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ABSTRACT: Recently, significant research has been dedi-
cated to the field of mitigating CO, emissions. Chemical
sequestration (fixation) of CO, into value-added products
(e.g, methanol, Fischer—Tropsch liquids, propylene) is an
emerging option. The fixation of CO, via the dry reforming
(DR) of natural gas involves the conversion of two greenhouse
gases (carbon dioxide and methane) into a useful intermediate
(synthesis gas). Synthesis gas can be subsequently converted
into various chemicals and fuels. Nevertheless, syngas
produced from DR is typically characterized by a H,:CO
ratio lower than that typically required for conversion into
high-value hydrocarbons. In addition, DR catalysts continu-
ously deactivate as a result of extensive coke formation. This
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paper focuses on quantifying the potential for CO, fixation using dry reforming and the integration of different reforming
technologies. The results highlight the strong inverse relationship between CO, chemical fixation and the required syngas H,:CO
ratio. Combined reforming involving DR and steam reforming greatly benefits from the presence of waste heat sources because
heat generation is the major source of CO, generation. A process case study is presented to illustrate the importance of a process

viewpoint with respect to DR.
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Bl INTRODUCTION

In recent years, societies and governments have begun to
change their fundamental views on the impact of human
development on climate change. Increased fossil fuel use,
deforestation, and industrial activity have all contributed to the
escalation of greenhouse gas (GHG) emissions. The debate has
shifted to focus on the reduction of GHG generation in new
systems and the mitigation of existing sources."”

Energy use and in particular hydrocarbon fuel combustion
represents the largest source of emissions.’ CO, emission from
fuel combustion is the single largest source of GHG emissions.
Together the electricity/heat generation (42%) and industrial
(21%) sectors are responsible for nearly two-thirds of the total
worldwide CO, emissions.” With increasing population,
growing energy demand, and developing economies, the
amount of emitted CO, is only expected to increase. As a
result, significant research effort has been dedicated to
mitigating CO, through emission reduction, capture and
sequestration, and utilization. In terms of reduction, the use
of renewable energy (i.e., solar, hydro, biomass, wind, etc.) has
steadily increased in recent years.*® Increased energy efficiency
and conservation through improved industrial process design is
also expected to lead to reduction in CO, emissions.” While a
shift in fossil utilization from coal to natural gas also results in
lower CO, emissions, increased use of natural gas increases the
probability of methane leakage and emissions. Given the
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potency of methane as a GHG (33 times greater than CO, for
20-year horizon), this may present new challenges.®

For CO, emissions from existing large stationary sources,
CO, capture and storage (CCS) has received substantial
attention.”'® Following capture and storage, the focus shifts to
identifying opportunities to physically sequestrate or chemically
convert CO,. Physical sequestration includes the physical reuse
of CO, (e.g, enhanced oil recovery, geothermal fluid,
beverages). Chemical conversion (fixation) is the chemical
conversion of CO, into value-added products (e.g,, methanol,
ethanol, propylene)."' "

Dry reforming (DR) is the chemical reaction between CO,
and hydrocarbons (primarily methane) to produce synthesis
gas (syngas, a mixture of carbon monoxide and hydrogen). The
potential to convert two greenhouse gases (carbon dioxide and
methane) into a useful intermediate (syngas) makes DR an
attractive option for the chemical fixation of CO,."* This syngas
can be used to produce a variety of products, including
chemicals, synthetic liquid fuels, and polymers.15 Nonetheless,
DR faces a variety of processing and technical challenges that
have hindered its commercial application."® From an economic
perspective, DR needs a concentrated source of CO, to supply
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the necessary quantities of CO, to justify the capital investment
of the reforming system. Catalyst deactivation due to solid
carbon de;)osition is also a major issue that has garnered
attention.”

Typical syngas conversion technologies require a high
H,:CO ratio such as methanol (2:1)"® and Fischer—Tropsch
synthesis (1.7:1 to 2.2:1)." Mixed alcohols synthesis is one of
the few viable options for syngas with a H,:CO ratio close to
1:1.*° Otherwise, DR of syngas requires substantial ratio
adjustment to meet specifications for other conversion
technologies. This ratio adjustment can be conducted by
combining DR with other reforming technologies that produce
a syngas with a higher H,:CO ratio. For example, steam
reforming (SR) of natural gas can produce syngas with a
H,:CO ratio that typically ranges from 3 to 6. A water—gas-shift
(WGS) reactor can also be used to adjust the syngas ratio. To
date, the implication of these H,:CO ratio requirements on
CO, generation and the prospects of a process that fixates CO,
using DR have not been thoroughly investigated.

Extensive research has focused on the DR of natural gas from
a reaction engineering perspective. Wang et al' investigated
the reaction mechanism and appropriate catalyst selection for
the production of syngas from the DR of natural gas. Guo et
al?' studied the use of different catalyst support for nickel
catalysts. Laosiripojana et al.”* studied the doping of CeO, on a
nickel-based catalyst to improve activity and resistance to
carbon formation. Various studies have also proposed
combining steam and dry reforming for the mitigation of
solid carbon deposition.”* >® These studies focus on the
reformer performance and in particular catalyst activity,
stability, and reaction mechanisms. This work addresses the
broader question of whether a process based on the DR of
natural gas can be used to chemically fixate CO, (by producing
less CO, than consumed). What is the appropriate reforming
technology? What is the quality of the produced syngas? What
product is made from such a process? In this paper, initial
emphasis is on establishing the CO, fixation targets for the
various reforming options. First, the amount of CO, that can be
strictly fixated in DR is investigated. This includes quantifying
the impact of reformer operating temperature, pressure, and
feed ratios. This is followed by quantification of the energy
required for CO, fixation and CO, emissions associated with
energy generation. The findings are subsequently used to
investigate possible products that can potentially lead to a
sample process that fixates CO,. Finally, a process is designed
based on the chosen products to determine if overall CO,
fixation using DR can be achieved. This includes the use of
mass and heat integration to maximize resource utilization and
reduce the external energy requirement.

B APPROACH

Given the substantial energy and cost associated with the
reformer section, particular focus is directed at modeling the
different reforming technologies. In most syngas processing
routes, the reforming section is operated at relatively high
temperatures (800—1400 °C).>” Reformer selection is a
complex decision and highly dependent on the downstream
application and particular technology provider. In fact, this
selection can be different for even the same downstream
application. For instance, the world’s largest gas-to-liquid
(GTL) plants, the Shell Pearl Project and Sasol/Chevron
Oryx GTL projects, use partial oxidation (POX) and
autothermal reforming (ATR), respectively. Methanol synthesis

can also utilize different reforming approaches (partial
oxidation or steam reforming).

Various literature sources indicate that reformer catalysts are
typically capable of achieving compositions close to equili-
brium,””~* and thus, equilibrium models can be used to give a
good estimate of reformer conversion. Equilibrium modeling is
not only useful in investigating specific scenarios but also in
establishing the impact of certain variables on the reforming
system. In this paper, the total Gibbs free energy minimization
method is used to model the reforming section. The method of
Lagrange undetermined multipliers is used to find a set of
molar distribution #; that minimizes the total Gibbs free energy
of the system for a specified temperature and pressure. This can
be expressed as'®

N $.P
Y, AG}j+RT1ny‘;) + ) Aag| =0
k

i=1 p

(1)

where AG}),- is the standard Gibbs of formation for species i, R is
the molar_gas constant, T the temperature (K), y; is the mole
fraction, ¢; is the fugacity coefficient of species i, P is the
pressure, and A the Lagrange multiplier for element k. This is
subject to the mass balance constraints described by eq 2,
where ay is the number of atoms of the k™ element, and A, is
the total mass of the k™ element.

Z nag = Ay

i )

Noureldin et al.'® details the use of thermodynamic
equilibrium modeling to identify the optimal reforming
configurations to maximize syngas yield and achieve specific
economic objectives. The model is capable of calculating the
reformer output composition and corresponding reformer
energy balance. The following species were chosen to represent
the reforming system: CH, @ CO2 gy CO (g Hy,O (y), and
H, (o). The model is capable of calculating the reformer output
composition and corresponding reformer energy balance.
Coking is modeled as graphite C(), and a multiphase
formulation is used, where n. is the number of moles of
carbon, and AGJ?C(S) is the standard Gibbs of formation of
graphite (eq 3).
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The model was implemented in optimization software
(LINGO ) and in MATLAB to generate plots highlighting
thermodynamic trends. The model was used to investigate
defined scenarios (set inputs) and to find optimal solutions for
defined objectives. In the formulation, the oxidant chosen
(CO, H,0, O,) and reformer output temperature were
allowed to vary. The inputs were defined as follows:

n,,CH, = 1 mol (4)
1;,CO, = x X n,, CH, (5)
1, H,O =y X n, CH, (6)
1,0, = z X n,, CH, )

where x,y,z are the number of moles of CO,, H,0, and O, fed
per mol of CH,, respectively.
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Table 1. Impact of Pressure on Dry Reforming”

pressure (bar) 1
CH, conversion (%) 98.7
energy input (MJ/h) 34,912
CO, associated with energy generation (kmol/h) 40
equivalent temperature (K)” 1,200
CH, for energy generation (kmol/h) 40
syngas H,:CO ratio 1
reformer output mole flow (kmol/h)
CH, 1.3
CO, 2.0
H,0 2.8
CO 193.1
H, 1945
C 3.5
CO, fixated (mol/mol CH, in reformer feed) 0.58
CO, fixated (mol/mol CH, total consumption) 041

S 10 15 20 28
94.3 90.1 86.9 84.3 82.2
32,244 29,862 28,105 26,740 25,639
37 34 32 30 29
1,440 1,570 1,653 1,717 1,769
37 34 32 30 29
1.03 1.05 1.07 1.08 1.09
5.7 9.9 13.1 15.7 17.8
8.5 14.0 18.0 21.0 23.3
11.9 20.2 26.3 31.1 35.0
171.1 151.8 137.8 127.0 118.3
176.6 160.0 147.5 137.6 1294
14.7 24.3 312 36.4 40.5
0.55 0.52 0.50 0.49 0.48
0.40 0.39 0.38 0.38 0.37

“T = 1200 K, CH, = 100 kmol/h, CO, = 100 kmol/h. bRequired temperature to achieve CH, conversion at T = 1200 K and P = 1 bar.

The reformer input temperature was assumed to be 300 K. In
addition, the oxidant to methane ratio was bound to ensure a
minimum methane input of 20 mol %.

These variables are allowed to vary as follows:

500 < T, (K) <1500 (8)
0<x<4 )
0<y<4 (10)
0<z<2 (11)
x+y+z<4 (12)

The conversion of natural gas to hydrogen and carbon
monoxide is suppressed as the pressure increases. In practice,
reformers are typically operated at pressures ranging from 20.0
to 40.0 bar.*?

The CO, produced by the reforming section includes the
reformer CO, output and the CO, emissions due to external
heat generation (e.g., burning of natural gas). According to the
U.S. Energy Information Administration (EIA), approximately
117 lbs of CO, are emitted per million BTU of energy from
natural gas. This is equivalent to approximately 1.14 mol per
MJ of energy. This is used to calculate the CO, produced
during heat generation. The fixation of CO, in the reformer
section is defined as

RS RI RO E
Mco, = Mco, — Mco, — Mco, (13)

where M%SOZ is the number of moles of CO, chemical fixated by
the reforming, MIC{IO2 is the number of moles of CO, fed to the
reformer, ME& is the number of moles of CO, generated in the
reformer, Ml(:‘;o2 is the number of moles of CO, produced during
external heat generation by combusting methane, and M%%Z,
Mo, Mlégz, and M¢o, are in relation to one mole of methane

fed to the reformer.

The model was solved using the LINGO global solver. The
solution times ranged from 10 to 120 s using an Intel i5-2500
CPU @ 3.30 GHz.

B RESULTS

Stoichiometric Targets for DR. The DR reaction is an
endothermic reaction and requires a considerable amount of
heat input. According to reaction 14, one mole of carbon
dioxide can be sequestered per mole of methane.

CH, + CO, = 2CO + 2H, AH,4 = 247 kj/mol

(14)

CH, + 20, — CO, + 2H,0 AH,4; = —891 kj/mol
(15)

Consideration must also be given to the heat requirement
and associated CO, generation. Assuming the use of methane
as the energy source, approximately 0.28 mol of CO, is
generated during heat generation for the conversion of one
mole of CO, into syngas. This requires an equivalent amount of
methane (0.28 mol). Thus, from a combined mass and energy
perspective, 0.72 mol of CO, can be sequestered per 1.28 mol
of methane using DR to produce syngas with a H,:CO ratio of
1:1. This is equivalent to 0.56 mol of CO, per mole of methane.
This represents a combined mass/energy stoichiometric target
for CO, fixation using DR.

Equilibrium Targets for Dry Reforming. In a reformer
assumed to operate at a CH,:CO, molar feed ratio equal to 1:1,
T = 1200 K and P = 2 MPa (typical of SMR operating
conditions), the amount of CO, that can be sequestered is
approximately 0.38 mol of CO, per mole of methane. This
includes the methane required for energy generation and
produces a syngas with a H,:CO ratio slightly higher than
stoichiometric ratio (1.08:1.0). Therefore, roughly 70% of the
stoichiometric target can be achieved using a dry reforming
reactor while also accounting for the external energy required.

Higher reformer operating pressure has a strong effect on the
reformer conversion, syngas ratio, and CO, conversion. Higher
pressure depresses methane conversion leading to lower H, and
CO yield while also increasing coke formation (Table 1). To
achieve the same CH, conversion, a significant temperature
increase is required to offset the impact of higher pressures.
From a CO, fixation perspective, lower pressure results in
higher CO, fixation. An increase in reformer operating pressure
from 1 to 25 bar reduces the achievable CO, fixation from 0.41
to 0.37 per mol of methane. This slight reduction in CO,
fixation indicates that pressure would be set by other
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Figure 1. Effect of CO,:CH, ratio on specific reformer outputs (P = 1 bar).

considerations as it has a small impact on the CO, fixation. The
major benefit of higher pressure is significant reduction in
reactor size and the need for compression prior to downstream
processing. This becomes a major economic driver to operate
reformers at higher pressures. However, this may to the recycle
of syngas to convert unreacted natural gas.

Figure 1 presents the impact of carbon dioxide to methane
feed ratio on CO, fixation, syngas H,:CO ratio, and coke
formation at a specific pressure (P = 1 bar). As the CO,:CH,
ratio increases from 1:1 to 4:1, the amount of CO, sequestered
increases to more than 1.25 mol per mole of methane.
However, the increase in carbon dioxide to methane ratio is
also associated with a decrease in the syngas H,:CO ratio. Such
a syngas is considered of low value and has limited application.
Figure 1 also shows that higher CO,:CH, ratios reduce the
amount of coke formation. This could be attributed to CO,
serving as an oxidant when present in excess.

For a CO,:CH, ratio of 1:1, the CO, produced during
energy generation constitutes the bulk of the CO, produced.
This shows that with the presence of waste heat sources and/or
appropriate heat integration the majority of the CO, associated
with energy generation can be reduced or avoided. As the CO,
to CH, feed ratio increases, CO, generation in the reformer
begins to constitute a bigger fraction of the total CO, produced.

There is a strong inverse relationship between CO, fixation
and the produced syngas H,:CO ratio. These DR targets
suggest that maximum CO, fixation is favored by lower
operating pressure, higher CO,:CH, feed ratios, and lower
syngas H,:CO ratios. However, process economics favor higher
operating pressure, lower CO,:CH, feed ratios, and higher
H,:CO ratios. Thus, a trade-off exists between the ability to
fixate CO, using reforming and the quality/value of the syngas
produced. This suggests that the commercial viability of DR
will require combining DR with other reforming technologies
to mitigate coke formation and produce a syngas of sufficient
quality for utilization.

Equilibrium Targets for Combined Reforming. Dry
reforming of natural gas can be combined with other reforming
technology. Steam (steam reforming) and oxygen (partial
oxidation) are also used to oxidize natural gas for syngas

628

production. These oxidants (CO,, H,0, O,) can be combined
in a single reformer (combined reforming). They can also be
carried out in individual reformers (parallel reforming) and the
outputs combined together. Steam reforming (SR) is the
predominant syngas generation technology for hydrogen
production. Partial oxidation (POX) is typically used for
syngas applications requiring a 2:1 H,:CO ratio.”® Reformer
combinations benefit by increasing the advantage and reducing
the drawback associated with each technology. For example,
autothermal reforming (ATR) combines oxygen and steam.
The addition of oxygen helps to balance the endothermic
natural of SR leading to a reduction in the external heat
requirement. Table 2 presents typical operating conditions and
outputs for the various reforming options in comparison to DR.

Typically, POX and ATR operate at lower oxidation ratios
compared to steam reforming, which results in a lower rate of
CO, generation (Table 2). Partial oxidation and ATR also give
much higher single-pass methane conversion. The high steam

Table 2. Comparison of Typical Operating Conditions for
Reforming Technology®"

SR POX ATR DR
operating conditions
temperature (°C) 850 1350 1050 950
pressure (bar) 20 25 25 20
molar input ratios
CH, 1 1 1
H,0 3 0 0.6 0
0, 0 07 0.6 0
co, 0 0 0 1
outputs (kmol/h)*
CH, 16 0 2 14
co, 31 6 16 18
H,0 184 34 66 27
H, 284 166 189 145
CcO 53 94 82 138
Cy 0 0 0 31

100 kmol/h methane feed basis.
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to methane ratio used in steam reforming results in a large
quantity of steam in the reformer output. This unreacted steam
leads to a higher external heat requirement. However, the
hydrogen yield of steam reforming is much greater compared to
the other technologies making it advantageous for hydrogen
production.

Partial oxidation is exothermic, while ATR can be operated
either slightly endothermic or adiabatic depending on the
chosen O,:H,0 feed ratio. Steam reforming requires the most
external heating, which increases the generation of CO,
associated with heat generation (Table 3). The endothermic

Table 3. Comparison of Key Outcomes for Various
Reforming Options

key findings® SR POX ATR DR
H,:CO ratio 54 1.8 2.3 1.1
syngas yield (mol/mol methane) 34 2.6 2.7 2.8
syngas yield (g/g methane) 1.3 1.9 1.7 2.6
energy input (MJ/h) 45,766  —530 5,164 28,296
energy associated CO, (kmol/h) 52 0 6 32
total generated CO, (kmol/h) 83 6 22 50
fixated CO, (mol/mol methane) - - - 0.50
fixated CO, includes methane for 0.38

heat generation (mol/mol
methane)

2100 kmol/h methane feed basis.

nature of DR also results in a significant generation of energy-
associated CO,. Of these reforming options, partial oxidation
has the lowest total generation of CO,

These results confirm that each reforming technology offers
particular benefits, and the combination of multiple oxidants
may result in a more beneficial reforming section. The
following sections detail the combination of particular oxidants
to dry reforming: steam and oxygen. This is followed by an
analysis to determine the optimal oxidant combination and
reformer configuration (combined reformer or parallel
reforming) to achieve particular syngas H,:CO ratios.

Combined Dry Reforming and Steam Reforming
(CDSR). Dry reforming produces a large amount of coke
(Table 4), which means that its commercial success will require
the change in operating conditions or the inclusion of an
additional oxidant. Changes to operating conditions for DR
would require further research to identify catalysts capable of
operating at higher temperatures. Combined dry and steam
reforming (CDSR) provides an opportunity to mitigate coke
formation and increases the H,:CO ratio. An analysis was
conducted to determine the minimum amount of steam
necessary to avoid coking while using the operating conditions
previously described for DR. Table 4 shows that a CO,:H,0
input ratio of 1:0.4 is sufficient to thermodynamically hinder
coke formation. This steam addition only results in a slight
H,:CO ratio increase but also results in a higher syngas yield
due to greater methane conversion. While the additional steam
mitigates coke formation, it also leads to an increase in CO,
production, reducing the amount of CO, that could be fixated
from 0.38 to 0.27 (mol/mol of methane).

Combined Dry Reforming and Partial Oxidation
(CDPOX). Research efforts have also been dedicated to the
combination of dry reforming and partial oxidation. In such a
configuration, the oxygen in the reformer reacts with methane

629

Table 4. Impact of Combining DR + SR for Coking
Mitigation

DR DR + SR
operating conditions
temperature (°C) 950 950
pressure (bar) 20 20
molar input ratios
CH, 1 1
H,0 0 04
0, 0 0
co, 1 1
outputs (kmol/h)“
CH, 14 16
co, 18 2
H,0 27 34
H, 145 174
CcO 138 162
o 31 0
H,:CO ratio 1.05 1.07
energy input (MJ/h) 28,296 34,752
energy associated CO, (kmol/h) 32 40
total generated CO, (kmol/h) 50 62
energy associated CH, (kmol/h) 32 40
fixated CO, (mol/mol methane) 0.5 0.38
fixated CO, includes energy associated CH, 0.38 0.27

(mol/mol methane)

100 kmol/h methane feed basis.

(reaction 16) to produce a syngas with a H,:CO ratio close to
2:1 while providing heat for dry reforming to occur.

CH, + 0.50, — CO + 2H, AH,,, = —36 kj/mol
(16)
The two reformers can also operate in parallel with the exit
streams being combined. It is important to determine which
configuration is more appropriate for various objectives. Table

S presents a comparison between a CDPOX reformer and DR/
combustor configuration to generate the required heat. The

Table S. Comparison of Combined CDPOX and DR/
Combustor”

DR/combustor CDPOX
reformer input (mol)
CH, input 1 1.51
CO, input 2 2
O, input _ 1.03
temperature (K) 1400 1020
reformer output (mol)
CH, conversion (%) 100 100
H, 145 193
CcO 2.55 2.03
co, 045 147
energy input (kJ) 457 _
combustor input/output (mol)
CH, combustion 0.51 _
O, combustion 1.03 -
CO, combustion 0.51 -
total CO, generation (mol CO,) 0.96 147
fixated CO, includes energy associated CH, 0.69 0.35

(mol/mol methane)

“P =1 bar.
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analysis shows that combining DR and POX produces more
CO, than simply carrying out DR and using a combustor to
produce the required energy. Carbon dioxide is not only
produced in the reformer during the combustion of methane
but also through the apparent reduction in CO, utilization in
the reformer. This leads to a higher reformer CO, output. The
presence of oxygen in the reformer also increases the H,:CO
ratio.

If the syngas produced by DR is fed to a water—gas shift
reactor (WGSR) to achieve the ratio produced by combined
DR and POX, the subsequent adjustment would produce
additional CO,. This additional CO, and the amount produced
by DR is approximately the same as that produced by
CDRPOX. The amount of oxygen required for complete
methane combustion (2 mol/mol of methane) is much higher
than that required for partial oxidation (0.5 mol/mol of
methane). This assessment shows that the major consideration
in CO, fixation is the required H,:CO ratio of the syngas
produced and not in particular the number of steps involved in
achieving the ratio.

Selection of Optimal Combined Reformer. The
combined effect of all the oxidants can lead to synergistic
opportunities while allowing for improved heat transfer because
the reactions are combined in a single reformer. The use of a
single reformer also benefits from economies of scale compared
to using separate smaller reformers (Figure 2). However, the
use of a single reformer removes the ability to operate at
multiple operating conditions.

From a broader perspective, the objective is to identify the
configurations best suited to maximize CO, fixation while also
producing a syngas of use in downstream processing options.
Given the trade-off that exists, it is important to quantify the
amount of CO, that can be fixated while producing syngas with
a specific H,:CO ratio. For this analysis, the optimization
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formulation presented in eqs 8—12 is used to identify the
optimal oxidants and operating temperature.

Table 6 presents the combined reformer to maximize CO,
fixation while achieving a particular H,:CO ratio. The optimal

Table 6. Optimal Combined Reformer for Maximum CO,
Fixation While Achieving a Particular H,:CO Ratio”

H,:CO 1.0 12 1.4 1.6 1.8
temperature (K) 1176 1165 1148 1127 1102
oxidant input (mol)

CO, 1.01 0.82 0.67 0.55 0.45
H,O 0.02 0.20 0.36 0.49 0.60
0, 0 0 0 0 0
reformer output (mol)
CH, 0.02 0.02 0.03 0.04 0.06
H, 1.95 2.12 2.25 2.35 242
CcO 1.95 1.76 1.60 1.47 1.34
CO, 0.03 0.03 0.03 0.03 0.04
H,O 0.03 0.04 0.04 0.06 0.07
energy-related CO,

generation
heat input (kJ) 350 347 344 339 334
CH, for heat generation (mol)  0.39 0.39 0.39 0.38 0.37
CO, generation (mol) 0.39 0.39 0.39 0.38 0.37
CO, Generation (% of total) 94 94 94 92 90
overall CO, fixation” 0.42 0.29 0.18 0.10 0.03

“Basis: 1 mol CH,. “Includes methane for heat generation.

inputs for all the scenarios are the addition of carbon dioxide
and steam as oxidants (combined dry and steam reforming)
and a 1:1 oxidant (x,y,z) to methane ratio. This indicates that
the use of excess oxidants only leads to higher CO, production
in the reformer and during heat generation. Higher temper-
atures results in a reduction in CO, generation in the reformer.

DOI: 10.1021/5¢5007736
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Under these conditions, CO, generation is exclusively due to
that associated with heat generation.

These findings indicate that, from the perspective of CO,
fixation, combined dry and steam reforming is favored over the
use of tri-reforming, which combines partial oxidation with dry
and steam reforming together in one reactor. The results show
that without heat recovery CO, fixation is not feasible while
producing syngas with a 2:1 H,:CO ratio. This means that
technology that requires syngas with such ratios (e.g., methanol
synthesis, Fischer—Tropsch synthesis) would not lead to
processes that produce less CO, than consumed.

Optimal Selection of Parallel Reforming. In order to
identify the merits of parallel reforming, a simple linear model
was used to choose the optimal combination of individual
reformers to maximize CO, fixation while achieving particular
H,:CO ratios. The reformer inputs and outputs were fixed
based on the values given in Tables 2 and 3. The results show
that the optimal combination of parallel reformers to maximize
CO, fixation while achieving a specific H,:CO ratio is CDSR
and SR (Table 7). As discussed earlier, as the required H,:CO
ratio increases the amount of CO, fixation decreases.

Table 7. Optimal Combined Reforming Configurations To
Achieve a Particular H,:CO ratio”

H,:CO 14 1.5 1.6 1.7
methane feed distribution (mol)
CDSR 587 546 508 473
POX 0 0 0 0
SR 148 184 217 247
ATR 0 0 0 0
heat generation 265 271 275 279
total reforming output (mol)
CH, 118 117 116 115
H, 1442 1,472 1500 1525
CcO 1030 981 937 897
CO, 175 177 179 181
H,0O 472 524 572 616
energy-related CO, generation
CO, generation (mol) 265 271 275 279
total CO, generation (% of total) 60 60 61 61
CO, generation (mol)
CSDR 317 295 274 AN
SR 123 153 180 205
overall CO, balance (mol)
total CO, generation 440 448 454 460
total CO, feed 587 546 508 473
overall CO, fixation 147 98 S3 12
CO, fixation (mol/mol of methane) 0.15 0.10 0.05 0.01

“Basis: 1000 mol CH,.

As the required H,:CO ratio increases from 1.4 to 1.7, the
amount of methane fed to SR increases from 15% to 25% .
With respect to the CO, balance, greater production of CO,
and a decrease in the amount of CO, fixated is a byproduct of
the higher H,:CO ratio requirement. For the different H,:CO
ratios required, the molar yield of syngas (H, and CO)
produced is constant. Approximately 25 mol % of the feed
methane is utilized in heat generation.

Comparing parallel reforming and a combined reformer, the
results show that the combined reformer consistently results in
higher CO, fixation. To achieve the same H,:CO syngas ratio
(1.6:1), the combined reformer results in a slightly higher CO,
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fixation (0.10 mol/mol of methane) compared to combining
parallel reformers (0.0S mol/mol of methane). This analysis is
an indication that effective CO, fixation using DR will require
the production of syngas with a relatively low H,:CO ratios.
Given the magnitude of CO, produced during external heat
generation, it is important to identify how much could
potentially be recovered. If significant amounts of energy can
be recovered, then it may be possible to produce syngas with
higher H,:CO ratios while fixating CO,.

Impact of Heat Recovery on Combined Reforming
Targets. The syngas leaving the reformer represents a hot
stream that serves as an excellent candidate for heat recovery.
The heat recovered from these streams replaces heat that would
be supplied by the burning of fossil fuels and as such represents
a potential CO, credit. For the analysis, the recoverable heat is
the heat released when the stream is cooled to 100 °C.

Heat recoverable (Qrecoverable) given by
= n X (H(T) — Hy;) (17)
where, n is the number of moles, H(T) is the enthalpy at
temperature (T), y; is the molar composition of species i, and
Hj,; is the enthalpy at 100 °C.

Qrecoverable

N
H(T) = Z yH;

i=1 (18)
With the recoverable heat calculated, we use the heat of
combustion of methane (890 kJ/mol) to determine the CO,
credit for the heat recovered.

Table 8 presents the optimal reformer configurations while
considering the CO, credit due to heat recovery. The optimal
combinations of reformers are the same as presented in Table
7. As the Hy:CO ratio increases, the amount of heating
associated with CO, increases. This leads to greater heat
recovery and results in a CO, credit. The heat recovery CO,
credit increases the potential CO, fixation from 0.1S5 to 0.27
(moles CO,/mol of methane) for syngas with a 1.4:1 H,:CO
ratio. The credit shows that a slightly higher H,:CO ratio can
be achieved while fixating CO,.

Nonetheless, the amount of CO, fixated while producing a
syngas that meets most of the conversion technology
requirements (H,:CO > 1.6:1) is not sufficient to justify the
processing effort. The amount of CO, produced during CO,
capture can represent 25% of the amount of CO, captured.*”
This further reduces the amount of CO, fixation potential.
Combining DR and SR to produce a syngas with a H,:CO close
to 2:1 would only result in minimal CO, fixation. External
heating is consistently the major source of CO, generation in
reforming configurations.

Given the CO, emissions associated with the CO, capture
and utilization supply chain (capture, transportation, syngas
conversion), a process based on DR would need additional
improvements. The use of DR to fixate CO, would greatly
benefit from the presence of waste heat sources because heat
generation is the major source of CO, generation.

From this targeting analysis the following conclusions can be
made: It is crucial for DR to be combined with another oxidant
to mitigate coke formation. Syngas with a high H,:CO ratio
(higher than 2:1) would produce more CO, than fixated.
Syngas with a low H,:CO ratio (lower than 1.5:1) may provide
an opportunity to fixate CO, with the appropriate heat
integration to reduce the need for external heat generation.
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Table 8. Optimal Configuration To Maximize CO, Fixation
While Including Heat Recovery (Parallel Reforming)

H,:CO 14 1.6 1.8 2.0 2.15

methane feed distribution

(mol)
CSDR 587 508 441 384 347
POX 0 0 0 0 0
SR 148 217 275 324 356
ATR 0 0 0 0 0
heat generation 265 275 284 292 297
oxidant input (mol)
CO, 587 508 441 384 347
H,O 383 420 451 478 495
combined reforming output

(mol)
CH, 118 116 115 113 113
H, 1442 1500 1548 1589 1616
cO 1030 937 860 795 752
CO, 17§ 179 182 18§ 187
H,0 472 572 656 727 773
CO, generation (mol)
CSDR 317 274 238 208 188
SR 123 180 228 269 296
energy-related CO,

generation
CO, generation (mol) 265 275 284 292 297
total CO, generation 60 61 61 61 61

(% of total)
heat recovery CO, credit

(mol)
CSDR 82 71 62 54 49
SR 37 54 69 81 89
overall CO, balance (mol)
total CO, generation 440 454 466 477 484
total CO, fixation 587 508 441 384 347
total CO, credit 119 125 131 135 138
overall CO, fixation 0.27 0.18 0.11 0.04 0.01

(mol CO, per mol CH,)

In the following section, attention is given to conversion
technology that can utilize low quality syngas. Mixed alcohol
synthesis is used as a case study as a representative of
technologies that use low H,:CO syngas. It can utilize syngas
with a 1:1 H,:CO ratio. This may offer an opportunity to
produce a process capable of fixating CO, using DR. A process
description is presented followed by modeling results including
CO, balance.

B MIXED ALCOHOL SYNTHESIS CASE STUDY

Process Description. The proposed mixed alcohol syn-
thesis (MAS) process can be divided into four sections:
synthesis gas production, synthesis gas conditioning, alcohol
synthesis, and alcohol product separation. The overall process
scheme is shown in Figure 3. The base case was developed and
simulated in ASPEN Plus using the Peng—Robinson and
NRTL property packages. The process mainly produces
ethanol with smaller mixed alcohol coproduct streams. The
process capacity was set at 1000 MMgal/yr of ethanol. The
following sections describe the process units and reactions.

Combined Dry and Steam Reforming Section. Pipe-
line-quality natural gas (Table 9) is fed to a compressor where
the pressure is increased to the reformer pressure (25 bar). This
stream is preheated to 500 °C and fed to the pre-reformer
along with high pressure steam and the carbon dioxide. The
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carbon dioxide feed at 35 °C and a pressure of 145 bar is
assumed to originate from a CO, pipeline.” The CH,:CO,:H,0
molar feed ratio is 1:1:0.5. The pre-reformer converts the heavy
hydrocarbons to synthesis gas to avoid coking in the reformer.
The pre-reformer output is further heated to the reformer
temperature (900 °C). The reformer produces a sygas with a
H,:CO ratio close to 1:1. The methane single-pass conversion
is approximately 70% in the reformer.

Syngas Conditioning. The reformer output is cooled to 60
°C and flashed to remove the water. This also provides an
opportunity to recover a significant amount of heat from the
syngas following reforming. After water removal, the syngas is
compressed in a five-stage compressor to 30 bar for CO,
removal. An amine-based CO, removal system reduces the CO,
content of the syngas to S mol %. Following CO, removal, the
syngas is compressed in a three-stage compressor to 70 bar and
fed to the alcohol synthesis reactor.

Alcohol Synthesis. Alcohol synthesis occurs at 300 °C and
70 bar to convert the syngas to a mixture of alcohols and light
paraffins (Table 10).” The reactions below are used to describe
the alcohol synthesis reactor:

CO + 3H, —» CH, + H,O (19)
2CO + SH, — C,H, + 2H,0 (20)
CO + 2H, —» CH,0H (21)
2CO + 4H, — C,H,OH + H,0 (22)
3CO + 6H, —» C;H,OH + 2H,0 (23)
4CO + 8H, - C,H,OH + 3H,0 (24)
5CO + 10H, — CiH,,0H + 4H,0 (25)
CO + H,0 - CO, + H, (26)

The WGS reaction is dominate in the reactor and increases
the H,:CO ratio allowing it to approach the 2:1 ratio required
by the alcohol synthesis reactions. The alcohol synthesis reactor
requires significant heat removal to maintain the operating
temperature at 300 °C.

Following the alcohol synthesis reactor, the output stream is
cooled to 45 °C, and a series of flash tanks are used to separate
the stream into gas and liquid phases.”” The gas phase (off-gas)
consists of the unreacted syngas, CO, and light hydrocarbon
gases (primarily methane). The utilization of this stream is a
major decision variable in the process design. The stream can
be recycled to the reformer, alcohol synthesis reactor, or used
for any required process heat requirement. This has strong
implications on the CO, generation and overall CO, balance
for the process. For the base case, 80% of the off-gas is recycled
to the reformer, while the remaining portion is sent to a
combustor to generate heat for the process. The remaining tail
gas that is not recycled is burned and used for heating.

Alcohol Product Separation. The liquid phase that
contains the mixed alcohol stream is sent to a molecular
sieve where the remaining water is removed.>* Finally, two
distillation towers are used in series to fractionate the mixed
alcohol. In the first column, the heavy alcohols (heavier than
ethanol) exit in the bottoms stream. The column is a total of 60
stages and operates at a reflux ratio of 2. The ethanol recovery
in the overhead is 99%, while the propane recovery in the
bottoms is 99%. The overhead is sent to a second column to
separate the ethanol (product stream) from methanol and
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Table 9. Natural Gas Feed?

temperature (°C) 25
pressure (bar) 20
mole fraction

CH, 0.931
C,H, 0.032
C,H, 0.007
C,Hyo 0.004
N, 0016
Co, 0.01

Table 10. Alcohol Synthesis Conversion”’

chemical species % conversion CO

CH, 34
C,H, 03
CH,OH 03
C,H,OH 282
C.H,OH 46
C,H,0OH 0.6
C.H, OH 01
co, 219
total (single pass CO conversion) 59.4

remaining light hydrocarbons. The column has 80 stages to
produce an ethanol product stream (96 wt % ethanol).’

Case Study Results. Table 11 summarizes the input—
output for the process. Approximately 6500 SCF of natural gas
is required per bbl of ethanol product. As mentioned, a portion
of the reformer tail gas stream is not recycled to the reformer.
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Table 11. Process Input—Output Summary

flow rate mass flow rate
description (kmol/h) (kg/h)
input
natural gas feed 25,000 433,188
pipeline CO, feed 25,000 1,100,250
HP steam 12,500 225,191
air 75,000 2,163,780
output
‘wastewater 14,926 278,545
flue gas 94,798 2,855,330
CO, removal stream 4827 212,478
CO, tail gas 1721 71,271
mixed alcohol 459 20,355
coproduct
ethanol product 9000 413,258
mixed alcohol 1155 71,201

coproduct

This tail gas stream, which is mainly unreacted methane, carbon
monoxide, and hydrogen, is burned resulting in a significant
amount of CO, generation (flue gas). If integration
opportunities exist with other processes, the burning of the
stream may be avoided, but the low H,:CO ratio (0.8:1) makes
it a very low quality syngas.

Tables 12 and 13 summarize the heating and cooling duties
for the process. The energy requirement for the process
represents another major source of CO, generation. As
previously mentioned, the syngas generation section constitutes
roughly 90% of the heating requirement for the process. This
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Table 12. Total Heating Requirement for Mixed Alcohol Synthesis Process

unit no. description duty (MJ/h)
B3 boiler 625,164
B4 CO, heater 334,223
B6 pre-reformer 1,393,190
B7 reformer 9,578,137
B17 pre-MS flash 58,077
B18 MS preheat 555,816
B20 reboiler 769,762
B21 reboiler 78,383

total heating (MMBTU/h)

duty (MMBTU/h) % of total
592 S
317 2
1,319 10
9,071 72
SS 0
526 4
729 6
74 1
12,684 100

Table 13. Total Cooling Requirement for Mixed Alcohol Synthesis Process

unit no. description
B8 post-reform heat recovery
B12 CO, removal
B14 alcohol synthesis reactor
B1S ACR cooler
B19 molecular sieve
B20 condenser
B21 condenser
B24 ethanol product cooler
B26 mixed alcohol product cooler
B27 cooler

total cooling (MMBTU/h)

duty (MJ/h) duty (MMBTU/h) % of total
—5,684,948 —5384 43
—3518 -3 0
—4,473,510 —4237 34
—1,635,194 —1549 12
—12,102 —-11 0
—824,584 —781 6
—406,959 —385 3
—87,948 -83 1
—20,651 -19 0
-22,325 -21 0
—12,475 100%

includes the reforming section, which accounts for the bulk of
the energy required in the syngas generation. The major
cooling requirement is for the reformer output and the alcohol
synthesis reactor. These streams combine to make up
approximately 90% of the cooling requirement in the process.

The opportunity for heat integration and reduction of the
heating and cooling requirement is necessary to quantify the
amount of CO, generated that is associated with energy
generation. Focus is on the streams that constitute the bulk of
the heating and cooling requirement (Table 14). The top-level
heat integration analysis shows that approximately only 25% of
the heat required by the reformer input stream (C2) can be
provided through heat integration.

Table 14. Major Stream for Heat Integration

supply T target T enthalpy change
stream  stream description (% gK)

(MMBTU/h
H1l  reformer output 1123 333 5,384
H2 alcohol synthesis 573 573 4,237
reactor
H3 alcohol synthesis 573 318 1,549
reactor output
Cl pre-reformer input 413 773 1,319
C2  reformer input 773 1123 9,071

With the remaining heat required from external heating
source. This leads to approximately 6500 MMBTU/h of
external heating. The portion of the syngas not recycled to the
reformer can be combusted to provide approximately 3500
MMBTU/h of heating. This leaves approximately 3000
MMBTU/h of additional external heating. Assuming that this
is provided through the combustion of natural gas, this is
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equivalent to the generation of an additional 3600 kmol/h of
CO,.

Table 15 summarizes the top-level CO, balance for the
process. Overall the process produces more CO, than

Table 15. CO, Balance for Mixed Alcohol Synthesis Process

CO, input stream CO, output
stream (kmol/h) description (kmol/h)
natural gas feed 250 flue gas 21,081
CO, feed 25,000 CO, separator 4828
CO, tail gas 1216
energy 3600
associated
total in 25,250 total out 30,726

consumed. While the reformer targeting indicated a potential
for CO, fixation for low quality syngas (H,:CO ratio <1.5), the
mixed alcohol synthesis process, which is capable of using very
low quality syngas (H,:CO ratio 1:1), still does not result in the
overall fixation of CO,. This can be attributed to the high CO
conversion to CO, in the synthesis reactor (approximately
22%), the low CO conversion (approximately 50% per single
pass), and the combustion of the unrecycled syngas. While
these are all sources of process inefficiency (related to the
processing pathway) that increase CO, generation and energy
consumption, the issue at its core remains associated with the
overall stoichiometry of the process.

The alcohol synthesis reactions require a H,:CO ratio of 2:1.
The fact that syngas with a 1:1 ratio can be utilized by the
catalyst does not change the stoichiometric ratio needed for the
reactions and thus the high activity of the water—gas shift
reaction in the reactor that converts a significant portion of the
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CO into CO, for hydrogen generation. Neglecting process
inefficiencies, this is equivalent to the use of a reformer to
produce a syngas with a 2:1 H,:CO ratio and thus removes any
potential for CO, fixation using the mixed alcohol synthesis.
This can also be shown from a stoichiometric perspective. If the
mixed alcohol product is assumed to be completely ethanol,
then the following reaction sequence describes the overall
process.

Alcohol synthesis:

2CO + 4H, —» C,H,OH + H,0 (27)

CO + H,0 - CO, + H, (28)
Alcohol synthesis overall:

3CO + 3H, —» C,H,OH + CO, (29)
Reforming

1.5CH, + 1.5CO, — 3CO + 3H, (30)
Opverall process:

1L.5CH, + 0.5CO, - C,H,OH (31)

Thus, to fixate 0.5 mol of CO, while producing ethanol
would require the CH,:CO, feed ratio to be 3:1. Dry reforming
uses a CH,:CO, feed ratio of 1:1, and therefore, the excess CO,
is not fixated in the production of mixed alcohols and thus exits
the process. This shows that for CO, fixation to be successful
(in utilizing more CO, than produced), it would require the use
of a high CH4 to CO, ratio, the production of highly
oxygenated compounds, or in specific situations the utilization
of waste energy. The high CH, to CO, ratio would effectively
free up the carbon atoms for conversion to valuable
hydrocarbons while making available significant amounts of
hydrogen to carry the oxygen in the form of H,O. Highly
oxygenated compounds (high O:C ratio) would allow the CO,
(in the presence of other C—H—O compounds) to be
recombined into useful products. Finally, such scenarios that
do not lead to CO, fixation due to significant energy
requirement may become feasible if waste energy is utilized
and a credit is attributed.

B CONCLUSIONS

This paper quantifies the potential fixation of CO, using dry
reforming in a standalone mode as well as via integration with
other reforming technologies. Integrated mass and energy
effects were included in tracking the net CO, fixation. Higher
reformer operating temperatures and lower operating pressures
result in higher CO, fixation. As the carbon dioxide to methane
ratio in DR increases from 1:1 to 4:1, the amount of CO,
fixated increases to more than 1.25 mol per mole of methane.
However, the increase in carbon dioxide to methane ratio is
also associated with a decrease in the syngas H,:CO ratio, and
such a syngas is considered of low value and limited application.
There is an intrinsic inverse relationship between CO, fixation
and the achieved syngas H,:CO ratio. A trade-off exists between
the ability to sequester CO, using reforming and the quality
and value of the produced syngas.

For all of the investigated scenarios, the results show that the
optimal combination of reformers to maximize CO, fixation
while achieving a specific H,:CO ratio is DR and SR.
Nonetheless, the use of DR to sequester CO, faces many
challenges and in particular would greatly benefit by the
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presence of waste heat sources because heat generation is the
major source of CO, generation. The case study highlights that
even if low quality syngas (H,:CO = 1:1) is utilized, the process
may still produce more CO, than consumed. The success of
CO, fixation using DR requires the use of a high CH, to CO,
ratio, the production of highly oxygenated compounds, or in
specific situations the utilization of waste energy. The high CH,
to CO, ratio frees the carbon atoms for conversion to valuable
hydrocarbons while making available significant amounts of
hydrogen to carry the oxygen in the form of H,O. Highly
oxygenated compounds (high O:C ratio) provide another
opportunity to convert CO, (in the presence of other C—-H—O
compounds) to useful products without leading to significant
CO, generation.
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