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ABSTRACT: Currently, propanol production highly depends on conven-
tional fossil resources. Therefore, an alternative production process,
denoted as “C123”, is proposed and evaluated in which underutilized and
methane-rich feedstocks such as biogas (scenario BG), marginal gas
(scenario MG), and associated gas (scenario AG) are converted into
propanol. A first modular-scale process concept was constructed in Aspen
Plus, based on experimental data and know-how of the C123 consortium
partners. The environmental performance of the considered scenarios was
compared at the life cycle level by calculating key performance indicators
(KPIs), such as the global warming burden. The results showed that
scenario BG is the least dependent on fossil fuels for energy use. Scenario
AG seems the most promising one based on almost all selected KPIs when
taking into account the avoided gas flaring emissions. The performance of
the C123 process concept could be improved by applying heat integration in the process concept.

1. INTRODUCTION
Propanol is an added-value chemical with a growing market.
An annual growth rate of 4.0% was forecasted between 2018
and 2023 and its market size is estimated to reach USD 4.3
billion by 2023.1 This alcohol is mainly used as a solvent and as
a precursor for the production of amines, ethers, and esters.2 1-
Propanol can be dehydrated to form propylene.2 It is also used
as an additive in printing inks, cosmetics, and pharmaceut-
icals.3 The production of 1-propanol heavily relies on
conventional fossil resources. Currently, this chemical is
produced via ethylene hydroformylation followed by propanal
hydrogenation.2,4 Ethylene is usually obtained by steam
cracking of naphtha, which is a very energy-intensive process.
Due to an impending shortage of fossil resources, alternative
feedstocks and production methods are pursued. Microbial
production routes such as the Wood−Werkman pathway and
the acrylate pathway also deliver 1-propanol.2 However, these
fermentation processes are still under development: the
propanol yields are still low, the production strains only have
a low tolerance for propanol, and the use of glucose-based
feedstocks, which achieve the highest productivity at this
moment, causes competition with food purposes.2

To replace conventional propanol production, an alternative
technology, denoted as C123 throughout this work, is
developed as part of an EU Horizon 2020 integrated project.5

C123 refers to the carbon number of the crucial species
involved in this specific propanol production process. First,

feedstocks containing methane (C1) are converted into
ethylene (C2) via a so-called oxidative conversion of methane
(OCoM). Second, ethylene is transformed into propanol (C3)
via hydroformylation followed by hydrogenation.6 Hydro-
formylation is typically applied to produce aldehydes by the
reaction of ethylene with CO/H2 via homogeneous catalysis.7,8

Rh complexes are often selected as catalysts due to their high
activity and selectivity.7 More details on the process design
(e.g., purification and separation steps) will follow in Section
3.1.

Apart from the C123 process, other conversion technologies
involving methane activation are well known. These processes
are becoming economically more attractive because of the
increasing supply of natural gas (e.g., exploitation of shale gas
reserves).9 Nevertheless, they exhibit several disadvantages.
For instance, methane can be used to produce methanol
(methane to methanol, MTM) and liquid hydrocarbons.10 In
the case of MTM, low conversion and production rates as well
as overoxidation were reported, the reactivity of methanol
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being higher than that of methane.10 In the case of liquid
hydrocarbons production, syngas is first obtained by methane
reforming followed by Fischer−Tropsch synthesis. This
technology also has important disadvantages such as the
pronounced endothermicity of the reforming step and the
associated high cost.10 Methanol can be further converted into
olefins (MTO). However, this process requires higher
economies of scale compared to propanol production to be
economically attractive.11 Methane liquefaction for trans-
portation is another strategy, which is hampered, however,
by the pronounced energy need for cooling (temperature must
be below 111 K) and methane losses through leakages.10

Finally, the oxidative coupling of methane (OCM) is a
promising reaction to convert low-value methane feedstocks
into ethylene.12,13 However, the obtained C2+ yield, comprising
ethane and ethylene, is too low (maximum 30%) and
temperature control is difficult due to the pronounced
exothermicity of the OCM. In the C123 technology, this
reaction is combined with other reactions to improve its
performance, resulting in the OCoM reaction (see Section
2.2).
In this work, three alternative and underutilized methane-

rich feedstocks are proposed to produce propanol via the C123
technology, namely, biogas (scenario BG), marginal gas
(scenario MG), and associated gas (scenario AG). These
possible production routes (C123 scenarios) are illustrated in
Figure 1.
Separate variants of the C123 technology are evaluated for

each of the considered feedstocks. Biogas is typically obtained
via anaerobic digestion of manure, sewage sludge, organic
waste, energy crops such as maize, etc.14 At present, this
methane source is mostly used as feedstock for combined heat
and power (CHP) installations or is purified to bio-methane,
which can be injected into the gas grid.14 Hydrogen
production from biogas via steam reforming is also
commercially applied.15 However, to the authors’ best
knowledge, its conversion to propanol has not yet been
investigated. Marginal gas is natural gas that is present in

unexploited underground reservoirs. Several conditions must
be met before being called a marginal gas field: at least one
exploration well is drilled in the last 10 years, the field contains
large gas and small oil reserves, and the field is not exploited
because of the limited economic viability and no gas is
extracted in the last three years.16 Associated gas is a byproduct
of oil production, which is often flared for economic and
technical reasons.17 Gas flaring has many consequences for the
environment such as global warming by CO2, CH4, and black
carbon emissions, human health effects (e.g., respiratory
problems), acidification of the soil in the neighborhood of
the flare, etc.17,18 Pipeline transportation of marginal gas and
associated gas is not feasible due to the long distance from
remote areas to the market.18 Conversion of these raw
materials into a liquid such as propanol could be more
convenient to make its storage and transportation more
environmentally friendly and economically viable. Additionally,
flaring emissions can be avoided using associated gas for the
production of propanol.

This work aims at comparing the C123 scenarios at the life
cycle level via key performance indicators (KPIs), e.g., global
warming burden. Therefore, a preliminary process concept for
the C123 technology was proposed at a modular scale, starting
from underutilized methane-rich feedstock (biogas, marginal
gas, and associated gas) and converting it separately into
propanol. Aspen Plus V11 was used to construct a process
configuration based on experimental data and know-how of the
C123 consortium partners and to evaluate its environmental
performance based on simulation data (e.g., mass and energy
flows). This analysis also resulted in a mass balance and dataset
for each C123 scenario.

2. METHODOLOGY
2.1. C123 Scenarios as a Function of the Geo-

graphical Location. Modular units (small scale, stand-
alone) were conceptually designed to produce propanol via
the C123 technology with a capacity of 10 ktonnes per year.
The location was determined for each scenario because of its

Figure 1. Illustration of selected feedstocks and locations for propanol production in C123 project (C123 scenarios). BG = biogas, MG = marginal
gas, AG = associated gas, (F) = in feed, (A) = added, OCoM = oxidative conversion of methane, HF = hydroformylation, HG = hydrogenation.
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impact on the preliminary process concept (see Figure 1). For
instance, the composition of the gas is location dependent. The
supply of utilities (e.g., electricity) may also be more
complicated in remote areas. For scenario BG, Germany was
selected as the location, which is a populated area with
established infrastructure and one of the biggest biogas
producing countries in the world.19 Scenario MG is proposed
for Russia, because large marginal gas reservoirs (e.g., Angara-
Lena terrace), that meet the demand for propanol production,
are situated in this country.20 Finally, Russia and USA (North
Dakota) were targeted for scenario AG. Ultimately, only Russia
was chosen because flaring spots over the North Dakota region
are more dispersed and the gas flaring volume of each spot is
quite small, which complicates the gas transportation and
processing. Russia accounts for 17% of the global gas flaring
volume. Hence, it is the country with the biggest flaring
emissions in the world.21 Many flaring spots are located in
Khanty-Mansi, a region in Russia where flaring is concentrated.
Moreover, the gas flaring volume related to the selected spots
(50 million m3 per year for each spot) is sufficiently high to
produce the desired propanol yield: 31 million m3 of associated
gas per year is needed on an annual basis if an efficiency of
approximately 50% is considered for the conversion of
methane to propanol.22 Production processes for scenarios
MG and AG were located in remote areas. Transportation of
marginal gas and associated gas is not profitable from these
places, as the distance to the market exceeds 750 km, favoring
conversion of gas into liquids (e.g., propanol).23

2.2. Description of Modular C123 Process Concept. In
this section, a preliminary C123 process concept at technology
readiness level 4 (TRL 4) and at small scale is described for the
production of propanol. It should be emphasized that this
process is a first design, which is still susceptible to
improvements as a result of advancing insights in the ongoing
C123 project (see Section 4.2). In scenario BG, biogas is
supposed to be produced on-site via anaerobic digestion of
maize silage and cattle manure. These feedstocks are usually
co-digested in Germany.24 The feed consists of 70% maize

silage and 30% cattle manure.25 A co-digestion of these
feedstocks typically has a higher efficiency than a mono-
digestion. However, the separate mono-digestion of both
feedstocks was assumed due to a lack of data for this specific
co-digestion.25 Biogas generally contains a higher fraction of
CO2 compared to marginal gas and associated gas.26

Considering scenario BG, the feed consists of 50 mol %
CH4 and 50 mol % CO2. Therefore, CO2 is largely removed
from this feed before entering the OCoM section using
chemical absorption with mono-ethanolamine as solvent.
Scenarios MG and AG took into account the marginal gas
extraction and the separation of associated gas from oil,
respectively. In those scenarios, the feed contains 90 mol %
CH4 and 10 mol % CO2. Excess CO2 in the recycling loop is
also removed via chemical absorption. The removal of
impurities in the feed, such as H2S and natural gas liquids,
was not considered in any scenario. In addition, electricity
must be produced locally (e.g., from natural gas via a gas
turbine) as no electricity grid is assumed to be available in the
considered remote areas.

A flowsheet of the preliminary C123 process concept is
given in Figure 2. The production steps explained in the next
paragraphs apply to each scenario. All considered chemical
reactions, together with the corresponding fractional con-
version, are listed in Appendix S1. The OCoM section is
intended to be split into three reactions in series to obtain the
optimal ratio of ethylene, CO, and H2 (1:1:2) for hydro-
formylation.27 The stoichiometric ratio for hydroformylation
only amounts to 1:1:1, but auxiliary H2 can be needed for
hydrogenating propanal into propanol. Additional information
about the modeling of these three reactors can be found in
Appendix S2. First, an OCM reaction takes place to produce
ethylene. Pure oxygen, obtained from cryogenic air separation
(local production), is added in the first reactor.28 The yield of
C2-hydrocarbons (i.e., ethane and ethylene), CO, and CO2
was not high after OCM (8.0, 4.8, and 5.0 mol %, respectively),
and the selectivity toward ethane within the C2-fraction was
relatively high (the ratio of ethylene to ethane was 1:1 on a

Figure 2. Flow chart of preliminary process concept for C123 technology. The system boundaries of scenarios BG, MG, and AG are indicated in
apple blue sea green, orange, and purple, respectively. MEA-absorption 1 is only applicable for scenario BG, and MEA-absorption 2 is only
applicable for scenarios MG and AG. OCoM = oxidative conversion of methane, MEA = mono-ethanolamine, Ac. = acetaldehyde.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.2c00808
Ind. Eng. Chem. Res. 2022, 61, 11071−11079

11073

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c00808/suppl_file/ie2c00808_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c00808/suppl_file/ie2c00808_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c00808?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c00808?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c00808?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c00808?fig=fig2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.2c00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molar basis). Therefore, OCM can be followed by post bed
cracking (PBC) to convert excess ethane into ethylene and
hydrogen. Finally, CO2-induced oxidative dehydrogenation
(CO2-ODH) of ethane can reduce the amount of CO2
(formed in OCM) simultaneously yielding more ethylene,
CO, and H2 to further adjust the ratio of these three
compounds and to meet the requirements for hydro-
formylation. Recovering products as a C3 species allows for
a much more straightforward separation from the product
stream.29 All reactions in the OCoM section take place at 1
bar. In this section, water is also formed as a result of the OCM
and CO2-ODH reactions. To avoid an azeotrope between
propanal and water, the latter is removed via a knockout drum
and water trap before hydroformylation. Since this reaction
ideally takes place at 20 bar, multistage compression is required
after OCoM.
During hydroformylation, only propanal is formed as no

propanol was detected in the experimental work.27 Moreover,
not all ethylene is converted into propanal. A partial
conversion of 0.90 was considered.30 The unreacted ethylene
is separated from propanal by extractive distillation and
returned to the OCoM section. Through hydrogenation,
propanal is converted into propanol with 99% efficiency.31 A
pressure swing adsorption (PSA) is proposed to remove excess
hydrogen gas from the recycle loop to avoid build-up. The
removed hydrogen can be utilized in the hydrogenation step. A
small quantity of hydrogen must still be added because the
amount from the recycle loop is not sufficient. This small
fraction can be produced via water electrolysis. Excess propanal
is removed via a knockout drum, and this stream is also
recycled to the extractive distillation. A product purity of 99.5
wt % was aimed at. This high purity for propanol is required
for certain applications e.g., use as a solvent.32 Cooling is
needed for the OCM reaction, hydroformylation, and hydro-
genation. A cooling water circuit was assumed for this,
including cooling towers. Only 1.8% of the total flow rate of
cooling water in the process must be added to compensate for
the losses by evaporation, blowdown, and drift losses.33

2.3. Data Collection, System Boundaries, and Func-
tional Unit of C123 Scenarios. The software Aspen Plus
V11 was used to construct a C123 process model based on
experimental work, know-how of the C123 consortium
partners, and the assumptions presented in Section 2.2. It
allowed collecting the necessary data such as mass and energy
flows, composition of all flows, purity, utility requirement, etc.
via simulations. More details about the Aspen simulations can
be found in Appendix S3. Only the conversion of the produced
feedstocks into propanol was included in the simulations. Data
for the production of the raw materials, such as the energy
requirement, was retrieved from Boulamanti et al.,25 Skone et
al.,34 and the Ecoinvent database version 3.6. The simulation
data were used to set up mass balances in Section 3.1 and to
calculate the selected KPIs (see Section 2.4), allowing the
comparison of the C123 scenarios at the life cycle level. The
system boundaries for each scenario, indicated with the dotted
lines in Figure 2, show which production steps are included.
The production of the feedstocks, the utilities (e.g., heat and
electricity), and auxiliary chemicals (e.g., mono-ethanolamine)
were also taken into account in the analysis. For the
production of biological feedstocks, carbon neutrality was
assumed (emitted CO2 by the C123 process is equal to CO2
uptake by biomass). The removal of H2S and natural gas
liquids from the feedstocks was not included in this analysis

due to a lack of data in this stage of the process development.
The infrastructure, maintenance, and catalyst production for
the preliminary C123 process were also not considered. The
functional unit was 1 kg of propanol with a purity of at least
99.5 wt %. This means that all data and results are mentioned
as a function of 1 kg propanol.

2.4. Key Performance Indicators. The performance of
the various C123 scenarios was compared at the life cycle level
based on KPIs, which were retrieved from the sustainability
metrics of IChemE.35 The C123 project aims to reduce the
dependence on conventional fossil fuels and the greenhouse
gas emissions associated with 1-propanol production. There-
fore, the energy input (in MJ/kg propanol) and the global
warming burden (in kg CO2 equiv/kg propanol) were selected
as indicators. For the energy input, the energy contained in the
feedstock and the energy need for all production steps were
calculated and separately reported. The percentage of the
energy obtained from fossil fuels was also indicated. Due to an
increasing risk of water scarcity (e.g., in Northeast Germany)
and decreasing water availability worldwide, water consump-
tion (in tonnes/kg propanol) was also investigated.36,37 Finally,
human health damage due to carcinogenics (in comparative
toxic units for humans (CTUh)/kg propanol) was evaluated
because acetaldehyde was identified as a carcinogenic emission
in the CO2-removal stage of the C123 technology.38 According
to the National Research Council (2008), adverse effects such
as eye irritation have already been reported at 50 ppm, and it is
expected that the emitted acetaldehyde concentration will be
much higher.39

3. RESULTS
3.1. Preliminary C123 Process Concept and Asso-

ciated Mass Balances. Figure 2 illustrates the preliminary
design of the C123 process for the three scenarios in a block
flow diagram. The main difference between scenario BG and
scenarios MG and AG is the position of chemical absorption
with mono-ethanolamine. In scenario BG, this is the first step
due to the excess CO2 in the feed that must be removed
(MEA-absorption 1) since biogas typically contains 50 mol %
CO2. In scenario MG and AG, only additional CO2 created in
the OCoM section is removed in the recycling loop before
PSA (MEA-absorption 2). Appendix S4 shows the dataset for
scenario BG and a mass balance check. The data for scenarios
MG and AG is represented in Appendix S5. Additional
information can be found in Appendix S6. The conversion of
biogas into propanol is less efficient than its production from
marginal gas or associated gas because 3.57 kg biogas is needed
to obtain 1 kg propanol, while only 1.25 kg marginal gas or
associated gas is required. After OCoM, the ethylene/CO/H2
molar ratio amounts to 1:0.93:1.7 for all scenarios. This
corresponds closely to the optimal 1:1:2 ratio for hydro-
formylation. The excess of H2 can be used for the subsequent
hydrogenation after PSA. In the product stream of the
hydroformylation, 1 mol % of ethylene and 74.3 mol %
methane are still detected. This high fraction of methane can
be explained by the relatively low methane conversion in the
OCoM section. Therefore, the recycling stream to OCoM is
methane-rich (88 mol %). Hydrogenation does not convert all
propanal into propanol because 0.4 mol % of propanal is still
present in the product stream. In each scenario, the weight
fraction of propanol amounts to 0.995, which is in line with the
predetermined purity target. In Appendix S7, the detailed
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composition after OCoM, hydroformylation, and hydro-
genation can be consulted.

3.2. Results of Key Performance Indicators. Table 1
lists the results of the key performance indicators for the
different C123 scenarios. Scenario BG requires more energy
(102.9 MJ/kg propanol) than scenario MG (82.7 MJ/kg
propanol) and AG (82.2 MJ/kg propanol) due to the high
electricity demand for the biogas production (42% of total
energy need), e.g., for stirring. For scenarios MG and AG, the
energy requirement is high in the OCoM section due to the
needed oxygen for the OCM reaction and in the post-
treatment stage after hydroformylation due to the hydrogen
production and the PSA. Scenario BG is the least dependent
one on fossil energy (39.8 MJ/kg propanol versus 82.7 and
82.2 MJ/kg propanol in scenarios MG and AG, respectively).
The global warming burden is the highest for scenario MG
(7.1 kg CO2 equiv/kg propanol). When including the avoided
flaring emissions for scenario AG, 2.0 kg CO2 equiv/kg
propanol are obtained (for details, see Appendix S8). This
scenario achieves the lowest global warming burden among all
other C123 scenarios. Scenario BG requires 2 times more
water due to biogas production (53% of total water demand for
this scenario). Finally, the score for human health damage
amounts to 26.7 × 10−10 CTUh for scenario BG which is 4
times higher than for scenario MG. However, a negative value
(−46.8 × 10−10 CTUh) was found for scenario AG when the
avoided gas flaring emissions are included. This last scenario
seems the most promising when all indicators, except energy
consumption from fossil fuels, are taken into consideration.

4. DISCUSSION
4.1. Comparison of C123 Scenarios Based on KPIs.

The results from Section 3.2 show that scenario AG performs
better than the other C123 scenarios when considering energy
requirement. The production and upgrading of biogas require
a lot of energy for stirring and pumping and regeneration of the
absorption solvent, respectively. The extraction of marginal gas
and associated gas has a much smaller impact on the total
energy consumption. In addition, the conversion of biogas into
propanol is less efficient than the conversion of marginal gas
and associated gas. Despite the higher energy need in this
scenario (BG), the global warming burden is lower compared
to scenario MG. This is due to the more significant emissions
related to electricity production from fossil fuels for the latter,
given the considered locations. In Germany, 61% of electricity
is obtained from renewable sources, while in remote places in
Russia, electricity is exclusively produced from natural gas via
gas turbines. Scenario AG has a lower global warming burden
than scenario MG due to the low contribution of the

associated gas extraction. The largest part of the CO2
emissions, at least 99% both on a mass, energy, and economic
basis, is related to oil production. Associated gas is only a
byproduct accounting for 1% of the total emissions on a weight
basis. In all C123 scenarios, oxygen (for OCoM), heat, and
electricity production contribute the most to the global
warming burden. Electricity is mainly needed for biogas
production (only in scenario BG), compression after OCoM,
and post-treatment after hydroformylation (compression of
hydrogen gas, pumping, and pressure swing adsorption). Heat
is needed to bring the feed stream of the OCoM section, the
hydroformylation, and the hydrogenation to the desired
temperature. Scenario BG has the highest score for human
health damage. This can be explained by the emission of
acetaldehyde during the regeneration of the solvent from the
chemical absorption and by the oxygen, electricity, and maize
silage production. Concentrations around 2000 ppm were
found for scenario BG (5.79 × 10−3 kg emitted/kg propanol)
in the gas released from chemical absorption, while the
threshold value is set at 25 ppm.40 More CO2 must be
removed in scenario BG compared to the other scenarios. The
value for human health damage of scenario MG and AG is
mainly caused by the emission of acetaldehyde in the CO2
removal stage, the oxygen production for OCoM, and the heat
production for the post-treatment of the hydroformylation.
The environmental performance of the C123 scenarios has not
been compared to the conventional propanol production in
this paper (see Section 4.3 for more details).

4.2. Process Challenges. In the C123 project, some
challenges have not yet been solved. On the one hand, some
pretreatment steps, e.g., the removal of H2S, are not included
in the preliminary process concept. On the other hand, the
C123 process can be improved by replacing some production
steps or by changing the production method of some chemicals
and utilities. These items will be discussed in the following
paragraphs. However, these potential changes are not expected
to affect the comparison of the C123 scenarios from the
environmental point of view.
4.2.1. Feedstock Pretreatment. Biogas usually contains

levels of H2S between 100 and 3000 ppm after co-digestion of
manure and energy crops.14 This compound must be removed
to avoid corrosion of the installations, catalyst deactivation,
and human health effects.14,41 Additionally, H2S can be used to
produce sulfur or sulfuric acid to prevent the emission of this
toxic compound.42 Biological treatments with sulfur-oxidizing
bacteria are often applied for this desulfurization.14 Biogas can
also contain siloxanes and sulfur compounds other than H2S
such as COS and CS2.

43 The highest levels of siloxanes were
found in biogas from wastewater treatment facilities and

Table 1. Comparison between Propanol Production via C123 Process and Conventional Propanol Production and between
the C123 Processes among Themselves Based on Energy Input, Global Warming Burden, Water Consumption, and Human
Health Damage as a Function of 1 kg Propanola,b

propanol production method scenario BG scenario MG scenario AG conventional propanol production

energy input (MJ/kg) feedstock 47.7 (0) 52.9 (100) 52.9 (100) 16.5 (100)
utilities/chemicals 55.2 (72.8) 29.8 (100) 29.3 (100) 62.5 (64.7)
total 102.9 (39.0) 82.7 (100) 82.2 (100) 79.0 (72.0)

global warming burden (kg CO2 equiv/kg) 6.0 7.1 6.6/2.0* 3.1
water consumed (ton/kg) 0.05 0.03 0.03 0.16
human health damage (CTUh/kg) (×10−10) 26.7 6.6 5.7/−46.8* 4.2

aFor the energy input, the percentage of the energy obtained from fossil resources is also mentioned within parentheses. bNote: *first value does
not consider avoiding flaring; second value takes avoidance of flaring into account.
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landfill gas.43 Inorganic SiO2 can be formed from this
contaminant in gas burners causing clogging.43 These
compounds can be effectively removed via adsorption (e.g.,
with activated carbon) and chemical absorption.44,45 Marginal
gas and associated gas can also contain H2S depending on the
location. For instance, 11 360 ppm H2S is detected on average
in the Bakken formation (North Dakota/USA).46 H2S is
usually converted into sulfur by a Claus reaction in the oil and
gas industry, but this process would not be profitable in this
case (daily production of sulfur is too low).47 The removal of
H2S with scavengers such as ZnO and ZnCO3 or the liquid
redox process in combination with the conversion of sulfur
into sulfuric acid is a more suitable option.47,48 However, no
major changes are expected for the KPI results when taking
into account H2S removal. In contrast, many costs can be
saved in the long term by the longer shelf life of the equipment.
In marginal gas and associated gas, natural gas liquids such

as ethane, propane, butane, etc. are present. In Appendix S9, an
example of the composition for both feedstocks is given. For
example, in the Bakken formation (North Dakota), 66% of the
feed consists of natural gas liquids on a weight basis.46 The
behavior of these higher hydrocarbons in the OCoM section is
not fully understood yet. On the one hand, if these compounds
are not recovered before the OCoM section, impurities such as
butanol and pentanol may be formed in the C123 process
reducing the propanol purity. On the other hand, these may
have been combusted by the OCoM reactions. Two strategies
need to be further investigated. First, propane and butane can
be removed before the OCoM section via a cryogenic
separator and a de-ethanizer. Second, propanol can be
processed downstream when impurities are created. Ethane
must not necessarily be removed because this compound is
even more reactive than methane under oxygenated conditions
in OCoM.6

4.2.2. Change of Production Steps. The regeneration of the
solvent in the mono-ethanolamine absorption stage requires a
lot of heat. Therefore, it is useful to investigate alternatives
such as membrane technologies. No heat is needed for the
removal of CO2 via membranes and they are easier to operate.
A lower methane recovery and a higher electricity need are
disadvantages of this technology.38 Next, the OCM reaction
can be modeled as a plug flow reactor. Currently, a
stoichiometric reactor was considered due to an incomplete
kinetic model. According to Farrell et al. (2016),49 the C2
selectivity, methane conversion, and C2 yield could be
maximized to 57, 29, and 16%, respectively. Using membrane
reactors instead of the conventional packed bed reactors could
also rise the C2 selectivity and yield.50 However, the improved
performance of membrane reactors has not yet been proven on
an industrial scale. Furthermore, the pressure in the hydro-
formylation reactor currently amounts to 20 bar. This value
could potentially be reduced to 10 bar because it is intended to
use a heterogeneous catalyst for the hydroformylation reactor
and operate it as a gas-phase reactor. Consequently, the
electricity need for compression would also decrease. However,
as the catalyst performance is not stable at high temperatures,
the reaction temperature should not exceed 100 °C. Therefore,
operating the reactor at 20 bar may result in condensation of
some of the products on the catalyst, which may adversely
impact the catalyst performance. Finally, a small amount of the
recycled gas is purged to avoid a build-up of gases. Purge
streams are necessary to ensure there is little to no
accumulation in the system from the recycle stream feeding

back into the fresh feed, preventing dilution of reactants due to
waste chemicals. The purge can be sent to a flare system. The
flare gas mainly contains CH4 (88 mol %) and CO2 (6 mol %).
Flares burn flammable gases that would otherwise be released
into the atmosphere. It also wastes a lot of valuable energy
resources that could be used. Flaring seems a better option
than gas purging (conversion of CH4 into CO2 via
combustion) because CH4 has a higher global warming
potential than CO2. However, when the combustion is
incomplete, harmful components for humans such as CO,
black carbon particles, etc. can be formed.
4.2.3. Production of Utilities and Auxiliary Chemicals. CO

and H2 are produced in the OCoM section together with
ethylene. Therefore, only a small amount of H2 must be added
to the hydrogenation. From an environmental point of view,
this is a great advantage of the C123 process since H2 is mostly
produced from fossil resources nowadays and its energy
consumption is high.51 However, the OCoM reactions can be
tuned slightly in favor of hydrogen production so that no
additional hydrogen needs to be produced. O2 must still be fed
to the OCM reactor. This gas can be produced via cryogenic
air separation or water electrolysis. In the latter case, an excess
of hydrogen is created, which cannot be transported in remote
areas. Therefore, air separation is preferred to electrolysis. The
impact of the oxygen production can be lowered by combining
this with renewable electricity production e.g., from wind
power. Nevertheless, this approach is only realistic for scenario
BG at this moment due to the challenging integration of
renewable electricity production in remote areas (scenario MG
and AG), for example, due to pricing and unfavorable climatic
conditions.52 Pressure swing adsorption of air to produce
enriched air (95% oxygen in stream) is another possibility.
However, the effect of adding N2 with enriched air to the C123
process must be studied. A substantial amount of heat is
needed for the conversion of the feedstocks into propanol (e.g.,
for the regeneration of mono-ethanolamine in the chemical
absorption stage). Heat integration can further reduce the heat
demand. For example, heat from the exothermic OCM
reaction in the OCoM section and the exothermic hydro-
formylation and hydrogenation can be recovered. Steam with
an energy content between 25 and 30 MJ per kg propanol can
be produced via a steam boiler with an efficiency of 70%.
Afterward, the steam can be sent to the chemical absorber, the
distillation columns, etc. Heat integration could hence lower
the energy consumption, the global warming burden, and the
human health damage in scenario BG by 26.8, 24.0, and 41.0%,
respectively. In scenario MG, the decrease in the indicators is
less pronounced (14.5, 11.7, and 30.0%). However, this heat
integration must still be performed in more detail to
substantiate these numbers. Finally, when all electricity
comes from wind power, the energy consumption, global
warming burden, and human health damage by carcinogenics
may be reduced by 17.6, 38.0, and 2.6%, respectively, in
scenario BG and 8.6, 42.2, and 0.8% in scenario MG.

4.3. Comparison C123 Scenarios with Conventional
Propanol Production. The comparison between the C123
scenarios and the conventional propanol production is
currently not straightforward. First, the C123 process has not
yet the same maturity level, e.g., no detailed heat integration
has been applied in the preliminary process concept yet.
Second, the production scale of the conventional propanol
production in Europe can be 10 times higher than the targeted
production scale for the C123 process (10 ktonnes per year)
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depending on the market demand.53 Further research on the
C123 process is needed to increase its maturity level and allow
for a fair comparison between conventional propanol
production and the C123 process concept.
Nevertheless, when the C123 scenarios are compared to

conventional propanol production (reference) based on the
KPIs (see Table 1), the former does not perform better for all
indicators. For example, the global warming burden of scenario
BG and MG is higher than that for the reference. In contrast,
water consumption is 3−5 times lower in all C123 scenarios.
For scenario AG, when the avoided gas flaring emissions are
taken into account, all indicators are better than that for the
conventional propanol production, with the exception of the
energy need. Using associated gas for propanol production
would therefore be a good alternative for conventional
propanol production. At the same time, gas flaring could be
reduced.

5. CONCLUSIONS
In this paper, a preliminary modular scale process concept was
proposed to produce propanol from different methane rich
feedstocks (biogas, marginal gas, and associated gas).
Simulations in Aspen Plus were performed to generate the
necessary data (mass and energy flows, utility data, etc.).
Subsequently, KPIs (e.g., the energy requirement and global
warming burden) were selected to evaluate the new design.
The results showed that the energy consumption was the
highest for scenario BG. However, the propanol production
from biogas was the least dependent on fossil fuels for energy
consumption. The global warming burden was the highest for
scenario MG. Scenario AG could be the best alternative for the
conventional propanol production due to its lower global
warming burden, water consumption, and impact of carcino-
genic substances on human health compared to scenario BG
and MG. Scenario BG had the highest score for human health
damage due to the biogas upgrade (chemical absorption).
Future research could also consider the pretreatment of the
feedstocks. For example, biogas, marginal gas, and associated
gas can contain H2S. This compound should be removed to
avoid corrosion of installations and human health effects.
Including renewable electricity production and applying heat
integration in the design can further reduce the global warming
burden and the heat demand, respectively.
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