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Utilization of the gas streams generated by the iron- and steel-making industry for the synthesis of synthetic fuels or

chemicals is a promising way to kickstart a technical carbon cycle. Methanol synthesis from cleaned blast furnace gas is a

challenge for process design and operation due to high inert gas contents and fluctuations in the gas supply. In this work,

a miniplant setup with an adiabatic quench bed reactor was operated with cleaned blast furnace gas over a wide range of

process conditions. The experimental data obtained were used to validate a simulation model of the miniplant setup with

the perspective for an optimization of the process operational parameters. A high agreement between experimental and

simulation data could be obtained, validating the applicability of the simulation approach presented in this work.
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1 Introduction

Methanol synthesis from carbon dioxide (CO2)-rich gas
streams and electrolytically generated hydrogen (H2) in the
context of so-called Power-to-X processes has become a
dynamic field of research in the last three decades, as this
technology has the potential to mitigate greenhouse gas
emissions in both industry and fuel sector [1–3]. Scientific
activities are recently focusing on the description of reaction
kinetics for synthesis gases (syngases) with high CO2 con-
tents [4–6], the development of novel catalysts promising
higher activities and slower degradation [7–9] as well as the
economic assessment of Power-to-Methanol processes
[10–13]. On commercial catalysts, methanol synthesis is
described by the following two primary reactions:

COþH2OÐ CO2 þH2 DH0
R ¼ �41 kJ mol�1 (1)

CO2 þ 3H2 Ð CH3OHþH2O DH0
R ¼ �50 kJ mol�1

(2)

The hydrogenation of carbon monoxide (CO) was proven
in scientific literature to appear via the combination of
water-gas-shift (WGS) reaction (Eq. (1)) with subsequent
CO2 hydrogenation (Eq. (2)) rather than via the direct syn-
thesis route [4, 14, 15]. Due to the equilibrium limitation of
the reactions, methanol synthesis is usually operated as loop
process with unreacted gases recycled [16].

Besides the low fossil feedstock prices for conventional
methanol production, the high CO2 contents in sustainable
syngases remain as challenges for sustainable methanol
synthesis [17]. The share of CO2 within the sum of carbon
oxides (COx) in the syngas is defined by the carbon oxide
ratio (COR) [3]:

COR ¼
yCO2

yCO2
þ yCO

(3)

While conventional syngases based on gasification of coal
or reforming of natural gas are characterized by high CO
contents (COR < 0.5), sustainable pathways for methanol
synthesis typically feature a syngas with COR close to 1.0.
Among the CO2 sources currently discussed are gas streams
obtained from flue gases, biomass fermentation or direct air
capture (DAC) [18]. In this context, gas streams captured
from integrated steel mills operated via the blast furnace
route can be a viable option to overcome the thermo-
dynamic, kinetic and catalytic limitations caused by high
COR due to their considerable CO content [3, 19]. In the
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current state of the art, these gases are used to generate
internal process heat for the iron- and steelmaking process-
es. Besides, the gases are also used for the generation of
electric power, however, with a very high CO2 footprint per
kWh [20]. Covering approx. 87 % of the gases produced in
the coke-oven based steelmaking process, utilization of blast
furnace gas (BFG) by a carbon capture and utilization
(CCU) process is necessary to achieve a significant reduc-
tion of CO2 emissions in conventional integrated steel mills.
However, in comparison to CO2-based synthesis gas, BFG
entails the drawbacks of the requirement for advanced gas
cleaning technologies to remove catalyst poisons like sulfur
or halogen compounds [21] as well as a high N2 content of
approx. 48 %, which cannot be separated easily from the gas
stream due to the presence of CO [22]. The inert gas con-
tent yinert in methanol synthesis is determined by the com-
ponents nitrogen (N2), methane (CH4) and argon (Ar) as
follows:

yinert ¼
_nCH4 þ _nN2 þ _nAr

_ntot
(4)

As BFG only contains approx. 4 % H2, additional H2 from
sustainable sources such as water electrolysis operated using
renewable energy is necessary to obtain a syngas suitable for
methanol synthesis. As a measure of the H2 content in the
syngas, the stoichiometric number SN is defined by Eq. (5):

SN ¼
yH2 � yCO2

yCO2
þ yCO

(5)

To avoid side products, SN > 2.0 should be kept at the
reactor inlet [23]. Once BFG is mixed with additional H2,
the inert gas content of the so-called make-up gas (MUG)
fed into the synthesis process decreases depending on the
amount of external H2. Thus, an increase of SN would lead
towards a decrease in inert gas content and potentially
higher reaction kinetics [4]. However, a too high H2 content
can also be detrimental for the reaction kinetics due to the
dilution of the carbon oxides in the MUG and loop [4].
Thus, the amount of externally added H2 to the BFG stream
RH2,ext is one important key indicator for the composition
of the MUG and is from here on defined as:

RH2; ext ¼
_nMUG;H2;ext

_nMUG;tot
(6)

In one of our previous publications [3], we showed that
BFG-based syngas enriched with external H2 entails higher
inert gas contents compared to conventional state-of-the-
art syngas obtained from the natural gas reforming or coal
gasification. Thus, alternative process and reactor layouts
need to be discussed in the context of the research project
Carbon2Chem� to identify economic pathways towards the
production of methanol from steel mill gases. Besides the
polytropic steam cooled tubular reactor, adiabatic quench
reactor layouts with cold syngas fed between the reactor
stages for temperature control are widely applied in indus-

try due to their lower investment costs and better capability
for scale-up [24]. In order to evaluate the potential of this
reactor type for the industrial implementation of methanol
synthesis from steel mill gases, an adiabatic quench type
miniplant setup is operated by Fraunhofer ISE in the con-
text of the Carbon2Chem� project [25]. In this work, the
influence of the process operating conditions on the opera-
tion of the miniplant setup will be investigated by an experi-
mental campaign using purified BFG as the COx-supplying
gas stream. The experimental results will be analyzed and
used to validate a process model for methanol synthesis
loop processes with adiabatic quench bed reactors.

2 Methods

In order to examine the behavior of methanol synthesis
from steel mill gases under realistic conditions, the mini-
plant setup used throughout this work was installed at the
Carbon2Chem� technical center in Duisburg [26]. At this
site, the steel mill gases are cleaned, conditioned and sup-
plied to the experimental facilities operated by the project
consortium. Thus, fluctuations from the upstream processes
at the integrated steel mill and potentially remaining con-
taminants are passed through to the laboratories to obtain a
realistic showcase regarding their influence on process sta-
bility in a later scale-up.

Fluctuations in the process parameters and gas composi-
tion are known to greatly impact on the performance of
methanol synthesis usually implemented as loop process
with unreacted syngas recycled to the reactor. In one of our
previous works [3], we defined the loop carbon efficiency
(LCE) and the internal loop hydrogen efficiency (LHEint) as
two key performance indicators for assessment of the pro-
cess quality:

LCE %½ � ¼
_nprod;MeOH

_nMUG;CO þ _nMUG;CO2
� 100% (7)

LHEint %½ � ¼
2 _nprod;MeOH þ _nprod;H2O

_nMUG;H2
� 100% (8)

Besides, the performance of the catalyst can be evaluated
by the weight time yield (WTY) correlating the mass flow of
methanol produced to the mass of catalyst in the reactor:

WTY ¼
_nprod;MeOH MMeOH

mcat
(9)

2.1 Miniplant Setup

The experimental setup used for the validation of the
process model during this work is schematically depicted in
Fig. 1. The setup was designed, constructed and
continuously optimized by Fraunhofer ISE during the
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Carbon2Chem� project to obtain a plant behavior closely
related to an industrial methanol synthesis process [25].
The process layout of the miniplant consists of two adia-
batic reactors with the MUG used as a quench gas fed
between the reactors, and a recycle loop including a con-
denser, flash separator, purge gas valve and loop compres-
sor. The miniplant is controlled by remote operation and
automated for 24/7 methanol production. For the experi-
mental campaign performed at the technical center in Duis-
burg, educt gases were preferably dosed from the technical
gases supplied on-site from the steel mill gases, i.e., cleaned
BFG as well as H2 obtained from a pressure swing adsorp-
tion of coke oven gas via Coriolis flow meters FIC01 and
FIC02, respectively. Due to the fluctuating nature of the
BFG composition, this stream was permanently analyzed
for its main components, i.e., H2, CO2, CO, N2 and CH4, by
an Emerson X-STREAM gas analyzer. Variations in the
composition were accounted for by the miniplant control
software. Besides the gases produced on site, syngas could
also be supplied from gas bottles for CO2 (FIC03), H2

(FIC04) and N2 (FIC05).
The operating pressure of the miniplant setup was set

51 bar absolute pressure for the experiments performed
during this study. The gases dosed into the MUG line of the
process were heated towards the desired inlet temperature

of the reactor R500 and quenched with the product of the
loop reactor R501 to reduce the gas temperature and
increase the thermodynamic driving force of the reactions.
660 g of full-sized catalyst pellets supplied by Clariant were
divided between the two reactors and diluted with a-alumi-
na as inert material. To account for heat losses and the adia-
batic temperature increase along the reactors, these were
equipped with two-zone heat jackets. In both reactors, the
temperatures were monitored by six axially distributed ther-
mocouples in the center and close to the reactor wall,
respectively. The temperatures of the heating jackets were
adapted to minimize the radial temperature gradient caused
by heat losses through the reactor wall along the axial
length of the reactors. Further details on the reactor and
catalyst particle geometry are provided in Tab. 1.

The liquid products of R500 were condensed with cooling
water supplied at temperatures between 15 �C and 20 �C
and separated by a cyclone flash separator. The liquid was
collected and frequently discharged from the process via a
solenoid valve system. Composition of the raw methanol
was analyzed by an Abbemat 650 online refractometer. The
methanol and water content were determined online by the
refractive index according to the methodology presented in
[27]. Downstream the refractometer, the liquid product was
led into a vessel with a maximum operating pressure of
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Figure 1. Schematic illustration of the miniplant setup.
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10 bar. The vessel was placed on a balance to determine the
amount of liquid product generated. Additional liquid sam-
ples were drawn from the mid-pressure vessel periodically
and analyzed considering the possible side products. Every
time the maximum pressure in the vessel was reached, the
product was transferred into a product collection barrel.

The uncondensed gases were recycled to R501 by mag-
netic-clutch loop compressors. Flow through the compres-
sors was controlled via their shaft rotational speed. The
amount of recycle gas was measured using a mass flow me-
ter (FI07) located downstream the loop compressors. The
desired recycle ratio RR was adapted regarding Eq. (10):

RR ¼
_nloop

_nMUG
(10)

The pressure inside the process loop was controlled by a
pneumatic pressure regulating valve discharging the purge
gas from the process. The mass flow of the purge gas was
continuously monitored by a Coriolis flow meter (FI06).
Downstream this sensor, the purge gas was dried and fed
into a gas analyzer, twin to the BFG analyzer, where the
main components H2, CO2, CO, N2 and CH4 were mea-
sured continuously. The complete set of the experimental
data was written into a log file with a temporal resolution of
1 s. These data were compressed by creation of overlapping
balance intervals with a duration of 60 min starting every
15 min.

2.2 Experimental Campaign

The miniplant setup operated during this experimental
study was designed for autonomous 24/7 operation. During
the herein discussed experimental campaign, the plant was
operated for a time on stream (ToS) of approx. 1340 h.
Before the start of the herein described experimental cam-
paign, the catalyst was exposed to synthesis conditions for
1000 h ToS to account for the initial deactivation of the
fresh catalyst [17, 28]. To obtain experimental data for the
validation of the simulation model, the logged experimental
data were filtered to remove outliers and data obtained dur-

ing non-steady load points. Unusable working points were
identified by errors in the C/H/O balances exceeding a value
of 5 %. Overall, 1983 balance points were successfully
extracted from the raw data.

During the experimental campaign, a set of parameter
variations for the process input parameters was carried out
for the reactor inlet temperatures, RR and RH2; ext over the
ranges provided in Tab. 2. The flow rate of the MUG was
kept constant at _VMUG = 21 LN min–1. Unavoidable fluctua-
tions in the BFG composition caused by the steelmaking
process were directly passed through to the MUG reflecting
the ‘‘real-world’’ challenge of producing chemicals from
BFG. Thus, the maximum, minimum and mean values of
SN, COR and yinert of both the BFG and the MUG are also
provided in Tab. 2.

During the experimental campaign, the focus was set on
the variation of RR and RH2,ext as the circulation of the syn-
gas in the loop and the stoichiometry of the gas stream were
found important process parameters for the later industrial
implementation of the Carbon2Chem� process. To avoid
thermal sintering of the catalyst at temperatures exceeding
280 �C due to fluctuations in the syngas composition, the
outlet temperature of the two catalyst beds was preferably
kept around 260 �C by control of the inlet temperatures of
the reactors in order to keep a safety margin [28].

2.3 Simulation Model

2.3.1 Reactors

The simulation of the miniplant process loop was per-
formed using a Matlabª Simulink model. The two reactors
were implemented with an ideal adiabatic reactor model
applying the following balances for heat, mass and impulse:

Chem. Ing. Tech. 2022, 94, No. 10, 1466–1475 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 1. Geometric dimensions of the catalyst beds of the mini-
plant.

Parameter Value

din [m] 0.0635

dp [m] 0.0054

rcat [kg m–3] 1870

hbed,R500 [m] 0.322

hbed,R501 [m] 0.138

mcat,R500 [kg] 0.440

mcat,R501 [kg] 0.220

Table 2. Input parameters varied and composition of BFG and
MUG obtained during the experimental campaign presented in
this work.

Parameter Min. value Max. value Mean value

Tin,R500 [�C] 171.8 219.8 216.4

Tin,R501 [�C] 180.7 228.1 225.3

RR [–] 1.0 4.5 4.3

RH2,ext [–] 0.56 0.74 0.65

SNBFG [–] –0.45 –0.30 –0.37

CORBFG [–] 0.39 0.50 0.46

yinert,BFG [–] 0.43 0.56 0.47

SNMUG [–] 2.14 5.56 3.41

CORMUG [–] 0.39 0.50 0.46

yinert,MUG [–] 0.12 0.22 0.17
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dT
dx
¼
P

DHR;ireff ;iARrbulk

cp;gas _ntot
(11)

d _nj

dx
¼ rbulkAR

X
ujreff ;i (12)

dp
dx
¼ � 1:75þ 150

1� ebulk

Rep

 !
1� ebulk

e3
bulkdp

rgasu
2
0 (13)

The kinetic model was implemented as Langmuir-Hin-
shelwood-Hougen-Watson (LHHW) approach according to
a previous publication [4]. Further details on the kinetic
model are provided in the Supporting Information of this
publication. Due to an extrapolation in COR below 0.7 and
a different catalyst applied in this study, possible disagree-
ments between the simulation and the experimental data
were expected [4]. However, as the kinetic model was iden-
tified as the most reliable for the catalyst used in this study,
it was applied in the simulation without modification.

As full-sized catalyst pellets were utilized in this work, the
diffusion limitation had to be considered. Thiele modulus
was proven by Lommerts et al. to deliver a good description
of the diffusion limitation in methanol synthesis. Thus, this
approach was applied throughout this work [4, 29, 30].

2.3.2 Flash Separator

Besides the reactors, the flash separator was one important
submodel for the simulation, as the solubility of the gases,
predominantly CO2, greatly affects the composition in the
loop process. Experimental data on the vapor-liquid equi-
libria (VLE) of the components H2O, MeOH, CO2, H2, N2

and CO available in literature were used to tune the binary
interaction coefficients of the equation of state (EoS) by
Peng-Robinson (PR) [31] applying the extended standard
mixing rule as a temperature-de-
pendent polynomial of 2nd degree
as follows:

kij ¼ kij;0 þ kij;T
T

K�1½ �

þ kij;T2

T2

K�2½ � (14)

Details on the fitting procedure
and the literature data used are
provided in the Supporting Infor-
mation of this work. In Tab. 3,
the binary interaction coefficients
fitted for the PR EoS using the
experimental VLE data are pro-
vided are shown. As no experi-
mental VLE data were available
for the other binary mixtures rel-
evant for this work, the binary in-
teraction coefficients of zero were
assumed for those systems.

By a detailed analysis of the experimental data, the
cyclone flash separator of the miniplant was found to deliv-
er a separation efficiency of approx. 91 %. Thus, this value
was used in the simulation model for the experimental vali-
dation.

2.4 Validation and Optimization Methodology

For the validation of the simulation model of the miniplant,
the balance points obtained from the experimental cam-
paign were clustered consecutively in case of constant pro-
cess input parameters. A maximum of 10 sequential balance
points was clustered into one working point by this
approach. Thus, the number of simulations was reduced by
factor 9.2 with the result of significant savings in computa-
tional time for the validation. After the simulation was exe-
cuted, the simulation results were allocated to the respective
experimental points to determine the deviation between the
experimental points and to plot the simulation results. In
Fig. 2, the methodology for the selection, clustering and

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 10, 1466–1475

Table 3. Temperature dependent binary interaction coeffi-
cients obtained from the experimental VLE data for PR EoS.

kij,0 [–] kij,T [K–1] kij,T2 [K–2]

MeOH-H2O 0.1789 –1.435 � 10–3 2.011 �10–6

CO2-MeOH –0.1057 4.790 � 10–4 1.420 � 10–7

CO2-H2O –0.9317 4.051 �10–3 –4.489 � 10–6

CO-MeOH –0.6376 1.852 � 10–3 –1.247 � 10–6

H2-MeOH –1.5004 4.309 � 10–3 –8.118 � 10–7

N2-MeOH –0.5040 9.193 � 10–4 9.388 � 10–7

Figure 2. Schematic illustration of the data selection applied for the validation of the simula-
tion model in this work.

1470 Research Article
Chemie
Ingenieur
Technik

 15222640, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200022 by Fraunhofer Ise Inst. Solar E

nergy System
s, W

iley O
nline L

ibrary on [28/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



validation of the experimental data is provided as schematic
diagram of the workflow.

3 Results and Discussion

3.1 Experimental Results

During the experimental campaign presented in this work,
fluctuations in the composition of the BFG as noted in
Tab. 2, impacted the experimental results. Nonetheless, sta-
ble operation of the miniplant was possible and no inci-
dents were caused by fluctuations of the gas compositions.
During the experimental campaign, approx. 400 kg of raw
methanol were produced from BFG. In Tab. 4, the composi-
tion of the process loop gas, the outlet temperatures of the
reactors and the key indicators obtained during the experi-
mental campaign are provided.

The values for the loop composition clearly indicate the
impact of the process loop on the process conditions. While
SNMUG reached a maximum value of 5.56 during the experi-
mental campaign (see Tab. 2), H2 was accumulated in the
loop, inducing values of SNloop = 29.95. In a similar manner,
inert gases were accumulated in the loop from a mean value
of yinert,MUG = 0.17 to yinert,loop = 0.29 during the experimen-
tal campaign. Since high inert gas contents in the process
loop composition lead towards slower reaction kinetics and
lower equilibrium yields, this issue needs to be addressed in
a future implementation of an industrial CCU process mak-
ing methanol from BFG. COR in the process loop is influ-
enced by the interaction of WGS reaction (Eq. (1)) and CO2

hydrogenation (Eq. (2)). While the mean value for CORMUG

was 0.46, CO2 among the carbon oxides was enriched to-
wards a mean value of CORloop = 0.57 during the experi-
mental campaign.

Control of the outlet temperatures of the two reactors
turned out to be challenging, as these were sensitive to slight
variations in the inlet temperature or fluctuations in gas
composition. Moreover, the approach to equilibrium inside
R501 impacted the reactions driving force in R500 and con-

sequently the adiabatic temperature rise. However, the criti-
cal temperature limit of 280 �C was not exceeded during the
experimental campaign.

The high inert gas content in the process loop resulted in
high purge gas streams and, therefore, decreased values for
LHEint and LCE. Maximum values of 53.3 % and 82.2 %, re-
spectively, could be reached within this campaign. Future
studies using the validated model to optimize process pa-
rameters as the reactor inlet temperatures, RR, RH2,ext,
_VMUG or the distribution of the catalyst among the two re-

actor stages will allow to improve the loop efficiencies. Be-
sides, LHEint could be increased further by H2 recovery
from the purge gas, e.g., by membrane technology or pres-
sure swing adsorption [32].

In Fig. 3, a detailed analysis of the variation of RH2,ext is
provided by means of MUG composition (A), loop compo-
sition (B, C) and reactor outlet temperatures (D). The ex-
perimental data were filtered for this analysis to provide
similar process working conditions, i.e., RR = 4.5, 0.45 £
CORMUG £ 0.47, 218 �C £ Tin,R500 £ 219 �C and 227 �C £
Tin,R501 £ 228 �C. However, slight changes in the reactor in-
let temperatures were unavoidable as fluctuations in the
syngas composition impacted on the conditions in the loop.
As the H-balance error was found to increase at high RH2,ext

due to increased analytical inaccuracies, this filter criterion
was relaxed from 5 % towards 10 % for this analysis (faded
out data points).

Fig. 3A and 3B emphasize the impact of RH2,ext towards
the composition in the MUG and loop of the BFG-coupled
process. While an increase in SNMUG led towards a lower
inert gas content in the loop and potentially better reaction
kinetics, surplus in H2 led towards lower CO and CO2 parti-
al pressures in the loop with the consequence of slower re-
action kinetics. As a consequence, an approach of CORloop

to CORMUG was observed with rising RH2,ext (Fig. 3C) repre-
senting an activity decrease for the WGS reaction. The neg-
ative impact of H2 accumulation in the loop on the reaction
kinetics can also be observed by the outlet temperatures of
the two reactors decreasing starting from RH2,ext > 0.65.
However, at RH2,ext < 0.60, a decrease in the outlet tempera-
ture of R501 can be observed as the consequence of lower
catalyst productivity at increasing inert gas contents in the
loop. Hence, at the MUG composition obtained from the
BFG, a compromise between excess in H2 and the reduction
of the inert gas must be found. This result underlines the
importance of RH2,ext for an optimization of BFG-based
methanol synthesis processes.

3.2 Validation of the Simulation Model

For the validation of the miniplant simulation model, all data
points satisfying the 5% C/H/O-balance criterion were con-
sidered. In Fig. 4, the parity plots obtained for the normalized
WTY (A), SNloop (B), CORloop (C), yinert,loop (D) as well as the
outlet temperatures of R500 (E) and R501 (F) are provided.

Chem. Ing. Tech. 2022, 94, No. 10, 1466–1475 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 4. Output parameters obtained from the miniplant dur-
ing the experimental campaign.

Parameter Min. value Max. value Mean value

SNloop [–] 2.54 29.95 8.02

CORloop [–] 0.50 0.61 0.57

yinert,loop [–] 0.18 0.36 0.29

Tout,R500 [�C] 249.1 267.2 262.5

Tout,R501 [�C] 240.4 263.0 259.1

LHEint [–] 22.7 53.3 44.5

LCE [–] 38.3 82.2 70.9
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In the case of the normalized WTY (A), all data points
simulated for RR = 4.5 and RR = 3.0 lie within the 10 %
error range of the parity plot. This result underlines the
high accuracy of the simulation model as 94 % of the exper-
imental points were obtained at these process conditions.
However, with a further reduction of RR, an increasing sys-
tematic deviation between the experimental and simulated
data appears in the parity plot. This deviation can probably
be explained by lower gas velocities in the reactors and
higher axial temperature gradients degrading the plug flow
behavior in the catalyst beds. Hence, the operational range
of the miniplant should be limited to RR > 3.0 in future
experimental campaigns used for the validation of the simu-
lation model. Since the highest WTY of the miniplant was
observed at RR = 4.5, the operational points at low RR will
not be of further interest for future studies using the mini-
plant setup.

With regard to SNloop, CORloop and yinert,loop in Fig. 4B–D
good agreement could be achieved at the operating points
with RR = 4.5. The slight decrease in model accuracy with
increasing SNloop is due to the high sensitivity of this key
indicator towards analytical errors in the gas analyzer. In a
similar manner to SNloop, model accuracies within the 10 %
error range were obtained for yinert,loop, however, with the
aforementioned tendency of increased deviations at lower

recycle ratios. CORloop was
underestimated by the simulation
model for all data points. While
the error remained within the
10 % error range at RR = 4.5, in-
creasing inaccuracies were ob-
served with a further reduction of
RR. As COR is highly depending
on the interplay of WGS and
CO2 hydrogenation, this finding
could be caused by the extrapola-
tion of the kinetic model outside
its validated data range (COR <
0.7) and the use of a different cat-
alyst [4]. This finding underlines
the demand for kinetic measure-
ments at lower COR values to ob-
tain a more detailed description
of methanol synthesis from steel
mill gases.

The parity plots for the outlet
temperatures of the reactors
R500 and R501 are provided in
Fig. 4E and 4F. An agreement
within the 10 % error range could
be achieved for all data points
with RR ‡ 3.0 indicating the
ability of the kinetic model for an
appropriate description of the re-
action kinetics in this reactor
type. The deviations at smaller

RR are probably caused by the deteriorating plug flow be-
havior in the reactors at low flow rates mentioned above.

In Fig. 5A, the temperature profiles measured along the
reactors are compared for one exemplary working point
against their counterparts from the simulation. The graph
indicates slight deviations between the measured tempera-
ture profiles and the reactor simulations with the tendency
of an underestimation of the temperatures as already shown
in Fig. 4E and 4F. These differences are most probably
caused by a slightly higher activity of the catalyst used in
this study and deviations of the miniplant reactors from an
ideal adiabatic behavior. However, despite these error influ-
ences, the reactor model was highly capable of describing
the axial temperature profile along the two reactors.

In order to emphasize the potential of the simulation
model for the optimization of the miniplant operation, the
approach to equilibrium is depicted in Fig. 5B. For a further
increase of the methanol yield, the reactor inlet tempera-
tures of R500 and R501, the amount of quench gas alias
_VMUG, and the recycle ratio could be adapted in future

work. Moreover, a third reactor stage and/or a redistribu-
tion of the catalyst between the stages would enable the
miniplant to obtain higher yields. Other than that, allowing
higher outlet temperatures and operating pressures would
positively affect the productivity. However, the effects of hy-

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 10, 1466–1475

Figure 3. Composition of the MUG by means of SNMUG (a, primary axis) and yinert,MUG (a, second-
ary axis), composition balancing in the loop regarding to SNloop (b, primary axis), yinert,loop

(b, secondary axis), CORloop (c) and outlet temperatures obtained in the two reactors (d) during
a variation of RH2,ext between 0.55 and 0.75 at RR = 4.5, 0.45 £ CORMUG £ 0.47, 218 £ Tin,R500 £
219 and 227 £ Tin,R501 £ 228; for the faded out data points, the tolerated H-balance error was
increased from 5 % towards 10 %.
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drothermal deactivation of the catalyst at higher
temperatures and higher water partial pressures
would need to be examined in more detail.

4 Conclusion and Outlook

The experimental results obtained during this
study proved that methanol synthesis from real,
cleaned BFG can be operated stably over 2300 h
ToS without negative consequences for process
safety or catalyst activity in a process layout
using adiabatic quench bed reactors. Moreover,
the complex interplay between the process
parameters such as inlet temperatures or SNMUG

could be better understood by connecting the
experimental results with a process simulation
of the miniplant setup. This simulation model
was successfully validated as the deviations
between experimental and simulation data for
the WTY, loop gas compositions and reactor
outlet temperatures at the technologically rele-
vant process conditions were less than 10 %.
Although the kinetic model used in this study
was measured at higher CO2 contents using a
polytropic reactor layout [4], transfer and
extrapolation of this model was possible without
modifications for the use case described in this
work. Finally, these results enable a real-time
simulation-assisted optimization of the process
operational parameters to increase key indica-
tors such as WTY, LHEint or LCE of the mini-
plant under fluctuating process conditions. This
optimization is currently being addressed by our
group with a promising perspective for further
scientific contributions.

Supporting Information

Supporting Information for this article can be
found under DOI: 10.1002/cite.202200022. This
section includes additional references to primary
literature relevant for this research [33–50].
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Figure 4. Parity plots of the normalized WTY (a), SNloop (b), CORloop (c), yinert,loop

(d), Tout,R500 (e) and Tout,R501 (f) for all working points considered in this study.
Color/symbols indicate the variation in the recycle ratio performed; dashed lines
indicate the 10 % error.

Figure 5. Comparison of the axial temperature profiles obtained from the
experiments and the simulation along the reactors (a) and the approach to
equilibrium simulated for the gas composition of R500 (b) for a working point
at RR = 4.5, RH2,ext = 0.56, CORMUG = 0.45 as well as reactor inlet temperatures of
Tin,R500 = 217.9 �C and Tin,R501 = 227.8 �C.
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Symbols used

AR [m2] cross sectional area
COR [–] carbon oxide ratio
cp [kJ mol–1K–1] heat capacity
d [m] diameter
DHR [kJ mol–1] reaction enthalpy
kij [–] binary interaction coefficient
kij,T [K–1] binary interaction coefficient,

linear T-dependency
kij,T2 [K–2] binary interaction coefficient,

quadratic T-dependency
LCE [%] loop carbon efficiency
LHEint [%] internal loop hydrogen efficiency
m [kg] mass
M [kg mol–1] molar mass
_n [mol s–1] molar flow
reff,i [mol s–1kgcat

–1] effective reaction velocity
RH2,ext [–] ratio of externally added H2

Re [–] Reynolds number
RR [–] recycle ratio
SN [–] stoichiometric number
T [�C] temperature
u0 [m s–1] empty tube gas velocity
WTY [gMeOH kgcat

–1h–1] weight time yield
x [m] axial coordinate
y [–] molar fraction

Greek letters

r [kg m–3] density
e [–] porosity
n [–] stoichiometric factor

Sub- and Superscripts

0 standard conditions
Ar argon
bed catalyst bed

cat catalyst
CH4 methane
CO carbon monoxide
CO2 carbon dioxide
gas gas phase
H2 Hydrogen
i reaction i
in at inlet / inner
j component j
bulk bulk
inert inert
loop process loop
MeOH methanol
MUG make-up gas
N2 nitrogen
p particle
purge purge gas
prod product
R500 reactor R500
R501 reactor R501
tot total

Abbreviations

BFG blast furnace gas
CCU carbon capture and utilization
COx carbon oxides
DAC direct air capture
EoS equation of state
MUG make-up gas
PR Peng-Robinson
ToS time on stream
VLE vapor liquid equilibrium
WGS water-gas-shift
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