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ABSTRACT

Power-to-Methane is a concept for energy storage harvested from renewable sources, for instance solar and wind
power. A flexible operation of catalytic fixed-bed methanation reactors, according to the availability of energy,
eliminates the need to store intermediate reactants in large buffer units. This requires reliable heat management,
as the heat generation of the methanation reaction is a challenge even at steady-state conditions. For this
purpose, many studies have been conducted on the reactor scale, but knowledge on how the catalyst particle
design can influence reactor behavior is rather limited. Therefore, a heterogeneous reactor model is used in this
study to investigate the influence of particle activity, permeability and heat conductivity on reactor perfor-
mance. Subsequently, a nonlinear program is formulated and solved to find the optimal particle design de-
pending on these three properties and their radial distribution in the catalyst particles. The designs include
spherical particles with uniform properties (Casel), particles with two uniform zones of different properties
(Case2) and particles with radially variable properties (Case3). Optimization, subsequent sensitivity analyses
and dynamic simulations reveal that reactors filled with particles of Case2 should exhibit a particle core with
high activity, which is surrounded by an inert, low-permeability shell (so-called ‘egg-yolk’ particles). In this way,
the reactor shows a reduced parametric sensitivity and a high methane yield at the same time. In comparison to
reactors filled with particles of Casel, they also exhibit a favorable behavior for dynamic and flexible reactor
operation. The benefit of further particle zones to increase reactor performance appears insignificant, as shown
by the results of Case3.
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Nomenclature
a, specific particle surface area (é)
Cp specific heat capacity (kgLK)
d particle diameter (m)
D reactor tube diameter (m)
2

Dy molecular diffusion coefficient (mT)

. . J
E, activation energy (m_o])
h heat transfer coefficient (%)
ARH reaction enthalpy (ﬁ)
ki mass transfer coefficient (?)
k reaction rate constant ( mol )

Pa kgeyt s
L reactor length (m)
M; molar mass (ﬁ)
mol
t time (s)
p pressure (Pa)
r particle radius (m)
]
Rg gas constant (m)
R reaction rate (kml )
Beat S

Uy superficial gas velocity (%)
T temperature (K)
U overall heat transfer coefficient (%)

X; mole fraction (-)

X; conversion (-)

% mass fraction (-)

z axial reactor coordinate (m)

a particle mass permeability (-)

o heat transfer coefficient (%)

B particle volume-related activity (-)

y particle heat permeability (-)

) dimensionless particle core radius (-)
A diffusion volume (=)

€ reactor bed voidage (-)

¢ dimensionless axial reactor coordinate (-)
i catalyst effectiveness factor (-)

C] particle porosity (-)

x switching function parameter (-)

A heat conductivity (%)

effective radial heat conductivity (%)
viscosity (Pa s)

stoichiometric coefficient (-)
dimensionless radial particle coordinate (-)
density (%)

particle surface-related activity (-)

particle tortuosity (-)

optimization variable (-)

particle parameter (-)

S g Ao vNE R >

1. Introduction
1.1. Power-to-Methane concept

Wind and solar power offer a renewable alternative to nuclear and
fossil fuels for the production of electrical energy. However, due to their
fluctuating availability, efficient storage technologies are needed. In
this context, one concept is Power-to-Methane (PtM).

The key idea of PtM is to utilize electrical energy from renewable
sources for hydrogen production by electrolysis of water. Subsequently,
the obtained hydrogen is used for the conversion of carbon dioxide in
order to produce methane, which can be used as substitute natural gas
(SNG). Technically relevant carbon dioxide sources are for instance
power plants, industrial processes such as steel and cement production
as well as biogas plants. To avoid the integration of large reservoirs for
buffering the unsteady supply of hydrogen from the electrolysis unit, it
is favorable to operate the methanation reactor dynamically, according
to the availability of electrical energy [1,2].

The methanation reaction is exothermic and accompanied by a re-
duction of total number of moles. Therefore, according to Le Chatelier’s
principle, the products are thermodynamically favored at low tem-
peratures and high pressures. Gao et al. [3] give a detailed analysis of
the methanation reaction thermodynamics.

CO; + 4H, = CHy + 2H,O  AgHyogx = —164.9 k—Jl
mo

Several metals are known to catalyze this reaction, amongst which
nickel and ruthenium are the most prominent ones. Although the
properties of a catalyst depend on many factors, ruthenium catalysts are
generally seen as the most active ones. Nickel, however, is much
cheaper as well as more selective and therefore often preferred. For
providing a large surface area of the active components, they are
usually deposited as nanoparticles on a porous support (e.g. y-Al,03).
Comprehensive information about methanation catalysts is given for
instance in [4-6].

1.2. Reactor concepts for methanation

Due to the thermodynamical limitation of the reaction and catalyst
deactivation at high temperatures, various reactor concepts were de-
veloped in order to handle the large heat release rate of the methana-
tion reaction, which is a challenge even at steady-state conditions.
Amongst these, wall-cooled fixed-bed reactors have reached commer-
cial application [4].

As shown by simulation studies, it is not possible to operate such
reactors without a distinct hot-spot formation, when using stoichio-
metric and undiluted mixtures of carbon dioxide and hydrogen as feed
gas, even when utilizing small tube diameters [7,8]. However, pro-
nounced hot-spots should be avoided, as they impose a safety issue on
the process and require expensive materials to operate the reactor. Due
to this, many concepts have been proposed for reactor temperature
control, such as feed and catalyst dilution [9,10], utilization of multiple
reactors and heat exchangers in series [11] or even advanced control
strategies, which exploit unstable operation points of the reactor [12].
Further concepts are discussed in [13]. While these concepts can be
promising for steady-state operation, some of them exhibit unfavorable
transient behavior, as shown for example by Quina and Ferreira [14]
for catalyst dilution, or are coupled to an increased realization effort
compared to a simple fixed-bed reactor.

Schlereth and Hinrichsen [7] point out the possibility of reactor
temperature control by optimization of the interplay between mass
transport, heat transport and reactions rates on the particle scale, but
the potential of this approach is unexplored. Due to the large number of
degrees of freedom, this is a non-trivial task for many systems under a
set of given constraints, as indicated by the broad literature on this
subject. For example, particles with radial distribution of the active
material in the porous matrix are commonly discussed. Amongst these,
‘egg-shell’ particles are often favored, as they exhibit active material
only close to the surface of the catalyst particles, where the reaction
rates are least affected by transport resistances [1,15]. In this way, the
amount of the often expensive active material in the reactor can be
reduced without significant performance loss. For the opposite case
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(‘egg-yolk’ particles), the prevention of thermal runaway behavior has
been reported for instance in [16]. Specifically for carbon monoxide
methanation Wu et al. [17,18] have experimentally confirmed, that the
carbon deposition and the selectivity can be significantly affected by
the spatial distribution of the active material in the catalyst particles. In
addition to the spatial distribution of the active material, the distribu-
tion of permeability and heat conductivity has also been investigated.
Examples are discussed in [19,20].

1.3. Scope of this work

In order to examine the influence of the active component dis-
tribution of the catalyst particles on the thermal behavior of a fixed-bed
methanation reactor, the ignition curves of a reactor filled with uni-
form, ‘egg-shell’ and ‘egg-yolk’ catalyst particles are compared. All of
the three concepts exhibit the same total amount of activity. The most
favorable distribution is further investigated with different particle
activity, permeability and heat conductivity.

Subsequently, these degrees of freedom are optimized at a ‘design
point’ in steady-state mode for three different cases, such that the
maximum methane yield is obtained without surpassing the catalyst
deactivation temperature, which is assumed to be 775 K [4,21]. The
three cases differ by radially constant parameters, two uniform zones
with different sets of parameters and radially variable parameters on
the particle scale, as illustrated in Fig. 1.

In order to examine the applicability of the optimized particle-re-
actor systems for flexible operation, the methane yield and the max-
imum particle temperature are studied with respect to selected reactor
parameters. The investigated parameters are the coolant temperature,
as a significant parameter for controlling the reactor, as well as the inlet
velocity and the reactor pressure, as possible realizations of different
operation points. In addition, a start-up and a shut-down are simulated,
in order to study the response of the systems to load changes.

2. Model

In order to keep the optimization problem as small as possible while
still retaining the governing physical phenomena inside the reactor, a
1D-1D heterogeneous reactor model similar to the one in [22] is em-
ployed.

2.1. Reactor model

On the reactor scale, the mass and energy balance equations read as
follows:

i uo Mo apki
3T TTea e o T el @
5TG UoPgCp,G aTG aph 4U
0,26 = 2066 0% TR 1y~ 22 (T, - ).
PgCp,G it e & c (To — Tple=1) Ds( 5 — To) @

In these equations ;;; and T; describe the mass fraction of compo-
nent i and the temperature along the dimensionless axial coordinate
¢ = z/L of the reactor. The indices G, P and C denote the gas phase, the
particle phase and the coolant phase, respectively. All variables are
assumed constant in radial direction of the reactor and axial dispersion
as well as axial heat conduction are not included in the model for the
sake of simplicity. The pressure drop along the axis of the reactor is
neglected and ideal behavior of the gas mixture is assumed. According
to the results of previous studies, these simplifications are permissible
for a qualitativ investigation of the given system [7,12,23]. Information
about the calculation of the model coeffcients is given in A.1 and A.2.

2.2. Particle model

The spherical catalyst particle is described as pseudo-homogeneous

Chemical Engineering Journal 387 (2020) 123704

system. The governing heat and mass balance equations in radial di-

rection £ = dL/z are:

p; 41 a[ 6 M; J
— = —=—— fz—DM,i . + U—lps(l - 6) 2 vi,ijj,
at d2 52 55 T 55 PG = (3)
3T, 4 13[,,1-6. o al
T = Do 4 opg(1 - 6) D) (—AH )R,
e = 5255[5 T S ag} s ),«:1( Dy
)

Molecular diffusion is assumed to be the main mechanism of in-
ternal mass transport, which is described according to Fick’s first law.
The effective molecular diffusion coefficient Dy ; in the porous medium
is calculated by scaling the bulk diffusion coefficient with the perme-
ability, which is defined as the quotient of porosity 6 and tortuosity 7 of
the catalyst particle. Knudsen and surface diffusion are neglected.

The effective particle heat conductivity Ap = ?/ls is computed
according to the porous solid model [24], which neglects the heat
conductivity of the fluid phase. However, as the solid heat conductivity
is much larger than the fluid heat conductivity, this is a valid as-
sumption. The particle heat capacity (oc,)p is calculated by the
weighted mean between gas phase heat capacity and solid heat capa-
city.

Heat and mass source terms are evaluated according to the reaction
kinetic model proposed by Koschany et al. [25]. The equations and
parameters of the model are given in A.3. The reaction rates were
measured with nickel as active component distributed on an Al(O),
support in a range from 453 to 613 K and 1 to 15 bar. Only the carbon
dioxide methanation reaction is taken into account in this kinetic
model. In some cases, other reaction kinetic models also consider the
reverse water gas shift reaction and the carbon monoxide methanation
[26]. However, it has been shown, that these reactions are negligible at
typical carbon dioxide methanation conditions [3,25,27]. In addition,

Reactor Concept

heat transfer to cooling medium

) ;;/, ; —+CH4
CO; e —»H,0
H, > —1,

IS b

Fig. 1. Investigated catalyst particle concepts in a polytropic heterogeneous
fixed-bed methanation reactor model: Casel — uniform parameters, Case2 —
two uniform zones with different sets of parameters and Case3 — radially
variable parameters.
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even if the reactor temperature exceeds the valid range of the kinetic
model of Koschany et al. [25], the amount of carbon monoxide formed
is too low to qualitatively change the behavior of the reactor, as shown
for example in [7,12].

In order to model the activity distribution inside the catalyst par-
ticles, the source terms are multiplied with a scaling factor o. In prac-
tice, different activities inside the catalyst particles can be realized by
varying for example the nickel surface area on the support.

To solve the model, initial and boundary conditions as well as
parameters have to be supplemented. The respective model parameters
are given in Table 1 and the initial as well as boundary conditions are
summarized in Table 2.

Furthermore, the effective reaction rate Rt and the intrinsic re-
action rate R, are defined as

Refr = —j(;l (4 — B)oRe™d and Riy = —j(;l (= O)ogede

S eds Jede )

where R describes the reaction rate at the conditions of the gas phase
surrounding the catalyst particles. Therefore, the intrinsic reaction rate
equals the reaction rate without any particle transport resistances,
whereas the effective reaction rate takes these into account. The in-
trinsic reaction rates can vary for different catalyst particles at the same
gas phase condition, due to different activity loadings.

3. Statement of the optimization problem

As nickel methanation catalysts deactivate at high temperatures, the
aim of the optimization is to find values for 6, 7 and o such that an
upper temperature bound is not violated, while maintaining an eco-
nomical methane yield.

In order to regularize the optimization problem, the following re-
lations are introduced:

6 1-6
oc_?, B=Q—-06)g, y= — ®)

Substituting these relations into the particle balance equations re-
duces the complexity of the problem, as a and y only appear in the
respective transport terms and f§ solely accounts for the scaling of the
source terms. In addition, the inverse relationship of 7 in the transport
terms is eliminated. After the optimization, «, § and y are transformed
back into 6, T and o.

With regard to the physical interpretation of the introduced vari-
ables, a has already been declared in the former section as permeability
for mass transport of the porous medium. In this context, y can be seen
complementary as permeability for heat transport of the porous
medium if the heat conductivity of the gas is neglected. Further, as o is
defined as the surface-related activity, § can be seen as a measure of the
volume-related activity.

In order to find a technically realizable solution, physically mean-
ingful bounds are given to the catalyst parameters. The lower bound for
the porosity is taken as 0.05 and the upper bound as 0.5. Lower por-
osities would lead to numerical instabilities, whereas higher porosities
could have a negative impact on the mechanical stability of the parti-
cles, especially with regard to a flexible reactor operation [32,33]. The
tortuosity can be seen as factor accounting for the pore structure of the
porous medium, whereas a value of one can be interpreted as perfectly
straight pores. A discussion of this factor can be found for instance in
[34]. The surface-related activity o is bounded between zero and one.
Zero thereby represents no active centers on the support whereas one
represents the catalyst particle activity realized by Koschany et al. [25].
Furthermore, due to numerical stability reasons, an upper bound is
given to f3 as 0.5.

It is assumed, that the thermal degradation of the catalyst starts at a
temperature of 775 K [4,21]. Accounting for model inaccuracies and
possible operation point changes, an additional safety margin of 50 K is
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included, resulting in an upper temperature limit of 725 K.

As only the methanation reaction is taken into account in the em-
ployed reaction kinetic model, the selectivity of carbon dioxide towards
methane equals unity. Therefore, the yield of methane is equal to the
conversion of carbon dioxide. For this reason, the target function,
which is maximized, is the conversion of carbon dioxide Xco, at the
reactor outlet.

The optimization problem can be summarized as follows:

m Xco, (W)
We{a,B,y,(8)}

s.t. heterogeneous reactor model Eq 1-4 and Eq A.1-A.28

T:($) € 725 K
Tp (¢, §) < 725K
0.05<6<0.5
1<7t<5
0<o<1
0<B<0.5

Three cases, as illustrated in Fig. 1, are considered as possible cat-
alyst particle configurations:

e Casel - constant parameters: This case represents uniform catalyst
particles. It is expressed in mathematical terms as ¥ # ¥(£). The
variable ¥ thereby represents any of the optimization variables.

® Case2 - two uniform zones with different sets of parameters: This
case additionally takes ‘egg-shell’ and ‘egg-yolk’ catalyst particles
into account. In order to find the optimum values for each of the two
zones as well as the optimum dimensionless particle core radius J,
the optimization variables «, § and y are respectively constrained by
a switching function given by:

05¢-08) |,

\(5—5)2+K @)

The parameter x, which is taken as 10~4, determines the sharpness of
the transition. Both x and § are the same for each optimization
variable.

® Case3 - radially variable parameters: In this case «, 8 and y are free
to be chosen by the optimization solver over the entire radius of the
catalyst particles. In this case ¥ = ¥(£) holds.

W = | Yohenn — Weore || 0.5 +

Details on the numerical solution of the optimization problems and
the simulation studies are given in Appendix B.

Table 1
Model parameters [7,28-31].

Reactor Scale

reactor length L 3 m
inner tube diameter D 3 cm
particle diameter d 2.5 mm
bed void fraction € 0.4 -
coolant side heat transfer coeffcient Qout 500 W
m2K
coolant temperature Te 500 K
superficial inlet velocity Uuo,in 1 m
s
reactor pressure p 5 bar
Particle Scale
solid heat capacity cp,s 1107 I
kgK
solid density Ps 4500 kg
3
solid heat conductivity s 5 W
mK
Reactor Inlet State
hydrogen mole fraction XG,H,in 0.8 -
carbon dioxide mole fraction XG,C0y,in 0.2 -
temperature T6,in 500 K
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Table 2
Model initial and boundary conditions.

Initial conditions:
reactor scale

Y6,ili=0 = Y5,i,0
Tel=0 = T,0
particle scale
Ypil=0 =¥pio
Tpli=0 = Tp,0

Boundary conditions:
reactor inlet

¥6,ikk=0 = ¥G,iin
Tele=0 = Tg,in

particle surface

6 yp,i d
D 351 = Eki(yc,i —J’P,i]
=1
1-6, otp| _d _
T 1 Zh(TG TP)

particle center

%P,

% =0

=0

a1p

E3 =0

£=0

4. Influence of the catalyst particle design on reactor performance

To facilitate the interpretation of the optimization results, the in-
fluence of different catalyst particle concepts on the reactor behavior
are examined at first. In Fig. 2 (bottom) the sensitivity analyses of the
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carbon dioxide conversion and maximum particle temperature in de-
pendence of the coolant temperature are shown for different catalyst
particle concepts, as this has proven to be a suitable ‘fingerprint’ of the
thermal behavior of the reactor [7,12]. In each case, the coolant tem-
perature is increased from 400 to 600 K and afterwards decreased again
to 400 K in steps of 5 K. The concepts include uniform particles (Con-
cept 1), with constant activity over the particle diameter, ‘egg-shell’
particles (Concept 2), where the active component is concentrated in
the outer layer of the particles and ‘egg-yolk’ particles (Concept 3),
where the active component is concentrated in the particle cores. Exact
values are given in Table 3.

As it can be seen from the overlapping intrinsic reaction rate curves
in Fig. 2 (top), all of the particle concepts exhibit exactly the same
overall activity. At low temperatures, the intrinsic and effective reac-
tion rate are the same for all three catalyst particle concepts. However,
with increasing temperature, mass and heat transport resistances be-
come more significant. Due to the varying distributions of the activity
inside the catalyst particles, the effective reaction rate curves differ
from the intrinsic reaction rate in different ways.

Amongst the investigated concepts, the ‘egg-shell’ catalyst particles
are least influenced by internal mass transport resistance. In fact, there
is even a section, where the effective reaction rate surpasses the in-
trinsic reaction rate due to heat transport resistance. The opposite is
true for ‘egg-yolk’ particles. These particles are heavily influenced by
internal mass transport resistance and the effective reaction rate de-
viates by several orders of magnitude from the intrinsic reaction rate at
elevated temperatures. In between these two extreme cases is the ef-
fective reaction rate of the uniform catalyst particles.

The differences in the effective reaction rates result in different ig-
nition behaviors on the reactor scale as can be seen in Fig. 2 (bottom).
For all concepts, the ignition takes place at a coolant temperature of

0 Fig. 2. Top: Arrhenius plots displaying intrinsic and
C i1 effective reaction rates of different particle concepts.
e 1 oncep Bottom: Sensitivity analysis on carbon dioxide con-
: © Concept 2 version and maximum particle temperature in de-
: % C 3 pendence of the coolant temperature with regard to
~— - —5F E, OIlCGpt - the particle design concept on the reactor scale. All
- = g parameter values used are given in Table 3.
S| &S| 8 2
9]
R :
= 2
S F 10|13
& & g
SN— ~— .
= 4 i
-~
| | | | |
11 1 1 1 1
900 800 700 600 500 400
-1 -1
T /K
100
80
X
o
o 40
<
20
| |

%OO 450 500 550 600
Te / K

. |
400 450 500 550 600
Te / K
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Table 3
Investigated particle concepts for analyzing the ignition behavior of the catalytic fixed-bed reactor. Step changes for catalyst particles of Case 2 are realized by Eq. (7).
Case 1 2 2 2 2 2
Concept 1 2 3 4 5 6
Description Uniform activity ‘Egg-Shell’ ‘Egg-Yolk’ ‘Egg-Yolk’ ‘Egg-Yolk’ ‘Egg-Yolk’
Specification - - reference decr. shell heat conductivity decr. shell permeability incr. core activity
Qcore 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
Qshell - 0.1250 0.1250 0.1250 0.0625 0.1250
Beore 0.0313 0.0000 0.2500 0.2500 0.2500 0.5000
Bsell 0.2500 0.0000 0.0000 0.0000 0.0000
Yeore 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
Yeell - 0.1250 0.1250 0.0625 0.1250 0.1250
s - 0.9564 0.5000 0.5000 0.5000 0.5000
about 515 K and leads to a strong increase in the maximum particle intrinsic reaction rate (Concept 6), and therefore to higher reaction
temperature as well as in the conversion. For the ‘egg-shell’ and the rates at low temperatures. With increasing temperature however, the
uniform particles, the maximum temperature rises significantly above effective reaction rate becomes dominated by mass transport through
the assumed deactivation temperature of 775 K and both cases exhibit the particle shell. Hence, the effective reactions rates for Concept 3 and
hysteresis behavior, which has been discussed in detail in [12]. For the Concept 6 are almost the same at high temperatures, as they share the
‘egg-yolk’ concept, the maximum temperature increase is much less same parameters in the particle shell. On the other hand, a decrease of
pronounced, although a similar conversion as with the ‘egg-shell’ and the shell permeability (Concept 5) leads to no change of the intrinsic
uniform catalyst particles is achieved. In addition, the reactor filled reaction rate of the catalyst particles, and therefore to no change of the
with ‘egg-yolk’ particles shows no hysteresis behavior. effective reaction rate at low temperatures. However, as the decreased
Due to these favorable features, the ‘egg-yolk’ concept is further shell permeability lowers the mass transport rate through the inert
investigated in three additional variations, differing by a decreased particle shell, the effective reaction rate at high temperatures is sig-
shell heat conductivity (Concept 4), decreased shell permeability nificantly decreased. The change of the heat conductivity (Concept 4)
(Concept 5) and increased core activity (Concept 6). The results are hardly affects the effective reaction rate in the investigated parameter
shown in Fig. 3. range. For different parameters or other systems, it might have an im-
As can be seen from Fig. 3 (top), the change in the particle para- pact, as discussed for example in [35].
meters leads to a shift of the reaction rates. On the one hand, an in- The differences in the effective reaction rates are again reflected by
crease of the activity of the catalyst particle cores leads to a higher the ignition curves of the fixed-bed reactor. An increased effective
Fig. 3. Top: Arrhenius plots displaying intrinsic and
N C oncept 3 effective reaction rates of different ‘egg-yolk’ particle
Py O i - o N concepts. Bottom: Sensitivity analysis on carbon di-
/‘—\ ORI ~ T~ - COHCept 4 oxide conversion and maximum particle temperature
| i DTSR . COHC@pt 5 in dependence of the coolant temperature with re-
: © RN o gard to the particle concept on the reactor scale. All
: - % S~ — COIlcept 6 parameter values used are given in Table 3.
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reaction rate at low temperatures results in an ignition of the reactor at
lower coolant temperatures (Concept 6). For the concept with de-
creased shell permeability (Concept 5), the maximum temperature is
significantly decreased in the ignited reactor in comparison to the other
concepts, while still achieving similar conversions.

5. Optimization results

In this section, numerical optimization is used to determine the
optimal catalyst particle design with respect to the three different cases

Case 1
Xco, = 90.711%

Case 2
Xco, = 96.87%

Chemical Engineering Journal 387 (2020) 123704

discussed in Section 3 for achieving the maximum carbon dioxide
conversion at the reactor outlet without surpassing the upper tem-
perature bound of 725 K in the reactor. This is done at a ‘design-point’.
It is determined by a coolant temperature of 500 K. The remaining
‘design-point’ parameters are displayed in Table 1. The results are
shown in Fig. 4.

The lowest carbon dioxide conversion of 90.71 % is obtained in
Casel. The optimal solution includes a small volume-related activity
and low permeability, but a high thermal conductivity, being realized
by the minimum tortuosity and small values in surface-related activity

Case 3
Xco, = 97.16%

0.8 ‘
0.6 e
‘\N 04 [ r‘ ]
& l/
S
0.2 Z )
0 —”’//"///‘ \\,,
700 /
- 725 b
650 720 —/, \\ 1 kL
v 600 7 aa
~
= 550
500 ‘ ‘
0 1 2 3
z / m
1
05 .
=
0 I | [
~
o
0.5 1 F

0 042 084 1.250

0.42 0.84 1.250

0.42 0.84 1.25

r / mm r / mm r / mm

Fig. 4. Optimization Results — Top half: gas phase system state (——) and particle core system state (- - - -) at reactor scale. Additionally, the effective and intrinsic
reactions rates are shown. Bottom half: Optimal solutions at particle scale.
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and permeability. Despite the high reactant concentrations at the inlet
of the reactor, this particle design leads to a low effective reaction rate
and thereby to a comparatively slow increase of reactor temperature up
to a length of about 2 m. From this length, the effective reaction rate
and the temperature increase steeply. Whereas the temperature reaches
its maximum in a hot-spot at 2.61 m, the effective reaction rate achieves
a peak just before this length. As the gas mixture is heavily diluted by
products at this point, the temperature in the particle cores remains
below the upper temperature bound of 725 K. Subsequently, tempera-
ture and effective reaction rate decrease steeply towards the outlet of
the reactor.

The optimal solution of Case2 is represented by the ‘egg-yolk’
concept. In the shell zone, the particles exhibit no activity and low
permeability. However, in the core zone of the particles, the volume-
related activity is at the upper bound and the permeability is sig-
nificantly higher, than in the shell zone. In addition to the mass
transport resistance, a heat transport resistance is added by the shell
zone of the catalyst particle as well, which increases the temperature
inside the particles and thereby increases the effective reaction rate.
However, as discussed in the former section, this effect seems to be
negligible in the given system, as the temperature difference is at
maximum 5 K at the hot spot. As seen in Fig. 5, the effective reaction
rate is almost constant in the relevant temperature range. (It should be
noted, that these Arrhenius plots only represent the effective reaction
rates at 50% carbon dioxide conversion.) In comparison to Casel, the
high activity of the pellet cores yields an increased effective reaction
rate at low temperatures, which leads to a steep increase of temperature
in the beginning of the reactor, but due to the diffusion barrier of the
particle shell, the maximum effective reaction rate and therefore the
maximum particle temperature is limited to 725 K. Subsequently, the
effective reaction rate decreases slower than in Casel and a carbon
dioxide conversion of 96.87 % is achieved.

The optimal solution of Case3 is also represented by the ‘egg-yolk’
concept and achieves a carbon dioxide conversion of 97.16 %. As dis-
played in Fig. 5, the dependence of the effective reaction rate on tem-
perature is almost identical to Case 2. Consequently, despite much more
degrees of freedom, only a slight increase in carbon dioxide conversion
is achieved in comparison to Case2.

6. Reactor scale sensitivity analysis

Sensitivity analyses are performed with the obtained optimal solu-
tions (see Section 5). The analyses include variations of coolant tem-
perature, inlet velocity and reactor pressure. The coolant temperature is
a crucial parameter for controlling the reactor and is increased from
400 to 600 K and subsequently decreased back to 400 K. Analogously,
the inlet velocity from 1.5 to 0.5 m/s and the reactor pressure from 1 to
10 bar are varied. Inlet velocity and reactor pressure are possible
parameters for adjusting the reactor throughput. The results are shown
in Fig. 6. Infeasible states, declared as Xco, < 90% and Tp max> 775 K,
are marked with a gray background. Further sensitivity studies of
parameters on the particle scale are shown in Appendix C.

6.1. Coolant temperature

The sensitivity analysis of the coolant temperature (Fig. 6 (left
column)) shows that the reactor starts in an extinguished state, whereby
the inlet temperature represents the highest temperature in the reactor.
After ignition, all three cases exhibit a carbon dioxide conversion
greater than 80%. The ignition of Case2 and Case3 takes place at a
much lower temperature than the ignition of Casel, due to the much
higher average volume-related activity, and therefore due to a much
higher effective reaction rate at low temperatures (see Fig. 5). The
‘design point’, which is the operation point where the optimization of
the particles took place, is reached at a coolant temperature of 500 K. At
this point, the highest particle temperature for all three cases
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corresponds to the upper bound of the optimization problem of 725 K.
By increasing the coolant temperature further, the maximum particle
temperature of Case1l rises quickly above the assumed catalyst deacti-
vation temperature of 775 K. For Case2 and Case3, the maximum
particle temperature stays below this temperature up to a coolant
temperature of 550 K.

When decreasing the coolant temperature, Case2 and Case 3 follow
the same reactor conditions as when increasing the coolant tempera-
ture. On the contrary, Casel depicts a hysteresis behavior and stays in
an ignited state with a maximum reactor temperature of above 775 K
even at a coolant temperature of 400 K. Moreover, only one single
point, the ‘design point’, is a feasible operation state for this case.
Therefore, small changes in the coolant temperature either lead to an
extinction of the reactor or to thermal degradation of the catalyst. For
Case2 and Case 3 however, a whole set of feasible operation points can
be observed, which makes these systems favorable for practical appli-
cations, as disturbances in the coolant temperature can be tolerated to a
certain degree.

6.2. Inlet velocity

In the sensitivity analysis of the inlet velocity (Fig. 6 (middle
column)), Case1 starts in an extinguished state at a velocity of 1.5 m/s.
As the axial and radial heat transport decrease with declining inlet
velocity, the reactor of Casel ignites at the ‘design point’ with an inlet
velocity of 1 m/s. The maximum particle temperature and the con-
version increase by further decreasing the inlet velocity to 0.5 m/s.
Increasing the velocity back to 1.5 m/s from 0.5 m/s, however, does not
extinguish the reactor. The reactor stays in an ignited state and the
maximum particle temperature rises even further. In addition, all of the
ignited states except from the ‘design point’ are not in the feasible op-
eration region. Therefore it can be concluded, that this case is not suited
for dynamic load changes by variation of the inlet velocity. The oppo-
site is true for Case2 and Case3. Here, carbon dioxide conversion is
above 90% and the maximum temperature in the reactor is below 775 K
for all investigated points. Moreover, no hysteresis behavior can be
observed.

6.3. Reactor pressure

The same as for the sensitivity analysis of the inlet velocity can be
concluded for Case2 and Case3 when changing the reactor pressure
(Fig. 6 (right column)) in a range from 1 to 10 bar. Therefore, these
particle-reactor systems are also suited for dynamic load changes by
varying the reactor pressure. In this sensitivity analysis, the profile of
Casel does not exhibit a hysteresis behavior as well. However, a
complex ignition/extinction behavior can be identified, which is the
result from the different dependencies of the heat release and heat re-
moval rate on reactor pressure. As in the previous sensitivity analysis of
Casel, the ‘design point’ is the only feasible operation condition.
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Fig. 6. Sensitivity analyses of reactor filled with the optimized catalyst particles presented in Section 5. Columnewise: coolant temperature, inlet velocity and reactor
pressure. Black lines: Case1; blue lines: Case 2; red lines: Case 3. Gray background marks areas of infeasible reactor operation points (Xco, < 90%; Tp,max > 775 K).
Green points indicate the optimized ‘design point’ system state of the respective case (see Fig. 4).

Therefore, this case is also unsuitable for dynamic load changes by
variation of the reactor pressure.

7. Dynamic studies

A dynamic start-up and shut-down are simulated for each of the
optimized cases. The initial temperature for all three particle-reactor
systems is set to 300 K and the catalyst particles as well as the reactor
are filled with a stoichiometric, undiluted gas mixture of hydrogen and
carbon dioxide. At the beginning of the reactor start-up (t = 0 s) gas of
the same composition enters the reactor with a temperature of 500 K.
The coolant temperature also equals 500 K. After 3500 s, the inlet
temperature and the coolant temperature are reduced to 300 K for si-
mulating a shut-down of the reactor. The inlet composition of the gas
remains the same. The remaining parameters stay unchanged and are
the same as for the ‘design point’, which are displayed in Table 1. The
results are shown in Fig. 7.

The start-up of the reactor filled with optimal particles of Casel
takes place in essentially two steps. In the first step, the reactor interior
is heated up to 500 K, while the conversion rises to about 40%. In the
second step, the reactor ignites and a conversion of greater than 90 % is
obtained after 2975 s. Afterwards, the steady-state depicted in Section 5
is achieved. During the shut-down process, wrong-way behavior can be
observed in the reactor, similar as in the study of Try et al. [36]. As the
section in front of the hot-spot cools down, no conversion of the re-
actants takes place here. In consequence, the unconverted feed gas
reaches the hot-spot and causes an elevation of the temperature beyond
the assumed catalyst deactivation temperature of 775 K. Subsequently,
the hot-spot moves out of the reactor. The extinguished steady-state is
achieved after 602 s.

In comparison, the reactor filled with optimal particles of Case2
ignites in a single step. A hot-spot is formed at the beginning of the
reactor and the conversion of carbon dioxide rises above 90% at
t = 270 s. Subsequently, the steady-state shown in Fig. 4 sets in.
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Fig. 7. Dynamic simulation results of a reactor filled with optimized particles presented in Section 5: start-up of the reactors takes place from 0 to 3500 s and shut-
down from 3500 to 4200 s. The top plot shows the development of carbon dioxide conversion over time at the reactor outlet. The remaining plots show the gas
temperature profile in dependence of reactor length and time for the different cases.

Despite different reactor models, the obtained start-up time is in the
same order of magnitude as in [10,28]. During the shut-down of the
reactor, a blow-off behavior can be observed. Hereby, the hot-spot
moves along the axis of the reactor in direction of the gas stream and
decreases gradually in magnitude. The extinguished steady-state is
achieved after 227 s.

The behavior of the reactor filled with optimal particles of Case3 is
essentially the same, although the time for reaching a conversion of
90 % is reduced to 206 s, due to the higher porosity and therefore lower
heat capacity of the particles. For the same reason, the extinguished
steady-state also arises sooner as well, after 189 s.

8. Conclusion and outlook

In this work, a heterogeneous particle-reactor model has been used
in order to maximize the carbon dioxide conversion of a fixed-bed
methanation reactor by optimizing catalyst particle properties. Three
different cases on the particle scale were distinguished:

10

e Casel: uniform parameters
e Case2: two uniform zones with different sets of parameters
e Case3: radially variable parameters

It has been shown, that a carbon dioxide conversion of greater than
90% is achieved in each case, while staying 50 K below of the catalyst
deactivation temperature, which is assumed to be 775 K. The optimal
catalyst particle concept for Casel is a particle with low activity and
low permeability. For Case2 and Case3, a particle core with high ac-
tivity surrounded by an inert, low-permeability shell is the best possible
solution.

Dynamic simulation studies revealed that reactors filled with par-
ticles of Case1l exhibit comparably long start-up times and wrong-way
behavior when shutting down. In addition, these particle-reactor sys-
tems show a pronounced parametric sensitivity when varying the
coolant temperature, the reactor pressure or the inlet velocity. In con-
trast, reactors filled with particles of Case2 and Case 3 start up and shut
down faster and exhibit no wrong-way behavior. These favorable
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attributes for dynamic reactor operation are further highlighted in
parametric sensitivity studies, where broad feasible operation regions
were identified when varying coolant temperature, reactor pressure and
inlet velocity. It was further shown, that Case2 is a sufficient approx-
imation of Case 3. Therefore, it is concluded, that the effort of preparing
particles of Case3 does not justify the negligible performance increase
compared to particles of Case2.

In summary, a fixed-bed methanation reactor filled with optimal
catalyst particles of Case2 offers the following advantages:

e Stoichiometric and undiluted feed to the reactor is possible. There is
no need for feed dilution by product or inert gas in order to prevent
temperatures, which cause catalyst deactivation.

® One simple fixed-bed reactor is sufficient for achieving carbon di-
oxide conversions of greater than 95%. A sophisticated reactor
concept, as for example with distributed feed injection or multiple
reactors in series, is not necessary.

e The employed particle-reactor system shows reduced thermal sen-
sitivity with regard to the coolant temperature and offers increased
flexibility with regard to inlet velocity and pressure changes.

e A fast start-up and shut-down of the reactor is realizable. The par-
ticle-reactor concept is therefore suitable for rapid load changes.

For future work, the optimization of the catalyst particles together
Appendix A. Additional model equations

A.1. Substance property models

Chemical Engineering Journal 387 (2020) 123704

with the reactor design is of major interest. Additionally, the manu-
facturing of the proposed catalyst particle concept is an important ob-
jective, in order to experimentally validate advantages, which were
discussed in this work.
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For the heterogeneous reactor model employed in this work, the ideal gas law is used as thermal equation of state. The binary diffusion

coefficients are approximated by the equation of Fuller [29]:

— _ /2
0.00143(T/K7| (M) 4 (2 )7 1
DiJ . g/ mol g/ mol

P 1/3 1/312
bay\/f[A,- + A

cm?/s

(A1)

The Wilke-equation [37] is used to calculate the diffusion coefficients of the mixture:

1—-x
DM,i =~
I
Dij
=LA

(A.2)

Heat capacities, heat conductivities and viscosities of the pure components are calculated as given in the VDI-Warmeatlas [29]. The latter are

averaged according to the mixing rules given in [38]:

<

- (rer]

(A.3)

(A.4)

(A.5)

The heat capacity of an ideal gas mixture is the weighted sum over the pure component mixtures:

N
Cp.G = E YiCp,i-
i=1

(A.6)

Reactions enthalpies are obtained by integrating the sum of the species heat capacities weighted with the stoichiometric coefficients:

T N
ARH = fTo Z; V,-cp,,-dT.
i=

(A7)
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A.2. Transport parameters

As the density of the fluid changes in dependence of the temperature and the concentrations in reactor, the superficial velocity of the reactor is
scaled according to the continuity equation:

PG, in

uo($) = Ug,in m (A.8)

For the calculation of the mass and heat flow between gas phase and catalyst particles, the specific particle surface area a,, the respective mass
transfer coefficients k; and the heat transfer coefficient h are needed. The specific surface area of spherical catalyst particles is given by

@ = 61 —¢
v=6—— (A.9)
Mass and heat transfer coefficients are calculated by the correlations of Wakao and his coworkers [39,40]:
1/3 0.6
Dy d
k= Dol 4 M(L) (L) ,
d P D Hg (A.10)
/ 0.6
n=2ely 4 1.1(_cPvG“G )l 3(uopcd) .
d g Mg (A.11)

The coolant temperature T¢ is approximated as constant value and the overall heat transfer coefficient U lumps the heat transfer resistance at the
inside («;,) and outside (aoy) of the tube:

v=(L+L)
Aout Ain ’ (A12)

The heat transfer resistance of the tube wall is neglected and the heat transfer coefficient of the coolant is assumed constant. Froment [41] gives a
relationship of the inner heat transfer coefficient in dependence of the effective radial heat conductivity of the fixed-bed Ag, the wall heat transfer
coefficient to the tube wall ay,; and the tube diameter D:

Aip = + — .
Awall 8/\R (A 1 3)

The effective radial heat transfer coefficient in the fixed bed reactor is calculated according to the correlation of Yagi and Kunii [42]. It describes
a additive superposition of the packed-bed with stagnant gas 1,4 and the heat transport caused by dissipative cross-mixing:

uppcpcd

AR = Apeag +
R bed K, (A14)

In this equation K, is an semi-empirical term for describing the flow in proximity to the tube wall. It is given for spherical particles as [29]:

2 2
K. =7 2—(1——)]
( D/d (A15)

The heat conductivity of the bed with stagnant gas is given by the model of Zehner, Bauer and Schliinder, which is explained in detail for example
by Tsotsas [29]. As the Smoluchowski effect is neglected, the respective equations are:

Abed = kpeadc (A.16)
kpea = (1 — V1 — 5)5[5_1 + krad] + V1 - E)[¢kp + (1 - ¢)kc] (A.17)
Bk, + kygg — 1 k, + k, _
kC:£ (p 2ad )ln(p ad)+B+l[kmd_B]_B 1
N N kp B 2B N (A.18)
N=14 fme=B
kp (A.19)
1 o
B =Cy
! [ ] (A.20)
Kyag = %'Iﬂi
2/ea —1 Ag (A.21)
kp — AP,O
Ao (A.22)

The parameter of the model are the shape factor for spheres Cy = 1.250, the Stefan-Boltzmann-constant op,q = 5.67 X IO*SHTVTK, the emission
coefficient of the catalyst particles ¢,q = 0.4 and a flattening coefficient for spheres ¢ = 0.0077 [29].
The wall heat transfer coefficient on the inside of the reactor wall is given by the correlation of Martin and Nilles [43]:

12
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Fig. A.8. Sensitivity analysis of a reactor filled with optimized catalyst particles of Case 2 shown in Section 5 in dependence on the overall particle heat conductivity.
The optimal value of Section 5 is indicated by the green dot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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The model of Zehner, Bauer and Schliinder was derived for particles with constant heat conductivity over the whole diameter. However, in this
study, the heat conductivity can vary in some cases over the diameter of the particles, and therefore an overall particle heat conductivity would have
to be inserted into the equations. To the best of the authors’ knowledge, no such correlation exists in literature. For the studies in this work, it was
therefore fixed to 2.5 %, as this equals exactly half of the solid heat conductivity of 5 % To identify the influence of this parameter on the reactor
performance, in Fig. A.8 a sensitivity analysis on the conversion and maximum reactor temperature in dependence of the overall heat transfer
conductivity for optimized particles of Case2 is shown. The influence of this parameter on the carbon dioxide conversion in the covered parameter
range is diminishing. In contrast, it has a rather large influence on the maximum particle temperature and a low overall particle heat conductivity
could lead to a severe underestimation of the maximum particle temperature. However, such a low overall particle heat conductivity is not expected,
if taking the volume-averaged particle heat conductivity

o hr©aseds
Jy £

which equals 2.92 %, as approximation for this value.

(A.23)

(A.24)

A.3. Reaction kinetic equations

The following rate constant, adsorptions constants and equilibrium constant supplement the reaction kinetic equation of Koschany et al. (Eq
A.25) together with parameters given in Table A.4 [25]:

2
PCH4P 1,0
4
PCoyPH, Keg

05,05
kpy; Peo, (1 -

R = 5
Pmo 0.5 0.5
1+ Koy—ps + Ku + Kpni
( P 2Py T BmixPeo, (A.25)
Es| 1 1
k = kossskexp| —| — — =
Ro\Ty T (A.26)
Table A.4
Reaction kinetic parameters [25].
ko,ss5K 3.46 x 1074 _ mol
bar s geat
Ey 77.5 RS
mol
AOH,555K 0.5 1
bar0-5
AHog 22.4 kI
mol
AHy,555K 0.44 o1
bar0-5
AHy, -6.2 kI
mol
Amix,555K 0.88 1
bar0s
AHpix -10.0 R
mol
ko,eq 137 1
bar2
AG 158.7 kI
mol
Neg —3.998 -
Tref 555 K
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Appendix B. Numerical solution strategy

To solve the simulation and optimization problems in this work, the balance equations are discretized by the Finite-Volume-Method [44]. For
averaging the transport coefficients between the finite volumes, the harmonic mean is employed. The axial direction of the reactor is discretized by
150 equally spaced finite volumes, whereas the catalyst domain is discretized by 40 equally distributed finite volumes. Considering the mass
balances of the four chemical species as well as the energy balances on reactor and particle scale, a nonlinear ODE system of size
n = (40 + 1)-150-5 = 30750 is obtained. The equation system is implemented into the CasADi framework [45] in MATLAB.

To obtain feasible starting point for the optimization, the systems are integrated from an extinguished system state to steady-state, using the
CVodes integrator [46]. To ensure the stationarity of the received solution, the given system is solved once more by a newton equation solver, with
the given steady-state solution from the transient simulation as initial guess. The solution of the optimization problem is done by using IPOPT [47]
with MA97 as underlying linear solver on a LINUX machine. In order to increase the numerical stability of Case 3, 20 degrees of freedom are used for
each optimization variable in radial direction. One degree of freedom of each optimization variable therefore accounts for two neighboring finite
volumes. The subsequent transient simulations and sensitivity analysis are carried out the same way as the starting guess generation for the opti-
mization studies.

Appendix C. Particle scale sensitivity analysis

The following results extend the sensitivity analyses, which were done in Section 6, to the particle scale. It has been shown, that the particle-
reactor system of Case1 is not suited for a dynamic and flexible operation of methanation reactors. It can be further concluded, that the performance
gain of the particle-reactor system of Case3 is diminishing compared to Case2, despite the increased realization effort. Therefore, the following
studies focus on Case 2.

Due to stochastical influences during the catalyst particle production, it cannot be guaranteed that each particle corresponds exactly to the
specifications of the optimization study. In order to investigate the consequences, the carbon dioxide conversion and the maximum particle tem-
perature with respect to particle properties are analyzed. Therefore, the particle diameter and the dimensionless core radius, as well as the per-
meability of the shell zone and the activity of the core zone are varied.

As seen in Fig. C.9, decreasing the particle diameter and shifting the core radius towards the particle surface results in increasing carbon dioxide
conversion, as both instances lead to an increase of catalyst particle activity at the loss of shell diffusion resistance. Thereby, the effective reaction
rate is raised. However, this also increases the maximum particle temperature in the reactor. A certain tolerance space from the ‘design point’ exists,
but in order to guarantee flexible reactor operation without harming the catalyst, particles with larger diameters than at the ‘design point’ should be
preferred to smaller ones, as these do still achieve feasible carbon dioxide conversions but at lower maximum particle temperatures. For the same
reason, particles with thicker inert shells should be preferred over particles with thin shells.
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Fig. C.9. Sensitivity analysis of a reactor filled with optimized catalyst particles of Case2 presented in Section 5. Carbon dioxide conversion (——) and maximum
particle temperature (——) are shown in dependence of the particle diameter and the dimensionless core radius. Gray background marks area of infeasible reactor
operation (Xco, < 90%; Tp,max > 775 K). The optimal value of Section 5 is indicated by the green dot. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. C.10. Sensitivity analysis of a reactor filled with optimized catalyst particles of Case2 presented in Section 5. Carbon dioxide conversion (——) and maximum
particle temperature (——) are shown in dependence of the volume-related core activity and shell permeability. Gray background marks areas of infeasible reactor
operation points (Xco, < 90%; Tp,max > 775 K). The optimal value presented in Section 5 is indicated by the green dot. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. C.10 indicates, that the conversion and the maximum particle temperature increase with rising volume-related activity in the particle core
and with rising permeability of the particle shell. However, both of these variables vary in different ways. Starting from the ‘design point’, the
volume-related activity can drop to a value of 0.15 before leaving the feasible operation region. This knowledge offers two opportunities for reactor
design. On the one hand, it can be used in order to reduce the amount of active material in the particle, therefore lowering the catalyst costs. On the
other hand, it is shown, that there is no significant performance loss to be expected by possible long term aging processes, which possibly deactivate
the catalyst over an extended time period. It can be further concluded from Fig. C.10, that the permeability of the shell zone has a large impact on the
maximum particle temperature. Increasing the permeability to 0.0145 from the ‘design point’ results in an inadmissible maximum particle tem-
perature in the reactor. For this reason, the permeability of the shell zone should be adjusted with care when preparing the particles.
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