laboratory sources for ozone
and nitrous oxides.””’ When a high voltage alternating
current is available, DBDs are easy to ignite and control,
and have a simple design, facilitating catalyst implementa-
tion (see Section 2.2.3), which is why they gained popular-
ity for the use in catalysis and endothermal processes.
Since an alternator and a transformer are the only major
components, efficient plasma sources are comparably easy
to build, whereby the power can be tuned by altering fre-
quency or voltage amplitude, and the specific energy can
be tuned by regulating the gas flow.

I

»—

FIGURE 7
temperature plasma reactors. (A) Dielectric

Schematic of different low-

barrier discharge (DBD) reactor with two

discharge gaps. (B) Pin to plate discharge

with ballast resistor Ryqast. (C) Water is

used as an anode, taking the additional role

. of a resistor Ryater- (D) Smoothing inductor,
Lchoke, Used in combination with a current
source. (E) Hollow cathode discharge as a
current-limiting electron emitter in a three-
electrode setup. (F) Magnetic field in axial
direction of pin to plate discharge

Rballast

DBDs can produce homogeneous glow discharges or
streamer discharges depending on the electrode distance,
gas mixture, pressure, and nature of the dielectrics.”*! In
a homogeneous discharge, power is evenly distributed
within the volume of the plasma, while in a streamer dis-
charge, the plasma forms thin channels between the
opposing dielectrics where the totality of the current
travels through, while the bulk of the gas remains unaf-
fected. Glow discharges are harder to maintain, as they
only appear in electrode setups with small gas gaps
(in the millimetre range). Dielectric materials include
polymers and ceramics, but silicate glass and alumina are
the ones used most often.

DBDs can be built in a planar or tubular configuration.
The planar configuration can be scaled up by stacking
individual reactors. However, for large stacks, thermal
issues arise, as good dielectrics are usually poor thermal
conductors. At a discharge gap of just a few millimetres,
the dielectrics are subject to a large heat flux from the gas.
This is a problem not found in large volume discharges,
for example, in microwave plasmas (see Section 2.2.2).”4
This is also the reason why thermal processes are not
expected to play a big role in DBDs, qualifying them as
warm plasmas with an operation temperature in the range
of hundreds of degrees Celsius.

DC-glow discharges

As discussed previously, a variety of plasma reactor
designs is available to produce glow discharges, but they
all require current control, which is why they have
received less attention in plasma catalysis research.
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However, DC glow discharges are also pursued within the
CHEMampere initiative, because of their favourable char-
acteristics for chemical processes, such as high-power den-
sity and easy thermal management. In terms of reactor
designs already in use for CO, splitting (the most popular
application), a tubular design using vortex flow was pres-
ented in 2019 by Trenchev et al.l”®! Just recently, Raja
et al. used a vortex gas flow and ring electrodes to prevent
arc formation.”® In a design, which will be further pur-
sued for CHEMampere, collaborators of the initiative have
presented a reactor using pin-discharge and an axial mag-
netic field,!””! which does not utilize a vortex flow and can
thus be operated at arbitrary gas flow rates.

The employed electrode geometry addresses another
issue that is important when using glow discharges: gas flow
and plasma discharges must match in shape. Gas is often
conducted through a plasma while not utilizing the whole
volume of the discharge, as illustrated in Figure 8A, which
leads to a low energy efficiency. A similar problem arises in
DBDs that operate in streamer mode as well as in DC glow
discharge reactors that produce small discharge volumes:
most of the gas does not pass through the discharge volume,
leading to a low conversion, which is illustrated in
Figure 8B. In contrast, in the pin-to-ring geometry with axial
gas flow, all of the gas passes through the discharge volume,
allowing the totality of the discharge to be utilized.

2.2.2 | High-temperature plasmas

High-temperature plasmas are thermal, or equilibrium,
plasmas and can be generated either by high temperatures
(4000-20 000 K) or high gas pressures. In both cases, colli-
sions between electrons and the heavier species
(e.g., molecules and atoms) become much more frequent.
This increases the efficiency of the energy transfer from
the electrons to the heavy species such that eventually an
equilibrium is established between the temperatures of all
particles in the plasma. Thermal plasmas can provide a
high electron density, which is important for achieving
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FIGURE 8
plasma; gas flow is indicated by arrows. (A) in pin-to-plate

Different approaches for gas injection into the

discharges, a large share of the plasma is often not used.

(B) Conversely, gas can pass through the reactor unaffected when
small discharges appear. (C) Pin-to-ring discharge as an example to
balance both effects
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high productivity. However, for chemical production, tem-
peratures near the lower bound of the typical temperature
range are, in most cases, sufficient to supply enough ther-
mal energy to a gas or gas mixture to sustain or to operate
chemical reactions. However, thermodynamics can cause
restrictions on the conversion in the case of exothermic
equilibrium reactions. For endothermic reactions (and
products) such a thermodynamic limitation does not
occur, and reaction rates can be massively enhanced
through the high temperatures.

The technological use of a plasma discharge for chemical
syntheses started around 1905 with the synthesis of nitrogen
oxides for nitric acid production using the Birkeland-Eyde
process.”®””! The production of higher hydrocarbons from
methane began industrially before the Second World War,
when the Hiils process for acetylene (ethine) synthesis was
developed.!*"!

All of the early plasma processes were based on DC
discharges. Due to the very cost-intensive electrical energy
requirements, they were soon replaced by fossil materials
and energy resources. In addition to the high costs, there
was the issue of the short operating lifetime of the reactors
due to the erosion of the electrodes. In order to increase
the operation time of the electrodes, additional reactors
with rotating gas flows have been designed, which cause
the plasma arc to rotate, creating a moving starting spot
for the discharge on the electrodes, thereby reducing the
material’s erosion rate. For the Hiils process as well as for
the Birkeland-Eyde process, stationary magnetic fields
have been used, whereby the resulting Lorentz forces force
the plasma arcs to rotate. High frequencies (HF), from a
few kilohertz to several megahertz, alternate the current
flow. A rotating gas flow is also mandatory for HF technol-
ogy. Arc technologies can therefore be divided into three
groups: DC arc discharge with a rotating gas flow, DC arc
discharge with a magnetic field, and HF arc discharge with
a rotating gas flow.

Plasma arcs can be generated not only by applying a
voltage between two electrodes but also by coupling alter-
nating electromagnetic fields. The plasma state is gener-
ated by accelerating the electrons with the electric field.
Meanwhile, the magnetic component is utilized through
the so-called inductively coupled plasmas (ICP), meaning
that a magnetic alternating field is generated in a dis-
charge gap via a coil, which drives a current through the
plasma. A high voltage spark is required to generate
enough electrons and ions. Alternatively, the plasma can
be ignited via the alternating electric field at low pressure
and operated at atmospheric pressure afterwards. A typi-
cal excitation frequency is 13.56 MHz. At higher micro-
wave frequencies, in the range of GHz, the electrical
component of the alternating field is used. The field
strength can be increased via resonator structures in such



KLEMM ET AL.

14 THE CANADIAN JOURNAL OF
CHEMICAL ENGINEERING

-

T

A

Product processing
(quenching,
catalysts,
membrane, heat
recovery)

y

Quartz

glass Cylinder
reactor resonator

Microwaves 5>

Coax
resonator

Gas

FIGURE 9 Scheme of the plasma torch for CHEMampere. It
consists of a cylindrical resonator with a quartz glass tube reactor.
A coaxial resonator is mounted under the cylindrical resonator for
the ignition of a starting plasma. This starting plasma shifts into the
central area of the cylinder resonator in order to form a free-
standing, voluminous plasma. The plasma is stabilized by a rotating
gas flow

a way that an independent ignition with subsequent
operation takes place. A typical frequency is 2.45 GHz in
the UHF band. This is a relatively inexpensive technology
that is used, for example, in microwave ovens.

Microwave plasma torch
CHEMampere addresses high-temperature plasma tech-
nologies with microwave-powered plasmas. These can be
used to generate electrodeless and easy-to-operate
plasmas. The simple controllability of the available elec-
tricity from renewable energy sources, the scalability, and
the adaptation to tubular reactors qualify them for
plasma-chemical synthesis.

A novel arrangement of microwave resonators around
a microwave-transparent reactor tube enables both the
simple ignition of the plasma and the controllable contin-
uous operation of different plasmas./®" Figure 9 shows
the schematic view of the plasma torch used in
CHEMampere. The microwave torch consists of a cylin-
drical resonator. In the simplest case, a quartz glass tube
reactor is centrally arranged. A coaxial resonator is
mounted under the cylindrical resonator. If the micro-
waves are coupled with the plasma torch via a wave-
guide, an excessive field arises at the tip of the coaxial
resonator and causes the ignition of a “starting” plasma.
This starting plasma shifts into the central area of the
cylindrical resonator in order to form a free-standing, volu-
minous plasma. To stabilize the plasma, a rotating gas flow

Quartz
glass
reactor

Microwave

Resonator

FIGURE 10
a microwave frequency of 2.45 GHz with an air plasma at 3 kW
microwave power and an airflow of 30 standard litres per minute
(slm). The rotating gas flow stabilizes the hot plasma inside the

Picture of a microwave plasma torch designed for

quartz glass tube above a length of 50 cm without damaging the
quartz material

is generated in the coaxial resonator via tangential gas
feeds.

Figure 10 shows the picture of a microwave plasma
torch designed for a microwave frequency of 2.45 GHz
with a power of 3 kW and an airflow of 30 standard litres
per minute (slm). Spectroscopic measurements of the
plasma with high-resolution spectrometers have shown a
gas temperature of 3500 K. The rotating gas flow stabi-
lizes the hot plasma inside the quartz glass tube above a
height of 50 cm, without damaging the quartz mate-
rial.7*#!! Typical microwave powers are 1-10 kW with
gas flows between 1-100 slm.

2.2.3 | Catalysts

Research on plasma catalysis is growing rapidly due to
numerous applications such as volatile organic compound
removal,’®?! ammonia synthesis,[83’86] biogas conversion,®”!
methane coupling,®®! cracking processes,™ and CO, con-
version.°>*** When thinking in terms of plasma catalytic
processes, it is important to mention that the concepts and
types of thermal catalysis are not necessarily transferrable to
plasma catalysis in a straightforward way. Some reasons
for this are that the species that come into contact with
the catalyst are different and may be activated and/or
(partially) converted in the plasma phase.®>°%¢! In
addition, depending on the type of plasma and the
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reactor configuration, a mutual influence of the catalyst
on the plasma and vice versa may exist, for example,
due to (di)electrical, discharge, local field, or photo
effects, as well as divergent reaction conditions in terms
of, for example, temperature and pressure.”>°”! There-
fore, catalysts need to be adapted to the plasma-based
process and the chosen reactor configuration, which is
currently a point of interest in research and a necessity
in order to advance the field of plasma catalysis towards
the selective production of chemicals in an energy-
efficient way.

In general, a catalyst can be positioned with respect
to the plasma in two distinct ways®*: (1) downstream of
the plasma discharge (denoted as post-plasma catalysis—
PPC—or two-stage configuration) or (2) directly in the
plasma discharge zone (denoted as in-plasma catalysis—
IPC—or one-stage configuration). Figure 11 shows the
schematic of such configurations for the particular case
of packed bed reactors, as they are the most used. How-
ever, other conﬁgurations,[98] such as fluidized bed
designs!®! or catalytic-wall-reactors,!**! do exist.

The PPC configuration, in which the catalyst is placed
after the plasma discharge zone (i.e., the catalyst is not in
contact with the plasma), is closest to the thermal cata-
lytic processes but, as discussed above, is not necessarily
equal since the feed gas composition and properties
entering the catalytic zone depend on the plasma process.
The catalyst comes, instead, into contact with the
plasma-treated stream, which can consist of pre-
converted molecules and/or activated long-living species,
depending on the distance between the catalyst bed and
the plasma discharge zone as well as on the stability of
the activated species.[9°] When activated plasma species
come into contact with the catalytic material, differences
in adsorption and catalytic surface reactions can be
expected, in comparison to classical thermal processes.°”!
Furthermore, the thermal aspects of the post-plasma cat-
alytic reactions have to be taken into account. For exam-
ple, when DBD reactors are used, the temperature of the
gas phase in the PPC reaction zone is often relatively

(A) Outer
electrode

Inner
—)
electrode

FIGURE 11
(B) post-plasma catalysis (PPC), and (C) in-plasma catalysis (IPC)
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mild and dependent on the plasma conditions (in the
range of 100 to a few hundreds of degrees Celsius). Note-
worthy is the fact that if the chemical factory adopts the
ultra-efficiency concept, then reactions requiring higher
temperatures can be performed, for example, by reusing
the process/production site waste heat to achieve the
temperature levels needed in the PPC reactor. Although
the implementation of PPC might be feasible for some
processes using low-temperature plasmas, it is particu-
larly interesting to combine it with, for example, micro-
wave and arc plasmas. In these cases, the heat produced
in the plasma is much higher and can be recovered in the
post-plasma catalytic reactor section to, for example, con-
vert unreacted components or to perform a second-stage
consecutive reaction, converting the plasma exhaust
stream to products not accessible in the hot plasma zone.
This way, different process units can be heat integrated,
leading to an “all-electric” process and an enhancement
of the efficiency of the entire process (see Section 4).

When working with IPC, the catalysts are placed
directly in the plasma discharge zone. This configuration
is particularly challenging for high-temperature plasmas,
putting constraints on the compatibility of materials.
Therefore, the IPC configuration is mainly employed
using low-temperature plasmas, with the majority of
studies involving packed-bed DBD reactors.®*!

Contrary to what is seen with the PPC configuration,
the IPC configuration is sensitive to the presence of pack-
ing materials in the plasma discharge zone due to the
interaction between the packing material and the plasma
and vice versa, which might or might not be catalytic in a
classical (thermal) sense.l”®®% This interaction can lead
to physicall®?7:98100.101 op qurface effects!**1271%4 jn
the plasma. A few examples are changes in breakdown
voltage, electron temperature, electric fields, discharge
behaviour, number and displaced charge of streamers,
surface charging, reductive capability, hot spot formation,
photon fluxes, etc. In addition, sorption, quenching of
species and/or catalytic effects can occur at the surface.
Moreover, the material impact in IPC is strongly related
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Catalyst packing

Different types of plasma configurations with a dielectric barrier discharge (DBD) reactor as an example: (A) non-catalytic,
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to the reactor design parameters''®! (e.g., gap size), pro-
cess conditions!®*! and materials properties (e.g., geome-
try, size/gap ratio’*®! and composition!'°”'%®}). Together,
these effects can play different roles in enhancing or reduc-
ing the reaction performance in terms of conversion, selec-
tivity, space-time yields, and energy efficiency. Lastly, it is
worth pointing out that deactivation should also be consid-
ered differently in plasma catalysis, where the plasma can
alter material properties (e.g., causing deactivation) or
prevent/diminish deactivation processes such as coking or
certain thermal deactivation mechanisms, creating new
opportunities for application of the IPC configuration.*>%!
In addition to the several reviews and papers
mentioned in the above discussion, the main current
challenges and opportunities of plasma catalysis have
been highlighted in the 2020 plasma catalysis roadmap,
describing various aspects of research that cover the dif-
ferences in plasma catalysis versus thermal catalysis, how
to leverage thermal catalysis principles to plasma cataly-
sis, catalyst selection methodologies with respect to the
plasma/catalyst configuration, catalyst design, modelling,
plasma-catalyst interactions, and the importance of in-
situ diagnostic and experimental approaches.[go]

2.3 | Ohmic resistance heating of
reactors/catalysts

For endothermic chemical equilibria and endothermic
irreversible reactions operated at temperatures above
600°C, most of the energy needed to drive the process is
still supplied by the combustion of fossil fuels, such as
methane. This significantly contributes to the direct CO,
emissions of such processes, with those energy-related
CO, emissions usually being much higher than the
process-related ones since the chemical industry is an
energy-intensive industry.”®! In some cases, energy-
related CO, emissions can be avoided by supplying the
heat for thermocatalytic or thermochemical high-
temperature reactions by direct electrical heating of the
reactor/catalyst, which can additionally be considered to
be safer and more flexible in comparison to burner and
boiler technologies, since open flames or exhaust gases
are nonexistent.!'®! Direct electrical heating can be car-
ried out by resistive heating, microwave heating, and
even with plasmas (see Section 2.2).

Within the chemical industry, a broad variety of elec-
tric heater designs are available, with the most typical
designs based on resistive heating with, for example, rod-
type heaters, heating plates, heating tapes, and heating
mats. Regardless of the application and type of heat
transfer, heating elements commonly consist of a spiral
(metal) heat conductor, which is embedded in a

protective material to withstand stresses of chemical,
thermal, and abrasive nature. However, such a configura-
tion possesses two inherent drawbacks: the first is a rela-
tively high thermal mass, which aggravates temperature
controllability, and the second is a possibly inhomoge-
neous temperature distribution within the reactor/cata-
lyst. Furthermore, semiconductors, for instance, silicon
carbide (SiC) or molybdenum disilicide (MoSi,), are also
applied as heating elements, which present a good alter-
native, but possess limitations in processability and thus
restrict design options.

The approach traced within CHEMampere involves
developing electrical resistance heating materials, which act
as a heat conductor and possess self-protecting properties at
the same time, making the protective material dispensable.
Another benefit can be found in the variety that can
thereby be obtained. An illustrative example arises from the
possibility of assembling electrically heated tubular reactors
or tube bundles, which make fossil-powered pre-heaters
obsolete. In the context of this feature article focussing on
the direct conversion of air/water to CHEMampere inter-
mediates, only CO, splitting into CO and O, fits into the
underlying scheme. However, it should be kept in mind
that the reverse water gas shift (RWGS) reaction is a further
CHEMampere-related application of electrically heated
reactors (see Table 4).

2.3.1 | Composite materials

Composites have emerged as a promising class of engi-
neering materials offering new possibilities for modern
technology and can be defined as materials consisting of
two or more chemically and physically different phases,
separated by a distinct boundary.['**! The different com-
ponents are merged to achieve a material with superior
properties in comparison to the individual materials
themselves.

In this context, the provision of process heat can occur
by direct electric heating of conductive ceramic compos-
ites, whereby high thermal stability and good electrical
conductivity represent key features of the demanded mate-
rial. Cordierite ceramic is prominent for its advantageous

TABLE 4
directly from CO,, N,, O,, and H,O by ohmic resistance heating of
reactors/catalysts

CHEMampere intermediates that can be produced

Chemical reactions
CO,;+H, =CO+H,0
CO,=CO+1/20,

AH® (kJ Mol %)?
+40.90
+283.00

At T =298.15 K.
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physical properties, for example, low thermal expansion
and excellent thermal shock resistance, particularly for the
application as a catalyst support. The insulating cordierite
is combined with one or more conductive components for
the formation of a conductive network and thus for the
possibility of direct heating.

In the case of an insulator-conductor composite, the
share of conductive filler within the insulating matrix
material greatly influences the effective conductivity.
At low filler concentrations, the electrically conductive par-
ticles are homogeneously distributed throughout the insu-
lating matrix without or with hardly any interconnection.

Percolation Conductive
threshold region
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Insulating
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FIGURE 12 Schematic illustration of electrical conductivity

for insulator-conductor composites as a function of the filler
volume fraction

However, with an increasing volume fraction of conductive
fillers, the formation of an interconnected network struc-
ture within the matrix material is possible. In the case of a
binary system consisting of an insulator and a conductor,
the electrical properties drastically change from insulating
to conducting above the so-called critical percolation
threshold, whereby the conductivity of the composite mate-
rial is in the same range as that of the conductive filler,
Figure 12.[111:112!

The thermal stability and electrical conductivity of
the developed ceramic composites are provided up to
1000°C under atmospheric conditions due to the forma-
tion of a protective layer on the composite material’s sur-
face, which, in turn, shields its core from further
oxidation at elevated temperatures (Figure 13).['*%!

CHEMICAL ENGINEERING

2.3.2 | Reactor designs

Concerning possible reactor designs for direct electric
heating, all ceramic manufacturing techniques are appli-
cable since the composite material’s primary component
is cordierite. In this context, the most relevant processes
to be mentioned are compaction, extrusion, and additive
manufacturing (see Figure 14). The compaction of
ceramic powders provides a wide variety of sizes and
shapes of the final product. The extrusion process pro-
duces objects with a fixed cross-sectional area and is thus
suitable for manufacturing complex honeycomb struc-
tures or multitubular reactors. Additive manufacturing,
particularly fused deposition moulding 3D printing of
ceramic composites, is still only available for small volume

FIGURE 13

Scanning electron microscopy (SEM) images of the composite material (left) and its protective layer (right) due to high

temperature exposure under atmospheric conditions (image is magnified 280, the accelerating voltage was 25 kV, and the images were

taken in high vacaum mode with a dual backscattered electron detector)
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(A)

Compaction (B)
e.g., plate heater

FIGURE 14

production and is comparatively cost intensive. However,
this manufacturing technique offers the possibility of cre-
ating complex structural elements without the need for
preliminary tool costs, for instance, heated static mixers.

An interesting feature of ceramic composites, along
with the aforementioned manufacturing methods, is the
possibility of creating alternate segments of conductive
composite material and insulating cordierite to more pre-
cisely influence the temperature distribution within/
along the reactor. Another advantage is the possibility of
coating the ceramic composite reactor with catalytically
active components.

2.3.3 | Catalysts

One challenge with using ohmic resistance heating of
reactors for heterogeneously catalyzed reactions is the
availability, accessibility, and stability of a sufficient
number of catalytically active sites. One solution to
this problem is to coat a uniform catalytic layer on the
conductive reactor walls. This can be done by directly
coating the bulk catalyst or by first coating a support
layer (washcoat) and then impregnating the active sites
afterwards. Furthermore, the use of ceramic composite
materials by themselves as bulk catalysts is currently
being investigated, which necessitates incorporating the
catalytically active sites into the composite. Another solu-
tion is to use the developed composite materials as (pre-)
heating elements along with conventional reactors,
for example, fixed- or fluidized bed reactors, in already
existing and well-established process chains. The the-
rmocatalytic CO, splitting into CO and O,, mentioned in
the context of this article, is a highly endothermic reac-
tion and thermodynamically unfavourable. Thus, either
very high temperatures are needed (3000-3500 K) or one
of the products must be withdrawn from the equilibrium
to allow the reaction to proceed. This can be done at tem-
peratures around 1000 K by a cyclic operation™* or
using a membrane.®! Jin et al.l'** used a SrCoFeZrO

Extrusion

e.g., tubular/monolithic
reactor or heater

©  Additive
manufacturing
e.g., heated mixer

Types of ceramic processing methods: (A) compaction, (B) extrusion, and (C) additive manufacturing

membrane and coupled the CO, reaction to the partial
oxidation of methane to syngas to further increase the
yield of CO. The best result obtained was a CO, conver-
sion of nearly 15% at a temperature of 1120 K. So far,
resistive heating with renewable electricity has not been
applied in these processes. However, for the cyclic opera-
tion of CO, splitting, solar thermal power has been used
as a renewable energy source.!'°!

While most strategies for splitting CO, into CO and O,
either tend to veer towards high temperatures or the use
of a membrane, a few studies have successfully shown the
use of iron-based catalysts (Ni-ferrite, Co-ferrite, and
Ni-doped iron oxide) for this application in reactors oper-
ated cyclically.""*"1718] In the context of RWGS, applied
catalysts can be mainly classified into Cu-based (e.g., Cu-
ZnO""Y), noble-metal-based (e.g, Pd/ALOs;, Pt/ALOs,
and Rh/SiO,['2121) " reducible-oxide-based (e.g., CuO-
NiO/SBA and CuO-CeO,/SBA-15!'%2), and transition-
metal-carbide-based catalysts (e.g., Mo,Cl!#) 124

3 | EVALUATION OF THE
TECHNOLOGIES

To evaluate the maturity of the technologies presented so
far in this text, the so-called TRLs are used. The most
general and widely accepted scale across industries was
first developed by NASA in 1974 and initially consisted of
seven levels that were further expanded, in the 1990s, to
the nine levels used nowadays.'®*! Recently, Zimmer-
mann et al.'?®! developed a scale specific for the chemi-
cal industry (Figure 15).

Table 5 shows the evaluation of the technologies with
regard to their TRL values for the conversion of CO,, N,,
0, and H,O to the intermediates NH;, NO,, O5;, H,0,,
H,, CO, and C,H,0,. Thus, other reaction pathways such
as CH, conversion towards ethylene or syngas (e.g., dry
reforming) are not considered here, even though they
can also contribute to a CO,-neutral production if green
methane (biomethane, green synthetic natural gas) is
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TABLE 5 Estimated TRLs of the different technologies relevant to CHEMampere towards the direct production of the desired

intermediates from CO,, N,, O,, and H,O as well as mixtures thereof

Ohmic resistance

CHEMampere intermediates LT-EL O-SOE H-SOE LT-plasma HT-plasma® heating
NH; 1-2 1 2-3 2-3 1 n.p.
NOy 1 n.p. n.p. 2-3 4-5 n.p.
O3 n.p. n.p. n.p. 9 n.p. n.p.
H,0, 3-4 n.p. n.p. 1-3° n.a. n.p.
H, 7-9 6-8 3-4 1-3 n.a. n.p.
Cco 4-6 6-7 2-3 3 3-4 2-3
Syngas 2-3 6-7 2-3 2-3 1-3 2-3
HCOOH 3-4 n.p. n.p. n.a. n.a. n.p.
Methanol 2-3 n.p. n.p. 1-3 1 n.p.
Ethanol 2-3 n.p. n.p. 1-3 n.a. n.p.
Ethylene 3-4 2-3° 1-2¢ 1-3¢ n.a. n.p.
Propanol 2-3 n.p. n.p. n.a. n.a. n.p.

Note: n.p. means it is not possible or not reasonable to obtain the chemical with the corresponding technology. n.a. means it is not yet determined or not yet

considered.
#Only microwave-sustained plasma torch processes are considered.

*May require post-plasma catalysis, for example, leading the gas from the plasma onto a catalyst bed.
“It should be noted that green methane can be converted to ethylene (and ethane) with both O-SOE and H-SOE, which is also relevant for a CO,-neutral

chemical value chain.127:128!

used. Furthermore, it is important to note that the TRL
evaluation is done to the best of the authors’ knowledge,
based upon their own experience in CHEMampere pro-
jects such as EU projects as well as considering the state
of the art.

From Table 5, it can be clearly seen that in the case of
electrolysis technologies, water electrolysis, both at low
temperature and at high temperature, has the highest

TRL values (6-9); in particular, alkaline electrolysis has
already been fully commercialized for industrial applica-
tions but now requires further developments to account
for the requirements of the energy transition. These
developments are in the prototype and demonstration
level aiming to reach the GW scale. A current European
Green Deal Call addresses the demonstration of the
100 MW scale. The 1-10 MW scale is already
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demonstrated by different companies such as Siemens
(LT-EL), ITM Power (LT-EL), H-Tec Systems (LT-EL), or
Sunfire (O-SOE). LT-CO,EL to CO, ethylene and formic
acid, and LT-O,EL to H,0O, have reached TRL-levels of
around 4. LT-CO,EL to CO and formic acid have already
been demonstrated by Siemens Energy and Dioxide
Materials Inc. at high current densities of several
100 mA/cm? and faradaic efficiencies of at least 70% over
more than 1000 h.?*2*13% Formic acid concentrations
of up to 14 wt.% have been reached.!'*! For the LT-O,EL
towards H,O, under acidic conditions, the highest con-
centrations reported in literature are around 1.2 wt.% at
current densities of around 13 mA/cm? and faradaic effi-
ciencies of nearly 40%.13! 1t must be noted that, in all
cases, GDEs are used (see Section 2.1.1) to achieve the
best results. Boosting low-temperature electrolysis tech-
nologies for CO, and O, reduction towards TRL 7 within
5 years should be doable, especially, when considering
the knowledge gained in research and development of
water electrolysis. For example, understanding the inter-
play of the electrode reactions with mass and heat trans-
port, the transport activity nexus, is crucial to leverage
the full potential of the technology for electrode reactions
other than the hydrogen evolution reaction.[!32133

O-SOE, which is particularly attractive for a wider
adoption of CO (and synthesis gas) production from CO,
(and water), has been demonstrated both at the stack and
system levels'**'33! to outperform low-temperature elec-
trolysis, in particular for the technical key performance
indicators (faradaic efficiency, cell voltage, energy effi-
ciency, and electric power consumption). H-SOE is at a
lower TRL, but can still contribute to a CO,-neutral value
chain by non-oxidative dehydrogenation of short-chain
hydrocarbons.[***®! Furthermore, H-SOE is the most
promising approach for direct NH; production with high
faradaic efficiencies of up to 70% at current densities of
some mA/cm”> when using H, oxidation as the proton
source at the anode. However, when H,O oxidation is
performed at the anode to deliver the protons, faradaic
efficiencies of 1% were not exceeded.'*”!

For ozone generation, DBD plasma technologies are
already operated in potable and wastewater treatment,
which corresponds to the highest TRL of 9. However, this
technology has to be adapted to other CHEMampere-
relevant chemical processes. For CO,-splitting, Ozkan
et al. validated the process in the laboratory (TRL 4) and
achieved an energy efficiency of 22% at a conversion of
16%.1"*% Nonetheless, the prior knowledge and experi-
ence with the commercialization of the ozone generators
can be expected to help drive other DBD plasma applica-
tions to higher TRL values. When using ballast resistors
in the power supply instead of a dielectric, Trenchev
et al. achieved 29% energy efficiency at 12% conversion

with a tubular design using vortex flow.!”*! Raja et al. also
used a vortex gas flow, but ring electrodes to prevent arc
formation, being rewarded with a high energy efficiency
of 60% at conversions ranging from 2% to 3%.7°! In a
design that will be further pursued for CHEMampere, a
reactor using pin-discharge and an axial magnetic field
was presented, which achieved 27% energy efficiency at
17% conversion.””! It does not utilize a vortex flow and
can thus be operated at arbitrary gas flow rates.

Catalysts implemented inside the low-temperature
plasma must be adjusted to the reactor configuration and
operational conditions of the plasma and vice-versa. This
results in a complex interplay between catalysis and
plasma that is not yet fully understood or controllable.
Although the lack of understanding of this complex inter-
play is the reason for the current low TRL of 3, it also
holds a high degree of freedom!°>°1%%! and potential to
unlock alternative production processes that provide
solutions for the current challenges in the transition to a
more sustainable chemical production. Thus, current
research efforts aiming to enhance understanding of
plasma catalysis provide the potential for an increase to
higher TRLs in the next few years.

In the case of the electrically heated reactors/cata-
lysts, only the production of CO is possible by direct con-
version of CO, with a TRL value of 2-3 (Table 5).
However, the described concept of electrically heated
reactors has been thoroughly investigated in the field of
emission control for automotive applications. The techni-
cal maturity of conductive ceramic composites being used
as catalyst support is between TRL 6 and 7, whereby the
first prototypes are currently being developed and
tested.""*! Considering the knowledge gained during the
research activities for the automotive sector, particularly
concerning coating, contacting concepts, control, and
regulation, it should be feasible to lift the initially stated
TRL for the production of CO from 2-3 towards a TRL
value of 5 within 3 years. Besides the direct conversion of
CO, to CO, the technology of electrically heated reactors
can also contribute to the conversion of CO, when reduc-
tants such as H, (RWGS reaction) and CH, (dry
reforming) are used. Furthermore, the technology is also
applicable to thermochemical or thermocatalytic crack-
ing reactions such as steam reforming or deep catalytic
cracking.

4 | EFFICIENCY OF CHEMICAL
PRODUCTION WITH ELECTRICITY

Efficiency is an essential evaluation criterion both for a
single process unit such as a reactor as well as for the
whole process composed of several process units. In
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general, the efficiency of a technical system is defined as
the ratio of benefit to effort. The effort in our case is
renewable electricity, which is utilized for activating
CO,, N,, O,, and H,0O and converting them into the
CHEMampere intermediates (see Figure 1). The benefit
is the chemical itself, which makes the discussion of effi-
ciencies more complicated. In the case of chemical
energy storage where the energy content of the chemical
is the benefit, the definition of the total energy efficiency
Ne.Lzrv can be written as follows!>"):

S ip- LHV p
P

ﬂez’LHV:Pel—FZ};lR.XR.LHVR
R

with ng and np being the molar flow rates of the reac-
tants (R) and products (P), Xr being the conversion of
reactant, and P,; being the electrical power input. In the
case of water electrolysis, the equation is reduced to:

Ny, -LHV g
’7el,LHV:72 Py : (2)
e

However, in the case of the CHEMampere intermediates, it
is the goal to further process such chemicals to their final
products, rather than to use them as chemical energy
storage media. Thus, “energy efficiency” as defined in
Equation (1) has to be adjusted accordingly, that is, with the
production rate of the intermediate as the benefit and the
electrical power input as the effort:
np
7]el,P - Pel (3)

ne.p is not dimensionless because its value indicates the
number of moles of product formed per kWh of electric-
ity consumed. It is also sometimes referred to as energy
yield, Y, p, which should be preferred because, strictly
speaking, the term “energy efficiency” is incorrect from a
thermodynamic point of view. The reciprocal of Y, p is
also called “specific energy consumption” or simply
“energy cost”.

As is typical for every chemical process, the effort of
producing a final product also depends on the material
balances. Conversion of the reactants and selectivity
towards the desired product determine the effort of reac-
tant separation, reactant recirculation, and the purifica-
tion of the product to meet the specification
requirements. Thus, further electrical power input is
needed, for example, for pumps and/or compressors, or
heat input is needed for a distillation unit or for the
absorbent regeneration in a scrubbing unit. However, this
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affords the opportunity of heat recovery and utilization
(heat integration), for example, by recovering the heat
from the reactor unit, which can be either an electro-
lyzer, a plasma reactor, or an electrically heated catalytic
reactor, and utilizing this heat in a distillation unit. So,
the whole process must be balanced with regard to reac-
tant and product components and energy, with electrical
energy and heat being the main energy forms in the pro-
cesses using the CHEMampere technologies described in
the previous sections. The ultimate goal of the design of
CHEMampere processes is to have renewable electricity
as the sole energy input, which covers the energy
demand of the whole process, leading to a so-called all-
electric process.

To further increase the benefits of chemical produc-
tion, we have to go beyond the process level, that is, not
only considering material and energy balances but also
following a holistic approach whereby emission, human/
staff, and organization are considered. This leads to the
concept of ultra-efficiency, which means reconciling both
efficiency (using as few resources as possible) and effec-
tiveness (producing as ecologically harmlessly as possi-
ble).??! Thus, to define what the target state of future
manufacturing systems should be, the concept of an
ultra-efficient factory can be used. Such factories should
work in perfect symbiosis with their environment,
addressing the five fields of action: material, energy,
emissions, human/staff, and organization. The holistic
and equal consideration of these fields of action from the
process level up to the entire factory and its environment
constitutes the uniqueness of the concept of the ultra-
efficient factory, which represents an extended sustain-
ability framework. By taking a holistic view of the
defined five fields of action, conflicting goals, for exam-
ple, between energy efficiency, emission reduction, and
the yield of chemical processes, can be identified and
thus resolved or even eliminated.'****! When considering
industrial energy systems, ultra-efficiency can contribute,
for example, by integrating technologies to increase
energy efficiency and flexibility as well as energy distribu-
tion and storage. The holistic consideration of the five
fields of action ensures that environmental or social
impacts are not shifted, for example, within the life cycle
phases of a product, and actual improvements are
achieved.

5 | CONCLUSIONS

Electricity-based CCU technologies producing green
chemicals directly from CO,, N,, O,, and H,O, without a
detour via green hydrogen, are needed because the
demand for green hydrogen will rise dramatically due to
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the decarbonization of the energy sector, which will
cause a conflict of use between chemistry and the energy
sector similar to crude oil nowadays. An electrochemical
refinery (e-Refinery) based upon green hydrogen from
H,O0 electrolysis is certainly a possibility to produce green
methanol (methanol economy), green ammonia, or green
hydrogen peroxide from CO,, N,, and O, with capacities
of several 100 000 tonnes up to a million tonnes. How-
ever, this needs tremendous capacities of renewable-
energy power plants in the range of hundreds of Giga-
watts. On the other hand, there are several routes for
electricity-driven chemical processes to produce
chemicals without the detour via green hydrogen, such
as direct production of hydrocarbons, H,0,, HNO3, etc.
It is the belief of collaborators of the CHEMampere con-
sortium that even commodities such as methanol can be
produced on demand in a decentralized manner in the
amounts needed for the respective production process.
Since renewable electricity is mainly produced and dis-
tributed in a decentralized manner, it makes sense to
couple chemical production to these sources, which in
turn also implies that chemical production has to be
done in a decentralized and distributed manner. For
example, the Fraunhofer ISE institute has estimated
that, in Germany, there is the potential for building
envelopes to provide up to 800 GW of peak power, and
even agrivoltaics has the potential to provide up to 1.7
Terawatts of peak power.!'*!

As a consequence of such a decentralized CO,-
neutral chemical factory of the future relying on
renewable electricity to drive chemical reactions, new
factory concepts are needed that follow a holistic
approach equally considering the following fields:
material, energy, emissions, human/staff, and organi-
zation. The so-called ultra-efficiency concept provides
such a holistic approach, for example, by integrating
technologies to increase efficiency and flexibility as
well as energy distribution and storage. The energy
efficiency of a chemical process should not be evalu-
ated by considering the heating value of the chemical
product as its benefit but rather by considering the exe-
rgetic efficiency of the whole electricity-based process,
meaning that heat integration, recovery, and storage
are also considered. Doing so allows exergetic efficien-
cies above 80% to be reached.

Evaluation of the electricity-driven core reactor tech-
nologies of CHEMampere has shown that within the next
5-10 years (so until around 2030), the following interme-
diates might be produced on a t/h-scale directly from
CO,, air, water, and renewable electricity:

« NH; by reductive N, activation through high-
temperature electrolysis with H-SOC.

« NO, (HNO3, nitroaromatics, etc.) by oxidative N, activa-
tion with high-temperature microwave plasma reactors.

« O3 by O, conversion with a DBD plasma (already
applied in potable and wastewater treatment with
ozone production capacities of over 250 kg/hl**),

« H,O, by O, conversion through low-temperature
electrolysis.

« CO (and syngas) by CO, (and water) conversion
through high-temperature (co-)electrolysis with oxygen
ion conducting solid oxide electrolysis cells (O-SOC).

« CH,0, (e.g., formic acid, ethylene, and alcohols) by CO,/
H,O0 conversion through low-temperature electrolysis.

It has to be noted that there are several more industrially
promising chemical routes when utilizing green H,
and methane for activating CO, with plasma or the-
rmocatalytically with resistive heating.
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AEM anion exchange membrane
BPM bipolar membrane

CAPEX capital expenditure

CCu carbon capture and utilization
CEM cation exchange membrane
CGO gadolinium doped ceria
CSC cathode supported cell
DBD dielectric barrier discharge
ESC electrolyte supported cell
FDM fused deposition moulding
GDE gas diffusion electrode

GW gigawatt
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HER hydrogen evolution reaction

HF high frequency

H-SOC proton conducting solid oxide cell

ICP inductively coupled plasma

IPC in-plasma catalysis

IPCC intergovernmental panel on climate change

LHV lower heating value

LT-COEL low-temperature CO, electrolysis

LT-N,EL  low-temperature N, electrolysis

LT-O,EL  low-temperature O, electrolysis

LT-WEL  low-temperature water electrolysis

MEA membrane electrode assembly

MW megawatt

OER oxygen evolution reaction

O-SOC oxygen ion conducting solid oxide cell

PCC proton conducting ceramic

PEMWEL proton exchange membrane water
electrolysis

PPC post-plasma catalysis

RWGS reverse water gas shift reaction

SBA a type of mesoporous silica

SEM scanning electron microscopy

SOC solid oxide cell

SOE solid oxide electrolysis

SSRS solid-state reactive sintering

TRL technology readiness level

YSZ yttria-stabilized zirconia

ENDNOTES

! Ultra-efficiency is defined as the multiplication result of efficiency
and effectivity.

2 https://www.chemampere.com.
3 Synthesis gas is a mixture of CO and H,.

4 Anolyte/catholyte is the electrolyte in the anode/cathode cham-
ber, respectively.
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