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ABSTRACT

Plasma-based CO, conversion is promising for carbon capture and utilization. However, inconsistent
reporting of the performance metrics makes it difficult to compare plasma processes systematically, com-
plicates elucidating the underlying mechanisms and compromises further development of this technol-
ogy. Therefore, this critical review summarizes the correct definitions for gas conversion in plasma
reactors and highlights common errors and inconsistencies observed throughout literature. This is done
for pure CO, splitting, dry reforming of methane and CO, hydrogenation. We demonstrate that the
change in volumetric flow rate is a critical aspect, inherent to these reactions, that is often not correctly
taken into account. For dry reforming of methane and CO, hydrogenation, we also demonstrate inconsis-
tent reporting of energy efficiency, and through numerical examples, we show the significance of these
deviations. Furthermore, we discuss how to measure changes in volumetric flow rate, supported by data
from two experimental examples, showing that the sensitivity inherent to a standard component and a
flow meter is essential to consider when deriving the performance metrics. Finally, some general recom-
mendations and good practices are provided. This paper aims to be a comprehensive guideline for
authors, to encourage more consistent calculations and stimulate the further development of this
technology.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

(CO; conversion) [9,10], but also molecular nitrogen (N, fixation,
for fertilizer production) [11-14]. This technology is very flexible
in terms of input gases and instant control over the process, which

The transition to a more sustainable society requires innovative
management of CO, to minimize environmental risks [1]. Carbon
capture and utilization (CCU) aims to both capture CO, from emis-
sion sources, as well as use it as a feedstock for cleaner processes
[2]. Various CCU pathways are under development, and a wide
variety of methods for chemical CO, conversion into, e.g., liquid
fuels have been extensively investigated, including thermal, elec-
trochemical or photochemical conversion pathways [3-8].

A CO, conversion technology that has gained increasing interest
over the past decades is plasma technology [9]. Plasma is an
ionized gas that is able to convert stable molecules into value-
added chemicals at ambient conditions, e.g., carbon dioxide
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makes it suitable for electrified production in combination with
the fluctuating renewable electricity supply [9]. Furthermore, it
does not require using scarce materials [9] and has already been
demonstrated in various industrial applications, such as ozone pro-
duction and arc plasma furnaces for steelmaking [15].

The performance of plasma technology, also with respect to
other CCU technologies, has been extensively reported in the
review paper by Snoeckx and Bogaerts [9]. As is clear from their
work, there is a variety of plasma reactors used for gas conversion,
differing in terms of design, applicable currents, voltages, pres-
sures, flow rates, etc. In their paper (as well as in more recent lit-
erature, e.g., Refs. [16-19]), a comparison of these reactors in
terms of their performance towards CO, conversion is presented,
which is extremely important for developing this technology. To
make this comparison, it is imperative to have an objective, consis-
tent and correct methodology for determining the performance
metrics.
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Ideally, a plasma reactor can be considered as a plug flow reac-
tor, i.e., a tubular reactor where the composition of the gas is uni-
form in the radial direction, but changes as a function of the axial
position. This also means that the total number of molecules, the
concentrations and the total volumetric flow rate change along
the reactor. Indeed, a change in volumetric flow rate is inherent
to any reaction where the total number of molecules changes
and should be considered when determining the performance met-
rics. For example, in the case of CO, splitting, the overall reaction
proceeds as follows:

1
2

One molecule of reactant splits into 1.5 molecules of product. In
other words, upon conversion of CO, there will be an increase in
the volumetric flow rate. Hence, the performance metrics (such
as conversion, product yield and selectivity, but also energy effi-
ciency and cost) cannot be based solely on the number density
without considering the change in volumetric flow rate, but should
be based on the number of species entering/exiting the reactor per
unit of time. These flow rates are well-defined at the inlet of a reac-
tor with mass flow controllers. At the exit of a reactor, however,
this is not straightforward to measure. Indeed, common analytical
tools (e.g., Fourier transform infrared spectroscopy (FTIR), gas
chromatography (GC) and mass spectrometry (MS)) sample the
gas flow and measure the concentration of species, but not the vol-
umetric flow rates. To calculate the performance metrics, one
should carefully consider whether the flow rate or the concentra-
tion is needed.

However, Pinhdo et al. [20] found that so-called “gas expansion”
(i.e., an increase in the volumetric flow rate) is often neglected
when analyzing the performance of plasma reactors. They found
errors up to 20% on the performance metrics for CO,/CH4/He mix-
tures. Therefore, they introduced a new technique to determine the
gas expansion ratio, defined as the flux ratio «, alongside a set of
formulas to correctly define the performance metrics.

Despite this fundamentally important work, several researchers
in the field still neglect gas expansion or provide no information on
how it has been taken into account, as will be demonstrated in this
paper (see examples and references in Sections 3 and 5). Even
when it is accounted for, a wide variety of formulas and interpre-
tations are reported, also within our own group. Furthermore,
inconsistent formulas are found in literature for all performance
metrics, not only for the conversion, but also for the energy effi-
ciency and energy cost. This complicates the comparison of the
results of different works in literature, and hence, further develop-
ment of this technology.

In this critical review, we aim to clarify the correct definitions
for performance metrics in plasma-based gas conversion. In Sec-
tion 2, we derive the stoichiometric equations for pure CO, conver-
sion, and we provide the correct definitions for the energy-related
performance metrics. In Section 3, we discuss our equations in
relation to other terminology in literature and demonstrate how
some other formulas used in literature provide incorrect values,
by means of a numerical example. In addition, we illustrate these
inconsistencies with a literature review. Section 4 presents the
equations for other CO, reforming processes, such as dry reforming
of methane (DRM) and CO, hydrogenation. They typically require
more elaborate calculations, since various products can be formed,
and simple stoichiometry is typically not sufficient, and thus, the
concept of flux ratio should be used. In Section 5, we discuss our
equations again in relation to other terminology that exists in liter-
ature for various CO, reforming processes (with a co-reactant), and
show the large inconsistency towards how energy efficiency is
defined through a numerical example, as well as through a review
of some of the available recent literature. Section 6 presents differ-

C0,=C0 +-0, (R1)
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ent analytical methods to obtain the flux ratio, supported by two
experimental examples, both for pure CO, conversion and with
co-reactants, to evaluate their accuracy and choose the best
method. Finally, in Section 7, we provide some research recom-
mendations and good practices for plasma-based CO, conversion,
followed by the overall conclusion in Section 8. It is worth stressing
that the presented definitions here are valid for any type of gas
conversion in a plug flow reactor and not limited to plasma pro-
cesses; however, a detailed analysis of the equations used in other
gas conversion fields is beyond the scope of this paper.

2. CO, conversion: Definitions and terminology

Pure CO, splitting is the first reaction that we will discuss as a
baseline for different reactant mixtures later in Section 4. Thanks
to the simple stoichiometry, we can derive all performance metrics
directly from the measured output fractions. Besides the theoreti-
cal derivation in this section, we will also test these formulas in an
experimental example in Section 6.2.

2.1. Conversion

The conversion y can be deduced from the stoichiometry of the
reaction for pure CO, splitting, as indicated in Table 1.

After the reaction, we can express the measured concentration
of CO, as the CO, output fraction yggg:

. t . t . i
yout _ gL(IJz _ ng‘;)z/n:;t o 1- X _ 1- X (1)
CO, — -out — _.out ,.in N 7 7
P A /Mg (It xFr 143
with iy and gy the CO, and total molar flow rate at the reac-

tor outlet, respectively, and ", the total molar flow rate at the
reactor inlet (which in the case of pure CO, splitting is equal to
the CO, molar flow rate at the reactor inlet g, ). For the other

components, we obtain

X

%$:1+% )
X

o 3)

The conversion is calculated from any of these measured frac-
tions by simply rearranging the equations (see Supporting Infor-
mation (SI), Section S1). When the output fraction of CO, is
measured, we calculate the conversion as follows:

1 — yout
= @)
3"

This formula inherently accounts for gas expansion and can be
calculated similarly from the other measured output fractions, as
presented in the SI (Section S1). In the rest of the paper, we name
the equations of this section “stoichiometric equations”, since they

were derived from the stoichiometric reaction.
2.2. Flux ratio

Often, the conversion is presented in terms of the fraction at the
inlet (i.e., measured as a “blank” at the outlet when the plasma is
OFF) and outlet of the plasma (i.e., measured when the plasma is
ON):

in out
_ Yco, — % Yco,

in
Yeo,

x ()
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Table 1
Reaction equation for pure CO, conversion, expressed in flow rates relative to the
total inlet flow rate.

Reaction CO, co 0,
in 1 0 0
out 1-y A x/2

Here, yig‘oz is the input fraction of CO, (which is 1 for pure CO;)
and the factor « is the so-called “flux ratio” introduced by Pinhdo
et al. [20]. In the case of pure CO, splitting, this is also called the
“gas expansion factor”, and it represents how much the total molar
flow rate a2 has increased due to the reaction (i.e., nly > fuin,). If
the ideal gas law is considered valid, then at the same pressure
and temperature, this is equal to the ratio of the total volumetric

in
tot*

- out

flow rate at the outlet Vo relative to the inlet V

- out

v

tot
- in

VtOt

- out
— ntot —

- in
ntot

(6)

Note that it is a general assumption in this work to consider the
ideal gas law as valid, as well as that the values for the volumetric
flow rates are always obtained at the same temperature and
pressure.

For pure CO, conversion (with ff, = A, ), we can couple this
2
back to the stoichiometric equations (Table 1):

- out - out - out

- out
Neg, + Mg + N,

_ Mot _

= 1n
ntot

_A=prxru2
1

= 1+4£ @
Nco,

This result fits the intuitive understanding of gas expansion.
Every CO molecule replaces exactly one CO, molecule after the
reaction, but in addition, half of an O, molecule is formed as well.
In other words, it is equal to the initial volume of CO, (=1) plus half
of the converted CO, (to account for the “extra” ¥2 O, molecule). If

we fill the result of Eq. (7) back into Eq. (5):
- (1) e

in
Yco,

N

(8)

17(1+%)y8l6t2 (9)
1

and rearrange to extract the conversion, we obtain the same
result as Eq. (4). It is clear that all these Eqs. (1)-(9) are related
to one another. Moreover, only one of the parameters must be
known to calculate the others if we assume a perfect reaction like
pure CO, splitting. The relation between all the different parame-
ters is summarized in the SI (Section S1). This approach is similar
for all reactions that have no side reactions or no significant
amount of by-products, such as NH3 synthesis from N, and H; or
the formation of H,0 from H, and O,.

2.3. Diluted CO,

In some cases, a dilution gas, such as argon or helium, is added
to the feed gas to improve plasma stability and performance. How-
ever, this dilution factor is not always considered when comparing
the performance, and thus, the real gas conversion might be
overestimated.

To take this dilution of CO, into account, we introduce the “di-
lution ratio” 8, expressed as

s

p

(10)

mn
Nco,
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With A, and V, the molar and volumetric flow rate, respectively,
of the diluting agent (the subscript s refers to “standard compo-
nent”, for which the same derivation of the conversion applies as
for the diluting agent, as we will explain in more detail in Sec-
tion 6.1.3). With this dilution ratio, one can again derive the con-
version from any of the measured output fractions, including the
fraction of the diluting agent y,. This is also presented in the SI
(Section S2). When the output fraction of CO, is measured, we cal-
culate the conversion as follows:

1-(+p)-ye&,
¥,

1+=

~abs
/C =

(11)

The derivation of this equation can also be found in the SI (Sec-
tion S2). We define this parameter as the absolute conversion,
which only considers the conversion of a single reactant of interest.
When considering the whole input mixture, we define the effective
conversion y°f:

" sabs in
X X Yco,

Where the absolute conversion 2" is multiplied by the fraction
of CO; at the inlet yi%, . This definition of the conversion is impor-
tant for the comparison of different reactant mixtures. It can help
in understanding how the conversion of one specific reactant is
affected by dilution in different gases. Moreover, the effective con-
version is the correct input for calculating the energy cost and
energy efficiency, while the absolute conversion would give too
optimistic results (underestimated energy cost and overestimated
energy efficiency). Indeed, the energy is applied to the full gas mix-
ture, not only to CO,. We discuss these definitions of interest next.

eff _ (12)

2.4. Energy cost, energy yield and energy efficiency

The two most important experimental input parameters in any
plasma-based gas conversion process are the plasma power and
the input flow rate. The plasma power is determined according
to the specific plasma type. For example, in a dielectric barrier dis-
charge (DBD) reactor, the area of the Lissajous figures is calculated
[21]. In contrast, in a gliding arc reactor, the time-averaged product
of voltage and current is taken [22], and in a radiofrequency (RF) or
microwave (MW) reactor, the difference between forward and
reflected power determines the plasma power [23]. The input flow
rate is determined with mass flow controllers (MFCs). It is crucial
to pay special attention to the manufacturer and calibration of
the MFCs, since the definitions of “standard” and “normal” liter
per minute can differ depending on the region or institute; for
instance, American standard liters per minute is the same as Euro-
pean normal liters per minute [24-27]. These differences can have
a significant effect, as demonstrated with the molar volume in
Table 2 when assuming the ideal gas law.

These two input parameters are combined into the specific
energy input SEIL The specific energy input is the dominant deter-
mining factor for the conversion and energy efficiency in a plasma
process and is defined as the ratio of plasma-deposited power P to
the inlet gas flow rate. SEI can be expressed in different units,
depending on the units of the power and the inlet gas flow rate,
as shown through Eq. (13) in k] mol™!, (14) in k] L™! and (15) in

eV molecule™':

el (kjmol ) = - PRW)

_ -60(smin™")
nit. (mol min-1)

(13)

SEI (kj mor’)

P(kW)
Vi (L mol’1>

SEI (k] L’1> =—
vin (Lmin-)

-60(smin™!) = (14)
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Table 2
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Various definitions for standard and normal conditions and the corresponding values for the molar volume V,,,. The EPA is the Environmental Protection Agency of the USA. The
IUPAC definitions for standard temperature and pressure (STP) and standard ambient temperature and pressure (SATP) are also given.

Definition T (K) T (°C) p (atm) p (bar) Vi (L mol™1)
normal EU = standard USA 273 0 1 1.01325 22.41
standard EU = normal USA 293 20 1 1.01325 24.06
EPA 298 25 1 1.01325 2447
STP IUPAC 273 0 0.987 1 22.71
SATP IUPAC 298 25 0.987 1 24.79
_ _ . . out
SEl(kjmol ') -6.24-10” eV ) ooongy ag, —ngy 19
SEI(eV molecule™!) = — (15)  X=-@m = n (19)
Na(moleculemol ) Mo, Neo,

Where V,, is the molar volume of an ideal gas, calculated at the
same conditions as the measurement of the flow rate (see Table 2),
and N, is Avogadro’s constant (i.e., 6.02214076 x 10?> mol!). For
clarity, in the following definitions throughout this paper, we
assume the specific energy input to be defined in k] mol~}, as in
Eq. (13), but of course the units are readily interchangeable.

Based on the specific energy input, we calculate the energy cost
EC as the amount of energy that is consumed by the process:

SEI <k] m01’1>

yef f

As written above, note that the energy cost can also be
expressed in k] L™! and eV molecule™!, depending on the unit of
the specific energy input. An alternative is to express the inverse
of the energy cost, i.e., the energy yield EY:

1
EC (k] mol_! )

conv

EC <k] mol;)lnv) = (16)

EY(molcom, kj") - (17)

The energy efficiency # is the third main property that describes
the effectiveness of the applied energy during the process, next to
energy cost and energy yield. It is a measure of how efficiently the
process performs compared to the standard reaction enthalpy
(+283 kJ mol~! for pure CO, splitting):

7o AH (k] mol”)
SEI (kj mor‘)

(18)

3. Confusing terminology and errors in literature for pure CO,
splitting

In the previous section, we gave an overview of the correct def-
initions and calculations for determining CO, conversion, and the
corresponding energy cost and energy efficiency, in a plasma reac-
tor. In this section, we discuss some common definitions used in
literature for gas conversion and the errors that they introduce in
the reported values (Section 3.1). As an illustration, we present a
numerical example and demonstrate the difference between the
formulas in Section 3.2. Finally, in Section 3.3, we give an overview
of the literature, and we refer to numerous papers that report a
wide variety of both correct and incorrect results. Note that in Sec-
tion 3.1, we only discuss the formulas, while in Section 3.3, we
refer to the corresponding papers that use these formulas, for a
critical literature analysis.

3.1. Alternative and/or incorrect definitions
3.1.1. Most common definition

First, we discuss the most common definition of conversion in
plasma literature, expressed as follows:

183

This formula is correct, but the problem is that analytical equip-
ment typically measures concentrations and not molar or volumet-
ric flow rates. As mentioned in Section 1, the latter is easily defined
at the inlet, but it is not straightforward to obtain them at the out-
let. Often, the following equation is applied instead, using the mea-
sured fractions:
Yk, Ve,

: 20
Yo, (20)

X*

Although Eq. (19) is correct, it is not correct to simply replace
the CO, flow rates with the CO, fractions, as in Eq. (20), and we
indicate the incorrect conversion with an asterisk . This fallacy
can be explained as follows. When we rewrite the concentrations

again in terms of molar flow rates, we get an equation that is only
out

valid if 5, and fgy, are equal:
il A%,
e o Meor
=" 1)
co,

oy
In the CO, splitting reaction, however, the molar flow rates at
in- and outlet are not equal, as discussed in Section 1. The total

number of moles per unit of time iy increases with a factor

between 1 and 1.5, depending on the amount of CO, that is con-

verted. As a result, i, and n%' are not equal and thus, Egs. (20)
and (21) are false. The problem lies in using the relative values of
concentration. Indeed, for every CO, molecule that reacts away, it
creates an additional dilution of the remaining CO, molecules.
The correct definition follows from introducing a new factor in

Eq. (21) as follows:

in pout

_”.coz - ﬁ 2 in out
., _ i e/ Nt Yco, — % Yeo, (22)
A - qin - in
"o, Yco,
nin

tot

where o is the flux ratio, exactly as described in Section 2.2; in
other words, Eq. (22) is the same as Eq. (5). If this factor is
neglected by simply applying equation (20), the conversion is over-
estimated, as we will show with a numerical example in
Section 3.2.

3.1.2. Measured conversion

A second common definition in literature describes a ‘“‘cor-
rected” conversion y®™. The overestimation of equation (20) is
thereby often attributed to the sampling procedure of analytical
equipment. However, gas expansion is inherent to chemical reac-
tions, as shown by the stoichiometric formulas in Section 2.1. More
specifically, Eq. (20) was defined as the “measured” conversion
™ that must be recalculated to the corrected conversion. For
example, the following equation is common:
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,ygl(‘)tz 1 (‘l — XCorr)
ZCOl'l'
1+4
and can be rearranged to obtain the corrected CO, conversion:

2. ymeas
3 -

in
Xmeas _ Yeo,

(23)

y& 0,

XCOFI‘ — (24)

ymeas
L

It is important to note that the resulting value is correct, but the
explanation is somewhat ambiguous and might be confusing. This
is especially true because of the term measured conversion, while
we demonstrated in Section 2 that simple stoichiometric formulas
suffice to calculate the conversion.

Taking a closer look at Eq. (23), we want to make it clear that
this is not a conversion, just like Eq. (20) is not a conversion.
Instead, what is calculated is the product fraction:

§ Oth

With j representing any product, in this case CO and O,. Note
that Eq. (25) is only valid in case of pure CO, because yi%, has to
be equal to 1. The value of 23 can be derived from the stoichiom-
etry as in Eq. (1):

out

out ‘l yCOZ

in
Yco, — Yco, _

(25)
)’co2

out X
Z 1 5% (26)
Rearranging this equation to extract the conversion y:
out
3 Zg‘yjolj'{ (27)
J

gives the same result as Eq. (24). To verify our new definition,
i.e, Eq. (4), we can check that the product fraction, according to
the definitions in Section 2, is as follows:

Sy =i (28)
Inserting Eqs. (2) and (3) in Eq. (28) gives:
z 3 3.
out __ y 2 2 X
= = 29
ny 1+7 1+4 144 24y @9)

After rearranging this equation to extract the conversion, this
gives the same expression as equation (27).

3.1.3. Dissociation fraction
The third definition that is commonly applied in literature to
express conversion is the dissociation fraction yp;, as follows:

out
Yco

yOUt + yOUt (30)

XpF =

When these values are replaced by the stoichiometry from Egs.
(1) and (2), this gives

x
Tor =5 (31)
1+//2 +1z 1+//2
The equation can be rearranged as follows:
X
A E—— 32
Lor =712 7 X (32)

This proves that the dissociation fraction is an alternative to cal-
culate the conversion in pure CO,. Of course, this requires an accu-
rate determination of both CO and CO, in the analytical equipment,
as opposed to the simpler definition of Eq. (4) where only the out-
put CO, fraction is needed.

184
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However, a misleading variation of the dissociation fraction is
sometimes applied, which we label with an asterisk in the follow-
ing equations to highlight the difference. The equation goes as
follows:

out
Yo

Y& o,

ZoF = (33)

However, if the stoichiometric principles are applied, this gives

7 __,out
IS

This is not equal to the conversion; instead, this dissociation
fraction expresses the output fraction of CO (Eq. (2)). After rear-
ranging equation (34), the conversion becomes

. TEE
XpF = 1

(34)

out
Yco
v
2

JoF

T
-3

x= (35)

Hence, as we will show in the next section, authors who apply
this formula underestimate their real conversion.

An important observation is that the error made in Eq. (33) is a
result of neglecting the change in volumetric flow rate. Indeed, one
can derive the following expression from Eq. (19) and Table 1:

conv out out out
. nCOz _ nCO _ ntot . nco — o . yout
X= = = =0-Yeco

in out in
Nco, ncoz Mot Nco,

(36)

This shows that Eq. (33) can only be correct when the flux ratio
is 1, which is inherently never the case for CO, splitting. Essen-
tially, this is the exact same fundamental error that is made as with
Eq. (20), indicating that the aspect of determining the flow rates of
the output gases (through the fractions of the output gases and the
flux ratio) is still poorly understood by some authors, despite being
so important.

3.2. Numerical example

As an illustration, we present a numerical example to compare
our correct (stoichiometric) formula from Section 2 (Eq. (4)) with
the alternative formulas from Section 3.1, and demonstrate which
formulas give the same or different results as our stoichiometric
calculation. We consider CO, conversions in a wide range from
10% to 90%. From this range, we calculate the conversion according
to the various definitions and present these in Table 3. We also plot
the reported conversions as a function of the real conversion in
Fig. 1, where it is clear that the stoichiometric conversion from
Eq. (4) forms a perfectly straight line, as it is the correct method
for calculating the conversion. This is also true for Eqs. (27) and
(30), as explained in Section 3.1. However, Egs. (20) and (33) devi-
ate. The dashed lines indicate the relative error of these other def-
initions, as denoted by the y-axis on the right. Indeed, Eq. (20)
overestimates the conversion, while Eq. (33) underestimates it.
Note that the relative error on the conversion RE,, similar to the
work of Pinhdo et al. [20], is calculated as follows:
2 4100 (%)

RE, = (37)

o —
X
Where y™P is the reported conversion and y is the real conver-

sion. If the reported conversion overestimates the real conversion,

the relative error is positive; on the contrary, if it is an underesti-
mation, the relative error is negative. It is clear from Fig. 1 that
the relative errors of Eq. (20) are larger for smaller conversions,

i.e., a relative error of 40% is obtained for a conversion of 10%. In

Eq. (33), the relative error is the largest (most negative) at higher
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= conversions, i.e., a relative error of —25% is reached for a conver-
— .
P b sion of 70%. Furthermore, these errors propagate to other perfor-
° mance metrics, such as the energy efficiency and energy cost.
) gy y gy
5 This example demonstrates the importance of using the correct
= formulas for consistency when comparing the performance of
13 —~ NN—MONO©—— y P & P
E B |gs |ossaserid plasma-based CO, conversion in different types of plasma reactors,
e and more in general, for moving this technology forward.
=
=
ki 3.3. Critical evaluation of literature reports
z D
=} nmon [} mon [} nmonon
=} . . . . . .
b While the example in Section 3.2 highlights the importance of
s applying the correct formulas, we illustrate the lack of uniformit
© pplying y
S . in this section with some examples from literature.
2 "Ooi’/ . . .
% g :*BN ; § § § § % E § ; Luckily, many recent studies on plasma-based CO, conversion
Y = . do report the correct values for conversion and energy efficiency,
2 p gy y
9 although the simple stoichiometric derivation (Eq. (4)) is rarely
5 applied (e.g., in Refs. [28,29]). Many authors, including from our
§ G n e own group, e.g., Refs. [22,30-35], apply the confusing terminology
z of “measured” conversion and then “corrected” this conversion in
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deviation in the “measured” conversion. This incorrect explanation
in previous work from our group [30] has led to misunderstandings
in later work. In one example, also from our group [47], it is even
mistakenly declared that gas expansion does not play a role in their
analytical method, even though it is inherent to the reaction and
independent of the setup. Another observation is that, very often,
the correct formula is given (based on molar flow rates), but the
reported diagnostics, such as GC, are not able to measure the molar
flow rates directly, and no details are given on how these values
were obtained (e.g., Refs. [53-59]).

Several authors derive the flux ratio through a flow meter [60-
64| or a standard component (either as part of the feed gas or
introduced in the exhaust gas stream) [65-69], and do not use a
stoichiometrically derived expression, but, e.g., Eq. (5) or (19).
Some authors also use a combination of both a stoichiometrically
derived expression and a flow meter, to validate their approach
[42,70]. These methods will be discussed and compared with each
other in more detail in Section 6.

Finally, accounting for the dilutions is important. Many studies
(e.g., Refs. [61,71-74]) report the absolute conversion, and it has
been demonstrated that, e.g., the absolute CO, conversion
increases in the presence of argon [75]. While this is not an error,
we do advise to report the effective conversion as well, as this
value takes into account the dilution of CO, and hence, is the value
that should be compared with other reactors.

This section has clearly demonstrated how the correct formulas
are essential to analyze the performance of different plasma reac-
tors. Although inconsistent formulas are not always a problem
when authors are transparent in their data and calculations, and
do not always change the conclusions significantly, they become
problematic when authors compare their results to other experi-
ments, as we demonstrated with significant deviations in a numer-
ical example. Therefore, we hope that this paper can elucidate the
correct formulas for CO, conversion and help authors to report
more consistent, correct values for the performance of plasma
reactors.

4. CO, conversion with a co-reactant: Definitions and
terminology

In the previous section, we described the conversion of pure
CO,, but many recent studies add a co-reactant to the feed to facil-
itate the conversion. Indeed, the reaction enthalpy of pure CO,
splitting (AH =+283 k] mol~!) is higher than the enthalpy of DRM
(AH =+247 k] mol™1), for example. Moreover, the addition of co-
reactants allows for direct targeting of valuable reaction products
like syngas or oxygenates, decreasing the number of subsequent
processing steps like the Fischer-Tropsch synthesis, and therefore
lowering the target for the energy efficiency [9].

The presence of the co-reactant does not change the definition
of o as written in Eq. (6), but it will certainly affect its value.
For example, the DRM reaction is usually expressed with reaction
(R2):

CO; + CH4=2CO + 2H, (R2)

As can be seen, the gas flow will expand upon increasing con-
version, with a theoretical maximum flux ratio of 2, i.e., higher
than the maximum value of 1.5 in the case of pure CO, splitting.

Another example is plasma-based CO, hydrogenation. The most
common reactions are the CO, methanation reaction (R3) and the
reverse water gas shift (RWGS) reaction (R4):

CO, + 4H,=CH, + 2 H,0 (R3)

C0, + H,=CO + H,0 (R4)
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In this case, the total volumetric flow rate will not increase but
decrease, or at least remain the same. Hence, the value for the flux
ratio will be lower than or equal to 1.

The change in volumetric flow rate is important for these reac-
tion mixtures, since the gas can contract or expand even more than
for pure CO,. As already pointed out by Pinhdo et al. [20] for CO,/
CH4/He mixtures, neglecting the effect of gas expansion or contrac-
tion can cause significant errors. As indicated in their paper, several
authors reported incorrect values, and some authors still do not
report all performance metrics correctly, as illustrated in
Section 5.3.

In the following section, we summarize how to derive these
performance metrics, specifically for the most studied reactions
in plasma, i.e.,, DRM and CO, hydrogenation. Nevertheless, almost
all formulas are generally applicable. The chemistry inside the
plasma might be complex, but the formulas to calculate the overall
performance metrics, such as conversion, product selectivity and
yield, are valid for all reactions between two or more gases in a
plug flow reactor (as described in Section 1).

It should be noted that in some cases, a reactant that is not in
the gas phase is used, which also affects the experimental methods.
An example is the reverse-Boudouard reaction, which describes the
conversion of CO, together with solid carbon, and we present the
correct formulas for this case in the SI (see Section S3). Again,
the latter formulas generally apply for every reaction between
one or more gases and a solid component in a plug flow reactor.

4.1. Change in total gas flow rate

Although Eq. (6) for the flux ratio remains valid, deriving a
specific formula for mixtures of CO, with a co-reactant is more
complex than for pure CO, splitting (R1). Some critical considera-
tions influence the value of the flux ratio. Firstly, reactions (R2),
(R3) and (R4) only represent the ideal reaction, but many research-
ers report several by-products, depending on the exact plasma
conditions.

Moreover, the stoichiometric derivation of the flux ratio o is not
always possible, but only in some specific cases (e.g., Section 6.3).
This is due to liquid or solid products formed during the reaction.
Water, methanol, etc. could condense at the reactor walls or gas
lines, and sometimes a cold trap deliberately initiates the conden-
sation of liquids. In addition, carbon deposition is typical in CO,/
CH,4 plasmas with a high CH,4 content. For both liquid and solid
products, it is often impossible to trace back their original fraction
in the gas stream, since they accumulate over time. Even when
they remain in the gas phase, components like water are usually
difficult to quantify with common analytics like GC. Because of
these effects, deriving a clear stoichiometric relationship can be
challenging, and in many cases impossible. This is in contrast to
pure CO, splitting, where it is clear from Section 2 that stoichio-
metric equations can always be derived.

Therefore, other methods are applied to determine the flux
ratio, such as using a volumetric flow meter, or introducing a stan-
dard component in the outlet gas stream. These experimental
methods will be discussed in more detail in Section 6.1. To first
give a more streamlined overview of the correct formulas, we will
treat the flux ratio as a known parameter in the following sections.

4.2. Conversion

In both DRM and CO, hydrogenation, an additional reactant
next to CO, is present, so Eq. (5) changes to the more general equa-
tion form Eq. (11). Depending on the reaction, the reactant i can be
CO,, CH4 (in case of DRM), or H, (in case of CO, hydrogenation).
The effective conversion as defined in Eq. (12) remains the same.
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Additionally, the total conversion y* is introduced as the sum of
all the effective conversions:

ot = Z e

The advantage of Eq. (38) is that the overall conversion of the
entire gas mixture can be quantified and compared. Note that in
Section 2.3, the effective and total conversion is the same, since
the dilution is a consequence of an inert gas component that is (vir-
tually) not converted, as opposed to these reaction mixtures where
multiple components are converted.

(38)

4.3. Energy cost, energy yield and energy efficiency

The definitions from Section 2.4 for the specific energy input,
energy cost and energy yield remain valid. The only difference here
in terms of energy cost and energy yield is that the total conversion
should be used, because it represents the overall conversion of the
gas mixture:

1 SEI (kj mol’])
= ot

The correct formula to calculate the energy efficiency is a bit
more complicated. In theory, Eq. (18) can be used again, with the
corresponding reaction enthalpy for DRM or CO, hydrogenation.
However, as we will discuss in detail in Section 5, this equation
is not always ideal to use for DRM and CO, hydrogenation. Hence,
an alternative definition is introduced, expressing the energy effi-
ciency 7 (also sometimes called the “energy conversion efficiency”)
as the fraction of the total energy that goes to the formation and
breaking of chemical bonds. In other words, it is the fraction of
energy that effectively carries out the reaction and is not lost
(e.g., as heat). In general, this is written as

i
h= E3PP + EiEiChem

EC<1<J mol_) (39)

CO"V) - EY(molcony K71

(40)

Here, E*" is equal to the applied energy to the system, which
can be determined through the measured applied power. 3 E™™
and ZjE]?hem are the chemical energy, intrinsically present in the
reactants i and the products j, respectively. However, while a reac-
tion enthalpy can be measured, e.g., with a calorimeter, the energy
intrinsically present in the reactants and products cannot. To solve
this issue, another definition represents the chemical energy of
products and reactants by a lower heating value LHV, which is a
measure for the energy that is released upon full oxidation of the
specified species. This is the so-called “fuel energy efficiency”:

B ‘DY (y;.’ut -LHV; <k] mol’1>)
1= S (kj mol”) + Y (y}n -LHV; (kj m01’1>)

with LHV; and LHV; the lower heating value of reactant i and
product j, respectively. As mentioned, this value represents the
reaction enthalpy for the conversion of i or j upon reacting with
0, to their most thermodynamically stable products [20,76]. In this
case, these products are CO, and/or H,0, which by definition have
a lower heating value equal to 0 k] mol™}, together with O,. Note
that Eq. (41) still resembles the general form of Eq. (40), with the
specific energy input representing the applied energy and the
lower heating values the chemical energies, all in units of k] mol~'.
The fact that the reaction enthalpy upon full oxidation is used for
all reactants and products, makes this a valid method to express
the chemical energy present in both reactants and products and,
consequently, the energy efficiency of the reaction. Finally, note
that lower heating values describe the reaction enthalpy with the

(41)
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produced H,O considered to remain in the gas phase. When con-
sidering H,O in the liquid phase, and thus taking into account
the additional energy released upon condensation, higher heating
values for the different components are used instead.

When all products are included (condensed and deposited
products as well), Eq. (42) should be used

ofin. % (yj‘?”t -LHV; (kj mol ™’ )) + ofnit. $° (yﬁ”t -LHV,, (kj mol ™’ ))
= SEI(](J morl) Y (y;.n -LHV; (kj morl))

(42)

Where the condensed and deposited products are indicated by
the subscript k. Note that we now have two flux ratios. When we
have condensation or deposition of products from the gas stream,

the total number of molecules in the gas flow will decrease. This
- out, init

means a decrease of the final gas flow rate from Vi

- out, fin

Ve » and thus, following Eq. (6), a decrease in flux ratio from
odnt to ofin, The relationship between ot (with all products still
in the gas phase) and ofi" (after condensation and/or deposition
of certain products) is given by Eq. (43)

chin
(1=
When the only product that is significantly lost is H,O

(LHVy,0 = 0KJ mol '), it does not require quantification in order
to solve Eq. (42). However, if other components such as methanol,
ethanol etc. are a significant part of the condensed fraction, they
need to be quantified. Specifically, the fraction of these compo-
nents while they were still in the gas stream needs to be traced
back, which is practically impossible. However, alternative equa-
tions are available in literature where this is not strictly needed,
which we will discuss in more detail in Section 5.1.

init __

(43)

4.4. Product selectivity and yield

Aside from conversion, product yield and selectivity are two
other critical performance metrics. As discussed before, the con-
version states how much of a reactant has reacted away. Product
selectivity expresses how much of one specific product is formed,
relative to all other products. The product yield is the combination
of conversion and product selectivity, and shows how much a par-
ticular product is formed, relative to the theoretical maximum
amount that could have been formed. When there are no signifi-
cant side reactions, as in pure CO, splitting, expressing a selectivity
or yield is not necessary. For (R1), all CO; is converted into CO and
0, (with negligible amounts of other products, such as 03), and
thus, there is a fixed selectivity towards CO and O,. The yield of
CO or O, is not fixed, but it gives no extra information compared
to the conversion.

On the other hand, by-products can be formed in case of DRM
and CO, hydrogenation. Therefore, it is more interesting to report
values that express the degree to which a desired product is pro-
duced, and even necessary when comparing conditions in one
setup or comparing setups with each other. The atom-based (A-
based, in this case either the carbon-, hydrogen- or oxygen-
based) selectivity for product j is defined as

A out
A_ Hy oY

DTS =y

With uf and g the stoichiometric coefficients (i.e., the number
of atoms A per reactant i and product j, respectively). The sum of
the selectivities for the same base-atoms should be 100% when
all products are considered, because it represents the distribution
of the atoms among the products that are formed.

(44)



B. Wanten, R. Vertongen, R. De Meyer et al.

The atom-based yield of product j is defined as

A 'u;i Lo .yjqut
DD (TARS D)
In this case, the sum of the yields for the same base-atom
should be equal to the conversion of the reactants containing the
same base-atom, when all products are considered. Indeed, pro-
duct yield expresses the actual amount of a product relative to
the theoretical maximum amount that can be formed of that same
product. Mathematically, it can be considered as the product of
conversion and selectivity for the same base-atom:

(45)

Yi =S
_ 'u}‘\“y}OUt Zl(l’l’?(y;n_a)}?m)) (46)
i(ud - (i — o ) i(uf -y

When there are condensed products, selectivity and yield can
be expressed in the same way, but then a distinction between
the initial and final flux ratio must be made, just as was the case
for Eq. (42). However, when the lost products cannot be quantified
(or even qualitatively detected), the selectivities and yields
towards all the other products only require knowledge of the final
flux ratio (which can be experimentally measured) and they can
therefore still be obtained.

5. Confusing terminology and errors in literature for CO,
conversion with a co-reactant

In the previous section, we presented the correct definitions
and calculations for determining the performance metrics in
plasma-based CO, conversion with a co-reactant. In this section,
we discuss some alternative and some incorrect definitions
reported in literature for energy cost, energy efficiency and product
yield (Section 5.1). As an illustration, we present a numerical
example in Section 5.2 and demonstrate the difficult interpretation
and comparison of the reported values. Finally, in Section 5.3, we
provide a critical overview of some of the available literature.

5.1. Alternative and/or incorrect definitions

5.1.1. Energy cost
The energy cost in DRM is sometimes defined as a “syngas
energy cost”:

SEI(k] morl)

oy HKmel )
EComs (/mol ') =~ (ves +yar)

(47)

This value should be interpreted as the amount of energy
needed to form a certain amount of syngas. Note that this defini-
tion, where the amount of the desired product is used as reference,
is quite common for other reactions too, like NH; or NO, formation
[23,77,78], and is also interesting to report from an economic per-
spective. However, it is important to notice that Eq. (47) will never
give the same result as Eq. (39), even for “ideal” DRM as described
by reaction (R2), due to the increase in flow rate:

SEI (kj morl)  SEl (kj morl)

vy 2L
EC(k] mol’])

-

with Eq. (48) only valid for ideal DRM, where only syngas is
formed and the syngas flow rate equals the total inlet flow rate
multiplied with a factor (2 - y™*).

ECsyngas (k] mol‘l) -

(48)
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5.1.2. Energy efficiency

In many cases (see references in Section 5.3), an adapted ver-
sion of Eq. (41) expresses the energy efficiency. The first variant
is Eq. (49):

‘DY (y]‘.’”t -LHV; (k] morl))
1= S (kj mol”) +Y ((y}“ — o you) . LHV, (kj mol’l))

The amount of converted reactants is now written in the
denominator, instead of the initial fraction. This does not fully cor-
respond with the general definition (see Eq. (40)). Instead, Eq. (49)
defines the fraction of the “transformed” energy that carries out
the reaction, while the remaining fraction of “transformed” energy
is equal to the energy lost as heat. In other words, this equation
gives a (theoretical) value of 1 when the reaction proceeds without
heat losses, independent of how much reactant is converted.

A second (and third) variant is when only the desired products
(represented by subscript j,des) are considered (i.e., syngas for
DRM, CH4 or CO for CO, hydrogenation), similar to the syngas
energy cost in Section 5.1.1. This can be expressed both relative
to the total energy at the inlet (as in Eq. (41)) as well as the “trans-
formed” energy (as in Eq. (49)). Both variants are defined through
Egs. (50) and (51), respectively:

o e (J’}’.His - LHVjges (k] mol ! ))
sl (kJ mol”) +2 (y}“ -LHV; (k] morl))

(49)

(50)

_ o Zjldes (y}(').gés - LHV; ges (k_] 1‘1‘1017])>
" SEI (kj mol’1> +2 ((y?“ — o yPU) - LHV; (k] mol’1>>

Note that Egs. (50) and (51) consider the chemical energy
attributed to the by-products also as a form of “lost” energy. This
offers the advantage that, when not all by-products can be quanti-
fied, these equations can still be solved.

Indeed, Eqgs. (41), (49), (50) and (51) are all correct, but should
be interpreted differently nonetheless. Simply stated, an energy
efficiency of 1 (or 100%) would mean for:

(51)

- Eq. (49): a reaction that proceeds without heat losses

- Eq. (41): a reaction that proceeds without heat losses and 100%
conversion

- Eq. (51): a reaction that proceeds without heat losses and 100%
product selectivity towards the desired products

- Eq. (50): a reaction that proceeds without heat losses and 100%
product yield of the desired products

Another alternative definition for the energy efficiency is based
on the standard formation enthalpies, also sometimes called the
“chemical energy efficiency”, for each component:

Ly (y]t_)ut Hyj (k] morl)> - zi<;<$ff Hp; (kj m01’1)>
= el mol )

(52)

Hy; and Hg; are the standard formation enthalpies of the various
reactants i and products j, expressed in kj mol~'. In fact, Eq. (52)
does not correspond to the general definition presented through
Eq. (40). Rather, Eq. (52) compares the energy difference corre-
sponding to the reaction, relative to the applied energy:

A EI‘EAC

1= —geon (53)

Note that Eq. (18) also corresponds to this general equation. For
an endothermic reaction, this ratio is a correct representation of
the energy efficiency (i.e., 0 when no reaction is proceeding, and
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1 when all applied energy is absorbed and used to carry out the
reaction). However, as is clear from comparing Eq. (40) with Eq.
(53), the chemical energy efficiency does not represent a “fraction”
of the total energy that carries out the reaction. Additionally, the
chemical energy efficiency on the one hand (Eq. (52)) and the fuel
energy efficiency on the other hand (Egs. (41), (49)-(51)) describe
the “chemical energy” differently. In fact, for an exothermic reac-
tion (such as reactions (R3) and (R4) when considering H,O in its
liquid state) the chemical energy efficiency will become negative,
even when a relatively good conversion and energy cost is
obtained. This makes the results from Eq. (52) sometimes difficult
to interpret without any additional information on other perfor-
mance metrics.

In Eq. (52), the reaction enthalpy AH" is constructed from the
individual formation enthalpies, following Hess’s law. However, a
consequence of using a reaction enthalpy is that one has to include
all products and reactants to determine it correctly, including all
the liquid products that are present in non-negligible amounts.
This makes the chemical energy efficiency not always applicable,
in contrast to (some of) the fuel energy efficiency equations. In
addition, often a single reaction enthalpy is taken from literature
and used, similar to Eq. (18), instead of deriving it through the for-
mation enthalpies. For example, for DRM often the reaction
enthalpy of 247.3 k] mol~! is used. However, this value is only cor-
rect for 1 mole CO, reacting with 1 mole CH,, forming only syngas,
as shown in reaction (R2). Any deviation from this will alter the
value for the reaction enthalpy. Hence, this approach is incorrect
in all cases, except one theoretically ideal situation.

Finally, note that for pure CO, splitting, all equations will lead to
the same value (given by Eq. (18)):

o- (yggt -LHV¢o (k] mol’]) +y8¢ - LHVo, (k] mol ™’ >)
SEI (kj mol’]) +y%, - LHVco, (kj mol’l)

eff

8 - 283k mol !
- CSOIiZI (kj mol'l) 54
. o (yggt : LI:Il\/co (kj @01’]) + Y3t LHV,, (kj mol’i))
SEI (k] mol ) + (y'c“o2 —o- yggg) -LHVco, (k] mol 1)
_ 1, 283K mol ') (55)

SEI (kj mor1>

eff

o -y . Hi o (kj mol’l) + 0y Hyg, (kj mol’l) — &8 Hico, (k] mol’l)
= SEI(kJ mol’l)
&8 283k mol !
SEI (kj mol’l)

(56)

Hence, the correct determination of the energy efficiency
depends mostly on the correct determination of the effective CO,
conversion, which we described in detail in Sections 2.3 and 2.4.

5.1.3. Product yield
For product yield there is also an alternative, but incorrect
definition:

* 1
Y9 =) o 5 (57)
]

This equation uses the product of conversion and selectivity to
calculate the yield, as was described in Section 4.4. However, when
implementing Eqs. (12) and (44) in Eq. (57), we get
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out 'qut .lout
YA* — o _yc_)ut — Mot . n} — n} (58)
J C. : .
t
Mige Mior Mo

This is not in line with the general definition of yield, which
considers the theoretical maximum amount of product j that could
have been formed (Eq. (45)). Yield depends on the amount of atoms
A both per molecule of product j and per molecule of reactant i,
while Eq. (58) is independent of this, and therefore incorrect

(e.g., for DRM, A", is not by definition equal to the theoretical max-
imum amount that can be formed of H,, as CO, will not contribute
to its formation).

5.2. Numerical example

As discussed in Section 5.1, the determination of energy effi-
ciency in literature is ambiguous. Different definitions can be the-
oretically correct, but result in very different values nonetheless. In
this section, we present a numerical example to illustrate the vari-
ety in results. Specifically, we consider a DRM experiment, based
on previous research from our group [79], but the values are gen-
erally valid for any warm plasma (e.g., gliding arc, microwave,
etc.); see Table 4. We calculate the energy efficiency according to
the various definitions, as presented in Fig. 2. An additional exam-
ple for CO, hydrogenation, with values typical for a cold plasma, is
presented in the SI, along with more details regarding the calcula-
tions for both examples (see SI, Section S4).

As can be seen, the results vary significantly depending on the
applied definition, for both the DRM example (Fig. 2) and the
CO, hydrogenation example (see SI, Section S4). Note again that
all fuel energy efficiency formulas (Eqs. (41), (49), (50) and (51))
are correct, if interpreted correctly. Indeed, referring back to Sec-
tion 5.1.2, some definitions depend on e.g., the conversion, while
some do not. As a result, the definition yielding the highest value
is Eq. (49), which expresses the fraction of energy that is not lost
as heat, and the definition giving the lowest value is Eq. (50), which
expresses the fraction of energy that is not lost as heat, uncon-
verted reactants and by-products.

A large drop in energy efficiency is observed when comparing
the fuel energy efficiencies to the chemical energy efficiency pre-
sented through Eq. (52). This is because Eq. (52) applies to a differ-
ent general formula (Eq. (53)), where the endo- or exothermicity of
the reaction determines the energy efficiency. For example, for the
same specific energy input, the energy efficiency drops signifi-
cantly when the selectivity towards very stable products (e.g.,
H,0 during DRM) increases, as it lowers the endothermicity of
the reaction. Therefore, it is no surprise that there is such a large
difference when not all products are considered when deriving
the reaction enthalpy (Eq. (52)* in Fig. 2), which is overestimated
with 11.1% (equal to a relative deviation of 39.9%). Taking the reac-
tion enthalpy for the “ideal” stoichiometry for DRM (Eq. (52)** in
Fig. 2) described by reaction (R2), leads to an overestimated value
of 3.5% (equal to a relative deviation of 12.6%). Finally, in the case
of CO, hydrogenation, the same general trends are observed, with
the chemical energy efficiency even reaching a negative value.
More details on this can be found in the SI, Section S4.

From this numerical example, it is clear that a one-on-one com-
parison of reported energy efficiencies becomes challenging.
Authors should always check the applied definitions and, if neces-
sary, re-calculate the values from other studies to allow for a fair
comparison.

5.3. Critical evaluation of literature reports

In contrast to pure CO, splitting (Section 3.3), there is not much
recent literature for plasma-based DRM and CO, hydrogenation



B. Wanten, R. Vertongen, R. De Meyer et al.

Journal of Energy Chemistry 86 (2023) 180-196

Table 4
Numerical example for DRM in a warm plasma with a specific energy input of 240.6 k] mol~"; flow rates of gases at the inlet, and unreacted gases and products at the outlet.
Flow rate (mL/min) CO, CHy4 H, co CoH, CoHy CyHg H,0 Total
In 650 350 0 0 0 0 0 0 1000
Out 300 90 375 575 15 2 0.4 125 1482
70 significant fraction of H,0, which they exclude as well. However,
it heavily alters the result, as shown in Section 5.2. In Refs.
__ 60 [86,102], multiple “ideal” reaction enthalpies are used. As
X explained in Sections 5.1.2 and 5.2, this is very often an incorrect
;50- expression. Indeed, in Ref. [86], other products are formed that
> are not described by the reaction equations corresponding to the
2 404 used enthalpies. In Ref. [102], it seems that the by-products are
-g not present in significant amounts, and then (and only then!)
£ 30 one can assume the ideal stoichiometry for the two main reactions
q; to be valid. Nevertheless, the energy efficiency in this specific case
D504 is overestimated, since the reaction enthalpy is not describing the
8 amount of energy per mole reactant. Rather, it describes the energy
Wl per 2 mole reactant, as it is 0.427 eV that is consumed when 1 mole
CO, reacts with 1 mole H, towards CO and H,0. When dividing by
04 the energy cost in eV per 1 mole reactant converted, they do not
41)  (49) (5'0) (5'1) (5'2) (5'2)* (52)* refer to the same amounts of moles, and the resulting energy effi-
. ciency value should be divided by 2 to correct for this error.
Equation Importantly, some authors express an energy efficiency in units

Fig. 2. Numerical example of the energy efficiency calculated according to the
various definitions for DRM. Eq. (52)* represents the chemical energy efficiency
without taking all products into account, Eq. (52)** represents the chemical energy
efficiency when the reaction enthalpy corresponding to the “ideal” stoichiometry is
used (described by reaction (R2) for DRM).

where the effect of gas expansion or contraction is completely
ignored and where the conversion is determined incorrectly.
Hence, the paper of Pinhdo et al. [20] had a good impact. Even
though some authors explain the necessity of the flux ratio in their
calculations incorrectly, also within our own group, they still do
apply it in the correct way (e.g., Ref. [80]). Three different methods
are described in literature to determine the flux ratio, i.e., using a
standard component (e.g., Refs. [80-90]), a flow meter (e.g., Refs.
[91-96]) and a stoichiometrically derived expression (e.g., Ref.
[97]). We compare these three methods in detail in Section 6. Some
authors define their formulas correctly (based on molar flow rates
and not on fractions), but provide no details on the method used to
determine the flux ratio (e.g., Refs. [98-104]), so we can only
assume that they used one of these methods correctly. When the
flux ratio is measured, the performance metrics, as described in
Section 4, can be calculated. However, the example in Section 5.2
demonstrates that it can be difficult to interpret the results of var-
ious definitions. Therefore, we illustrate the lack of uniformity in
this section with some examples from literature.

First is the energy cost, for which most definitions align with
our general equation in Eq. (39). Sometimes it is defined relative
to a product of interest, such as the syngas energy cost of Eq.
(47) in Refs. [85,88,105], which is a valuable alternative. The same
is true for the energy yield (e.g., a “methanol energy yield” is
defined in Ref. [96]).

Second, as discussed in Sections 5.1.2 and 5.2, there is not one
correct definition of energy efficiency, but a wide variety of them.
For instance, Eq. (41) is used in Ref. [20], Eq. (49) in Ref. [82], Eq.
(50) in Ref. [101], Eq. (51) in Refs. [84,87,89,93,97,103] and Eq.
(52) in Ref. [20]. However, there are some cases where an incorrect
form of Eq. (52) is used. In Ref. [80], not all products are considered.
While these authors motivate using their equation, i.e., excluding
the hydrocarbons due to their negligible effect, they have a
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of mmol/k] (e.g., [86,91,93,95,98,99,101,103,104]). However, as
mentioned in Sections 2.4 and 4.3, this should be called energy
yield (see Eq. (17)). Alternatively, the energy yield can also be
defined in units of g(Hy) kW/h, as in Ref. [92].

Notably, to compare energy efficiencies for DRM or CO, hydro-
genation, one needs to carefully check whether the same formulas
are used. Otherwise, the energy efficiency should be re-calculated
with available raw data. In Refs. [56,93,101], the authors report a
comparison of energy efficiencies from literature, but the values
from literature are not the same as those reported, so we conclude
the authors indeed re-calculated these values themselves, using
the same formulas as used for their own energy efficiency. How-
ever, in Ref. [18], the authors refer, e.g., to values from Ref. [80],
where different formulas were applied, hence this comparison is
incorrect. Nevertheless, the impact on their conclusions remains
limited because they also compared energy costs, which were cal-
culated through the same formula. Due to the lack of a uniform
definition for energy efficiency, we generally recommend compar-
ing energy costs instead of energy efficiencies, as was also recom-
mended in Ref. [9].

Third, the product selectivity and yield are reported more con-
sistently in the field, with some exceptions, e.g., an incorrect defi-
nition of yield is used in Ref. [82] as explained in Eq. (58) (see
Section 5.1). However, overall, literature reviews typically do not
compare the yield in plasma reactors, but the conversion (e.g., Refs.
[9,79]). Yet, plasma-based CO, conversion with a co-reactant is
complex, and many products can be formed. It is therefore inter-
esting to compare the yield of the desired product as well. Indeed,
for the same energy cost, a high conversion is only meaningful
when it is combined with a high selectivity toward the desired
product. We will discuss this performance metric in more detail
in our recommendations in Section 7.

We can conclude that although the effect of gas expansion and
contraction is widely acknowledged in literature for plasma-based
CO, conversion with a co-reactant, it remains challenging to inter-
pret the variety of definitions, specifically for energy cost and
energy efficiency. Again, transparency in data and calculations is
key to facilitate an accurate comparison of literature reports, and
we hope that this paper can provide insights to report more consis-
tent and correct values for plasma technology.
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6. Analysis of the available methods for determining the flux
ratio

In the previous sections, we described the formulas for deter-
mining the different performance metrics for pure CO, conversion,
DRM and CO, hydrogenation. The flux ratio is a fundamental part
of these calculations. In addition, the stoichiometric equations, as
presented in Section 2.1 for pure CO, splitting, are typically not
applicable for more complex reactions, when by-products can be
formed that cannot all be easily quantified or even detected. In that
case, knowledge of the flux ratio is essential.

In Section 6.1, we describe the three main experimental meth-
ods to determine the flux ratio: (i) the stoichiometric relationships
(when they are possible, i.e., as extension of Section 2.1), the use of
(ii) a flow meter and of (iii) a standard component. All other perfor-
mance metrics can be determined when the flux ratio is known, as
described in Section 4. In literature, several researchers report one
of these methods, as described in Section 5.3. However, to our
knowledge, a detailed comparison between the different methods
and specifically, the sensitivity of the performance metrics to these
measurements, has not been reported. We will proceed with such a
comparison in Section 6.2, supported by an experimental example
for CO, splitting in a DBD reactor, and in Section 6.3, again sup-
ported by an experimental example for the conversion of CO,-
CH4-0, mixtures, in an atmospheric pressure glow discharge
(APGD) reactor.

6.1. Description of the methods

6.1.1. Stoichiometric relationships

In Section 2.1, we discussed the stoichiometric relationships
between the fractions of CO,, CO and O, and the conversion for
pure CO; splitting. Measuring only one of the fractions (Yco,, Yco
or ¥, ), or otherwise the flux ratio (o) (cf. Section 2.2), is sufficient
to derive the conversion and each of the remaining parameters, as
shown in the SI (Section S1). The advantage of this method is that
the experimental setup can be simple. In theory, e.g., one accurate
0,-sensor is sufficient to determine all other parameters, but ide-
ally, more than one parameter should be measured to validate
the method. When the measurement is done accurately, the per-
formance metrics derived from each measured parameter should
all be the same (within the experimental error margin). To mea-
sure Yeo,, Yo and yo,, there are a number of techniques available.
Dedicated sensors for each of these three components are widely
available, and GC or FTIR spectrometers can be used to measure
multiple components simultaneously.

Similar analytics are also applicable for DRM or CO, hydrogena-
tion. However, with these reactions, stoichiometric relationships
can only be derived if one is able to solve one of the three atom bal-
ance equations towards the flux ratio. The general formula for the
atom balance b, (where A can be C, H or O) is written as:

™ (0 (g -y + 50 (- y2) ) o Y (e )

by = .
§ (kv

(59)

By definition, the atom balance should always be 1. In other
words, solving Eq. (59) towards of (and hence: using this method)
is only possible if all reactants and products containing atom A, at
inlet and outlet, are identified and their fraction quantified. Such
an example will be discussed in more detail in Section 6.3.

6.1.2. Flow meter
A more direct measurement of the flux ratio can be done by
means of a flow meter. The simplest example is a bubble flow

191

Journal of Energy Chemistry 86 (2023) 180-196

meter, where the movement of a soap bubble across a certain dis-
tance is timed to derive the flow rate. By measuring this value
before and during plasma reaction, at the same temperature and
pressure, o is obtained through Eq. (6) in Section 2.2. In fact, any
device that can directly or indirectly provide an accurate volumet-
ric flow rate is suitable for this method.

6.1.3. Standard component

An indirect measurement of the flow rate can be performed by
adding a standard component to the outlet stream of the reactor, as
introduced by Pinhdo et al. [20]. This standard component can be
any gas (e.g., Ar, N,) that does not react in the outflow. While the
volumetric flow rate of the standard component does not change,
its fraction will, but only due to the change in total flow rate. Please
note that it is important for this method to introduce the standard
component in the effluent gas and not in the feed gas. The addition
of any gas to the inlet of the reactor will interfere with the plasma
properties and influence the effective and total conversion, as well
as the energy cost, energy yield and energy efficiency.

For pure CO, splitting, the same formulas for diluted CO, of Sec-
tion 2.3 are valid to derive the conversion from the product frac-
tions. Calculating the flux ratio, however, will not be the same
when the standard is added to the outlet stream instead of as part
of the feed gas. This is explained in more detail in the SI
(Section S5.1).

The situation becomes more complex for reactions such as DRM
or CO, hydrogenation, since the total gas flow rate and the frac-
tions of the components change consecutively due to gas expan-
sion, removal of liquid products and the addition of a standard,
before finally reaching the analytical equipment. The simplest
way to define the flux ratio is as the ratio of the measured fractions
of the standard y™ and yout:

in
Ys

S out
S

meas
o —

(60)

Eq. (60) can then be used together with the measured input and
output fractions to calculate all performance metrics presented in
Section 4. However, there are multiple ways to express the flux
ratio and the fractions that will lead to a correct determination
of conversion, energy cost etc. For example, one can choose to work
with the fractions in the gas stream before the standard is added,
together with the flux ratio at that stage. Or, as explained in Sec-
tion 4.3, one might need to derive the “initial” flux ratio (before
condensation occurs). How this should be done is presented in
detail in the SI (Section S5.2).

6.2. Example of pure CO, splitting in DBD plasma

We performed two separate series of experiments (one with a
standard, one with a flow meter) with pure CO, flowing in a DBD
plasma reactor. Experimental details can be found in the SI (Sec-
tion S6). The performance metrics are calculated according to the
formulas described in Section 2, and in the SI (Sections S1, S2
and S5.1).

The absolute CO, conversion and flux ratio in the first series of
experiments are presented in Fig. 3(a), comparing the stoichiomet-
rically derived values (based on the fraction of CO,, CO and O;)
with the values obtained using the standard component (N,). The
same parameters from the second series of experiments are pre-
sented in Fig. 3(b), comparing the stoichiometrically derived values
with the values derived from the flow meter. To avoid confusion,
we emphasize that the stoichiometric values (and their error mar-
gins) in Fig. 3(a and b) are obtained through two separate series of
experiments and are therefore not completely equal. The numeri-
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Fig. 3. CO, conversion (left axis) and flux ratio (right axis) for pure CO, splitting in a
DBD reactor. The results are determined by means of the stoichiometric formulas
(based on the CO,, CO and O, fractions, first three bars), and the standard
component (a) and bubble flow meter (b) (last bar in both cases). Error bars are
added but some might be too small to be visible.

cal data and results for all remaining performance metrics are
given in the SI (Section S6).

From both figures, it is clear that the CO,-, CO- and O,-based
conversion and flux ratio are always very close to one another,
almost always within each other’s error margin. Hence, this data
indicates that the stoichiometric relationships are suitable to
derive the conversion with high accuracy. Notably, the results
based on the N, standard and the flow meter are not very accurate,
given that the error bar is significantly larger for these values. To
explain this observation, we provide the relative errors on the frac-
tions used to derive the conversion and flux ratio, as well as the rel-

Table 5
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ative error on the conversion and flux ratio itself, in Table 5. The
relative error is calculated similarly as was done in Eq. (37) in Sec-
tion 3.2 for the conversion, now with the experimental absolute
error used in the numerator.

It is important to note that the relative error on the fractions,
used to calculate the conversions and flux ratio, are all very compa-
rable. After propagation of this error to the flux ratio, the majority
of the errors decrease and all remain acceptable, with a maximum
relative error of 2% on the flux ratio obtained through the fraction
of the standard. However, when propagating these errors to the
conversion, we see that the relative errors all increase significantly.
The errors based on the measured fractions remain acceptable, but
the ones based on the flow measurement propagate to a relative
error of 38% and 29% with the standard and the flow meter, respec-
tively. This proves that any small error on the flow rate and conse-
quently flux ratio, will propagate to a much more significant error
on the conversion, independent of the technique used and the
reproducibility of the experiment. Hence, the conversions based
on the measured CO,, CO and O, fractions are in this case much
more reliable.

Therefore, we conclude that using a standard component or a
flow meter leads to more errors due to the sensitivity inherent to
these methods. Instead, accurate diagnostics such as a GC should
be used to determine all product fractions when possible, so that
the more reliable stoichiometric values can be applied. They are
easier to validate and obviously require less effort from the
operator.

6.3. Example of DRM in the presence of O, in APGD plasma

We again performed two separate series of experiments (one
with a standard, one with a flow meter) similar to the experiments
in the DBD reactor. Here, we use a mixture of CO,, CH4 and O, (so-
called oxidative CO, reforming of methane (OCRM)) in an APGD
plasma reactor. Experimental details can be found in the SI
(Section S7).

As explained in Section 6.1.1, to derive a stoichiometric rela-
tionship for DRM, one of the three atom balances needs to be
solved to derive the final flux ratio. In this example, the APGD
plasma is a so-called warm plasma, and under these conditions,
by far the dominant product is syngas. High-value liquid products
such as methanol can also be formed, but their fraction is often
negligible. We used a cold trap between the reactor and the GC
in these experiments, and the liquid fraction was analyzed after
each experiment. Since the liquid consisted mainly of H,0, with
a fraction of 99.95%, the fraction of other components was negligi-
ble. In addition, a small amount of solid carbon was deposited in
the experiments, specifically at the electrodes. However, this was
less than a few milligrams, accumulated over time, so we conclude
that its concentration is also negligible in the entire exhaust gas
flow. Finally, all peaks on the chromatograms obtained with the
GC were identified and quantified. This resulted in H,O being the
only significant product of which the fraction could not be mea-

Relative errors on the output fractions, flux ratio and conversions, for both the experiments performed with the standard added and the flow meter used. Note that the relative

error on f3, used in the experiments with the standard, is 0.5%.

COo, co 0, Standard
yout 0.4% 0.3% 0.6% 1%
o 0.2% 0.09% 0.09% 2%
x 4% 0.3% 0.6% 38%

Co, co 0, Flowmeter
yout 0.4% 0.3% 0.6% -
o 0.1% 0.01% 0.02% 1%
x 4% 0.3% 0.7% 29%
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Fig. 4. Total conversion and the effective CO,, CH4 and O, conversions (left axis),
and flux ratio (right axis) with OCRM in an APGD reactor. The results are
determined by means of the stoichiometric formulas (based on the assumption of
a perfect C-balance) (left bar), and the standard component (a) and bubble flow
meter (b) (right bar in both cases).

sured. Hence, all C-based products could be identified, and there-
fore, the carbon balance equation (i.e., Eq. (52) of Section 6.1.1)
can be re-arranged (considering that bc = 1), to result in Eq. (61):

i -y
Si(uf - y) + > </~‘,C 'Y})Ut)

The formulas described in Section 4 were used to calculate the
performance metrics. When the standard was added, the flux ratio
as described in Section 6.1.3 was used, but also the other flux ratios
were calculated, as described in the SI (Section S5.2).

The total conversion (i.e., the sum of the effective CO,, CH, and
0, conversions) and final flux ratio obtained with the first series of
experiments are presented in Fig. 4(a), comparing the stoichiomet-
rically derived values with the values derived by the standard com-
ponent. The same parameters obtained with the second series of
experiments are presented in Fig. 4(b), comparing the stoichiomet-
rically derived values with the values obtained by the flow meter.
To avoid confusion, we emphasize again that the stoichiometric
values (and their error margins) in Fig. 4(a and b) are obtained
through two separate series of experiments and are therefore not
completely equal. The numerical data and results for all remaining
performance metrics are given in the SI (Section S7).

Both the effective and total conversions obtained with the stan-
dard component and bubble flow meter are in good agreement
with the values obtained by the stoichiometric formula. Indeed,
the agreement, also in terms of error margins, is better than in Sec-

chm _

(61)
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Fig. 5. Atom balance for C, H and O with OCRM in an APGD reactor. The results are
determined by means of the stoichiometric formulas (based on assuming a perfect
C-balance) (left bar), and the standard component (a) and bubble flow meter (b)
(right bar in both cases).

tion 6.2, because in contrast to CO, splitting, the conversion here is
much higher (i.e., 60%-70% total conversion). As a consequence, for
the same absolute difference on the conversion, the relative differ-
ence becomes almost ten times smaller.

The difference between the flux ratios for the second series of
experiments is negligible (0.01 £ 0.01), but for the first series of
experiments, obtained with the standard component, the differ-
ence is a bit larger (i.e., 0.05 £ 0.01, or a relative difference of
around 4%-5%). For the values derived through the standard, it is
also observed that the sum of all C-based selectivities is equal to
107 + 2%, and the sum of the C-based yields is higher than the C-
based conversion. This is impossible because it implies a violation
of the law of mass conservation. To explain this issue, we show the
atom balances from the first series of experiments in Fig. 5(a), com-
paring the stoichiometrically derived values with the values
obtained by using the standard component. The same is done for
the values of the second series of experiments in Fig. 5(b), compar-
ing the stoichiometrically derived values with the values derived
by the flow meter.

Fig. 5 illustrates that all atom balances are close to 1 for the sto-
ichiometric method (within their error margin). However, the C-
balance obtained with the standard component, as shown in
Fig. 5(a), clearly exceeds the theoretical maximum value of 1
(i.e., 1.04 £ 0.01). Since the fractions and the calibration of the dif-
ferent components are all the same, this deviation can only origi-
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nate from an incorrect measurement of the flux ratio. While the
effect on the conversion was nearly negligible (see Fig. 4a), the
error of the flow measurements is now more apparent when look-
ing at (the sum of) the product selectivities and the atom balances.
Hence, results that would otherwise be inexplicable (like a viola-
tion of the law of mass conservation) can be traced back to a small
error on the measurement of the flux ratio.

Based on these observations, we can again conclude that the
stoichiometrically derived values seem to be the most reliable,
similar to Section 6.2. Nevertheless, we want to stress again that
it is often not possible to apply the stoichiometric formulas for
DRM (and similar reactions, like OCRM), because the composition
of the liquid and solid fraction has to be known, and their original
fraction in the gas mixture needs to be estimated at least.

Next, the bubble flow meter turned out to be more reliable in
our experiments than the use of the standard component, although
it is also less convenient to use. Not only does it require careful
control of temperature and pressure, but it also requires manual
action, prone to human error and limited to a certain maximum
flow rate. An accurate digital flow meter is a better alternative,
since it usually corrects for temperature and pressure effects, and
yields a continuous reading of the flow rate. However, in our expe-
rience, a flow meter that provides the total volumetric flow with-
out prior knowledge on the gas composition (as is the case at the
reactor outlet) and that can be used for almost any gas mixture,
is not easy to find. Moreover, it is not as affordable as the other
methods described in this section.

The use of a standard component is more simple, because it can
be analyzed together with the other components, can be very
cheap and is easily introduced. However, it performs clearly the
worst in this example. There are several plausible reasons: a small
error on the MFC regulating the flow rate of the standard could
already cause a small deviation on its measured fraction and the
flux ratio, and propagate to a significant error on certain perfor-
mance metrics such as the product selectivity. Another possibility
is that the mixing of the standard with the rest of the gas mixture is
not sufficient. We observed different results when introducing the
standard at different positions (i.e., very close to the reactor outlet
compared to more downstream), which could indicate a mixing
issue. Finally, the way it is described by Pinhdo et al. [20], there
is no need to calibrate the analytics for the standard component
itself. While this is true when the response of the analytic device
on the standard component is a linear trend as function of its frac-
tion, with the intercept at the y-axis equal to zero, we believe it is
better to calibrate for this standard component as well. Not all ana-
lytics have a perfect linear response, and assuming so could have a
significant impact on the flux ratio and the performance metrics.

Altogether, we advise checking the available methods for each
new set of experiments. A comparison as in this section is rela-
tively easy, and in our opinion, it is the best way to validate the
chosen experimental method.

7. Recommendations and good practices

When reporting the performance of plasma-based CO, conver-
sion, there are some important good practices to keep in mind.
We recommend the excellent topical review by Alves et al. [106]
on best practices in the field of low-temperature plasmas. Dis-
cussing challenges ranging from plasma diagnostics to computer
models, the authors also address the importance of validation
and reporting. Overall, they lay a clear foundation on how to
improve communication, reproducibility and transparency within
the field. In the following discussion, we present our own recom-
mendations more specifically for measuring and reporting the per-
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formance for plasma-based CO, conversion, for pure CO, but also
with co-reactant, such as in DRM and CO, hydrogenation.

In first instance, all details on the experimental setup should be
provided. For the power, it is important to note the difference
between (i) the plasma power, which is the true power dissipated
in the plasma, (ii) the applied power, which is the power delivered
by the PSU, and (iii) the plug power, which is the overall power
consumed by the PSU during plasma operation. The applied power
is equal to the plasma power plus the power related to the losses in
the electronic circuit, while the plug power also accounts for the
efficiency of the PSU itself. The relation between the plug power
and the plasma power is given by the so-called plug-to-plasma
power efficiency. Typically, the measured plasma power is used
for calculating the energy efficiency and energy cost, as it reflects
the efficiency of the plasma process itself. However, in an indus-
trial context, the plug-to-plasma power efficiency should be
accounted for, and thus, the applied power should be used to cal-
culate the overall energy efficiency and energy cost [107]. In addi-
tion, the reported power should also include the duty cycle when a
pulsed power is applied [108]. Special care should be taken to
describe the electrical components (i.e., voltage probe, current sen-
sor, ...) and calculations that were used to obtain the plasma
power.

Moreover, when measuring the outlet gas composition in a
wide range of conditions, all analytical equipment should be care-
fully calibrated, starting with the MFCs, because small deviations
can lead to large errors for determining the flux ratio. Regular cal-
ibrations are needed according to the manufacturer’'s recommen-
dations, but at least before every new set of experiments.

Furthermore, the sampling position in the setup should be spec-
ified, especially for warm plasmas. Most experiments measure the
outlet gas downstream from the reactor, where possible recombi-
nation reactions (e.g., CO + O, reacting back into CO,) have reached
equilibrium with the forward (splitting) reactions, and the gas
composition has reached a steady state. The conversions down-
stream are thus typically lower than compared to sampling right
after the plasma reactor and one should pay special attention that
the sampling position is the same when comparing different exper-
iments. In general, all details of the experiment should be
described for transparency and repeatability. Although this may
seem evident, not all authors in the field provide the proper
descriptions.

When all the experimental details are specified, presenting the
data in a clear and transparent way is equally important. For each
presented data point, all experimental conditions should be speci-
fied: the flow rates of both the input gases and dilution agents, as
well as the power, and the fractions of the output gases, together
with the flux ratio, to derive the flow rates of the output gases. Ide-
ally, the raw data should be open access to allow other researchers
to reanalyze the data at a later stage and to comply with the FAIR
principles [109]. How to present data with statistical relevance and
other detailed recommendations for plasma research in general,
can be found in the review by Alves et al. [106].

Last but not least, when all experimental details are provided,
the correct formulas should be used for the calculation of the per-
formance (i.e., conversion, yields, selectivity, energy cost and
energy efficiency), and they should be clearly reported. When
doing a comparison of different setups, we recommend to pay spe-
cial attention to the product yield and the energy cost or yield. The
product yield of the desired products is a very informative param-
eter, because it is the product of both conversion and selectivity.
Secondly, energy cost or yield should be compared, rather than
energy efficiency, due to the lack of a uniform definition for the
latter.

We hope that this section, together with the correct formulas
presented in previous sections, can provide a guideline for more
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consistent calculations, and can stimulate a correct comparison of
different plasma reactors and conditions described in literature.

8. Conclusions

Over the past decades, plasma technology has gained increasing
interest as possible CCU technology. However, the formulas used in
literature to calculate the performance metrics are often inconsis-
tent, and sometimes even incorrect, leading to serious deviations
from the real performance. This makes it challenging to compare
the performance of plasma processes between different experi-
ments (e.g., different conditions and plasma reactors) from differ-
ent research groups, and hinders the development of this
technology on both a fundamental and more applied level. In this
critical review, we summarized the correct formulas for the perfor-
mance metrics and highlighted common inconsistencies and
errors, alongside general points of attention and recommendations.

We presented stoichiometrically derived expressions to simply
and correctly calculate the conversion for pure CO, splitting, which
are rarely used in literature so far, alongside with the correct def-
initions for energy cost, energy yield and energy efficiency. Fur-
thermore, we showed that incorrect definitions for conversion
are common in literature, due to neglecting the change in volumet-
ric flow rate, confirming earlier findings [20]. This leads to relative
errors on the conversion as high as 40%, which we demonstrated
with a numerical example.

Next, we summarized the correct definitions for the perfor-
mance metrics of CO, conversion with a co-reactant, specifically
for the dry reforming of methane and CO, hydrogenation. We
showed that a wide variety of definitions exists for energy cost
and especially energy efficiency. As a consequence, a direct com-
parison of energy efficiencies obtained with different reactors is
complicated, which we demonstrated through a numerical exam-
ple. Therefore, when comparing different studies for CO, mixtures,
we recommend comparing energy cost or energy yield rather than
energy efficiency, due to the inconsistent definitions for the latter,
as was also recommended in Ref. [9]. Apart from the energy cost,
the product yield is the second most informative performance met-
ric in case of CO, conversion with a co-reactant, and more suitable
than the conversion for a comparison between processes, because
it also includes the selectivity to the desired products.

For CO, mixtures with a co-reactant, taking into account the
flux ratio is crucial. It should be determined by means of a direct
measurement (e.g., flow meter) or an indirect measurement (e.g.,
adding a standard component in the outlet stream of the reactor),
and in some cases it can be derived stoichiometrically. We pre-
sented a detailed comparison of these methods, supported by
two experimental examples, and investigated the experimental
error on the conversion and the flux ratio. We found that for the
same error, the uncertainty on the performance metrics can prop-
agate to a much larger extent when using one method compared to
another, and it is an important aspect that needs to be considered
prior to any series of experiments. Therefore, we advise to always
do such a simple comparison, as was also performed by Refs.
[42,70].

Finally, we provided some general recommendations. Specifi-
cally, we advise to always report essential parameters, such as
the plug-to-plasma power efficiency, all experimental input condi-
tions, the flux ratio, the fractions of the output gases and the for-
mulas used to calculate all performance metrics.

We can conclude that besides the clear importance of reporting
all experimental details and applied formulas, more consistent for-
mulas are essential to correctly analyze the performance in the
field of plasma-based CO, conversion. We hope that this paper
can provide a guideline for authors and facilitate objective and cor-
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rect comparisons of different reactors, to stimulate further devel-
opment of plasma technology and contribute to a more
sustainable future.
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