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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,
complicates elucidating the underlying mechanisms and compromises further development of this
technology. 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 inconsistent 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 recommendations 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.
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List of symbols

Symbols (incl. sub- and superscripts)

Description

ES

Incorrect expression

A Atom
abs Absolute
app Applied
(14 Flux ratio
b Balance
B Dilution ratio
chem Chemical
conv Converted
corr Corrected
des Desired
DF Dissociation fraction
AH° Standard reaction enthalpy (kJ mol™)
E Energy (ki eV)
EC Energy cost (k) mol™, kJ L™}, eV molecule™)
eff Effective
EY Energy yield (mol k)™, L k)™, molecule eV™)
fin Final
H; Formation enthalpy (k) mol™)
i Reactant
in At reactor inlet/before reactor
init Initial
j (Gaseous) product
k Condensed/deposited product
LHV Lower heating value (kJ mol™?)
meas Measured
n Stoichiometric coefficient
n Molar flow (mol min?)
N Avogadro’s constant (molecule mol™)
n Energy efficiency
out At reactor outlet/after reactor
14 Pressure (bar, atm)
P Power (kW)
RE Relative error
reac Reaction
rep Reported
s Diluting agent/standard component
S Selectivity
SEI Specific energy input (kJ mol?, kI L%, eV
molecule™)
T Temperature (K, °C)
tot Total




<.

Volume flow (L min™)

Vi Molar volume (L mol™?)
X Conversion

y Molar/volume fraction
Y

Product yield




1. Introduction

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 emission
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, electrochemical 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 (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 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 production 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, pressures, flow rates, etc. In their paper (as well as in more recent literature, 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, consistent and correct methodology for determining the
performance metrics.

Ideally, a plasma reactor can be considered as a plug flow reactor, i.e., a tubular reactor where the
composition of the gas is uniform 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 metrics. For example, in the case of CO; splitting, the overall reaction proceeds as follows:
o, = CO + %02 (R1)
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 efficiency 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 reactor 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 volumetric flow rates. To calculate the performance
metrics, one should carefully consider whether the flow rate or the concentration 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,/CHs/He mixtures. 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 interpretations 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 efficiency and energy cost. This complicates the comparison of the results of different works
in literature, and hence, further development of this technology.

In this critical review, we aim to clarify the correct definitions for performance metrics in plasma-based
gas conversion. In Section 2, we derive the stoichiometric equations for pure CO, conversion, 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 literature 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 different 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 recommendations 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 processes; 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 theoretical 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.

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 X x/2

After the reaction, we can express the measured concentration of CO; as the CO; output fraction ygggz

y88t _ hggtz _ flggtz/fl.itgt _ 1-—x _ 1-x (1)
2oagy  ngw/nlee -y 4y +)§( 1 +)§(

with r'lg‘étz and nQ4 the CO, and total molar flow rate at the reactor outlet, respectively, and 1iZ, 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 ﬁicnoz). For the other components, we obtain

X
Y% =7 @
1+%
X
2 3)
yout —
% 1+4

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

1— yout
x= —yggi (4)
1+ CZOZ

This formula inherently accounts for gas expansion and can be calculated similarly from the other
measured output fractions, as presented in the Sl (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 . aout
_Yco, — @ Yco, (5)

X -
yeo,
Here, yicr(‘)z 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 12 has increased due to the
reaction (i.e., n24t > nil,). 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 flow rate at the outlet V04! relative to
the inlet V%

sout  yout

_ ot _ Viot (6)
e Viot

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 7R, = r'zic“oz), we can couple this back to the stoichiometric equations
(Table 1):

_ne _ meo, 10 +15, _ (- +x+x/2 _

X (7)
— = — 1+%
Mot n¢o, 1 2

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” % O, molecule). If we fill the result of Eq. (7) back into Eq. (5):

i X
Yco, ~ (1 + 7) - Y0, (8)
X = ;
yco,
1-(1+%)- yast ©)
X = T

and rearrange to extract the conversion, we obtain the same result as Eq. (4). It is clear that all these
Egs. (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 parameters is summarized in the Sl (Section S1). This approach is similar for all reactions
that have no side reactions or no significant amount of by-products, such as NHs; 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. However, 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 “dilution ratio” 8, expressed as

g = fls Vi (10)

~ .in 7in
nco, Veo,

With 75 and Vs the molar and volumetric flow rate, respectively, of the diluting agent (the subscript s
refers to “standard component”, for which the same derivation of the conversion applies as for the
diluting agent, as we will explain in more detail in Section 6.1.3). With this dilution ratio, one can again
derive the conversion from any of the measured output fractions, including the fraction of the diluting
agent ys. This is also presented in the Sl (Section S2). When the output fraction of CO, is measured, we
calculate the conversion as follows:

1=+ pB) -y,
8o,

2

Xabs

(11)
1+

The derivation of this equation can also be found in the Sl (Section 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 )(Eff:

i 12
Xeff — Xabs _y(l:rz)2 (12)

Where the absolute conversion y2bs

is multiplied by the fraction of CO, at the inlet yic%z. This
definition of the conversion is important 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 conversion 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 mixture, not

only to CO,. We discuss these definitions of interest next.

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 discharge (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 European 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.



Table 2. Various definitions for standard and normal conditions and the corresponding values for the molar volume Vy,. 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™)
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 24.47
STP IUPAC 273 0 0.987 1 22.71
SATP IUPAC 298 25 0.987 1 24.79

These two input parameters are combined into the specific energy input SEI. The specific energy input
is the dominant determining 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 kI mol™®, (14) in k) L™ and (15) in eV molecule™:

P (kW)

SEI (k] mol™1) = — +60 (s min~* "
(I mol™) Tigny (mol min~—1) (s min™")
P (kW) SEI(k] mol™") (14)
-1y - \BW) so-1y 22V R
SEL (kL )_Vtié‘t (L min—1) 00 (s min™) Vin (L mol™)
SEI(kJ mol™1) - 6.24 - 102  (eV k] ™) (15)

-1y —
SEI (eV molecule™) = N, (molecule mol1)

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] mol™1) (16)

EC (k] m01(?01nv) = Xeff

As written above, note that the energy cost can also be expressed in kJ 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
EY (moleon, KJ71) = ”
(moleony KI77) EC (k] molzd,,

The energy efficiency 1 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):

- AH° (K] mol™1) (18)
SEI (k] mol—1)




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

In the previous section, we gave an overview of the correct definitions and calculations for determining
CO; conversion, and the corresponding energy cost and energy efficiency, in a plasma reactor. 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 Section 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:

- conv - in -out
_ Mco, _ Mco, ~ "co, (19)
~ .in T -in

Nco, Nco,

This formula is correct, but the problem is that analytical equipment typically measures concentrations
and not molar or volumetric flow rates. As mentioned in Section 0, the latter is easily defined at the
inlet, but it is not straightforward to obtain them at the outlet. Often, the following equation is applied
instead, using the measured fractions:

in _ ,out
*=YCOZ Yco, (20)

in
Yco,

Although Eq. (19) is correct, it is not correct to simply replace the CO, flow rates with the CO; fractions,
asin Eq. (20), and we indicate the incorrect conversion with an asterisk y*. 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 valid if 7213, and 724t are equal:

-in - out
Nco, Mco,
-in - out

¥ = Mot Mot (21)

- 1n
Nco,
- in
Niot

In the CO, splitting reaction, however, the molar flow rates at in- and outlet are not equal, as discussed
in Section 0. The total number of moles per unit of time 9% increases with a factor between 1 and
1.5, depending on the amount of CO, that is converted. As a result, 1% and 724t 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:

10



- in . sout
Nco, <n§’$‘tt> nco,

-in - in -out in _ _ ..out
_ ot Mot ) Mot _ Yo, ~— @ " Yco, (22)
-in - in
Nco, Yco,
-in
Niot

where a 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 overestimated, 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 “corrected” 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 reactions, as shown by the stoichiometric
formulas in Section 2.1. More specifically, Eq. (20) was defined as the “measured” conversion y™eas
that must be recalculated to the corrected conversion. For example, the following equation is

common:
i t
meas y‘c‘bz - 3’882 _ 1—xeorr (23)
X =" = 1- 2 °OTT
Yco, 1+
2

and can be rearranged to obtain the corrected CO, conversion:

. ., meas
corr — 2-x (24)

X 3 — Xmeas

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:
in _ . out 1-— out
Yco, ~Yco, _ 1T Yco, _ Z out (25)
¥&o, 1 !

J

With j representing any product, in this case CO and O,. Note that Eq. (25) is only valid in case of pure

CO; because yic%z has to be equal to 1. The value of yggg can be derived from the stoichiometry as in
Eq. (1):
1-—
2 yout =1 - : j{f (26)
] +t2
Rearranging this equation to extract the conversion y:
t
xX= 2-%;y" (27)
3 - Z] y]put

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:

11



Dy = e+ ygt (s
J

Inserting Egs. (2) and (3) in Eq. (28) gives:

_ 2 _3x (29)
X X 2+
> 1+3 X

+ [l

X
ny“t:l .
7 *t2

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 ypg, as follows:

yeo' (30)

out

XDF = “out , —out
3’832 +Yco

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

X

1+ x/2 (31)
1—x+ X
1+x/2 1+y/2

XDF =

The equation can be rearranged as follows:

(32)

XDF X

=T P
This proves that the dissociation fraction is an alternative to calculate the conversion in pure CO,. Of

course, this requires an accurate determination of both CO and CO; in the analytical equipment, as
opposed to the simpler definition of Eq. (4) where only the output CO, fraction is needed.

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

out
« _ JYco (33)
Yco,

However, if the stoichiometric principles are applied, this gives

X
L _ I+ x2 X owm (34)
XDF_ 1 —1+X/2—yCO

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

XDF _ yeo" (35)
- ¥ T out
1-%DE  _Yco
2 2

12



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 Eqg. (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 cout _out
_ Mco, _Mco _ Mot Nco _ a - yout (36)
X= Ain - Ain - Rout  in - Yco
CO, CO, tot "co,

This shows that Eq. (33) can only be correct when the flux ratio is 1, which is inherently never the case
for CO, splitting. Essentially, 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 Egs. (27) and (30), as explained in Section 3.1. However, Egs. (20) and (33) deviate. The dashed
lines indicate the relative error of these other definitions, as denoted by the y-axis on the right. Indeed,
Eg. (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:

rep _
RE, = XTX x 100 (%) (57)

Where y'€P is the reported conversion and y is the real conversion. If the reported conversion
overestimates the real conversion, the relative error is positive; on the contrary, if it is an
underestimation, 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
Eg. (33), the relative error is the largest (most negative) at higher conversions, i.e., a relative error of -
25% is reached for a conversion of 70%. Furthermore, these errors propagate to other performance
metrics, such as the energy efficiency and energy cost.

This example demonstrates the importance of using the correct formulas for consistency when
comparing the performance of plasma-based CO; conversion in different types of plasma reactors, and
more in general, for moving this technology forward.

13



— 100 L 1 L 1 L 1 L 1

2 - —=—Eq. (4) = (27) = (30)

5 .. | ——Eq.(33) —

R 80+ = Q
o

5 |20 %

-E m

o 60- %
(@]

5 -0 £

(&) ()]

~ 404

o) 2

O L 205

o o)

L 20- 12

a 40

S |

x .

0 20 40 60 80 100

Real CO, conversion y (%)

Fig. 1. Numerical example of the reported conversion calculated according to the different equations (see legend; full lines,
left axis) and the relative error (dotted lines, right axis). Since the correct formulas report the real CO, conversion, their
relative error is equal to zero. Eq. (20) yields a positive error, while Eq. (33) gives a negative relative error.
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Table 3. Numerical example of the conversion as calculated by the different equations. The first row gives the reference to the equation number in the paper, while the second row gives the
symbols and formulas. The comparison to the real conversion is indicated as overestimated (+), equal (=) or underestimated (-) values. For clarity, all values are given in %.

Stoichiometric

Measured fractions conversion (4) (20) (27) (30) (33)

Real CO, 1— 98¢ in out out t out

conversion in out out out T2 Yco, — Yco, 2-%;y; ¥Eo Yco

Yco, Yco, Yco Yo, ygg'; B ~a— 3y yout yout 1 out in

1+ 5 Yco, iYj Yco, T Yco Yco,
10.0 100 85.7 9.5 4.8 10.0 = 14.3 + 10.0 = 10.0 = 9.5 -
20.0 100 72.7 18.2 9.1 20.0 = 27.3 + 20.0 = 20.0 = 18.2 -
30.0 100 60.9 26.1 13.0 30.0 = 39.1 + 30.0 = 30.0 = 26.1 -
40.0 100 50.0 33.3 16.7 40.0 = 50.0 + 40.0 = 40.0 = 33.3 -
50.0 100 40.0 40.0 20.0 50.0 = 60.0 + 50.0 = 50.0 = 40.0 -
60.0 100 30.8 46.2 23.1 60.0 = 69.2 + 60.0 = 60.0 = 46.2 -
70.0 100 22.2 51.9 26.9 70.0 = 77.8 + 70.0 = 70.0 = 51.6 -
80.0 100 14.3 57.1 28.6 80.0 = 85.7 + 80.0 = 80.0 = 57.1 -
90.0 100 6.9 62.1 31.0 90.0 = 93.1 + 90.0 = 90.0 = 62.1 -
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3.3 Critical evaluation of literature reports

While the example in Section 3.2 highlights the importance of applying the correct formulas, we
illustrate the lack of uniformity in this section with some examples from literature.

Luckily, many recent studies on plasma-based CO, conversion do report the correct values for
conversion and energy efficiency, although the simple stoichiometric derivation (Eq. (4)) is rarely
applied (e.g., in Refs. [28,29]). Many authors, including from our own group, e.g., Refs. [22, 30-35],
apply the confusing terminology of “measured” conversion and then “corrected” this conversion in the
next step (i.e., Eq. (27) of Section 3.1). In the present work, we demonstrated in Eqgs. (25)—(29) that it
is not a “measured” conversion, but the product fraction Zj y})“t that can be used to calculate the real

CO;, conversion y. Although the definitions are confusing, the reported values remain correct.

Another common definition is the dissociation fraction (as in Eq. (30)), which is indeed equivalent to
the conversion, see Refs. [36—38]. Various other derivations for the CO, conversion can be found in
literature (e.g., Refs. [39-46]). Despite these inconsistent explanations, the formulas can be validated
when applying the simple stoichiometric principles from Section 2.1. Hence, the reported values are
correct, but for transparency and consistency reasons, we strongly recommend using the simple
stoichiometric Eq. (4), or one of the other stoichiometrically derived expressions (SI; Section S1) in
future work.

Unfortunately, some papers in the field report overestimated values for the CO, conversion when they
apply the incorrect equation (20) (e.g., Refs. [47-50]). As demonstrated in Section 3.1, these studies
report the product fraction, which is not equal to the conversion (Eq. (27)). Some other sources
underestimate their CO, conversion when they apply an alternative form of the dissociation fraction
(Eq. (33)) (e.g., Refs. [51,52]). In addition, some authors claimed that the GC sampling method was
responsible for the 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 reactors. 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 experiments, as
we demonstrated with significant deviations in a numerical example. Therefore, we hope that this
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paper can elucidate the correct formulas for CO, conversion and help authors to report more
consistent, correct values for the performance of plasma reactors.
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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 facilitate 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™), 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 a as written in Eq. (6), but it will
certainly affect its value. For example, the DRM reaction is usually expressed with reaction (R2):

CO, + CH, = 2 CO + 2 H, (R2)

As can be seen, the gas flow will expand upon increasing conversion, 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, + 4 H, = CH, + 2 H,0 (R3)

CO, + H, = CO + H,0 (R4)

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 reaction mixtures, since the gas can contract
or expand even more than for pure CO,. As already pointed out by Pinh3do et al. [20] for CO,/CH4/He
mixtures, neglecting the effect of gas expansion or contraction 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 0).

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
Sl (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 considerations influence the
value of the flux ratio. Firstly, reactions (R2), (R3) and (R4) only represent the ideal reaction, but many
researchers report several by-products, depending on the exact plasma conditions.
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Moreover, the stoichiometric derivation of the flux ratio a 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 condensation of liquids. In addition, carbon deposition is typical in CO,/CH,
plasmas with a high CH4 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
stoichiometric 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 standard 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 equation form Eq. (11). Depending on the reaction, the reactant i can be CO,, CH,4
(in case of DRM), or H; (in case of CO, hydrogenation). The effective conversion as defined in Eq. (12)
remains the same. Additionally, the total conversion y'°t is introduced as the sum of all the effective

conversions:
tot _ eff
x©ot = ZXI: (38)
i

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 (virtually) not converted, as opposed to these reaction
mixtures where multiple components are converted.

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 (K] mol_l) (39)

EC (T molon) = B roleame D)~ 1"

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 efficiency 1 (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

Z .E_chem (40)
_ J 7
E3PP 4 3, Efhem

n
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Here, E?PP is equal to the applied energy to the system, which can be determined through the
measured applied power. ; them and Y EjChem are the chemical energy, intrinsically present in the
reactants i and the products j, respectively. However, while a reaction 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 a-y; (y]s)ut - LHV; (K] mol-l)) )
1 Skl (k] mol=1) + ¥ (yii“ - LHV, (k] mol—l))

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 O, to their
most thermodynamically stable products [20,76]. In this case, these products are CO, and/or Hx0,
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 produced H,0 considered to remain in the gas phase. When considering 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), Eqg. (42) should be used
a3 (y}’“t * LHV; (K] mol-l)) + a3, (y,‘g“t - LHV, (K] mol-l))
SEI (i mol=1) + ¥; (yii“ - LHV; (K] mol-l))

(42)

}7:

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 means a decrease of the final gas flow rate
from VOuHNIE to OULAN “and thus, following Eq. (6), a decrease in flux ratio from a™t to afi, The
relationship between a™t (with all products still in the gas phase) and afi? (after condensation and/or
deposition of certain products) is given by Eq. (43)
afin (43)

CES

qinit —

When the only product that is significantly lost is H,O (LHVy,0 = 0 KJ mol~1), it does not require
guantification 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 components while they were still in the gas stream needs to be traced back, which is practically
impossible. However, alternative equations are available in literature where this is not strictly needed,
which we will discuss in more detail in Section 5.1.

4.4 Product selectivity and yield
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Aside from conversion, product yield and selectivity are two other critical performance metrics. As
discussed before, the conversion 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 particular product is
formed, relative to the theoretical maximum amount that could have been formed. When there are
no significant side reactions, as in pure CO; splitting, expressing a selectivity or yield is not necessary.
For (R1), all CO; is converted into CO and O, (with negligible amounts of other products, such as 0s),
and thus, there is a fixed selectivity towards CO and O,. The yield of CO or O3 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 produced, 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

woa ™ (44)

i (uf - in — @ y2w))

J

With uiA and uf 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.

The atom-based yield of product j is defined as

4K oa ™ (@5)
DY (T ey

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, product 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:

VA = sA. A= uh - yout (- O - & yo)) -
SR Y (TR R ) Ziki' ")

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.
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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] mol™?!
ECopngas (i) mol ™) = L g ol ) @

a- (v + i)

This value should be interpreted as the amount of energy needed to form a certain amount of syngas.
Note that this definition, where the amount of the desired product is used as reference, is quite
common for other reactions too, like NHs or NO, formation [23, 77, 78], and is also interesting to report
from an economic perspective. 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(k] mol_l) _ SEI(k] mol_l) _ EC(k] mol_l) (48)
a- (yggt + y}(_)ll;t) 2 .Xtot 2

ECsyngas(k] mol™1) =

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 - yt°b).

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

B a-y; (y]s)ut - LHV; (K] mol-l)) )
" Sl (K mol=1) + ¥, ((yl-i“ — a - y°ut) - LHV; (K] mol—l))

The amount of converted reactants is now written in the denominator, instead of the initial fraction.
This does not fully correspond 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, CH,4 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 “transformed” energy (as in Eqg. (49)). Both variants are defined through Egs. (50) and (51),
respectively:
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a: Zj,des (y]('?}il;s ) LHVj,des ] mOI_l)) (50)
n= :
SEI (K mol=1) + ¥, (y;n - LHV, (K] mol-l))

n = a- Zj,des (yjp,éllet:s ) LHVj,des(k] mOI_l)) (51)
SEI (K mol~1) + 3, ((yl-i“ — - y°ut) - LHV; (K] mol—l))

Note that Eqgs. (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 quantified, these
equations can still be solved.

Indeed, Egs. (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:

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

- Eq. (41) : areaction 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:

_ @B (- HeyGg mol™) ) — B4 (¢ - Hyy(kJ mol ™) (52)

1 SEI (k] mol-1)

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

B AEreac (53)
n= Fapp

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 1 when
all applied energy is absorbed and used to carry out the reaction). However, as is clear from comparing
Eqg. (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), (50) and (51)) describe the “chemical
energy” differently. In fact, for an exothermic reaction (such as reactions (R3) and (R4) when
considering H,0 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 performance 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
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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 Eqg. (18), instead of deriving it through the formation enthalpies.
For example, for DRM often the reaction enthalpy of 247.3 k) mol ™! is used. However, this value is only
correct for 1 mole CO; reacting with 1 mole CH,4, 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)):

a - (Y&t LHVeo (k] mol™) + ygit - LHVo, (k) mol ™) )

T= SEI(K mol~1) + y{% - LHV(o, (K] mol~1) (54)
x&E - 283 kJ mol~?
"~ SEI (kJ mol~1)
a (yggt - LHVo () mol ™) + y8¥ - LHV,, (K] mol-l))
n

~ SEI(K mol™) + (i —a - y24l) - LHV(o, (k] mol~1) (55)
x&q, - 283 k] mol™?
~ SEI (kj mol~1)

_a-y86" - Hico(W mol™) + a - y§)* - Hyp, (k] mol™) — x&8. * Heco, (k] mol™1)
B SEI(k] mol~1) (56)
x&. - 283 kJ mol™?
~ SEI (kf mol~1)

U]

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:
A* _ A ey, L A (57)
A =) (uf - x )'“_A'Sj
i ]

This equation uses the product of conversion and selectivity to calculate the yield, as was described in
Section 4.4. However, when implementing Egs. (12) and (44) in Eq. (57), we get

.out .,out -out
YA" = g .yout — ot YTy (58)
jo= @i = m T rout i

mn mn
Mot Mtot Niot

Thisis not in line with the general definition of yield, which considers the theoretical maximum amount
of product j that could have been formed (Eqg. (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, fli‘(}t is not by definition equal to the theoretical maximum amount
that can be formed of H,, as CO, will not contribute to its formation).

5.2 Numerical example
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As discussed in Section 5.1, the determination of energy efficiency in literature is ambiguous. Different
definitions can be theoretically correct, but result in very different values nonetheless. In this section,
we present a numerical example to illustrate the variety in results. Specifically, we consider a DRM
experiment, based on previous research from our group [79], but the values are generally 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 example for CO,
hydrogenation, with values typical for a cold plasma, is presented in the S, along with more details
regarding the calculations for both examples (see SI, Section S4).

Table 4. Numerical example for DRM in a warm plasma with a specific energy input of 240.6 kJ mol™; flow rates of gases at
the inlet, and unreacted gases and products at the outlet.

Flow rate

(mL min‘l) COz CH4 Hz co Csz C2H4 Csz Hzo Total
In 650 350 0 0 0 0 0 0 1000
Out 300 90 375 575 15 2 0.4 125 1482
70
60 -

(o)
o
1

N
o
1

Energy efficiency 7 (%)
S 8

-
o
1

o
1

(41)  (49) (5'0) (5'1) (5'2) (5'2)* (52)*
Equation

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).

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 (Egs. (41), (49), (50) and (51)) are correct, if interpreted correctly. Indeed, referring
back to Section 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, unconverted reactants and by-products.

A large drop in energy efficiency is observed when comparing the fuel energy efficiencies to the
chemical energy efficiency presented through Eq. (52). This is because Eq. (52) applies to a different
general formula (Eq. (53)), where the endo- or exothermicity of the reaction determines the energy
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efficiency. For example, for the same specific energy input, the energy efficiency drops significantly
when the selectivity towards very stable products (e.g., H,O 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 reaction enthalpy for the
“ideal” stoichiometry for DRM (Eqg. (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 comparison of reported energy efficiencies
becomes challenging. Authors should always check the applied definitions and, if necessary, 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 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 various 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 significant fraction of H,O, which they exclude as well. However, it heavily alters
the result, as shown in Section 5.2. In Refs. [86,102], multiple “ideal” reaction enthalpies are used. As
explained in Sections 5.1.2 and 5.2, this is very often an incorrect expression. Indeed, in Ref. [86], other
products are formed that are not described by the reaction equations corresponding to the used
enthalpies. In Ref. [102], it seems that the by-products are not present in significant amounts, and then
(and only then!) one can assume the ideal stoichiometry for the two main reactions to be valid.
Nevertheless, the energy efficiency in this specific case is overestimated, since the reaction enthalpy
is not describing the amount of energy per mole reactant. Rather, it describes the energy 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
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H,0. When dividing by the energy cost in eV per 1 mole reactant converted, they do not refer to the
same amounts of moles, and the resulting energy efficiency value should be divided by 2 to correct for
this error.

Importantly, some authors express an energy efficiency in units of mmol kI' (eg.,
[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(H,) kW h™?,
as in Ref. [92].

Notably, to compare energy efficiencies for DRM or CO; hydrogenation, 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. However, 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 calculated through
the same formula. Due to the lack of a uniform definition for energy efficiency, we generally
recommend comparing energy costs instead of energy efficiencies, as was also recommended in Ref.
[9].

Third, the product selectivity and yield are reported more consistently in the field, with some
exceptions, e.g., an incorrect definition 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 interesting 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 interpret 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 consistent 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 determining 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 methods 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 performance 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 supported by an
experimental example for the conversion of CO,-CH4-O, 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 O3
and the conversion for pure CO; splitting. Measuring only one of the fractions (yco,, Yco or ¥o,), or
otherwise the flux ratio (a) (cf. Section 2.2), is sufficient to derive the conversion and each of the
remaining parameters, as shown in the S| (Section S1). The advantage of this method is that the
experimental setup can be simple. In theory, e.g., one accurate O;-sensor is sufficient to determine all
other parameters, but ideally, more than one parameter should be measured to validate the method.
When the measurement is done accurately, the performance metrics derived from each measured
parameter should all be the same (within the experimental error margin). To measure yco,, Yco 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; hydrogenation. However, with these reactions,
stoichiometric relationships can only be derived if one is able to solve one of the three atom balance
equations towards the flux ratio. The general formula for the atom balance b, (where A can be C, H or
0) is written as:

b = af - (Zi(uf - y2) + X' - yP™)) + ™ Zi(uf - y2) (59)
! Ti(u - yi")

By definition, the atom balance should always be 1. In other words, solving Eq. (59) towards a'™™ (and
hence: using this method) is only possible if all reactants and products containing atom A4, at inlet and
outlet, are identified and their fraction quantified. Such an example will be discussed in more detail in
Section 6.3.
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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 meter, where the movement of a soap bubble across a certain distance is
timed to derive the flow rate. By measuring this value before and during plasma reaction, at the same
temperature and pressure, « is obtained through Eq. (6) in Section 2.2. In fact, any device that can
directly or indirectly provide an accurate volumetric 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 Section 2.3 are valid to derive the
conversion from the product fractions. 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 Sl (Section S5.1).

The situation becomes more complex for reactions such as DRM or CO, hydrogenation, since the total
gas flow rate and the fractions of the components change consecutively due to gas expansion, 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 yi® and

out.

Ys

in
gmeas — S _ (60)
S yout

Eg. (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 Section 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 Sl (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 (Section 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 stoichiometrically derived values (based on the fraction of CO;, CO and O;) with the
values obtained using the standard component (N3). The same parameters from the second series of
experiments are presented 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
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their error margins) in Fig. 3(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 Sl (Section S6).
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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.

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
fractions used to derive the conversion and flux ratio, as well as the relative error on the conversion
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and flux ratio itself, in Table 5. The relative error is calculated similarly as was done in Eq. (37) in Section
3.2 for the conversion, now with the experimental absolute error used in the numerator.

Table 5. 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 8, used in the experiments with the standard, is
0.5%.

CO, CcO 0, Standard
yout 0.4% 0.3% 0.6% 1%
a 0.2% 0.09% 0.09% 2%
X 4% 0.3% 0.6% 38%
CO, CcO 0, Flow meter
yout 0.4% 0.3% 0.6% —
a 0.1% 0.01% 0.02% 1%
X 4% 0.3% 0.7% 29%

It is important to note that the relative error on the fractions, used to calculate the conversions and
flux ratio, are all very comparable. 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, respectively. This proves that any small
error on the flow rate and consequently 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,, CH; 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 relationship 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,O, with a fraction of 99.95%, the fraction
of other components was negligible. 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,0 being the only significant product of which the fraction could not be measured. Hence, all C-based
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products could be identified, and therefore, the carbon balance equation (i.e., Eq. (52) of Section 6.1.1)
can be re-arranged (considering that bc = 1), to result in Eqg. (61):

fin _ Ti(ud - vi™) (61)
Yiluf - y2) + X(us -y

a

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 O, conversions) and final flux ratio
obtained with the first series of experiments are presented in Fig. 4(a), comparing the
stoichiometrically derived values with the values derived by the standard component. The same
parameters obtained with the second series of experiments are presented in Fig. 4(b), comparing the
stoichiometrically 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 Sl (Section S7).
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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).

Both the effective and total conversions obtained with the standard 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 Section 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 difference 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 difference 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), comparing 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
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experiments in Fig. 5(b), comparing the stoichiometrically derived values with the values derived by
the flow meter.
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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).

Fig. 5 illustrates that all atom balances are close to 1 for the stoichiometric 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 different components are all the same, this deviation can only originate 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 looking at (the sum of) the product
selectivities and the atom balances. Hence, results that would otherwise be inexplicable (like a
violation 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
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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 experience, a flow meter that provides the total volumetric flow without 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 performance 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 fraction, 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 analytics 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 relatively easy, and in our opinion, it is the best way to validate the chosen
experimental method.
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7. Recommendations and good practices

When reporting the performance of plasma-based CO, conversion, 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. Discussing 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 recommendations more
specifically for measuring and reporting the performance 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 industrial context, the plug-to-plasma power efficiency should be accounted for,
and thus, the applied power should be used to calculate the overall energy efficiency and energy cost
[107]. In addition, 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 sensor, ...) 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 carefully calibrated, starting with the MFCs, because small deviations can lead
to large errors for determining the flux ratio. Regular calibrations are needed according to the
manufacturer’s recommendations, but at least before every new set of experiments.

Furthermore, the sampling position in the setup should be specified, especially for warm plasmas.
Most experiments measure the outlet gas downstream from the reactor, where possible
recombination reactions (e.g., CO+0, reacting back into CO,) have reached equilibrium with the
forward (splitting) reactions, and the gas composition has reached a steady state. The conversions
downstream 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
experiments. 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 specified: 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. ldeally, 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 performance (i.e., conversion, yields, selectivity, energy cost and energy
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efficiency), and they should be clearly reported. When doing a comparison of different setups, we
recommend to pay special attention to the product yield and the energy cost or yield. The product
yield of the desired products is a very informative parameter, 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 consistent calculations, and can stimulate a correct comparison of
different plasma reactors and conditions described in literature.
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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 inconsistent,
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 experiments (e.g.,
different conditions and plasma reactors) from different 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 performance 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 definitions
for energy cost, energy yield and energy efficiency. Furthermore, we showed that incorrect definitions
for conversion are common in literature, due to neglecting the change in volumetric 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 performance 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
comparison of energy efficiencies obtained with different reactors is complicated, which we
demonstrated through a numerical example. 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 metric 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 presented 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 propagate 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. Specifically, we advise to always report essential
parameters, such as the plug-to-plasma power efficiency, all experimental input conditions, the flux
ratio, the fractions of the output gases and the formulas used to calculate all performance metrics.

We can conclude that besides the clear importance of reporting all experimental details and applied
formulas, more consistent formulas 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 correct comparisons of different reactors, to stimulate further development of
plasma technology and contribute to a more sustainable future.
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S1. Formulas for pure CO; conversion: Relationships between
conversion, CO,/C0O/0; fractions and flux ratio

The equations in Sections 2.1 and 2.2 in the main paper give the basic outline of the conversion
calculation based on the fractions of CO,, CO and O, (Section 2.1) as well as the relationship with the
flux ratio (Section 2.2). Depending on which information is available in the experiment, the other values
can be deduced, as summarized in Table S.1. For example, when we measure the CO; output fraction

yggg, we can obtain the conversion, by rearranging Eq. (1) in the main paper to Eq. (4) as follows:

g
*1+4
X
out , A1 _
Yco, (1+2) 1-x
¥36. X
yéo, t— —=1-x
¥36. X
+———=1-¥C,
yout
x-(l +% =1-y86;
1 -y,
X = yout
1+ ‘:202



Table S.1. Overview of formulas for pure CO; conversion: How to obtain the conversion, flux ratio, or output fraction of CO,, CO or O,, when one of the other values is known.
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S2. Formulas for CO; conversion with a diluting agent

When adding a diluting agent to the feed gas, the dilution effect needs to be taken into account when
calculating the performance metrics. When applying the same approach as described in Section 2.1 in
the main paper, we obtain Table S.2. Note that these values are the flow rates of each species relative
to the input CO; flow rate.

Table S.2. Reaction equation for pure CO, conversion, expressed in flow rates relative to the CO; flow rate at the reactor
inlet, in the presence of a diluting agent.

Reaction COo:~> co 0, Diluting agent
in 1 0 0 B
out 1-x X x/2 B

When expressing the fraction of CO, at the outlet, we obtain the following expression:

- out -out /.-in
out _ €0, _Nco,/Nco, 1-x _ 1—x (5.1)
Yco, = Zout — in

e e/, (A-x)+x+5+p 1+5+p

Rearranging this equation to express conversion as function of the CO; output fraction is done as
follows:

86, = L
P o1+d4p

yes-(1+5+8)=1-x

out

Yco
¥3o; + 22-x+y88§'ﬁ= 1—-x

2 x=1-y8, — ¥, B
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X= out
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2

1+

This is the same equation as presented by Eq. (11) in the main paper. The relationships between the
conversion, the flux ratio and the CO,, CO and O, fraction, as well as the fraction of the diluting agent,
are presented in Table S.3.



Table S.3. Overview of formulas for pure CO; conversion in the presence of a diluting agent, and how to obtain the conversion, flux ratio, or output fraction of CO,, CO, O; or the diluting agent, when one of the
other values is known. Note that f is the dilution ratio, as defined by Eq. (10) in the main paper.
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S3. Formulas for the reverse Boudouard reaction

The reverse Boudouard reaction (RBR) is defined as follows:

N R.S1
CO, (g + Cs) = 2 COg (R51)

For this reaction, the standard reaction enthalpy AH°® is equal to +172 kJ mol™, which is already 111 kJ
mol™? lower compared to pure CO; splitting. For more general information on the plasma-based RBR,
we refer to the available literature (e.g., Refs. [1-4]).

The volumetric gas flow rate again increases and needs to be taken into account. However, with
respect to using the correct formulas, the main difference with CO; splitting is that the reactants are
not all in gas phase. Furthermore, because the carbon material is usually in a fixed bed positioned after
the plasma, there is no fraction of carbon at the inlet and yé‘(‘S) is zero.

Another difference is that O, will still be present in low amounts as by-product, originating from pure
CO:; splitting. Hence, there is some deviation from the “ideal” RBR reaction (R.S1). This means that the

conversion cannot be determined solely based on the output CO; fraction y88§, as was the case for

pure CO; splitting. In case of the RBR, the fractions of all gaseous components need to be determined.
Afterwards, the flux ratio can be derived through the O-balance equation, as all species containing O-
atoms are quantified:

2-y8, (5.2)
out

2 y80, +¥Co' + 23,

a

With yic%z equal to 1 if no other gas is present at the inlet. Hence, the absolute CO conversion, O-

based selectivities and yields can already be determined in the same way as described in Sections 4.2
and 4.4 of the main paper.

To derive the consumption rate of solid carbon, we write down the carbon balance equation as:

out out
a'()’coz +y86") —1
N
- in
Co,

(S.3)

y&, +

With flc(s) equal to the consumption or loss rate of solid carbon from the fixed bed, expressed through
Eq. (S.4):

: _ pin | . (+,out out in (S.4)
Nce) = Nco, (a- (v&: +v8") = v&b,)

The advantage of this expression is that one can follow in real-time how much carbon is consumed and
from which point the bed starts to get saturated. Weighing of the carbon material before and after
reaction can still serve as validation.

The “fraction” of solid carbon consumed yiclgs) is then expressed as:

_ M (S.5)

&, =
(s) . »in



Hence, the total conversion is defined through Eq. (S.6):

tot — ,,in & abs (S.6)

The definitions for energy cost and energy efficiency remain the same as described in Section 4.3 of
the main paper.



S4. Additional details for the comparison of energy efficiency
with different equations, for DRM and CO; hydrogenation

The numerical example in Section 5.2 of the main paper describes the different energy efficiency
equations applied to a dataset for DRM in a typical warm plasma, based on earlier experiments from
our group [5]. An additional numerical example for a theoretical CO; hydrogenation dataset in a typical
cold plasma (e.g., dielectric barrier discharge) is presented below.

Table S.4. Numerical example for CO, hydrogenation in a typical cold plasma with a SEl = 240.6 kJ mol: flow rates of gases
at the inlet, and unreacted gases and products at the outlet.

Flow rate (mL

.4 CO. H, CH, co H.O0 Total
min™)
in 15 25 0 0 0 40
out 13 21.5 0.5 1.5 2.5 39
10
8 -

»
1

N
1

N
1

|

Energy efficiency 7, (%)

41)  (49) (50) (51) (52) (52" (52)*
Equation

o
1

Fig. S.1. Numerical example of the energy efficiency calculated according to the various definitions for CO, hydrogenation.
The different equation numbers refer to the equations presented in the main paper. 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 (R3) for CO, methanation in the main

paper).

The same conclusions from the main paper remain valid for this example. In fact, due to the overall
lower energy efficiency, the relative differences between the formulas are even more striking. Also
note that the chemical energy efficiency (Eq. (52)) is slightly negative in this case, confirming even
more that this definition is not so convenient compared to the fuel energy efficiency equations (Egs.
(41), (49), (50) and (51)).

The energy efficiency values from Fig. 2 in the main paper and Fig. S.1 are listed in Table S.5. The lower
heating values, formation enthalpies and reaction enthalpies used for the calculation of the energy
efficiency values are listed in Table S.6.



Table S.5. Energy efficiency values, obtained through the various equations presented in the main paper, for both the DRM

(see Fig. 2 from the main paper) and CO; hydrogenation (Fig. S.1) numerical example.

.. DRM CO; hydrogenation
Energy efficiency n (%) (Fig. 2 main paper) (ﬁig. 5.1)
Eq. (41) 52.9 5.3
Eq. (49) 61.3 7.9
Eq. (50) 48.6 2.6
Eq. (51) 56.4 3.8
Eq. (52) 27.8 -0.2
Eq. (52)* 38.9 1.5
Eq. (52)** 31.3 -1.9

Table S.6. Overview of lower heating values [6], as well as the formation enthalpies & reaction enthalpies [7], used in the

energy efficiency calculations.

CO; 0
CH, 802
co 283
. H, 242
Lower heating values (kJ/mol) M 1255
CoHq 1324
CoHe 1428
H.0 0
CO; -393.5
CHa -74.8
co -110.5
Formation enthalpies (kJ/mol) Ha 0
CoH; 226.7
CoHq4 524
CaHe -83.8
H.0 -241.8
Reaction enthalpy for “ideal” DRM 247.3
stoichiometry (kJ/mol) CO; methanation -164.9




S5. Derivation of flux ratio in the presence of a standard

S§5.1. CO; splitting
When the standard component is present as part of the feed gas, the same equations can be used as
the ones presented in Table S.3 in section S2. However, when the standard is added in the exhaust
stream, the flux ratio at the end, a, is given by:

:n?&t+ﬁs=“+ﬁ=1+)_(+ﬁ (S.7)
2

- in
Mot 1

Note that this is different from the equation in Table S.3, expressing the flux ratio as a function of
conversion, due to the standard component not being present in the feed gas. As a result, all
expressions for the flux ratio as a function of the conversion or one of the fractions, and vice versa,
change compared to the ones presented in Table S.3. The equations to derive the flux ratio from each
of the fractions are:

1y 1—-(1+pB)*y8, (5.8)
ST
yout (S-9)
ag = (1+ﬂ)*(1+2_c—;out>
CcO
ygut (5.10)
a5=(1+ﬂ)*(1+1_—;out
02
_ B (S.11)
o T e

Note that the equations in Table S.3 to derive the conversion from one of the measured fractions and
vice versa do not change, as they are independent from the position where the standard is added.
Also, it should be kept in mind that the flux ratio before the standard component is added is still

defined as 1 + )2—( The relationship between the flux ratio before (@) and after (a;) addition of the

standard can be derived from Eq. (S.7):

(5.12)



S$5.2. DRM & CO; hydrogenation
Fig. S.2 shows the different stages in the gas pathway for DRM or CO; hydrogenation with a cold trap
and GC (or any other device for gas analysis):

Standard
— Reactor — | Cold trap — ‘. GC
Gas expansion Removal of Addition of
or contraction liquid products standard

Fig. S.2. Gas pathway for a DRM/CO; hydrogenation experiment with cold trap and GC. The green A and B represent the initial
stages (i.e. during a blank measurement, when the plasma is off) of the gas mixture, before and after dilution of the feed gas
by the standard, respectively. The purple C, D and E represent the stages of the gas mixture when the plasma is on: gas
expansion or contraction due to the reaction stoichiometry (C), gas contraction through removal of liquid products (D) and
again dilution of the gas stream by adding the standard (E).

During the different stages of the gas pathway, the total molar and volumetric flow rate changes
several times, and along with the total flow rate also the fractions of the gaseous components. When
expressing a flux ratio and a fraction of a certain component, it is important to use the corresponding
values, that refer to the same situations. For example, when expressing the flux ratio between situation
B (flow in) and E (flow out), both the measured input and output fractions can be used directly, and
the flux ratio is equal to the ratio of the obtained fractions of the standard, during the blank and plasma
measurement:

in
qmeas — yL (S.13)
S yout
s

When expressing the flux ratio between situation A (flow in) and E (flow out), the measured output
fractions can still be used directly, but the measured input factors not, since they do not represent the
situation at the reactor inlet where no standard is present. To account for this, the factor (1 + ) is
multiplied with the measured input fractions, as well as the flux ratio:

Yiin — yiin,meas . (1 + ,3) (S.14)
a,gin = @3S . (1 + B) (S-15)

With g still representing the dilution ratio, generally defined as:
B = ns (s.16)

Tiiot
With 714 the molar flow rate of the standard s and 1D, the total molar flow rate at the reactor inlet.
Indeed, expressing Eq. (S.15) in terms of molar flow rates becomes:

. out . .
ofin — Mot + N . <1 + Ng > (S.17)
- in . - in
Mot T N Niot

N

With n24t the total molar flow rate before addition of the standard, but after removal of liquid
components (stage D in Fig. S.2). After rearrangement this results in:

10



- out -
fin _ "ot T 7 (5.18)
as - . in
Niot

This proves that Eq. (S.15) represents the ratio of the flow rate in stage E relative to the flow rate in
stage A. A similar derivation can be performed for Eq. (S.14) expressing the input fractions.

|”

Note that in the main paper, we defined an “initial” flux ratio (after reaction, but before
condensation/deposition of certain products) and a “final” flux ratio (after condensation/deposition of
certain products) in the main paper. In this context, this corresponds with the flux ratio between stage
A and C, and between A and D, respectively. The relationship between the two was given by Eq. (43)
in the main paper:
fi
init _ a™ (5.19)
(1 =Xk y"
In order to determine the initial flux ratio, the relationship between the flux ratio after condensation,

but before the standard is added (af™) and the flux ratio after the standard is added (a?“) has to be
derived.

Consider again Eq. (S.17). When we divide every value by the total molar flow rate at the reactor inlet,
we obtain:

Aot | fis | M5 (_ﬁ?&t N )
- 1N n - 1n - 1n - 1n
gfin = Mot Mot Mot \Thot Mot (5.20)
S - . in .
Mot  Ms
- 1n - 1n
Mot Mot
We can rewrite this as:
fin . fin
gfin = & +B+B-(a"™+5) (5.21)

$ 1+p

Note that the ratio of the total outflow over the total inflow is indeed equal to a'™. This results in:

i i S.22
agm = fin 1 I ( )

All expressions for the flux ratios and fractions are summarized in Table S.7. Note that a single row
gives a flux ratio and an in- and output fraction that needs to be used together, when calculating each
performance metric. In other words, when one uses for example the measured in- and output fractions
to calculate the absolute conversion, the corresponding flux ratio (Eq. (S.13)) should be used. The only
exception is the calculation of the effective conversion, where always the fraction at the reactor inlet
(Eq. (5.14), corresponding to stage A in Fig. S.2) has to be used, even when the measured fractions and
flux ratio are used to calculate the absolute conversion:

. ] y.in,meas — gmeas _yput,meas
Xlgeff — yiln.meas (1 + ﬁ) _X?bs — yiln,meas 1+ ﬂ) ! s i (S.23)

in,meas
i

Using only the diluted fraction of the reactants yl-in'meas without the factor (1 + ) will lead to an
underestimation of the effective conversion, and hence also an underestimation of the total

conversion, an overestimated energy cost, etc.
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Table S.7. Expressions for flux ratio, input fraction and output fraction at each stage of the gas pathway for DRM/CO,

hydrogenation. The parameters on the same row should be used together to calculate the performance metrics.

Input fraction

Output fraction

Stages Flux ratio :
, yit = yij =
In: B meas ysm in,meas out,meas
Out: E s = Jout i i/]
s
In: A fin meas in,meas out,meas
Out: E a;" =ag -1+ B) “(1+5) i/j
In: A : ) . I;
fin — fi in,meas out,meas
Out: D o =a"—f Vi a+5) Yi/j ( + W)
fin
In: A ini a i out,meas B t
qinit — y}n,meas (1 + ﬁ) yout . (1 + = ) 1= Z you
Out: C — out i i/J fin k
u 1=k i a -
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S6. Experimental details for pure CO; splitting in DBD plasma

Two separate series of experiments were performed (one with a standard component, one with a flow
meter) with CO; (Air Liquide, purity 99.999 %) flowing in a DBD plasma reactor with an input flow rate
of 100 mLs mint. When using a standard, an input flow rate of 20 mL; min™ N, was used. An Agilent
990 Micro GC was calibrated for CO,, CO, O, and N3 to analyze the fractions in the output gas mixture.
The flow rate was regulated by Bronkhorst mass flow controllers, which were calibrated manually with
a Sensidyne Gilibrator-3 calibrator, before the GC calibration and experiments.

For each experimental run, three samples of the input gas mixture were injected on the GC, with 5
minutes between each sample. At least eleven samples were taken of the output gas mixture, of which
at least seven after reaching a steady-state. From the latter, the average of the obtained peak areas
was used for further calculations. When the bubble flow meter was used, two flow rate measurements
were performed for each GC sample taken. After performing these experimental runs in triplicate, the
weighted averages of the performance metrics were taken. For the errors on each individual
measurement, we consider both the errors on the GC calibration factors, and the standard deviation
on the obtained peak areas. The plasma power was monitored and confirmed to remain constant
(approximately 60 W) during the different experiments.

The output fractions of CO,, CO, O, and the standard (if present), as well as the dilution factor 8
(obtained through the MFC calibration), the measured plasma power and specific energy input (SEI)
are presented in Table S.8. Each value is a weighted average of three separate experiments. The
weighted averages of the flux ratio(‘s) and performance metrics, calculated through the different
methods, are presented in Table S.9 for the experiments with the standard, and in Table S.10 for the
experiments with the flow meter.

Table S.8. Weighted averages of all measured values and the SEI (kJ/mol), for both the experiments with the standard and
the flow meter.

Standard Flow meter
y2o, (%) 73.8+0.3 88.9+0.4
Y28 (%) 6.25 + 0.02 7.34+0.02
Y05 (%) 3.17 +0.02 3.58 +0.02
¥ (%) 16.8+0.2 /

B 0.211 +0.001 /
P (W) 59.8+0.1 59.93 + 0.06
SEI (k] /mol) 832+2 808 + 7
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Table S.9. Weighted averages of the conversion, flux ratio’s, energy cost, energy yield and energy efficiency, calculated from
each output fraction (incl. the standard) for the experiments performed with a standard component added.

R R R S
x(%) = 7.8+0.3 7.81+0.02 7.93 +0.05 8+3
a, = 1.250 + 0.002 1.2496 +0.0006 | 1.2502 + 0.0007 1.25 +0.02
a= 1.039 + 0.002 1.0391 +0.0009 | 1.0397 +0.0009 1.04 +0.02
EC(kJ/mol) = | (10.6+0.4)-10° | (10.65 +0.04):10° | (10.49 + 0.07)-10° (10 + 4)-10°
EY(mol/K)) = | (9.4+0.4)10° | (9.39+0.03):10° | (9.53 +0.07)-10° (10 + 4)-10°
7 (%) = 2.7+0.1 2.66 +0.01 2.70£0.02 3+1

Table S.10. Weighted averages of the conversion, flux ratio, energy cost, energy yield and energy efficiency, calculated from
each measured output fraction and the measured flux ratio for the experiments performed with a flow meter.

oyt s i :
x(%) = 7.6+03 7.61+0.02 7.42 +0.05 7+2
a= 1.038 + 0.001 1.0381+0.0001 | 1.0371+0.0002 1.04 +0.01
EC(kJ/mol) = | (10.6+0.4)-10° | (10.62+0.09):10° | (10.9 +0.1)-10° (11 +4)-10°
EY(mol/k)) = | (9.5+0.3)-10° | (9.42+0.08):10° | (9.2+0.1)-10° (9 £3)-10°
n (%) = 2.68 +0.09 2.67 +0.02 2.60 +0.03 2.5+0.8
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S7. Experimental details for DRM in the presence of O, in
APGD plasma

For this second example, we look at CO; conversion in the presence of CHs and O, specifically in a
42.5/42.5/15 CO,/CH4/0; ratio. This reaction is also called oxidative CO, reforming of methane
(OCRM). Again, two separate series of experiments were performed (one with a standard, one with a
flow meter). The gases were again provided by gas bottles from Air Liquide (purity 99.999 %), and were
sent to an APGD plasma reactor through Bronkhorst MFCs, which were calibrated manually with the
bubble flow meter. An Agilent 990 Micro GC was calibrated for CO,, CHs, CO, H,, C;H3, C;Ha, CoHs, O3
and N, to analyze the fractions in the output gas mixture. A sample of the input gas mixture was sent
three times onto the GC, with 5 minutes between each sample. The same procedure was done for the
output gas mixture, after the plasma reached a steady-state. The average of the obtained peak areas
was used for further calculations. Each experimental run was repeated three times, and the weighted
average of the performance metrics was taken. For the errors on each individual measurement, we
consider both the errors on the GC calibration factors, and the standard deviation on the obtained
peak areas.

The total reactant input flow rate with the standard method was 1 L.min%, and the standard was again
N>, with a flow rate of 100 mL, min* added to the effluent gas mixture between the cold trap and the
GC sample point. For the experiments that were performed with the bubble flow meter, the flow rate
was changed to 1 Limin?. The plasma power was monitored through the readings on a DC Technix
power supply, and confirmed to remain constant (91-94 W) during the different experiments.

The different fractions for each component (incl. the standard, if present), as well as the dilution ratio
B (obtained through the MFC calibration), the measured plasma power and specific energy input (SEl)
are presented in Table S.11 for both the experiments with the standard (left) and the flow meter
(right). Each value is a weighted average of three separate experiments. The weighted averages of the
flux ratios, atom balances and performance metrics, calculated through the different methods, are
presented in Table S.12 for both the experiments with the standard (left) and the flow meter (right).

Table S.11. Weighted averages of all measured values and the SEI (kJ/mol), for both the experiments with the standard and
the flow meter.

Standard Flow meter
yeo, (%) 38.4+0.2 43.0£0.2
v, (%) 38.3+0.1 42.2£0.2

o (%) 14.41 + 0.03 16.05 + 0.03
yin (%) 9.37 £ 0.02 /
y2o, (%) 17.7+0.2 17.5+0.2
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yei, (%) 8.9+0.2 8.7+0.3

Y0u (%) 16+0.1 1.5+0.1

Y20t (%) 343403 40.0+0.3

yi, (%) 28.5+0.2 31.5+0.3

Y&, (%) 1.31£0.02 1.41+0.03

Y&, (%) 0.376 + 0.008 0.389 + 0.007

yeoh, (%) 0.0929 + 0.0006 0.0800 + 0.0006

YUt (%) 7.57 £0.07 /

B 0.0977 +0.0004 /
P (W) 91.3+0.9 94+1

SEI (kJ/mol) 117 +£1 127 +2

Table S.12. Weighted averages of all calculated values based on the different methods, for both the experiments with the
standard and the flow meter.

Stoichiometric Standard Stoichiometric Flow meter
ameas 1.102 + 0.008 1.24 +0.01 /
afin 1.307 + 0.009 1.36 +0.01 /
afin 1.209 £ 0.009 1.26 £0.01 1.23+0.01 1.24+0.01
ainit 1.42+0.01 1.43+0.02 1.45+0.01 1.45 % 0.02
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X&0 (%) 45.2+0.8 43.1+0.8 49.9+0.8 49.0+0.9
XE (%) 72.3+0.6 71.340.6 74.940.8 74.6 0.9
X825 (%) 87+1 86+1 88.3+0.9 88.1+0.9
X80, (%) 19.1+0.4 18.2+0.4 214+04 21.140.4
xen, (%) 304403 29.9+0.3 31.6+0.4 31.5+0.4
Xo (%) 13.7+0.2 13.6+0.2 14.2+0.2 14.1+0.2
x°(%) 63.1+0.5 61.7 £0.5 67.4+0.6 66.9 £ 0.6
560 (%) 9112 9712 92+2 93+2
S¢,u, (%) 6.9+0.2 7.4+0.2 6.4+0.2 6.6+0.2
S¢,u, (%) 1.99 £ 0.05 2.12+0.06 1.82 +0.05 1.86 +0.06
S¢,u, (%) 0.491 + 0.009 0.52 +0.01 0.365 + 0.007 0.38+0.01
S, (%) 61+1 65+ 1 61+1 62 +1
SC,u, (%) 2.82+0.06 2.97+0.06 2.70 +0.07 2.75+0.07
SC,m, (%) 1.63 +0.04 1.71+0.04 1.51+0.04 1.54 +0.04
SC,u, (%) 0.600 + 0.009 0.63+0.01 0.459 + 0.009 0.47 +0.01
Sh,0(%) 34.340.05 28.7+0.5 3542 33.4%0.7
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5% (%) 68+1 73+1 68+1 70+1
S1,0(%) 31.7+0.4 26.9+0.4 3242 30.1£0.6
YSo (%) 53.1£0.6 55.0+0.7 57.4+0.7 57.9+0.9
YE,u, (%) 4.05 + 0.07 4.21+0.07 4.03+0.09 41+0.1
YE n, (%) 1.17 +0.03 1.21+0.03 1.12 +0.02 1.13+0.03
Y¢,u, (%) 0.288 +0.003 0.299 +0.004 0.231+0.003 0.235 +0.004
YH, (%) 443+0.5 45.9+0.5 45.9+0.6 46.5+0.7
YE 4, (%) 2.03+0.04 2.11+0.04 2.03 £0.05 2.06 +0.05
YE 4, (%) 1.17 +0.03 1.21+0.03 1.13 +0.02 1.14 +0.03
Ye u, (%) 0.433 +0.005 0.449 + 0.005 0.350 + 0.005 0.356 + 0.006
YH,0(%) 24.7+0.3 20.0+0.3 2742 25.1+0.5
Y20 (%) 38.6+0.5 40.0£0.5 414405 41.8+0.6
Y§,0(%) 17.9+0.2 14.5+0.2 19+1 17.9+0.3
b 1.00 +0.01 1.04 +0.01 1.00 +0.01 1.01+0.01
by 1.01+0.01 0.99 +0.01 1.01+0.02 1.00 +0.01
bo 1.00+0.01 1.00+0.01 1.00 +0.02 1.00+0.01

18



EC (K]/mol)

179+3

183+3

186 +3

188 +3

EY (mol/K]) | (5.60+0.08)-10° | (5.47 +0.08)-10% | (5.37+0.09)-10% | (5.33 +0.09)-10°
(EZ.(Z(;%)) 54.8+0.6 56.7+ 0.6 56.2+0.6 56.9+0.8
(EZ.(Z;)S)J)) 69.4+0.9 73+1 68 +1 70 +1
(EZ_(;)/SO())” 48.2+0.5 49.9+0.5 50.0 £ 0.6 50.6 +0.7
(EZ.(;)/S‘?” 61.0+0.8 63.9+0.9 60.7 £0.9 62+1
(EZ-(;)/SO;)) 2+1 541 3+3 312
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List of symbols

Symbols (incl. sub- and superscripts)

Description

*

Incorrect expression

A Atom
abs Absolute
app Applied
o Flux ratio
b Balance
B Dilution ratio
chem Chemical
conv Converted
corr Corrected
des Desired
DF Dissociation fraction
AH°® Standard reaction enthalpy (k) mol™)
E Energy (kJ™, eV)
EC Energy cost (k) mol™, kJ L™}, eV molecule™)
eff Effective
EY Energy yield (mol k)™, L kJ™}, molecule eV™?)
fin Final
H¢ Formation enthalpy (kJ mol™)
i Reactant
in At reactor inlet/before reactor
init Initial
j (Gaseous) product
k Condensed/deposited product
LHV Lower heating value (kJ mol™)
meas Measured
u Stoichiometric coefficient
n Molar flow (mol mint)
Nj Avogadro’s constant (molecule mol™)
n Energy efficiency
out At reactor outlet/after reactor
P Pressure (bar, atm)
P Power (kW)
RE Relative error
reac Reaction
rep Reported
s Diluting agent/standard component
S Selectivity
SEI Specific energy input (k] mol™?, kI L%, eV
molecule™)
T Temperature (K, °C)
tot Total




/4 Volume flow (L min™)
Vi Molar volume (L mol™)
X Conversion

y Molar/volume fraction
Y Product yield




