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ABSTRACT

The oil and gas sector produces a considerable volume of greenhouse gas emissions, mainly generated from
flaring and venting natural gas. Herein, a techno-economic analysis has been performed of a switchable catalytic
process to convert the CH4 and CO; in flared/vented natural gas into syngas or methanol. Specifically, it was
shown that depending on greenhouse gas composition, dry methane reforming (DRM), reverse water-gas shift
(RWGS), and CO, methanation could be chosen to valorise emissions in an overall profitable and flexible
operation scenario. The switchable process produced methanol and synthetic natural gas as its products,
resulting in an annual income of €687m and annual operating expenses of €452m. The pre-tax profit was
calculated at €234m, and at the end of the project, the net present value was calculated as €1.9b with a prof-
itability index of 4.7€/€. The expected payback time of this process was ca. 4 years, and with a 35% internal rate
of return (IRR). Most importantly, this process consumed 42.8m tonnes of CO, annually. The sensitivity analysis
revealed that variations in operation time, green hydrogen price, and products’ prices significantly impacted the
profitability of the process. Overall, this techno-economic analysis demonstrated that switchable catalysis in
greenhouse gas utilisation processes is profitable, and thus it could play an important role in achieving net zero
emissions.

NomenclatureSymbol Explanation, Units R Revenue (subscript denotes the source), €.
rq Discount rate parameter, %.
C Cost (subscript denotes the source), €. Tworkingeapital  Working capital, %.
CAPEX Capital expenses, €.
DCF Discounted cash flow, - 1. Introduction
IRR Internal rate of return, %.
I Cash inflows, €. In recent years, there has been a significant rise in greenhouse gas

Niaowr ~ Number of employees, -
TMproject Project’s lifetime, years.
NPV Net present value, €.

(GHG) emissions due to anthropogenic activities. Carbon dioxide (CO3),
the main GHG in the atmosphere that heavily contributes to global
climate change, has dramatically increased in the atmosphere due to the

O¢ Cash outflows, €. combustion of fossil fuels for energy, transportation, and several in-
PI Profitability index, €/€. dustrial processes [1,2]. In addition to CO,, there are other GHG that
PT Payback time, years. should also be abated, for instance, CH4 whose global warming potential
Qp Quantity of product produced (methanol or synthetic natural is 25 times higher than that of CO, within a 100-year time frame [3]. At

gas) tonne/year or MWh/year. the end of 2022, the concentrations of the CO, and CHy in the atmo-
Qu Quantity of utilities used (subscript denotes the source) MWh sphere were reported to be 419 ppm and 1923 ppb, respectively [4,5].

for electricity and tonnes or kg for others. An appealing method to limit the CO; release includes carbon capture
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and storage (CCS) and carbon capture and utilisation (CCU) [6,7].
Methane, on the other hand, is released through the venting of natural
gas or it is combusted (flaring) in oil and gas refineries [8]. Approxi-
mately 140 billion cubic metres of natural gas streams are flared globally
per year, resulting in nearly 300 million tonnes of CO, and 16 billion
USD worth of gas discharged into the environment [8-10]. Flared gas
mostly consists of hydrocarbons, such as methane [11]. There are two
types of flared gas, associated and non-associated. The former refers to
the flaring of gas that was originally dissolved in the oil in the under-
ground formations and is then released from the upstream oil facilities.
The latter refers to the gas flaring from refineries and petrochemical
industries during routine operations and for safety purposes. Associated
gas flaring accounts for 90% of the global gas flare, with Russia, Iraq,
and Iran being the countries with the highest gas flaring volume. Its most
popular uses include gas reinjection (i.e. enhanced oil recovery), lig-
uefied natural gas, liquified petroleum gas, and compressed natural gas
[11]. To date, various methods have been proposed to reduce and
recover flaring gases, such as gas-to-liquid (GTL) production and elec-
tricity generation with gas turbines. In particular, flare gas conversion
into liquid products is appealing due to their easier transportation from
the stranded locations in which the majority of gas flaring occurs. As a
result, it can technically be converted into syngas, hydrogen, hydro-
carbons, methanol, and higher alcohols via a plethora of catalytic re-
actions [11,12].

A switchable catalyst is defined as one that is able to catalyse mul-
tiple reactions only when the reaction conditions are changed. It ach-
ieves high conversion and selectivity over a particular product and once
the reaction atmosphere is altered, it exhibits high conversion and
selectivity over another product. This flexibility in chemical production
is important when dealing with supply and demand issues, for example,
when pandemics and other crises occur. In addition, switchable catalysis
fits well when there are seasonal discrepancies in the supply and de-
mand of chemicals and fuels [13]. For instance, the daily natural gas
demand in the US drops by 33% between summer and winter [14],
prompting us to further explore the usage of switchable catalysis to
manage these mismatches. When considering the CO, reduction re-
actions of dry reforming of methane (DRM), reverse water-gas shift
(RWGS), and CO, methanation (Eqgs. 1-3), it is possible to use a
‘switchable catalyst’ that is active for all three reactions under a distinct
set of reaction conditions (temperature and co-reactant). Therefore, the
reactor could operate the CO, methanation reaction, for example, dur-
ing wintertime when the demand for natural gas is increased due to
heating purposes. During summertime, the reactor temperature could
increase, promoting the RWGS reaction and the formation of syngas
which can be further upgraded or even combusted for power purposes.
Furthermore, the price of green Hj is currently as high as ca. USD 7.5 per
kg, but it is expected to decrease in the future, motivating us to use either
co-reactants, such as CHy, in the near-term future in order to have a
more profitable process [13,15]. This flexibility in chemicals and fuels
synthesis is helpful in dealing with flare gas as its production is not
continuous because it is affected by safety, regulatory, and technical
reasons at any given time [11]. As a result, a switchable catalyst can be
used for multiple reactions, depending on the availability of flare gas
and its quantity produced, factors that have yet to be considered in other
valorisation scenarios [11,12,16-19].

Some research studies have been conducted on switchable catalysts,
which can potentially open up opportunities for major CO emitters,
such as refineries where CO, emissions are a major problem, to apply
CCUS technologies [20-22]. Le Saché et al. [21] demonstrated that a
Ru-promoted Ni-based catalyst remarkably enhanced the CO, conver-
sion and selectivity and was able to switch between the CO, methana-
tion and RWGS reactions in multiple cycles. Most recently, Merkouri et
al. [20] conducted studies on versatile Ni-Ru catalysts that can catalyse
DRM, RWGS, and CO, methanation, showing stable CO5 conversion,
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even when the operating conditions changed. Due to the fact that CO4
has high stability, with its Gibbs free energy being at — 394 KJ/mol,
careful catalyst design needs to be employed to enhance the reaction
kinetics [23]. Ni-based catalysts are promising candidates due to their
high activity and low cost in the DRM [23-26], RWGS [27-30], and CO,
methanation reactions [31-34]. Even though noble metal-based cata-
lysts perform better, their high costs hamper their industrial application
[35,36]. In more detail, CO, methanation (Eq. 3), which is useful in
large-scale renewable energy storage through Power-to-Gas schemes, is
an exothermic reaction that produces synthetic natural gas (SNG) [31,
32,37]. RWGS (Eq. 2) is an endothermic reaction and its main product,
CO, is considered a versatile intermediate for a plethora of chemicals
[29,30,38]. DRM (Eq. 1) is also an endothermic reaction during which
syngas is produced with an Hy:CO ratio of 1 [23,36,39]. A switchable
catalyst can be employed to switch between these three reactions
because they are favourable at different reaction atmospheres. CO2
methanation needs low temperatures and Hy as a co-reactant, RWGS
needs high temperatures and H; as a co-reactant, and DRM needs high
temperatures and CHy as a co-reactant [13]. The products of RWGS and
DRM can be further upgraded to produce higher hydrocarbons and/or
alcohols. Among those, methanol is considered a promising chemical for
it can be used as a transportation fuel and fuel-cell Hy carrier, or to
produce electricity, formaldehyde, and acetic acid [40,41]. The MeOH
synthesis from syngas proceeds through three primary successive re-
actions: CO, hydrogenation, CO hydrogenation, and RWGS [37,42,43],
and it is currently carried out at 50-100 bar and 220-240 °C by using a
ternary Cu-Zn-Al oxide catalyst [44]. Consequently, the economic
feasibility of these switchable catalysts can be tested in the flare gas/CO,
emissions utilisation to produce on-demand chemicals, by simulating
them as three different flow schemes to depict the three possible oper-
ation scenarios of the designed plant.

Dry Methane Reforming : CO, + CH4—2CO + 2H, AH}
= +247kJ.mol™! €8]

Reverse Water — gas Shift : CO, + H,—~CO + H,0 AHSyg, = +41kJ.mol ™"

@
CO, methanation : CO, + 4H,—CH,4 + 2H,0 AH' = —165kJ.mol™

3
MeOH Synthesis : CO, + 3H,—CH;O0H + H,0 AHSyg = —49.4kJ.mol™

C))

Several techno-economic studies have been conducted for either the
production of MeOH or SNG. Relating to the MeOH production, some
studies have shown that it is financially feasible to produce green MeOH,
whereas some others have shown that it is not [45-50]. The high costs of
MeOH production are associated with the costs of the water electrolyser
for green Hj generation, and the high reaction pressure needed to pro-
duce MeOH. In addition, the price of MeOH is a crucial parameter for the
process profitability, which has varied a lot over the past years (392
$/metric ton in Europe in June 2022) [51]. Concerning the SNG pro-
duction, many studies have concluded that this process is economically
feasible, especially when carbon tax is included, with the biggest cost
contributor being the green Hy production [52-57]. In order to deal with
the high green Hj costs, it has been proposed that SNG production
should be adapted to long seasonal patterns, e.g. during the summer to
allow maximum renewable energy production [56,58]. However, green
H; costs are expected to decrease in the coming years [59]. It should be
noted that the price of natural gas was 123$/MWh in Europe in
December 2022, but this price has fluctuated wildly over the past few
years in this region [60]. The reported results of several
techno-economic investigations of the DRM-based and RWGS-based
processes in literature differ. However, all the studies agree that
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maintaining a high reaction temperature is the biggest cost contributor
[46,61-68]. Overall, it should be stated that the carbon tax is a vital
incentive for both the existing and the new processes to become greener.
The carbon tax has increased over the past years, reaching €100 a tonne
in Europe at the end of February 2023 [69].

To date, there are no technoeconomic investigations into the use of
switchable catalysts to produce valuable chemicals and fuels on an in-
dustrial scale. Herein, we explore this scenario as a potential solution to
valorising flared gas/CO> produce MeOH and SNG and investigate its
carbon footprint and profitability. More specifically, we explore the case
of a switchable catalytic reactor to upgrade the CO, in the flared gas to
MeOH via syngas produced by DRM and RWGS reactions, and to SNG
produced by CO, methanation reaction. Our techno-economic analysis
evaluated the profitability of a plant located in Europe, which had a
MeOH production rate of ca. 361.4k tonnes/year and a SNG production
rate of ca. 404.1k tonnes/year. Overall, it was shown that it made sense
from an economic perspective to use one reactor for the various CO;
utilisation routes, paving the way for a more detailed exploration of
switchable catalysis. In this way, chemicals and fuels can be produced
on-demand, depending on the availability of flare gas without the need
of shut-down or standby interruptions, taking into account seasonal
needs and market fluctuations as well.

2. Methods
2.1. Process description

Fig. 1 shows the process of obtaining SNG and MeOH. The switchable
aspect of the process was achieved by simulating the DRM, RWGS, and
CO4 methanation reactions separately. So, the overall process was split
into three separate flow schemes in Aspen HYSYS. The DRM and RWGS
flow schemes aimed at producing syngas, which was then utilised to
produce methanol. The COy methanation flow scheme was used to
produce SNG. Those three different flow schemes showcased the three
different scenarios in which the switchable catalyst could be utilised.
The detailed process description can be found in the Supporting
Information.

In brief, the switchable reactor operated at 350 °C during CO,
methanation and at 700 °C during RWGS and DRM reactions. The cor-
responding reactants entered the reactor and were converted into CHy4
and syngas, while the CO2 conversion values were obtained experi-
mentally [20]. Afterwards, the gaseous mixture was cooled down so as
to remove the excess water formed during the CO, methanation and
RWGS. The exhaust gases then entered a  6-stage
compressor-intercooling step in order to increase their pressure. In the
case of the CO, methanation, the outlet mixture after compression
achieved the typical pipeline natural gas specification, and thus it was
assumed that this mixture could enter the natural gas grid (see Table 52)
[70-72]. In the cases of the RWGS and DRM, the outlet mixture entered
the MeOH synthesis reactor, followed by a vapour/liquid separator for

CO,/H;
(1:1)
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the separation of H,O and MeOH from the unreacted gases. These
unreacted gases were mostly recycled back to the MeOH reactor, but a
small purge stream was combusted to produce the required heat for the
RWGS and DRM reactors. A distillation column was used for the sepa-
ration of H,O and MeOH.

2.2. Process simulation

The process was simulated on Aspen HYSYS V11, using the Soave-
Redlich-Kwong (SRK) thermodynamic package. The SRK thermody-
namic package was selected as the thermodynamic calculation method
for this simulation because of its suitability for modelling gases and
hydrocarbons produced at high temperatures and pressures (>10 bar).
Moreover, the SRK made better predictions for the polar systems and it
was a better thermodynamic model for the MeOH systems [19,40,73,
74].

It was assumed that the switchable catalytic reactor and a down-
stream methanol synthesis process would be implemented in a natural
gas production facility with some level of stranded hydrocarbon and
hydrogen resources. Since those resources are too costly to purify, they
could instead be used to reduce CO, to value-added products. The aim
was to convert various sources of emissions (flared gas, vented natural
gas, captured COy) into syngas or SNG. Hence, in this scenario, it was
assumed that various levels of vented natural gas (rich in CO,, but
containing hydrocarbons), flared natural gas (rich in hydrocarbons) and
concentrated CO, emissions (captured as part of standard amine
scrubbing during natural gas production) were present on site, sum-
marised in Table 1. Information for the mass balances and conditions
can be found in the SI (Tables S4-S9). The flow rates are given in the
conditions specified in the table. It is worth mentioning that the total
volumetric flow rates of the inlet streams of the switchable catalytic
reactor were similar in all three CO, valorisation scenarios, i.e.
approximately 294,500 m®/hr, meaning that the space velocity
remained the same (see Supporting Information).

The overall process was simulated as three separate flow schemes to
account for the three separate reactions catalysed by the switchable
catalyst (Fig. 1). Both switchable catalyst and MeOH reactors were
modelled as stoichiometric reactors. For both reactors, an energy stream
was specified to ensure that the reactors operated isothermally, i.e.
either at 350 °C or at 700 °C, depending on the reaction occurring in the
switchable reactor, and at 240 °C in the MeOH reactor. The distillation
columns were initially simulated as ‘shortcut’ columns. Once the prod-
uct specification was reached, the ‘shortcut’ columns were changed into
rigorous columns and were later optimised in terms of number of trays
by using the temperature profile to ensure that they are redundant trays
in the column (as described in the SI). The furnace was modelled as a
Gibbs reactor and the components entering it were mainly CHy, CO, and
some CO. An additional air stream was specified to enable the com-
bustion reaction to occur in the Gibbs reactor. More information about
the process simulation can be seen in the Supporting Information.

Synthesis _________,  Methanol
—  sas
CO,/CH, Switchable OR
. D> catalytic reactor
(1:1) vt \ Synthetic Natural gas
) natural gas grid
CO,/H,
(1:4)

Fig. 1. : Illustration of the switchable catalytic process.
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Table 1
Inlet specifications for the three flow schemes.
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DRM flow scheme RWGS flow scheme CO, methanation flow scheme
CO,, flow rate (kmol/h) 5000 4500 1915
H, flow rate (kmol/h) - 5068 5650
CH,4 flow rate (kmol/h) 5000 - 7656
Molar composition CO5/H,/CHy 0.5/0/0.5 0.47/0.53/0 0.13/0.37/0.5
Temperature (°C) 31.35 78.33 34.19
Pressure (bar) 3.05 2.78 3.05

Sources of inlet gas streams Flared gas/vented natural gas

Captured CO,/Green H, Flared gas/Vented gas/Green Hy

2.3. Economic model

In order to estimate the total capital costs, the equipment costs were
calculated, using a combination of equipment costing equations and
sizing procedures. The equations used to calculate the capital cost of
each equipment and the detailed assumptions for the economic model
can be found in the SI. The cost correlations for the compressors, pumps,
reactors, distillation column, furnace, and separators were obtained
from Towler & Sinnott, whereas the correlation for the heat exchangers
was obtained from Seider et al. [75-77].

In the equipment purchase cost calculations, power and heat duty
were the sizing parameters for the reciprocating compressors and heat
exchangers, respectively. Volume was the sizing parameter for the re-
actors. Likewise, shell mass was needed to calculate the purchase cost
for the distillation column and vapour/liquid separators. Those sizing
parameters were calculated three times since the overall process was

Table 2
Input data used for technoeconomic analysis.
Data Value Reference
Price for MeOH, Pyehanot (€/1) 370 [51]
Price for synthetic natural gas, 116
[56,80]
Pyyniheticnaturalgas (€/MWh)
Price for electricity, Pgecricity 0.1445 181]
(€/kWh)
Price for cooling water, Pcooingwater 0.0250
[61]
(€/9)

Price for switchable catalyst, 269 SeeSupporting
Psyithchablecatalyst (€/Kg) Information
Price for methanol catalyst, 38 SeeSupporting
Phtethanolcatatyst (€/K8) Information

Price for catalyst charge/recharge, 2
P (€/m%) 61}
Catalystcharge/recharge
Price for wastewater processing, 17
P ing (€/m°) [e1]
wastewaterprocessing
Price of hydrogen, Phydrogen (€/kg) 1.739 Calculated based
on[78]
Price for maintenance, Ppgintenace 5% of Annualised
(€/year) Capital Cost (771
Price of labour per employee, Py qpour 50,000 i
(€/person/year) [82]
Price for insurance, Ppsyrance (€/year) 1% of Annualised
Capital Cost (771
Price for local taxes, Procaitaxes 2% of Annualised
(€/year) Capital Cost (771
Price for royalties, Proyqiies (€/year) 1% of Annualised
. [77]
Capital Cost
Number of employees 10 [77]
Discount rate parameter, rq4 (%) 4.75 [77]
Project lifespan (in years) 20 [77]
CAPEX (€) 397,921,699.59 See Supporting
Information
Working capital, I'working capital (%0) 7.5% of total CAPEX Assumed based on
[771
Chemical Engineering Plant Cost 550.8 [83]
Index for 2010, CEPCI
Chemical Engineering Plant Cost 776.3 [83]

Index for 2021, CEPCI

simulated in three separate flow schemes. For each equipment, the flow
scheme which gave the highest value for its sizing parameter was
selected to determine its purchase cost. That was because one plant was
to be built, despite having three simulation schemes to model the part of
the switchable catalysis. All the equipment was oversized so that it could
function successfully when operating the plant for the production of
either MeOH or SNG. The capital cost obtained from the aforementioned
equations was for the year 2010, and thus the capital cost for 2021 was
obtained using the Chemical Engineering Plant Cost Index (CEPCI), ac-
cording to Eq. 5. To calculate the total investment, working capital was
estimated to be a percentage of the fixed capital investment; 10% to 20%
is the typical range [76]. Therefore, the working capital was presumed
as the 7.5% of the fixed capital investment (Eq. 6). The analysis was
carried out in euros for the year 2021.

The economic analysis was based on a 5,600-hour operation to
produce MeOH, i.e. 2800 h of syngas produced through DRM plus
2800 h of syngas produced through RWGS, and 2800 h of operation to
produce SNG. These operational hours were selected in order the
switchable catalytic reactor to operate one reaction every four months.
Therefore, the total operation time was 8400 h per year, and the
remaining hours of the year (360 h) were attributed to the start-up, shut
down, and maintenance procedures. This was the base case scenario.
Heat recovery was achieved through combustion of the unreacted CH4
and CO, using a furnace. The heat released was able to meet the majority
of the heat demand of the switchable catalytic reactor when the DRM
and RWGS reactions were in operation. This decreased operating costs
and increased revenue. A sensitivity analysis was carried out to under-
stand the effect of the operation time coupled with the green Hy and
products prices on the profitability of the designed process. The price of
the green H; was assumed to be similar to that of the grey hydrogen in
order to depict a future optimistic scenario, since its price is expected to
drop within the next few years due to technological advances [78,79].

The economic model was based on the discounted cash flow method.
This method included calculating the internal rate of return (IRR),
payback time (PT), profitability index (PI), and net present value (NPV).
The NPV and PI were calculated using Eqs. 7 and 8, respectively. The
internal rate of return was calculated based on Eq. 9. Egs. 10 and 11
were used to calculate the cash inflow and outflow. The project’s life-
span was set at 20 years and the discount rate parameter was used to
consider the time effect. The required loan for the investment was pre-
sumed to be the total capital cost, and the working capital was presumed
to be 7.5%.

The revenue was generated from selling MeOH and SNG. Their total
annual revenue was calculated by multiplying their prices by their
annual production (using Eqgs. 13 and 14). To calculate the revenue from
the MeOH, its hourly mass flow rate obtained by the DRM flow scheme
(leaving the top of the distillation column) was multiplied by 2800 h and
the price of MeOH. Since the RWGS flow scheme also produced MeOH,
the same procedure was followed in order to get the revenue from selling
the MeOH when the switchable reactor operated the RWGS reaction. To
calculate the revenue from the SNG, its lower heating value was
multiplied by the mass flowrate of the CH,4 so as to obtain the total heat
value per hour. The total hourly heat value was multiplied by 2800 h to
calculate the total heat value of the stream per year and then, by the
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price of SNG so as to measure its total revenue.

The cash outflows were calculated by grouping: Cgiecsriciy, Obtained
from the price and quantity of electricity; Ccoolingwater, Obtained from the
price and quantity of cooling water; Csyithchablecatalyst> Obtained from the
price and quantity of the switchable catalyst; Cuethanotcatatyst» Obtained
from the price and quantity of the MeOH catalyst; Ccasalystcharge/recharges
obtained from the price for charging/recharging the catalyst and
quantity of switchable and MeOH catalysts; Cyastewaterprocessing, Obtained
from the price and quantity of treating waste water; Cpygintenace; Calcu-
lated as 5% of annualised CAPEX; Cjgpour, Obtained from the number of
employees and their annual salaries; Cpsyrance, calculated as 1% of the
annualised CAPEX; Crocaitaxes, Calculated as 2% of the annualised CAPEX;
Croyalties; calculated as 1% of the annualised CAPEX. Labour costs were
obtained from using three operators per shift for 3 shifts per day, for a
total of 10 operators. All those calculations were made using Eq. 15 to
Eq. 26, respectively. The prices used for the operating costs were based
on those of 2021. More details about the economic model used, the as-
sumptions, and the calculations can be found in the SI. The input values
for the TEA analysis are shown in Table 2.

Capital cost year 2021 = Capital cost year 2010

CEPCI for year 2021 [776.3] )
CEPCI for year 2010 [550.8]
Total investment = Total capital cost + Working capital (6)
n 1, —0,

NPV = —_— 7

Zr:o(l + rd)[ @)
2oy

pr = =200 ®
Ciuvexlmenl

n I, =0,

IRR : NPV = —— =0 9

Zr:n(l + rd)’ ©

I = Rutetnanot + Rsynineric s (10)

O, = Cegiectricity + Criyarogen + C processing T Chai + CLabour + Croyatties

+ CLm‘nlmxes + Clnsuram‘e + CS witchablecatalyst + CMﬂhmmlmmlys/

+ CCaral_vstrharge [recharge

1D

100
9
o 80+
-}
C
(0]
o
< 60
S
9o
Y—
O 40
(0]
o))
<
C
o 204
o
o)
o
0

MeOH SNG
Revenue source

Fig. 2. : Breakdown of the total revenue from various revenue sources.

Journal of CO2 Utilization 79 (2024) 102652

CAPEX x (100 +r workingcapital )

Cinvestment = 100 12)
Rytethanot = Q 1% Pyen (13)
Rsynneticnatratgas = Qsyniheticnaturaigas * Psyniheri I 14
Ceieciricity = QEteciricity * PEtectriciry (15)
Chiydrogen = Qhydrogen * Phydrogen (16)
Ccooli = Qcool * PCoolin a7n
Coyithchablecatalyst = Qwithchablecatalyst * Pswithchablecatalyst (18)
Chethanolcatatyst = QMethanolcatatyst * Pbethanolcatatyst 19
C processing = O processing * P, processin (20)
Ccatatysicharge/recharge = Q(Switchablecatalyst+Methanol) * PCatalystcharge/recharge 21
Cotamne = o CAPEX @2
Nproject
Crabour = Nabour * Prabour (23)
Consranee = L CAPEX @4)
Nproject
Clates = 22 CAPEX @5)
Mproject
Choatis = S CAPEX 26)
Nproject

3. Results and Discussion
3.1. CO2 Consumption

The main aim of this work was the utilisation of CO5, which meant
that the designed process should consume more CO5 than it generated.
According to the simulation, the process chemistry consumed 5149 t/hr
of CO, equivalent, resulting in an annual consumption of 43 million
tonnes (see Supporting Information). However, in order to calculate the
net CO, consumption, the carbon content of electricity needed to be
considered. The electricity production in 2021 was reported to have had
an average carbon footprint of 0.2123 kg CO2 per kWh in the UK [84].
Therefore, 448k tonnes of CO, were released per year through the
electricity used in this process. This meant that the overall annual
consumption of CO, was 42.8m tonnes for 8400 h of plant operation
time as opposed to the conventional ways of producing MeOH and
natural gas, which are carbon positive technologies. Overall, the pro-
posed process consumed more CO; than it emitted, which was the prime
objective of this project. However, it is essential to note that the calcu-
lated value of the annual CO, equivalent consumption is only an
approximation and that a more detailed life cycle assessment of the
process is required to get a better estimate.

3.2. Techno-economic analysis

The annual income for this project was generated from producing
361.4m kg/hr of MeOH and 1.703m kW of SNG. The total income was
€687m and the revenue breakdown can be seen in Fig. 2. SNG, which
was produced in large quantities from the CO; methanation flow
scheme, contributed more to the annual revenue, ca. 80% of the total
revenue per year. Despite the fact that MeOH had a higher selling price
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and was produced using both the DRM and RWGS flow schemes, its sales
contributed only 20% to the total annual revenue. That was because the
total MeOH produced was 722.8k tonnes per year and the SNG produced
was 441.8m kg per year, but by multiplying the SNG amount by its
heating value and 2800 h of production, 4.8m MWh were obtained. It is
worth noting that this difference in production was due to the lower
single pass conversion in the MeOH reactor compared to the SNG
reactor. The DRM flow scheme produced more MeOH than the RWGS
flow scheme, contributing six times more to the revenue obtained from
the MeOH production, mainly attributed to the higher amounts of Hy
and, to a lesser extent, to the available CO, downstream the switchable
catalytic reactor. Since Hy was produced in DRM, but consumed in
RWGS, its flow rate was 7198 kg/hr and 1738 kg/hr, respectively, in the
stream after the switchable catalytic reactor. It should be noted that
after the methanol synthesis reactor, the flow rate of Hy was zero in both
cases. The total annual income from the MeOH and SNG was calculated
at €133m and €553m, respectively. If the switchable reactor had oper-
ated the DRM reaction for a longer period, it would have definitely
increased the revenue as more syngas (and Hy) would have been pro-
duced via the DRM reaction than via the RWGS reaction, meaning a
higher amount of MeOH.

The total capital cost was ca. €392m. In general, across the three flow
schemes, the DRM flow scheme had the highest sizing parameters,
which were used to calculate the purchase cost of each equipment. This
was associated with the DRM reaction stoichiometry, and hence the
higher amount of products downstream MeOH production was associ-
ated with higher capital costs than those of the production of SNG
because additional expensive pieces of equipment, such as furnace,
recycling loop, and distillation column, were required after multistage
compression. The capital costing calculations showed that the
compressor and furnace were the most expensive pieces of equipment,
contributing significantly to the overall capital cost. The total fixed
capital cost for both the compressor and the furnace were €163m with
the compressors alone accounting for ca. 47% of the total capital costs.
The main factor that affected the calculations for the capital and oper-
ating cost was the flowrate of the feed stream at the start of the process.
Variations in flowrates had more impact on the capital costing of the
compressor and furnace because a significant increase in compressor
power and furnace duty was observed when processing a considerable
amount of feed, resulting in a substantial increase in the overall capital
cost due to the need for bigger equipment. The advantage of the studied
process was that it utilised a furnace to produce a hot flue gas stream,
which was in turn used for heat integration. Before being combusted, the
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stream included mainly CO, CO,, and CHy (in the case of DRM only)
after the recycle loop of the MeOH synthesis reactor, helping to both
achieve heat integration and prevent the release of highly toxic CO into
the atmosphere. In general, even though furnaces significantly increase
capital costs, they reduce operational expenses by lowering electricity
requirements since the flue gas is hot enough to heat cold streams. The
capital cost could have been reduced more if the MeOH synthesis had
been able to be operated at lower pressures with the aid of a more
effective catalyst [37] as fewer compressors would have been required.

Fig. 3 shows the operating expenses in the base case scenario,
calculated as €452m in total with the largest contributors being elec-
tricity, cost of Hy, and maintenance at €305m, €106m, and €19m per
year, respectively. Even though Hy cost was significant and was ex-
pected to have had a higher contribution, the operating costs were
dominated by the cost of electricity. This was attributed to the high
amounts of electricity needed to operate the compressors and the re-
actors isothermally (mainly during DRM), in addition to avoiding using
H, for a third of a year due to the DRM flow scheme. The pre-tax profit
was calculated as €234m per year when taking the annual sales income
and operating expenses into consideration.

Fig. 4 shows the comparison of the operating costs between the DRM,
RWGS, and CO; methanation flow schemes. The operating costs were at
their highest point when the switchable reactor was operating the DRM,
followed by the RWGS, and the CO, methanation reactions. The total
electricity requirement was the main reason why the DRM flow scheme
had the highest operating costs, mainly due to the power required to
operate the switchable reactor isothermally, in accordance with previ-
ous literature findings [62,63]. The required power for the compressors
and the electric heater utilised for preheating the syngas for the MeOH
synthesis also contributed to the increased electricity requirement for
the DRM flow scheme. Likewise, the electricity costs were the biggest
contributor to both the RWGS and the CO5 methanation flow schemes,
followed by the Hj costs. CO, methanation utilised more Hy compared to
that of the RWGS flow scheme, but the operating costs for the RWGS
flow scheme were €21m higher than those of the CO, methanation flow
scheme due to the increased electricity costs associated with maintain-
ing the temperature of the RWGS reactor. It should be noted that the low
costs of SNG production are not only associated with the lower reaction
temperature, but also with the presumed price of the green H; at its
lowest possible cost in order to depict a near-future scenario. As regards
the costs of the catalysts, the total switchable catalyst cost was estimated
as €1.9m per year and the total MeOH catalyst cost as €1.8m per year.

A company selects its discount rate on the cost of capital, which
comprises the cost of equity and the cost of debt incurred. Therefore, a
project of this scale would have come under the 10-year AA grade
corporate bond, with coupon rates between 0.75% and 10% [60].
Hence, a coupon rate of 4.75% was selected (Bloomberg price index for a
10-year AA bond) [80]. By using a discount rate of 4.75%, the cumu-
lative NPV at the end of the project’s lifespan was calculated as €1.9b,
and the profitability index (PI) as 4.7€/€. From an investor’s preceptive,
the value calculated for the profitability index showed that for every €1
invested, the investor would receive an additional €4.7. Since investors
seek projects with a PI greater than 1€/€, the findings of this work
clearly demonstrate that a flared gas-to-MeOH/SNG process is finan-
cially attractive, while the flexibility offered by the switchable catalytic
reactor allows for increasingly sustainable CO, and Hj sources to be used
through the lifetime of the plant.

Fig. 5 shows the cumulative cash flow, which was used to calculate a
payback period of ca. 4 years with a discount rate of 4.75%, meaning
that the proposed process would have required 4 years to become
profitable. Those economic factors were calculated on the basis that all
three reactions would have operated evenly across the course of a year, i.
e. 4 months for each reaction. The SNG production was the top
contributor to the profitability of the process as it enabled higher income
from the sales and lower operating expenses, which also allowed for
positive cumulative profits after the third year of operation. The results
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demonstrated that the flexibility offered by the switchable catalyst could
help manufacturers switch between reactions in line with the seasonal
demands for the product, thus ensuring that profits were realised for the
overall process.

The internal rate of return (IRR) is defined as the discount rate that a
project’s NPV requires in order to become zero at the end of its lifespan
and it indicates the maximum interest that could be paid to reach the
break-even point. In this way, the comparison of projects is feasible since

Table 3

Summary of key economic results.
Economic parameter Value
Capital costs (€) 392m
Annual operating costs (€) 452m
Annual pre-tax profit (€) 234m
PI (€/€) 4.7
IRR (%) 35
NPV (€) 1.9b
Break-even point (years) 4

Carbon footprint (kg CO, equivalent) -42.8m

the IRR is independent of a project’s scale. According to the World Bank
Group, a project is considered appealing when the NPV has a positive
value, the IRR is higher than 10%, and the payback period is less than 10
years [61]. The IRR was calculated at 35%, which was a good indicator
of the project’s profitability. The results of this paper strongly illustrate
how the proposed process would be profitable with the utilisation of
switchable catalysis. The project is therefore appealing, taking account
of its profitability and its remarkable reduction in COy emissions. A
summary of the key results is presented in Table 3.

3.3. Sensitivity analysis

A sensitivity analysis was conducted to gain a better understanding
of the impact of different parameters on the profitability of the process.
Hence, the selection of the parameters was based on maximising the
revenue by examining how the operation time and the prices of green Hy
and products impacted the profitability of the process.

3.3.1. The effect of switching between DRM, RWGS, and methanation

As previously discussed, this process was designed to be flexible in
terms of chemical synthesis production in line with supply and demand.
Hence, three scenarios were analysed to investigate the impact of
operation time on the profitability of the overall process. Scenario A was
at work when the plant only produced MeOH via the DRM and RWGS
flow schemes. Scenario B was activated when the plant only produced
SNG via the COy methanation flow scheme. Scenario C was put into
action when the plant operated all three flow schemes, but with different
operation times. In Scenario C1, the DRM and CO; methanation flow
schemes were operated for 8 and 4 months, respectively. In Scenario C2,
the RWGS and CO, methanation flow schemes were operated for 10 and
2 months, respectively. In Scenario C3, the DRM and CO3 methanation
flow schemes were operated for 10 and 2 months, respectively. In Sce-
nario C4, the DRM flow scheme was operated for the entire year. In the

Table 4
Duration (in hours) of each reaction for all scenarios tested in sensitivity
analysis.

Base A B Cl Cc2 C3 Cc4
case
CO4 2800 - 8400 2800 1400 1400
methanation
RWGS 2800 4200 - 7000 - -
DRM 2800 4200 - 5600 - 7000 8400
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base case scenario, all three flow schemes were operated equally, i.e. 4
months of operation for each flow scheme in the course of a year. Table 4
shows the duration of each flow scheme in hours for all the aforemen-
tioned scenarios.

Fig. 6 illustrates the comparison of cumulative cash flows between A,
B, and the base case scenarios. In the case of scenario A, it became
apparent that the plant did not turn any profit when it only operated the
DRM and RWGS reactions to produce MeOH. The cumulative cash flow
for that scenario kept running negative over the years because the
overall expenses outweighed the income generated from selling MeOH;
the revenue from selling MeOH was €200m and the total operating costs
were €474m, reaching a negative NPV of -€3b. The DRM flow scheme
contributed to the considerably high operating costs, mainly due to the
significant electricity requirements. More MeOH was produced when
the switchable reactor operated the DRM instead of the RWGS reaction
and the amounts of the MeOH produced from the RWGS flow scheme
were not adequate enough for the overall process to turn a profit.
Therefore, the plant should not solely operate on the MeOH production
mode because it would be operating at a loss. As for scenario B, it proved
profitable when it only operated the CO, methanation flow scheme for a
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Fig. 7. Effect of varying the operating time on the NPV of the process (for
scenario C).
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whole year. NPV was calculated as €18b and the payback period was ca.
2 years, whereas the payback period for the base case scenario was 4
years. The fact that Scenario A was unprofitable and Scenario B profit-
able was the result of the lower capital costs due to the avoidance of a
multistage compression and distillation column, as well as the result of
the lower electricity costs associated with the switchable reactor oper-
ation, i.e. the annual electricity costs were €149m, €90m, and €66m for
the DRM, RWGS, and CO5 methanation reactions, respectively, in the
base case scenario.

Fig. 7 depicts how the NPV for the overall process fluctuates,
depending on how long each flow scheme operated over the course of a
year. When each of these scenarios was compared with the base case
one, it became clear that the operating scenario C1 was more profitable
than the base case scenario; their difference in NPV was €841m, C1
payback period was 1 year shorter than the base case one, and its IRR
was 45%. The reason why C1 was more profitable than the base case
scenario was that despite the fact that DRM and RWGS had similar
annual operating costs, i.e. €150m and €143m, respectively, the amount
of MeOH produced in the DRM flow scheme was about six times larger
than that of the RWGS, resulting in higher sales income. Even though
70% of the year was dedicated to the MeOH production, most of the
revenue was still generated from the SNG production. Operating sce-
nario C3 was not as profitable as the base case one for it had a consid-
erably lower NPV and a longer payback period of 9 years. In scenario C3,
the revenue mostly derived from the MeOH production, meaning that it
took 10 months of operating the DRM flow scheme for the MeOH pro-
duction to generate a larger revenue than that of the SNG production.
Even though the electricity costs during DRM were significant, that
configuration was favourable because no Hy was required during the
DRM. PI and IRR were calculated at 1.24€/€ and 15%, respectively,
barely demonstrating a profitable process. Furthermore, it became
obvious that it was not profitable to operate the RWGS flow scheme for
most of the year (scenario C2) and the DRM flow scheme for a whole
year (scenario C4) because the NPVs were calculated as -€1.6b and
-€1.7b, respectively. As aforementioned, the amount of the MeOH pro-
duced through the RWGS was considerably small in comparison with its
high operating expenses, which meant that the plant failed to reach the
break-even point. Considerable electricity requirements for the opera-
tion of the DRM flow scheme for a whole year caused a significant in-
crease in operating costs, rendering scenario C4 unprofitable. For
scenarios C2 and C4 to be profitable, the MeOH prices had to increase so
as to boost the overall revenue, reaching above 1900€/tonne to achieve
the minimum payback time of 10 years and IRR of 13% for scenario C2,
and above 600€/tonne for scenario C4. These values are even higher
than the highest price of MeOH ever recorded to date, making the pro-
posed scenarios unrealistic when it comes to real application in the
short-to-medium term [45,48,51].

In general, in order to boost the profitability of the MeOH produc-
tion, more heat integration should have been used to reduce the oper-
ating costs. For instance, the excess heat from the furnace, which had
already been used to preheat the feed entering the switchable reactor,
could have been further utilised to preheat the syngas mixture before
entering the MeOH reactor. This would have resulted in a substantial
reduction in electricity requirements for the DRM and RWGS flow
schemes and lower operating costs for the electric heater. Instead of
using electricity for the switchable reactor, other heating methods, such
as green Hj and natural gas combustion with carbon capture, could also
be considered [78]. Additionally, natural gas prices and demand have
fluctuated recently due to the COVID-19 pandemic, the war in Ukraine,
and the ensuing cost of living and energy crises, especially in Europe,
where the gas spot price has reached an all-time high [85]. The annual
demand for natural gas in the UK in 2020 was ca. 812k GWh [86]. 14305
GWh could be produced annually by the CO3 methanation flow scheme
if it operated for 8400 h per year. This meant that this innovative
strategy could meet the 1.8% of the UK natural gas demand. However,
this process utilised 14% of the available H; in the UK to meet the 1.8%
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of the UK natural gas demand, since the UK produced 700k tonnes of Hy
in 2020 in total, and this process consumed 96,000 tonnes of H; per year
[87], further manifesting that there is a crying need for green Hy pro-
duction on a larger scale.

3.3.2. Effect of hydrogen

All the previous results represent the economics when using green
low-cost Hy. Calculations were therefore carried out once again by using
the price of green Hy in 2016 (12$/kg) and in 2019 (7.7$/kg) to evaluate
the economic feasibility of this process [78,88]. NPV was calculated as
-€2.9b and -€1.49m, respectively. The process in its base case scenario
failed to reach the break-even point due to a massive increase in annual
operating costs, and thus it was not economically feasible to use green
Hj at its current price. The price of Hp had to be below 2.23 €/kg for the
process to break even, as Fig. 8 shows. This price is above the blue Hy
cost at present, which is 1.1-1.9€/kg [78,88], and within the price range
projections of green hydrogen for 2050 [15,88]. Although green Hj is
too expensive to make this process feasible, renewable Hy production
costs are expected to decline in the future due to technological advances
in both renewable electricity generation and electrolysis, enabling a
significant reduction in operating costs [59]. In only three years from
2016 to 2019, there was a 36% drop in its price, confirming its down-
ward trend. It should also be mentioned that grey Hy price depends on
the price of natural gas, which has fluctuated a lot over the past couple of
years [60]. Additionally, this flexible process can switch between the
three reactions, meaning that the CO2 methanation and RWGS reactions
can run during the summer months when the production of renewable
electricity peaks and green Hj is more widely available.

3.3.3. Effect of product prices

A final sensitivity analysis was carried out to determine the impact of
the products’ prices on the profitability of this project. When calculating
the NPV for varying natural gas prices, the MeOH price was stable at its
original value, i.e. 370 €/t. When calculating the NPV for varying MeOH
prices, the natural gas price was stable at its original value, i.e. 116.08
€/MWh. These particular price ranges of products were selected to de-
pict a wide range of possible price changes, with the lowest value being
lower than ever recorded over the past years and the highest value being
higher than ever recorded over the past years [51,60]. The results are
presented in Fig. 9. It was shown that the prices of natural gas had a
bigger effect on the project’s profitability than MeOH. Indeed, a positive
NPV was obtained regardless of the MeOH price (even when it was set to
0), indicating that the process was profitable due to the natural gas
production. This has already been highlighted in Fig. 2 and particularly
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in Fig. 7 when the different operation scenarios were considered. Nat-
ural gas prices had a huge impact on the NPV values, with the NPV
becoming zero when the natural gas price was approximately 75
€/MWh. This confirmed that the process profitability was dependent on
the CO5 methanation mode.

4. Discussion

To date, CO- utilisation technologies have been viewed as a mean to
convert flared gas into valuable chemicals, while using flared gas for
electricity production has also been investigated [17,18]. However,
most of the techno-economic studies surrounding the flared gas/CO,
utilisation processes have been economically unfeasible because of the
high capital investments and operating costs, which mainly pertain to
electricity and catalysts, and the scant government subsidies.

The results of this work demonstrate an interesting switchable
chemical synthesis strategy for utilising flare/vent gas streams and
producing on-demand chemicals and fuels. It is shown that SNG pro-
duction is profitable if green Hy reaches cost parity with grey hydrogen;
however, the process is profitable with the current grey and blue Hj cost.
In addition, it was found that DRM and RWGS schemes are not profitable
in the short term, but there can be ways to future-proof our investment
and monetise emissions. For example, the switchable reactor can be set
up for SNG production and then, it can gradually be shifted to supply low
emission syngas to other processes, especially when the demand for SNG
is low, e.g. during summer. It should also be noted that taxes or penalties
imposed on venting CO2 and hydrocarbons to the atmosphere have not
been considered in this work. This cost is avoided when the gases are
used through our carbon negative process, making it even more
attractive to utilise these emissions rather than release them. Hence, our
analysis does not include savings/revenue from the carbon tax, making
our profit calculations conservative. In this regard, even methanol can
be more appealing, offsetting its production costs to a certain extent,
because the conventional carbon-positive production of methanol can
even become unprofitable in the future due to carbon tax increase. As
mentioned earlier, being on the increase in recent years, the carbon tax
reached €100/tonne in Europe at the end of February 2023 [69] and is
expected to increase even more in the near future due to current envi-
ronmental regulations, potentially reaching €200/tonne by 2050, ac-
cording to the International Energy Agency [89]. By multiplying only
the CO; inlet flow rates (Table 1) of the three flow schemes by their
corresponding operation times, the molecular weight of CO,, and the
price of carbon tax in February 2023 in Europe, the avoided tax based on
CO-, emissions alone is calculated to be €143.6m. As a result, the carbon
tax can be more than €287.2m in 2050, without even considering the
contribution of hydrocarbons that will produce additional CO2 when
combusted.

Moreover, this work illustrates the importance of exploring greater
synergies between CO;, utilisation and downstream process treatment to
decarbonise various industry sectors. Hence, more efforts should go into
the oil and gas sectors to utilise waste streams so as to produce sus-
tainable chemicals and fuels, especially when considering how much
CO5 and hydrocarbons are lost through oil and gas operations per year.
While the process that can recover these waste streams is profitable, it
can benefit from further financial assistance from government subsidies
and incentives. The switchable process can further be optimised by
ensuring that it has the capabilities to adapt to other sources of emissions
from refineries and other heavy-carbon industrial processes, such as
steel-making, cement-manufacturing, etc. In addition, this process can
be improved in terms of the heat and power integration as well as the
activity and durability of switchable catalysts. In any case, this study
demonstrates how advances in catalysis affect the economic viability of
alternative chemical and fuel production methods owing to the fact that
when the widely unprofitable DRM is combined with CO3 methanation,
the overall process becomes profitable.

In general, these findings reveal the adverse effect of supply and
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demand as well as the uncertainties of the global market on the profit-
ability of industrial projects, showcasing that the use of switchable
catalysis can be useful in scenarios of this type. For example, the demand
for natural gas for heating purposes by residential and commercial
consumers increases the overall demand for natural gas during the
winter [14,90]. Therefore, rather than operating the DRM and RWGS
flow schemes for MeOH production, a plant could focus on operating
only the CO, methanation reaction to produce SNG during these periods
to meet the demands. Similarly, profitable switches in operation can be
made by keeping an eye on market prices and aiming for the most
profitable ones at any given time. In addition, with this study, we show
that petrochemical and oil and gas companies can begin to gradually
utilise their emissions and streamline their processes around the use of
COq-derived syngas so as to re-envision chemical synthesis and consider
using a switchable reactor that utilises the waste CO». The utilisation of
such technologies can help countries become less reliant on fuel imports,
which can only be beneficial. Finally, it is vital that the prices of
renewable Hy decrease so as to generate positive cumulative annual cash
flows.

5. Conclusions

The work presented in this paper examined the techno-economic
feasibility of switchable catalysis for chemical synthesis flexibility.
The use of a switchable catalyst is a novel approach towards the
reduction of CO, emissions since a catalyst can be used not only for an
individual CO; utilisation scheme, but also for multiple switchable
operation scenarios that allow flexible COy recycling. The techno-
economic analysis demonstrated that this approach is currently
economically feasible because of the production of SNG. The production
of MeOH is not profitable, but there are other benefits deriving from the
flexibility of chemical synthesis in adapting to the changing demands
and the availability of feedstocks. The annual revenue for this process
was €687m, generated from the MeOH and SNG sales. The total capital
investment required for this project was €392m and the yearly operating
costs were €452m. While there were various operating expenses, the
major ones were the costs of electricity and Hy at €305m and €106m,
respectively. The pre-tax profit was calculated as €234m per year. By
using a discount rate of 4.75%, the NPV was calculated as €1.9b at the
end of the 20-year-lifespan of the project with a PI of 4.7€/€. The process
had a payback time of nearly 4 years and its IRR was calculated at 35%.
When all the sources of the emissions in the process were taken into
account, the yearly CO, consumption was estimated at 42.8m tonnes of

10

CO4 equivalent. According to the sensitivity analysis, the production of
MeOH/SNG was extremely sensitive to operation time, and Hy and
natural gas prices. In this work, we illustrated that the overall process
became profitable when the DRM and CO5 methanation flows schemes
operated together or when only the CO, methanation was operated for
an entire year. The use of green H, at its current price is not economi-
cally viable for this process, unlike blue Hy, whose implementation
makes the process economically feasible. Significant government sup-
port is therefore essential to promote the usage of renewable Hj. Overall,
the utilisation of switchable catalysis to produce MeOH and SNG from
flared natural gas manifests itself as a unique approach towards the
minimisation of GHG emissions and the move towards a circular econ-
omy. Nonetheless, new synergies between flared gas/COs utilisation and
upgrading should be further investigated in order to decarbonise stra-
tegic chemicals and fuels, such as formic acid, acetic acid, and dimethyl
ether.
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