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Abstract

Currently, ethylene is the most important chemical with the largest global demand: it is mainly produced by
ethane or naphtha cracking but, this is characterized by significant carbon dioxide emissions. For this reason,
starting from carbon dioxide and water, different routes for ethylene production have been proposed and
investigated in the literature but a complete comparative analysis is missing.

In this research, we analyze ethylene production via carbon dioxide electroreduction and a methanol-to-olefin
process, with methanol obtained in several ways. After the modelling of these systems, economic and
environmental (in term of global warming potential) analyses are conducted to develop a comparison among
the investigated processes and a conventional one based on naphtha cracking.

Results, located in the UK, show that the tandem process could be economically competitive (with the lowest
production cost of 1.34 $ per kg of ethylene), while the methanol-to-olefin process with methanol obtained
from syngas (produced through carbon dioxide-water co-electrolysis) has the best advantages for carbon
dioxide emissions (with the lowest impact of -3.08 kg of COq per kg of ethylene). Moreover, the most
preferred energy source for the electricity supply is the nuclear one with a small-scale plant because, economic
and greenhouse gas emission advantages are provided while, worse conditions are obtained when solar energy

is used.

Our main finding is that electrochemical processes are likely to play an important role in the future when

performance improvements are realized.

Keywords: carbon dioxide electroreduction, methanol-to-olefin plant, ethylene, life cycle GHG assessment,

modelling, economic analysis.
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Nomenclature

AEM, anion-exchange membrane
APEA, aspen process economic analyzer
AEL, alkaline cell

BAU, businesses as usual

BoP, balance of plant

CAPEX, capital cost

CREF, capital recovery factor

DAC, direct air capture

GHG, greenhouse gas emission
GWP, global warming potential
LCA, life cycle assessment

LCl, life cycle inventory

LCIA, life cycle impact assessment
MEA, membrane electrode assembly
MTO, methanol to olefin

NRTL, non-random two liquids
OPEX, operating cost

PEM, proton exchange membrane
PSA, pressure swing adsorption
ROI, return of investment

SRK, soave-redlich kwong

SOEC, solid oxide electrolytic cell

TRL, technology readiness level



Symbols

H, annual operating time of the plant (h per year)

Levelized CAPEX, levelized capital cost ($ per ton)

Levelized OPEX, levelized operating cost ($ per ton)

E., production energy consumption (kWh per kg of Hy)

Qw, annual production capacity of the plant (kg of H, per year)

a technical learning rate (%)



1.Introduction

Globally, carbon dioxide (CO2) emissions were about 34.81 billion tonnes in 2020, hence there is an urgency
to reduce these emissions to avoid negative phenomena such as global warming and climate change (Our
World in data, 2022; Wyndorps et al., 2021). The European Union (EU), in this context, aims to reduce 80%
of CO; emissions by 2050 (COM, 2011). To achieve this aim, greenhouse gases (GHGs) must be reduced in
all sectors including the chemical industry which contributes about 6% to global CO, emissions (Our World
in Data, 2021). Therefore, low-carbon technologies reusing CO- to produce chemicals have to be developed
according to circular economy principles. Among these chemicals, methanol and ethylene have the largest
global market with production capacities respectively of 145 million ton per year and 185 million ton per year
in 2018 (Global Data Petrochemical, 2021). As shown by these data, ethylene is the product with the highest
demand in the world as it is a building block used to produce pharmaceutical products and industrial precursors
such as plastics, textiles, composites (polyethylene, ethylene dichloride, ethylene oxide, ethylbenzene, vinyl
acetate, co-polymers, etc.), end products (food packaging, film, toys, food containers, bottles, pipes, antifreeze,
carpets, insulation, housewares, etc.) (Berkelaar et al., 2022; Emerson, 2022). It is evident that ethylene is one
of the most important organic materials: it is expected that its production will increase in the next future (the

worldwide production of ethylene increased by over 15% in 2021 in comparison with 2018 (Statista, 2022)).

Currently, ethylene is mainly produced by the steam cracking of naphtha (Europe and Asia corresponding to
more than 80% of total ethylene production) and natural-gas-derived ethane (North America). However, both
conventional routes have both high energy requirements (up to 40 GJ heat per ton of ethylene) and CO;
emissions (1.8-2 kg of CO; per kg of ethylene): it has been estimated that about 0.26 GtCOzeq Were emitted to
satisfy the 2021 production, accounting for about 30% of the total energy required by the chemical industry
(Sisler et al., 2021; Haribal et al., 2021; Worrell et al., 2020). For these reasons, other ethylene production
routes have been investigated and suggested, being based either on CO; utilization in an electrolytic cell or via
methanol to be used in a methanol-to-olefin (MTO) process (Jouny et al., 2018; Chen et al., 2021). This allows

the decarbonization of feedstocks and energy sources.

For COq utilization in an electrolytic cell, known also as the CO; electrochemical reduction (CO2ER) system,
COy; is directly reduced to ethylene at the cathode side and, water is oxidised at the anode side. An economic
analysis of this process has been conducted in the literature by Pappijin et al. (2020) and Orella et al., (2020)
finding a production cost higher than that of the current market price, when using specific conditions for
selectivity and conversion. However, an ethylene production cost lower than that of the market price has been
reported in the work of Kibria et al. (2019), De Luna et al. (2019) and Jouny et al. (2018). In Kibria et al.
(2019), a Faradaic efficiency of 90 %, a current density of 500 mA/cm? and an electricity cost of 0.02 $ per
kWh are assumed. The same value of Faradaic efficiency is considered in the work of De Luna et al. (2019),
obtaining a production cost of 1100 $ per ton compared to current prices which are in the range between 600

and 1300 $ per ton. In Jouny et al. (2018) the process for ethylene production is economically feasible (net



present value is positive) when optimistic conditions are taken into account (current density of 300 mA/cm?,

selectivity of 90 %, electricity price of 0.03 $ per kWh).

The environmental analysis of the direct CO2ER route has been reported in the literature in addition to the
economic analysis. Even though for Nabil et al. (2021), the electrochemical production of ethylene from CO;
is one of the most compelling product in terms of global warming potential (GWP), in Pappijn et al. (2020)
only the use of green electricity allows having an overall negative net CO- balance. On the other hand, in the
cradle-to-gate analysis of Khoo et al. (2020) the value of GWP for a large-scale model is between 0.65-3 ton
of COx¢q per ton of ethylene.

Another electrochemical process for CO; reduction has been proposed by Sisler et al. (2021) considering a
tandem scheme for CO-, reduction to carbon monoxide (CO) in the first stage (in a solid oxide electrolytic cell
(SOEQC)) and CO reduction to ethylene in the second stage (in a neutral membrane electrode assembly (MEA)
or alkaline flow cell). The solution avoids CO; losses due to crossover in neutral MEAs and carbonate
formation in alkaline flow cells and with an electrical energy efficiency (evaluated as Faradaic

efficiencye(Thermodynamic cell voltage/Cell voltage)) of about 52 % can produce ethylene at 1000 $ per ton.

For the MTO process, economic and environmental analyses have been conducted in the literature. In Ortiz-
Espinoza et al. (2017) it is reported that this process (where methanol is obtained from syngas produced by
methane steam reforming) is more profitable (a higher value of Return of Investment (ROI) is obtained for the
same ethylene price in the range between 0.5 and 0.9 $ per Ib) than the oxidative coupling of methane (OCM)
process. However, the MTO is worse from an environmental point of view even though improved performance
could be achieved by changing some process variables such as the recycle ratio in the methanol reactor. The
economic advantages of a new MTO plant based on absorption technology in the recovery section are reported
in Reyniers et al. (2017): the suggested scheme has capital costs up to 14% and operating costs up to 9% lower
compared to the traditional cryogenic configuration. Another economic analysis is conducted in the work of
Chen et al. (2021) finding that the MTO plant is economically profitable with a methanol price between 150
and 200 $ per ton for which the ROI is respectively 66% and 28.7%. For a methanol price of 250 $ per ton the
ROI is negative (-8.6%).

Electrochemical and MTO processes for ethylene production are compared in Berkelaar et al. (2022) and
loannou et al. (2020). In Berkelaar et al. (2022) the direct CO2ER to ethylene route, MTO plant with methanol
from direct CO2ER, CO; hydrogenation, syngas (obtained from CO,-H,O co-electrolysis) and Fischer-Tropsch
process are compared. The conducted analysis shows that the MTO plant with methanol from syngas produced
from CO.-H,O co-electrolysis is the best one based on efficiency, selectivity, process complexity and
thermodynamic limitations. The authors find also that electricity and CO, costs are critical for the economic
analysis. As a similar work, in loannou et al. (2020) the following routes for ethylene production are analyzed
and compared: the direct CO2ER to ethylene, MTO plant with methanol from CO, hydrogenation (green and

blue hydrogen) and syngas from natural gas, naphtha cracking. These processes are classified as electro-route,



thermo-route and fossil-route. Results show that under the current scenario, CO»-based alternative solutions
for ethylene production, due to high electrical energy consumption, are not economically competitive with the
fossil-based production routes, although they are more environmentally friendly. The authors suggest the
hybridization of CO, utilization with fossil technologies in order to combine environmental and economic

benefits.

It is possible to see that comparative studies on ethylene production via alternative solutions are scarce in the
existing literature. In particular, as point of weakness, all possible processes for ethylene production are not
taken into account and compared together. Moreover, economic and environmental results of the

electrochemical path depend on fixed assumptions and hence, a deeper analysis is required.

In this research, different and new alternative paths for ethylene production, mainly based on CO; and H,O as
raw materials, are investigated considering different CO, and power sources: the electrochemical process
(including the tandem process proposed by Sisler et al. (2021) and the direct CO2ER to ethylene), MTO plant
with methanol obtained from CO- hydrogenation with blue and green hydrogen and from CO-ER, and an MTO
process with methanol obtained from syngas produced in a SOEC for the CO,-H,0 co-electrolysis. After the
modelling of these processes, ethylene production cost and global warming potential are evaluated and

compared together and with the businesses as usual (BAU) process, based on naphtha cracking.
2. Materials and methods

In the following sections, the models used for the analyzed processes (classified into three main routes such as
the electrochemical production routes, the MTO plant with methanol produced from catalytic or
electrochemical reactions and the MTO plant with methanol produced from CO.-H,O co-electrolysis) are

described. The methodology for economic and greenhouse gas emission analyses is also reported.
2.1 Process modelling
2.1.1 Electrochemical routes for ethylene production

The tandem process and the single electrolyser cell are analyzed for the electrochemical production of ethylene
from CO.. The tandem process has been proposed by Sisler et al. (2021), as in Figure 1: CO; is at first reduced
to CO in a solid-oxide electrolyser cell and then the produced CO is reduced to ethylene in an alkaline flow
cell in a second step, avoiding CO; losses, according to the following reactions respectively for the cathode

and anode side (see Egs. 1 and 2):
2C0 +8e~ + 6H,0 - C,H, + 80H~ (1)
40H™ — 2H,0 +4e™ + 0, (2)

A gas separation unit based on pressure swing adsorption (PSA) is present after each electrolytic cell, allowing
the separation of CO, H. and ethylene. The unconverted CO is recycled so that the external CO in the feed is

lower than the stoichiometric amount. Simple material and energy balances for an electrochemical process, as

7



reported in the Supplementary Materials, are used to model this overall system with the optimistic assumptions
reported in Table 1 (Sisler et al., 2021).
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Figure 1 Scheme diagram of tandem process (Sisler et al., 2021)

Table 1 Assumption for the Tandem process (Sisler et al., 2021)

. S;Lg%‘édfe“ Alkaline flow cell
Cell voltage (V) 1.3 1.8
Faradaic efficiency (%) 100 90
Current density (mA/cm?) 1000 1000
Single pass conversion (%) 60 53

A schematic diagram of the direct process reducing electrochemically CO; to ethylene is reported in Figure 2
(Jouny et al., 2018). The single electrolyser cell for the direct CO; electro-reduction to ethylene is modelled
using the material and energy balances, as reported in the Supplementary materials, for an electrochemical
process with the following optimistic assumptions: current density of 300 mA/cm?, cell voltage of 2 V,
Faradaic efficiency of 90%, CO; conversion of 50% (Jouny et al., 2018). The cell works under alkaline
conditions, because they are used by the best bench scale CO, electrolyser and this allows the use of non
precious metals at the anode, making the comparison with alkaline water electrolysis appropriate. A gas

separation unit, based on PSA, is present after the electrolytic cell.

Optimistic conditions, and not lab data, are assumed for both electrochemical processes because we aim to
evaluate ethylene production at a large scale. Each technology is evaluated differently due to the inherent
difference in the technology that follows different reactions although they produce ethylene at the end so that
the same optimistic conditions could not be taken into account. In any case, in each reference, each optimistic
condition is well supported. For the direct CO,ER scheme, in Jouny et al. (2018) a current density of 300
mA/cm? was assumed at cell voltage of 2 V, because fell within the range of commercial water electrolyzers.
Faradaic efficiencies of 90% have been demonstrated for humerous CO; reduction products, such as CO,
formic acid, and methanol, and were assumed for the analysis. Regarding CO; conversion, a value up to 35%
has been reported in the literature (mostly for batch and single pass cells) so that a better electrolyzer design
at a large scale and an optimistic forecast could potentially boost the CO, conversion to well over 50%. For
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the tandem process, in Sisler et al. (2021), the SOEC can already operate with very high energy efficiency, so
that many of its optimistic performance metrics have been measured. For the alkaline flow cell, the same
comparison with alkaline anion-exchange membrane (AEM) water electrolyzers was used to obtain the
optimistic current density. However, compared to the reference system, due to the limited pH gradients in the
alkaline environment and the lower thermodynamic voltage of the reaction an optimistic cell voltage of 1.8 V
was considered. The optimistic Faradaic efficiency was increased to 90% because recent demonstrations of
CO reduction towards ethylene have reached a value of up to 72% while the conversion was increased of 10%
(for the same reason discussed for the CO2ER scheme). The consideration of optimistic data helps to reduce

costs up to about 15% for the direct CO2ER and up to 60% for the tandem process.

H,/CO,

C,H
' CO, electro- CaHa/CO:/H, Gas z

reduction separation

Figure 2 Scheme diagram of the CO, electrochemical reduction to ethylene process (Jouny et al., 2018)

2.1.2 Ethylene production with a MTO plant with methanol produced from catalytic or electrochemical
reactions

The MTO plant is taken into account for ethylene production, with methanol obtained from a catalytic reaction
between CO;and green or blue H, and from CO; electrochemical reduction, as in Figures 3, 4 and 5. All these
sections are modelled in Aspen Plus except water and CO; electrolytic cells that are analyzed through material

balances and inventory data.
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Figure 3 Scheme diagram of ethylene production through a MTO plant with methanol from a catalytic reaction
between CO; and blue H, (MTO=methanol to olefin)
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Figure 4 Scheme diagram of ethylene production through a MTO plant with methanol from a catalytic reaction
between CO; and green H, (MTO=methanol to olefin; MeOH=methanol)
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Figure 5 Scheme diagram of ethylene production through a MTO plant with methanol from the electrochemical
reduction of CO, (MTO=methanol to olefin)

The blue Hzis obtained from the methane steam reforming plant, reproduced in Aspen Plus as the work of
Ciuchi (2019). The plant is composed of three main sections: the H, production (reformer reactor, high and
low temperature water gas shift reactors and pressure swing adsorption columns), CO; capture (absorption
with monoethanolamine (MEA) and stripper columns) and heat production parts. Soave-Redlich-Kwong

(SRK) is used as the thermodynamic model.

The green H; is obtained from a proton exchange membrane (PEM) cell and alkaline (AEL) electrolysis
process, considering the inventory data reported in Fan et al. (2022), as in Table 2.

Table 2 Assumptions for alkaline and proton exchange membrane cells for water electrolysis in green H;
production (Fan et al., 2022)

Proton exchange

Alkaline cell
membrane cell
Outlet pressure (bar) 1 30
Electricity consumption (kWh per kg of Hy) 51 58
Water consumption (kg per kg of Hy) 10 10
Electrolyte (KOH) (gr per kg of H.) 19 0
Steam (kg per kg of Hy) 0.11 0
Nitrogen (gr per kg of Hy) 0.29 0
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The methanol plant based on CO, hydrogenation using a highly active catalyst is modelled in Aspen Plus as
the work of Kiss et al. (2016). Three sections are present: the methanol reactor with the recycle of CO, CO;
and Ha, a stripping column for water removal from the H; stream and the distillation column for methanol
purification. The SRK thermodynamic model is used for the modelling of the first two sections while, the Non-
Random Two Liquids (NRTL) is used for the distillation column. The Graaf kinetic model is taken into account
for the methanol reactor (Graaf et al., 1988), characterized by the amount of catalyst (865 kg) and tube (810
with a length of 12 m) as in Kiss et al. (2016).

The methanol production based on CO; electrochemical reduction is modelled with material balances for an
electrochemical process as in Jouny et al. (2018) with optimistic conditions such as: a current density of 300
mA/cm?, cell voltage of 2 V, Faradaic efficiency 90%, CO- conversion 50% (as stated before, optimistic
conditions are considered because a large-scale production is investigated). As for the electrolytic cell reducing
CO, to ethylene, alkaline conditions are used here with non-precious metals as catalysts at the anode side. A
distillation unit is present at the downstream for the recovery of methanol.

The MTO plant is modelled in Aspen Plus reproducing the work of Chen et al. (2021), considering two main
sections: the reaction and conditioning section and the product separation and recovery section. In the first
section the SAPO-34 catalyst is used to achieve a nearly complete methanol conversion with about 80% of
carbon selectivity to ethylene and propylene. In the recovery section, in addition to ethylene other products
such as light gas products, ethane, propylene, propane, C4* and Cs* are separated. The Peng-Robinson equation
of state thermodynamic model is used.

2.1.3 Ethylene production with a MTO process with methanol produced from CO,-H,O co-electrolysis

In this case study, the MTO process produces ethylene from methanol obtained by the syngas of a SOEC cell,
based on CO2-H,0 co-electrolysis, as shown in Figure 6. As mentioned, methanol is here produced by syngas
while in the previous schemes, methanol is obtained via CO2ER or CO, hydrogenation distinguishing the
scheme from the others. The SOEC cell is modelled in Aspen Plus as in the work of Freire Ordonez et al.
(2021), by adjusting the CO; flow rate in order to have syngas with a stochiometric number S equal to 2.03
which is suitable for the methanol synthesis as in Zhang and Desideri (2020).

H;0 CoH,
———
Syngas MeOH MeOH
SOEC eon MTO
synthesis .
€0, By-products

Steam

Figure 6 Scheme diagram of ethylene production through a MTO plant with methanol from syngas obtained
from CO,-H,0 co-electrolysis (MTO=methanol to olefin; MeOH=methanol)
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The methanol process using syngas in the feed and simulated in Aspen Plus, is based on the separation of
methanol and water (from unreacted gases) by condensation and on the recycle of unconverted gases (Leonzio

and Foscolo, 2020). The methanol reactor is modelled as in the work of Kiss et al. (2016).

The used MTO plant is reproduced in Aspen Plus as described in section 2.1.2.

2.2 Economic analysis

The economic analysis is conducted assuming that all plants are located in the UK with different CO2 sources
(natural gas processing/coal to chemicals, ammonia/bioethanol/ethylene oxide, methane steam reforming, iron
and steel, cement, power generation and direct air capture (DAC) with a respective cost of 23.7, 35.6, 77.1,
83, 106, 88.9 and 325 $ per ton of CO- (IEA, 2022)) and electricity (solar, wind, nuclear energy including a
small modular reactor and large scale plant with a respective cost of 0.14, 0.09, 0.049 and 0.059 $ per kWh
(IRENA, 2019, NAMRC, 2022; Beis, 2016) sources. Assumptions for the economic analysis that are used in
our work are the same proposed by the respective literature work taken as reference. If some assumptions are
missed in the literature, we consider the most suggested and used value in other research. Regarding the
analysis method, for electrolytic cells we use the same method proposed by the respective literature work with
our contribution if a shortfall is present. For plants simulated in Aspen Plus (methanol, MTO, methane steam
reforming) we use the economic tool of this software to have capital (CAPEX) and operating (OPEX) costs.
An overview of the used methodology is reported in the Supplementary material.

2.2.1 Electrochemical routes for ethylene production

The economic analysis of the two routes based on electrosynthesis is conducted considering the production of
100 tonnes/day of ethylene. CAPEX and OPEX costs are evaluated.

In the tandem process, these two terms are evaluated as reported in Sisler et al. (2021). It is assumed that the
SOEC and alkaline flow cells cost 1067 and 300 $ per kW respectively (Sisler et al., 2021). In the SOEC, the
CAPEX includes the electrolyzer, gas separation unit for the cathode side and catalyst/membrane costs with
their installation and balance of plant (BoP) costs. For the gas separation unit, the reference capital cost,
reference capacity and scaling factor are respectively 1,990,000 $, 1000 m%h and 0.7 (Sisler et al., 2021). The
catalyst/membrane cost is 5% of electrolyser capital cost while, the BoP is 50% of total capital (Sisler et al.,
2021). The installation cost is obtained by the capital cost with a Lang Factor of 1 (Sisler et al., 2021). The
OPEX includes the electricity cost for electrolyser and PSA units (consuming 0.25 kWh/m? of gases (Sisler et
al., 2021)), the cost of CO, raw material and other additional operating costs related to the electrolyzer that are
estimated as 10% of electricity cost (Sisler et al., 2021). For the alkaline flow cell, the same economic scheme
of the SOEC is used for the evaluation of CAPEX and OPEX but, considering in addition the cost of the anolyte
solution (500 $ per ton) and water raw material (1.5 $ per ton (Thameswaer, 2022)) feed at the anode side. The
system lifetime is 20 years while, for the catalyst/membrane and electrolyte the lifetime is respectively 5 and

1 year. The overall ethylene production cost is evaluated as the sum of specific CAPEX and OPEX.
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For the direct electrochemical process, the economic analysis is conducted based on the work of Jouny et al.
(2018) where the electrolyser is assumed to cost 919.7 $/m?. The overall CAPEX is provided by the sum of
capital cost for the electrolytic cell, BoP (53% of electrolyser capital cost) and capital cost for the PSA unit
evaluated as described in the tandem process (Jouny et al., 2018). A shortfall is present in the evaluation of
operating cost in Jouny et al. (2018) so that the OPEX is obtained as the sum of direct production costs and
total fixed production costs, as reported by Peters and Timmerhaus (1991), considering CO; and H,O as raw
materials and the electricity consumption for the electrolyser and gas separation equipment as utilities. For the
evaluation of the total levelized production cost these correlations are used (See Egs. 3-6), assuming an interest
rate of 10%, the plant lifetime of 20 years, an utilization of 95.2% and an annual production in ton per year

(Moreno-Gonzalez et al., 2021).
CAPEX - CRF

Levelized CAPEX = 3
evetize Annual production - Utilization )

interest rate - (1 + interest rate)Plant lifetime
CRE = ' lant lifeti 4)
(1 + interest rate)plant lifetime _ 1

Levelized OPEX = o >
evetize ~ Annual production - Utilization )

Total Levelized Production Cost = Levelized CAPEX + Levelized OPEX (6)

2.2.2 Ethylene production with a MTO plant with methanol produced from catalytic or electrochemical

reactions

The economic analysis of H, production by water electrolysis is conducted according to the work of Fan et al.
(2022) evaluating CAPEX and OPEX. The CAPEX is obtained by the following correlation (see Eq. 7) (Fan
et al., 2022):

CAPEX = Electrolyser cost-e 3% Cap (7)

where the electrolyser capital cost is equal to 742 and 1187 $ per kW respectively for AEL and PEM, a is the
technical learning rate (that considers that fact that technological progress might reduce the investment cost)
equal to 12% and Cap is provided by Eq. 8 (Fan et al., 2022):

_ QH'Ee
H

Cap (8)

with Qu the annual production capacity of the plant (kg of H» per year), E. the production energy consumption
(kWh per kg H) and H the annual operating time of the plant. The OPEX is obtained considering the annual
consumption of water, electricity, other raw materials (as in Table 2), as well as operation and maintenance
cost (4% of total investment cost) (Fan et al., 2022). The H; production cost is provided as the sum of specific
OPEX and CAPEX (assumed a lifetime of 20 years and an interest rate of 10% for the CRF evaluation).

The economic analysis of blue H, production by methane steam reforming is carried out by the Aspen Process

Economic Analyzer (APEA) providing the values of CAPEX and OPEX while, Eqgs. 1-4 are used for the
13



levelized cost. The lifetime of the plant is assumed to be 20 years with 8000 h/year as operating time (Ciuchi,
2019). The cost of electricity grid is assumed to be 0.251 $ per kWh (GlobalPetrolPrice, 2022) while, the
production rate is 7.27 ton of H; per h (Ciuchi, 2019).

The economic evaluation of the methanol plant based on CO; hydrogenation is conducted by APEA tool
assuming an operating time of 8000 h/year (as the most used data in the literature) and a production of 11.2
ton of MeOH per h (Kiss et al., 2016). The levelized cost of methanol is evaluated with Egs. 1-4.

The analysis of methanol production cost through CO; electrochemical reduction is carried out according to
the procedure reported in Jouny et al. (2018), supposing a production rate of 100 ton/day and an operating time
of 8400 h/year, as proposed by the same authors. The CAPEX is obtained by the sum of electrolyser capital
cost, BoP, PSA and distillation capital costs. For the electrolyser, BoP and PSA the assumptions reported for
the CO; electrochemical reduction to ethylene are considered. For the distillation unit, the product-rich
electrolyte is recycled until a steady-state volume concentration of 10% methanol is reached, hence quantifying
the electrolyte flow rate used for the capital cost of distillation. Assuming an electrolyte reference capacity of
1000 L/m, the distillation reference cost is $4514670 with a capacity scaling factor of 0.7 (Jouny et al., 2018).
The OPEX is evaluated as reported for the electrochemical system reducing CO; to ethylene and discussed in
section 2.2.1 but, by adding the utility cost for the distillation section (the reference cost is 11,508.1 $ per day
with a reference electrolyte flow rate of 1000 L/min (Jouny et al., 2018)). The total levelized cost of methanol
production is obtained from Eqgs. 1-4.

The APEA tool is used to find the levelized cost of ethylene in the MTO plant, producing 46.4 ton of ethylene

per h (Chen et al., 2021), in addition to the allocation by mass procedure for the specific cost.
2.2.3 Ethylene production with a MTO plant with methanol produced from CO,-H2O co-electrolysis

For the economic analysis of an SOEC system, the specific electricity consumption is evaluated from the work
of Freire Ordonez et al. (2021) and it is equal to 6.38 MWh per ton of syngas. This enables evaluation of the
electricity consumption of the simulated electrolyser cell producing 18.9 ton of syngas per h (Zhang and
Desideri, 2020). The electrolyser cost is based on Freire Ordonez et al. (2021) considering a reference cost of
1.48+10°$ per MW, a reference size of 1 MW and a scaling factor of 0.65. As a shortfall is present in the
reference work, CAPEX and OPEX are obtained according to the methodology suggested by Peters and
Timmerhaus (1991).

The economic analysis of methanol and MTO plants is carried out through the APEA tool in Aspen Plus and

already discussed.
2.3 Life cycle of greenhouse gas emissions

The analysis of greenhouse gas (GHG) emissions of processes producing ethylene is conducted according to

the principles of Life Cycle Assessment (LCA) with the following standard phases as suggested by the 1SO
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14040: goal and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA) and
interpretation (ISO 14040, 2009; 1SO 14044, 2006).

Regarding the first phase of LCA, the aim of the analysis is to evaluate and compare GHG emissions of the
proposed ethylene production routes at different CO, and electricity sources. In view of this, the LCA is
conducted considering 1 kg of ethylene as the functional unit (the reference to which all inputs and outputs of
the specific process are related) and cradle-to-gate system boundaries (the use of ethylene is not taken into
account during the evaluation of the environmental burden but, only all processes from raw material extraction
up to the production of ethylene are considered). An allocation by mass is assumed in processes (MTO and
tandem) where ethylene is not the unique product and the geographical location was chosen as UK.

In the second phase of LCA, inventory data are evaluated. The inventory data (consisting of material and
energy balances based on 1 kg of produced ethylene) for all investigated processes are reported in the Tables
3-13 and are obtained from modelling studies as described in section 2.1, since these are unavailable in

Ecoinvent.

Table 3 Inventory data for the SOEC electrolyser in tandem process (all heating in the process can be provided
by recylced heat of up and down stream processes and for this reason an external heat in the input is not
considered in the inventory data. This explains the fact that the electricity consumption for the electrolyser is
lower than the heating value of CO (10 GJ/ton)) (Sisler et al., 2021)

Inputs
CO, 1.57ton per ton of co
Electricity-electrolyser 8.96GJ per ton of co
Electricity-PSA 1.31GJ per ton of co
Outputs
CO 1ton
CO, emissions 0.62ton per ton of co

Table 4 Inventory data for the alkaline flow cell in tandem process (Sisler et al., 2021)

Inputs
Cco 1.06ton per ton of ethylene
H,0 2.57ton per ton of ethylene
Electricity-electrolyser 55.13GJ per ton of gthylene
Electricity-PSA 2.53GJ per ton of gthylene
Outputs
Ethylene 1lton
H, 0.032ton per ton of ethylene
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Table 5 Inventory data for the direct CO2ER route (Jouny et al., 2018)

Inputs

CO,

H,0

Electricity electrolyser
Electricity PSA

6.27ton per ton of gthylene

2.52ton per ton of gthylene
25.73MWh per ton of ethyjene

750KWh per ton of €thylene

Outputs
Ethylene 1ton
H 0.046ton per ton of gthylene

2
CO, emissions

3.13ton per ton of gthylene

Table 6 Inventory data for the hydrogen production through the methane steam reforming plant simulated in

Aspen Plus (Ciuchi, 2019)

Inputs

Natural gas 3.12ton per ton of
Water 8.76ton per ton of 1,
Electricity 0.00346kWh per ton of ,
Cooling water 1742ton per ton of p,
Steam LP 2.11ton per ton of 1,
Steam MP 10.00ton per ton of y,
Fuel 0.0008ton per ton of p,
Outputs

CO, emissions 3.79ton per ton of 1,
Hydrogen 1ton

Table 7 Inventory data for methanol production through carbon dioxide hydrogenation with blue hydrogen

simulated in Aspen Plus (Kiss et al., 2016)

Inputs

CO, 1.53ton per ton of peOH

H, 0.21ton per ton of pjeoH

Electricity 0.00029kWh per ton of peoH

Cooling water 458ton per ton of MeOH

Steam LP 0.95ton per ton of pjeOH
Outputs

MeOH lton
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Table 8 Inventory data for the MTO plant simulated in Aspen Plus (Chen et al., 2021)

Inputs

MeOH 6.04ton per ton of gthylene
Steam-raw material 1.51ton per ton of ethylene
Electricity 0.00025kWh per ton of ethylene
Cooling water 797ton per ton of gthylene
Steam LP 2.14ton per ton of gthylene
Steam MP 0.07ton per ton of gthylene

Outputs
Ethylene lton
CO, emissions 0.0018ton per ton of ethylene
By-products 1.63ton per ton of ethylene

Table 9 Inventory data for hydrogen production through water electrolysis (Fan et al., 2022)

Electrolyser AEL PEM
Inputs

Electricity (kWh per ton of H,) 0.051 0.048
Water (ton per ton of H,) 10 10
Electrolyte (KOH) (gr per ton of H,) 0.0019
Steam (ton per ton of H,) 0.11
Nitrogen (gr per ton of H,) 0.00029

Outputs

Hydrogen (ton) 1 1




Table 10 Inventory data for methanol production through carbon dioxide hydrogenation with green hydrogen
simulated in Aspen Plus (Kiss et al., 2016) (Differences are due to the pressure level of H, from the cells)

Inputs

H, source AEL PEM
CO, (ton per ton of peOH) 141 153
H, (ton per ton ofpje0H) 019 0.21
Electricity (kWh per ton of pjeoH) ~ 0.000540.00013
Cooling water (ton per ton of pjeoH) 502 434
Steam LP (ton per ton of peOH) 0.8 0.91

Outputs
MeOH (ton) 1

Table 11 Inventory data for methanol production through carbon dioxide electrochemical reduction (Jouny et

al., 2018)
Inputs
CO, 2.74ton per ton of MeOH
H,0 1.10ton per ton of MeOH
Electricity electrolyser 11.53MWh per ton of MeOH

Electricity PSA

236 kWh per ton of MeOH

Outputs

MeOH

1ton

H, 0.02ton per ton of MeOH

CO, emissions

1.37ton per ton of MeOH

Table 12 Inventory data for the SOEC cell for carbon dioxide water co-electrolysis simulated in Aspen Plus

(Freire Ordonez et al., 2021; Zhang and Desideri, 2020)

Inputs
CO, 1.30ton per ton of syngas
H,0 1.62ton per ton of syngas
Electricity 0.00639kWh per ton of syngas
Outputs
Syngas lton
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Table 13 Inventory data for methanol production from syngas simulated in Aspen Plus (Leonzio and
Foscolo, 2020)

Inputs

Syngas 1.60ton per ton of MeOH
Electricity 0.00016 kWh per ton of MeOH
Cooling water 233ton per ton of MeOH
Steam LP 1.07ton per ton of MeOH
Steam HP 0.60ton per ton of MeOH

Outputs
MeOH lton

These foreground inventories are combined with data collected from Ecoinvent for the background process in
order to quantify the LClIs of each production process. At this stage, carbon footprints of CO, from different
sources are taken from Muller et al. (2020) where in the multifunctionality this parameter for the CO, feedstock
is evaluated through the substitution method, keeping the carbon footprint of the main product of the CO,
source unchanged. In this way all emission reductions are credited to the CO, feedstock. As a result, the CO,
feedstock has negative carbon footprints even for fossil CO.. In their work (Muller et al., 2020), having
conducted a cradle-to-gate analysis, a negative value of carbon footprints means a reduction of emissions and
not their removal. However, the substitution method is neither applicable nor needed for CO; from a direct
capture system because other products besides CO; feedstock are not produced.

In the following phase of LCA, i.e. LCIA, the global warming potential (GWP) is evaluated through two
different steps: classification and characterization. In these steps, the LCI results are generated and organized
into the impact category and then into the impact indicator at the midpoint level using the Environmental
Footprint 2.0 method, recommended by the European Commission’s Joint Research Centre (European
Commission, 2018) by using SimaPro software (version 9.1.1.7) interfaced with the Ecoinvent database. At
this first level of study, we are neglecting the analysis of other impact categories which could be investigated

in future studies.

In the last stage of LCA, i.e. the interpretation, results obtained in the previous phase are discussed and

compared together and with the literature.
3. Results and discussion
3.1 Results of process modelling

All simulations in Aspen Plus are validated by respective references in the literature (Ciuchi (2019) for the
methane steam reforming plant, Kiss et al. (2016) for the methanol plant with CO, hydrogenation, Chen et al.
(2021) for the MTO plant and Leonzio and Foscolo (2020) for the methanol plant with syngas as feed). After
the validation of the models, from the modelling of each process, material and energy balances are determined.

Table 14 reports the overall material and energy balances (classified as raw materials, utilities and outputs
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relative to 1 tonne of ethylene production) of the investigated processes. It is clear that the major differences

in the mass and energy balances come from the used technology for ethylene production.

CO; and process water are the two main important raw materials to be considered. The process with the highest
CO; consumption for 1 tonne of ethylene production (16.55 ton of CO- per ton of ethylene) is the MTO with
methanol from the CO;ER system. On the other hand, the tandem process consumes only 1.66 ton of CO; per
ton of ethylene, the lowest value among all studied processes. Another process with a significant CO;
consumption is the MTO plant with methanol from CO>-H.O co-electrolysis: in this case CO; is transformed
to syngas and after that into methanol for ethylene production. Regarding water consumption, MTO plants
have values higher than those of electroreduction routes (the lowest value equal to 2.52 ton of H,O per ton of
ethylene is for the pure CO.ER process).

Other raw materials are steam, methane, electrolyte (KOH) and nitrogen, all used in the MTO plant options.
However, it is evident that electrochemical routes (tandem and direct CO2ER), based only on CO; and water,
have lower consumptions of raw materials compared to MTO processes, despite higher amounts of electricity
consumption. In fact, the highest value of electricity consumption is for the direct CO2ER route (95.33 GJ per
ton of ethylene) while, the lowest value of electricity consumption is for the MTO plant using blue H, (0.02
GJ per ton of ethylene). The highest value of the electricity consumption for the electrochemical route is due
to the fact that electricity is the only driver in this route that is based on a non-spontaneous reaction so that
more energy in input is required. In any case, the order of magnitude of the electricity consumption ratio
between electrochemical and MTO routes is the same of that suggested by loannou et al. (2020). On the other
hand, MTO plants have other utilities as inputs, such as cooling water, steam at medium pressure (MP), steam

at low pressure (LP), steam at high pressure (HP) and fuel.

CO; emissions are present for all analyzed processes with the highest and lowest value respectively for the
MTO plant with methanol from CO2ER (8.27 ton of CO; per ton of ethylene) and other MTO plants (0.0018
ton of CO; per ton of ethylene). In the tandem process, 0.66 ton of CO, per ton of ethylene (0.62 ton of CO,
per ton of CO) are emitted because in the SOEC the CO, conversion is not total but it is set to 40 % (Sisler et
al., 2021).

For future research, it is suggested to consider the recycle of the emitted CO; in these processes with a once-
through scheme and verify how this influences on the results. In addition to CO, emissions and the main
product, by-products are present as outputs. Hydrogen (in tandem and direct CO,ER processes respectively of
0.032 and 0.046 ton per ton of ethylene) and other by-products (for the MTO plant equal to 1.63 ton per ton of

ethylene and including ethane, propylene, propane, C4* and Cs*) are obtained.
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Table 14 Overall material and energy balances for the investigated processes (CO.ER=CO; electrochemical reduction; MTO=methanol to olefin;

MeOH=methanol; AEL=alkaline cell; PEM=proton exchange membrane cell; LP=low pressure; MP=medium pressure; HP=high pressure)

e DYLCOSRI MO VO MEER VO wrowmuon Vot N
blue H2 (PEM) (AEL) co-electrolysis
CO:z (ton per ton of ethylene) 1.66 6.27 9.24 9.24 8.52 16.55 12.56
Water (ton per ton of ethylene) 2.57 2.52 11.11 12.68 11.48 6.64 15.66
Raw Steam (ton per ton of ethylene ) 0 0 151 151 1.51 151 151
material ~ CHa4 (ton per ton of ethylene ) 0 3.96 0 0 0 0
;f;f;ﬂ!ey)te (KOH) (kg per ton of 0 0 0 0 518 0 0
Nitrogen (kg per ton of ethylene) 0 0 0 0 0.33 0 0
Electricity (GJ per ton of ethylene) 68.55 95.33 0.02 0.22 0.22 0.26 0.23
Cooling water (ton per ton of ethylene ) 0 0 5773 3418 3829 797 2204
Utilities Steam LP (ton per ton of ethylene ) 0 0 10.55 7.64 7.10 2.14 8.60
Steam MP (ton per ton of ethylene ) 0 0 12.75 0.07 0.07 0.07 0.07
Steam HP (ton per ton of ethylene ) 0 0 0 0 0 0 3.62
Fuel (ton per ton of ethylene ) 0 0 0.001 0 0 0 0
Ethylene (ton) 1 1 1 1 1 1 1
H2 by-product (ton per ton of ethylene)  0.032 0.046 0 0 0 0 0
Output )COz emissions (ton per ton of ethylene 066 313 48 0.0018 0.0018 8.27 0.0018
Other by-products ton per ton of 0 0 163 163 163 163 163

ethylene )
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3.2 Results of economic analysis

In the economic analysis the levelized production cost of ethylene for all analyzed routes is evaluated as

reported in Figures 7, 8 and 9 for different CO and electricity sources.

i i Solar, Natural gas processing/coal to chemicals
Nuclear large scale, Direct air capture Lo .
Solar, Ammonia/bioethanol/ethylene oxide

Nuclear large scale, Power generation Solar, Steam methane reforming

Nuclear large scale, Cement Solar, Iron and steel

Nuclear large scale, Iron and steel Solar, Cement

Nuclear large scale, Steam methane reforming Solar, Power generation

Nuclear large scale, Ammonia/bioethanol/ethylene oxide Solar, Direct air capture

Nuclear large scale, Natural gas processing/coal to chemicals Wind, Natural gas processing/coal to chemicals

Small module reactor, Direct air capture Wind, Ammonia/bioethanol/ethylene oxide

Small module reactor, Power generation Wind, Steam methane reforming

Small module reactor, Cement Wind, Iron and steel

Small module reactor, Iron and steel 9 9 Wind. Cement
9 ) 9 ' == Tandem CO2ER route

Wind, Power generation =—@— Direct CO2ER route

BAU (1.29 $ per kg of ethylene)

Small module reactor, Steam methane reforming

Small module reactor, Ammonia/bioethanol/ethylene oxide

Wind, Direct air capture
Small module reactor, Natural gas processing/coal to chemicals

Figure 7 Ethylene production cost for the electrochemical routes at different CO; and electricity sources and
comparison with the BAU process (BAU=business as usual)

Gnd, Matural gas processing/coal to chemicals

-

Grid, Direct air capture Grid, Ammonia/bioethanol/ethylene oxide

5

Grid, Power generation Grid, Steam methane reforming

~@— Ethylene from MTO, MeOH from blue H2
Grid, Cement Grid, Iron and steel |~ = ~BAU(1.29§ per kg of ethylene)

Figure 8 Ethylene production cost for the MTO plant with methanol from blue H, and comparison with the
BAU process (BAU=business as usual)
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a)

Solar, Natural gas processing/coal to chemicals
Muclear large scale, Direct air capture Solar, Ammonia/bioethanol/ethylene oxide

Nuclear large scale, Power generation Solar, Steam methane reforming

Nuclear large scale, Matural gas processing/coal to chemicals

Small module reactor, Direct air capture

Small module reactor, Power generation

Small module reactor, Cement

Small module reactor, Iron and steel

—@— Ethylene from MTC, MeCH from green H2 (AEL)
= Ethylane from MTO, MeOH from green H2 (PEM)

Small module reactor, Ammonia/bioethanol/ethylene oxide BAU (1.29 8 per kg of ethylene)
‘Wind, Direct air capture

Small module reactor, Steam methane reforming Wind, Power generation

Small module reactor. Matural gas processing/coal to chemicals

b) Solar, Natural gas processing/coal to chemicals

Muclear | le, Direct ai 1 ) .
uclearfarge scale, Lirect arr capture Solar, Ammonia/bioethanol/ethylene oxide

Muclear large scale, Power generation Solar, Steam methane reforming

Nuclear large scale, Cement Solar, Iron and steel

Muclear large scale, Iron and steel Solar, Cement

Nuclear large scale, Steam methane reforming Solar. Power generation

Nuclear large scale, Ammonia/bioethanol/ethylene oxide Solar. Direct air capture

Muclear large scale, Natural gas processing/coal to chemicals Wind, Natural gas processing/coal to chemicals

Small module reactor, Direct air capture Wind, Ammonia/bioethanol/ethylene oxide

Small module reactor, Power generation Wind, Steam methane reforming

Small module reactor, Cement Wind, Iron and steel

Small module reactor, Iron and steel Wind, Cement

—@— Ethylene from MTO, MeQHfrom CO2ER
—4#— Ethylene from MTO, MeOH from C02-H20 co-electrolysis
Wind, Direct air capture BAU (1.29 5 per kg of ethylene)

Small module reactor, Steam methane reforming Wind, Power generation

Small module reactor, Ammonia/bicethanol/ethylene oxide
Small module reactor, Natural gas processing/coal to chemicals

Figure 9 Ethylene production cost for the MTO process with methanol from, a) CO, hydrogenation with green
H, (PEM and AEL), b) CO:ER and CO.-H,O co-electrolysis and comparison with the BAU process
(BAU=business as usual; MTO=methanol to olefin; MeOH=methanol; CO2ER=CO; electrochemical
reduction)

Among these, Figure 7 shows the ethylene production cost for the electrochemical routes (tandem and direct
CO;ER processes): lower costs are determined for the tandem system with values in a range between 1.34 and
3.74 $ per kg of ethylene. On the other hand, for the direct electrochemical reduction of CO; to ethylene the
cost ranges between 2.11 and 8.18 $ per kg of ethylene. The higher range cost obtained for the direct COER
route is due to the higher CO- flow rate needed in the feed (6.27 ton per ton of ethylene) and overall electricity
consumption (95.33 GJ per ton of ethylene) as already reported in Table 14. In fact, these two factors contribute

to the increase of operating costs. Although the direct CO,ER process has a lower CAPEX compared to the
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tandem process (154 $ per ton of ethylene vs 270 $ per ton of ethylene), OPEX are higher and influences the
total cost in a significant way. More optimization studies should be conducted in order to optimize the direct

electrochemical conversion in order to reduce operating costs.

In both study cases, the lowest price is obtained when CO comes from natural gas processing/coal to chemicals
source while using a small modular nuclear reactor as an electricity source. The highest price, on the other
hand, is produced with CO; from a DAC system while using solar energy for electricity.

Figure 8 shows the ethylene production cost using a MTO plant with methanol from the catalytic reaction
between CO; and blue H; at different CO; sources and with electricity from the UK grid. The cost has values
between 3.19 and 4.81 $ per kg of ethylene when CO, comes from natural gas processing/coal to chemicals

sources and DAC processes respectively.

Figure 9 reports the ethylene production cost when the MTO plant is used and with methanol from the catalytic
reaction between CO, and green H, (obtained in PEM and AEL electrolysers) (Figure 9a), from the direct
electrochemical reaction of CO> and syngas produced in a SOEC for CO, and H,O co-electrolysis (Figure 9b).
The cost is evaluated at different CO. and electricity sources. Among these processes, the cost range is between
3.25 and 8.64 $ per kg of ethylene for the MTO plant using methanol from hydrogenation with green H;
produced in AEL electrolysers. Here, the lowest cost is obtained when CO; is captured from natural gas
processing/coal to chemicals sources and electricity is extracted from small modular nuclear reactors. On the
other hand, the highest cost is when CO; is obtained from DAC plants and solar energy is exploited for
electricity. In a similar process but, with H, from a PEM water electrolyser, the specific cost to produce
ethylene ranges between 4.17 (CO, from natural gas processing/coal to chemicals sources and electricity from
small nuclear plants) and 8.89 $ per kg of ethylene (CO, from DAC plant and electricity from solar energy).
The higher range cost obtained for the MTO plant with methanol produced by CO, hydrogenation with PEM
is due to the higher OPEX compared to the same system but using the AEL. In fact, as shown in Table 14, the
process based on PEM has higher CO- (9.24 ton per ton of ethylene), water (12.68 ton per ton of ethylene) and

steam LP (7.64 ton per ton of ethylene) consumptions.

A wider range exists for the production cost of ethylene in MTO plant with methanol from the electrochemical
reduction of CO,: 3.24 and 9.08 $ per kg of ethylene, for the same electricity and CO; sources considered in

the previous processes.

The highest production cost, equal to 10.02 $ per kg of ethylene, in Figure 9b is for the MTO plant with
methanol obtained by syngas (produced with CO»-H,O co-electrolysis). This cost is incurred when CO; is
captured from the atmosphere and the electricity is from solar energy. For the same process, the lowest
production cost is 4.06 $ per kg of ethylene (CO, from natural gas processing/coal to chemicals sources and
electricity from small modular reactors). Comparing these last two processes, the MTO plant with methanol
from syngas has a higher OPEX that increase the overall ethylene production cost. A higher OPEX is due to a

higher consumption of water, cooling water and steam, despite of the lower CO, consumption.
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Overall, the results show that in order to decrease the production cost, CO, should be captured from natural
gas processing/coal to chemicals sources while electricity should be produced in small scale nuclear plants,
due to the very convenient price of CO- and electricity (although the GWP is much higher compared other
cases) (IEA, 2022; NAMRC, 2022). The DAC process and solar energy both have still higher costs (loannou
et al., 2020; IRENA. 2019; Leonzio et al., 2022a,b).

A conventional process for ethylene production is naphtha cracking with a cost of 1.29 $ per kg of ethylene
(lannou et al., 2020; ICIS, 2022). The market price of ethylene fluctuates with time, but in this analysis a
reference price of 1.29 $ per kg of ethylene is considered and all costs of ethylene will be compared to this

reference cost.

A secondary process that could be considered as reference for ethylene production is that based on MTO plant

with methanol obtained from syngas produced by methane steam reforming.

Table 15 reports the discussed cost ranges for each process and a comparison with both naphtha cracking
process and the second reference process (here the simulation for the MTO plant and the market methanol
price (Methanex, 2023) are considered). It is evident that, considering uncertainties in the economic analysis,
only the tandem process in cases with lower costs is competitive with the traditional method of ethylene
production (in the absence of high costs for CO;, emissions) and that based on MTO with methanol from
syngas. The economic profitability of ethylene production via the tandem route has been demonstrated by
Sisler et al. (2021), suggesting that it has more promise for producing low-cost ethylene due to its efficient use
of energy and CO.. Other process schemes for ethylene production that are analyzed in this research and based
on MTO plant with methanol from CO; hydrogenation of green H; have a cost higher compared to that of the
current production, as already found by loannou et al. (2020). The costs of the of CO2ER to ethylene route in
comparison current prices are in line with the work of Pappijin et al. (2020), loannou et al. (2020) and Orella
et al., (2020). For other systems producing ethylene a comparison with market prices has not been presented
in the literature.

Table 15 Comparison between the ethylene production cost of proposed and conventional routes

(CO2ER=CO:; electrochemical reduction; MTO=methanol to olefin; MeOH=methanol; AEL=alkaline cell;
PEM=proton exchange membrane cell)

Min production cost ($ per ~ Max production cost ($

Process kg of ethylene) per kg of ethylene)
Tandem 1.34 3.74
Direct CO2ER to ethylene 211 8.18
MTO with MeOH from blue H: 3.19 4.81
MTO with MeOH from green Hz (PEM) 3.25 8.64
MTO with MeOH from green Hz (AEL) 4.17 8.89
MTO with MeOH from CO2ER 3.24 9.08
MTO with MeOH from CO2-H20 co-electrolysis 4.06 10.02
Naphtha cracking 1.29 1.29
MTO with MeOH from methane steam reforming 1.48 1.48
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3.3 Results of GHG emission analysis

The global warming potential impact category is evaluated for the analyzed processes, as shown in Figures 10,
11 and 12.

Solar, Natural gas processing/coal to chemicals

Nuclear large scale, Direct air capture Solar, Ammonia/bioethanol/ethylene oxide

Muclear large scale, Power generation Solar, Steam methane reforming

Nuclear large scale, Cement Solar, Iron and steel

Muclear large scale, Iron and steel Solar, Cement

MNuclear large scale, Steam methane reforming Solar, Power generation

Nuclear large scale. Ammonia/bioethanol/ethylene oxide Solar, Direct air capture

Muclear large scale, Matural gas processing/coal to chemicals Wind, Natural gas processing/coal to chemicals

Small module reactor, Direct air capture Wind, Ammonia/bioethanol/ethylene oxide

Small module reactor. Power generation Wind, Steam methane reforming

Small module reactor, Cement Wind, Iron and steel

Small module reactor, Iron and steel Wind, Cement @ Tandem CO2ER rout
andem route

Wind, Power generation —&— Direct COZER route
BAl (1.6 kg of CO2eq per kg of ethylene)

Small module reactor, Steam methane reforming
Small module reactor, Ammonia/bioethanol/ethylene oxide

Wind, Direct air capture

Small module reactor. Matural gas processing/coal to chemicals

Figure 10 Global warming potential for the electrochemical routes at different CO, and electricity sources and
comparison with the BAU process (BAU=business as usual; CO,ER=CO; electrochemical reduction)

Grid, Matural gas processing/coal to chemicals

Grid, Direct air capture Grd, Ammonia/bioethanol/ethylene oxide

Grid, Power generation Grid, Steam methane reforming

~@— Ethylene from MTO, MeQH from blug H2
Grid, Cement Grid, Iron and steel [~ = =BAU (1.6 kg of COZeq per kg of ethylene)

Figure 11 Global warming potential for the MTO plant with methanol from blue H, and comparison with the
BAU process (BAU=business as usual; MTO=methanol to olefin; MeOH=methanol)
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Figure 12 Global warming potential for the MTO process with methanol from a) CO, hydrogenation with
green H; (PEM and AEL), b) CO.ER and CO,-H,0 co-electrolysis and comparison with the BAU process
(BAU=business as usual; MTO=methanol to olefin; MeOH=methanol; CO,ER=CO. electrochemical
reduction; AEL=alkaline cell; PEM=proton exchange membrane cell)

Among these Figures, in Figure 10 results for the two electrochemical routes are reported for different CO»
and electricity sources: the direct and tandem CO2ER to ethylene system enables negative values of global
warming potential meaning a mitigation of CO; because, a cradle-to-gate analysis is conducted. In fact, for the
direct process, the lowest achieved value is -2.52 kg of COq per kg of ethylene when CO; is captured from a
methane steam reforming plant and electricity is obtained by nuclear energy (small nuclear reactors). On the
other hand, for the same process, the highest value is 1.78 kg of COx¢q per kg of ethylene obtained from CO;
captured in a DAC system and electricity from solar energy. In addition to the pure CO:ER, the GWP of the
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tandem process is shown in Figure 10: it has overall a higher environmental impact (in term of CO, emissions)
compared to the direct CO- electrochemical reduction to ethylene with a range of GWP between -0.771 kg of
CO2¢q per kg of ethylene (when CO; is captured from a methane steam reforming plant and electricity is
obtained by small nuclear reactors) and 1.35 kg of COxeq per kg of ethylene (CO, from DAC with electricity
from solar energy). The better performance of the direct CO2ER is due to the higher CO, consumption, as
already discussed, resulting in a more negative carbon footprint of the feedstock compared to the other system.

It is evident that in this case the feed has the highest influence on GWP.

As shown in Figure 11, higher values of GWP are obtained for the MTO plant with methanol produced by CO»
hydrogenation with blue H,: 3.97 kg of CO2¢q per kg of ethylene are when CO; is captured from the atmosphere
and UK electricity grid is used. For this process, the lowest value of GWP is 2.73 kg of COzq per kg of
ethylene, by capturing CO, from a methane steam reforming plant.

In Figure 12, results for the other MTO plants are shown: it is evident that the lowest GWP impact is for the
MTO with methanol obtained by CO.-H,0 co-electrolysis (Figure 12b). Here the GWP is in a range between
-3.08 kg of COxq per kg of ethylene (CO, from methane steam reforming plant and electricity from a small-
scale nuclear plant) and 0.655 kg of CO.¢q per kg of ethylene (CO, from a DAC system and electricity from
solar energy). On the other hand, the highest value of GWP in Figure 12b is for the MTO plant with methanol
from CO2ER that incurs 2.2 kg of COgq per kg of ethylene with CO, captured from the atmosphere and
electricity from solar energy. For the same process, the lowest GWP impact of -2.24 kg of COxeq per kg of
ethylene is obtained with CO, captured from methane steam reforming plant and electricity from small modular
reactors. Despite of a higher CO, consumption (16.55 ton per ton of ethylene) in the feed for the MTO plant
with methanol produced via CO-ER, a higher CO, emission (8.27 ton per ton of ethylene) causes a higher

environmental impact compared to the MTO plant with methanol from syngas.

-2.3 and 1.04 kg of CO..q per kg of ethylene is the GWP range for the MTO plant using methanol from the
CO- hydrogenation with green H, (PEM). In this range, -2.3 kg of CO.¢q per kg of ethylene are for the case in
which CO; is from a methane steam reforming plant and electricity is from nuclear energy (small modular
reactors) while 1.04 kg of CO..q per kg of ethylene are produced by using CO, from a DAC system and
electricity from solar energy. For the same process but, with H, produced in an AEL cell, the climate change
is between -2.07 kg of COxq per kg of ethylene (CO, from a methane steam reforming plant and electricity
from small-scale nuclear plant) and 1.09 kg of CO.¢q per kg of ethylene (CO, from DAC plants and electricity

from solar energy).

Comparing the results for these two last processes with those of the MTO plant with methanol from syngas, it
is possible to see that better performances are for the second mentioned system: for the same amount of CO,

emitted, a higher amount of CO, feedstock ensures better environmental conditions.

Overall, results show that the lowest GWP impact is ensured by using CO, captured from a methane steam

reforming plant and electricity produced by nuclear energy, in particular small modular reactors. On the other
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hand, the highest GWP impact is caused by using CO, from a DAC plant and electricity from solar energy.
These results are technically in agreement with the work of Muller et al. (2020) finding that the CO- capture
from ammonia plant (then from a methane steam reforming plant) leads to the lowest carbon footprint of the
CO; feedstock. However, this result does not agree from the point of view of the European Union legislation

because other CO; sources are preferred for fuel synthesis (McQuillen et al., 2022).

Table 16 shows the GWP range for the investigated processes and the comparison with the GWP impact of
the conventional process based on naphtha cracking which is equal to 1.6 kg of COxq per kg of ethylene
(lannou et al., 2020) and that based on MTO plant with methanol from methane steam reforming with a GWP
of 2.15 kg of COxeq per kg of ethylene (obtained from SimaPro considering the new defined MTO plant and
the conventional methanol flow rate as in the Ecoinvent database).

Considering the lowest value of GWP in that range, all processes for ethylene production except the MTO
plant with methanol from blue hydrogen are more environmentally friendly compared to the traditional one
and the process based on MTO with methanol from methane steam reforming. The environmental benefit of
the CO-ER to ethylene route has been also reported by Pappijn et al. (2020), especially when renewable
energies are used for electricity generation. In loannou et al. (2020), a better performance of the direct
electrochemical reduction route and the MTO plant with methanol from green H is achieved compared to the
naphtha cracking. For the other alternative plants, a comparison with the BAU has not been conducted in the
literature so far.

In any case, in our results, the best process with the lowest value of GWP value is the MTO plant with methanol
obtained from syngas from CO.-H;O co-electrolysis in a SOEC. Another competitive process is the direct
CO;ER for which a proper optimization could ensure good performances as well the best process. An
optimization of the operating conditions (increase of CO, conversion and consumption with a recycle of
emissions and reduction of consumed electrical energy) must be focused on later studies. Negative values of
GWP can be achieved by all investigated processes but not by the tandem system and MTO plant using blue

hydrogen that should be optimized in future research in order to reduce their environmental burden.
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Table 16 Comparison between the global warming potential of proposed and conventional routes for ethylene
production (CO.ER=CO; electrochemical reduction; MTO=methanol to olefin; MeOH=methanol;
AEL=alkaline cell; PEM=proton exchange membrane cell)

Min global warming Max global warming
Process potential (kg of COzeq potential (kg of COzq
per kg of ethylene) per kg of ethylene)
Direct CO2ER to ethylene -2.5 18
Tandem 0.8 2.3
MTO with MeOH from blue Hz 2.7 4.0
MTO with MeOH from green Hz2 (PEM) -2.3 1.0
MTO with MeOH from green Hz (AEL) -2.1 11
MTO with MeOH from COzER -2.2 2.2
MTO with MeOH from CO2-H20 co-electrolysis -3.1 0.7
Naphtha cracking 1.6 1.6
MTO with MeOH from methane steam reforming 2.15 2.15

3.4 Best ethylene production routes

From the above results it is determined that the best process for ethylene production from an economic point
of view is the tandem one. On the other hand, the MTO plant with methanol obtained from syngas from CO-

H>O co-electrolysis is the best process for a GWP point of view.

It can be supposed that the use of only electrical energy and the high electrical energy efficiency make the
tandem process the most favorable in the economic analysis (a lower value of OPEX is ensured). Moreover,
only 1.66 ton of CO- per ton of ethylene are required by this process reducing in this way the OPEX (in
particular the expenditure for raw materials) in comparison with other investigated routes characterized by

higher CO, consumptions.

Regarding the MTO plant integrated into a SOEC, it can be supposed that a relative high CO, consumption in
the feed and the lowest value of CO; emissions make the process the best one in the GHG emission analysis.
It can be underlined that the MTO plant with methanol from COER has the highest CO, consumption (16.55
tonnecoz/tonneemyiene) Ut in this case a relative high emission of CO, (8.27 ton of CO; per ton of ethylene) is

present making the process not favorable for the GWP point of view.

Results suggest that these new technologies could be competitive and better compared to the conventional

thermos-routes in the next future.

CO, consumption and emission and energy consumptions as well are important factors able to provide
economic and GWP benefits. It is convenient to have low values for CO; emissions and energy consumption
in order to have low costs and GHG emission burdens. On the other hand, for CO, consumption a trade-off
should be achieved: a high value causes a high OPEX but a low value of global warming potential if the overall

process is efficient from an environmental point of view. Future research should be conducted on
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electrochemical reduction routes taking into account these factors influencing costs and impact on the

environment.
4. Conclusions

The research introduces a comparative analysis of all ethylene production routes investigated in the literature.
The alternative production paths, starting from two important molecules such as CO. and H;O, are based on
CO:. electroreduction (direct and tandem processes) and on MTO plant (with methanol from different
production ways such as CO; hydrogenation, syngas and CO;ER), while the fossil-based ethylene production

based on naphtha cracking is taken as a reference.

In the first stage, the modelling of each process according to the literature is carried out considering the
optimistic conditions for electrochemical processes although, electrolytic cells for CO; reduction are currently
characterized by a low value of technology readiness level (TRL). In the second stage, the economic
profitability in terms of ethylene production cost and the environmental impact in terms of global warming
potential are evaluated and compared.

The economic analysis shows that only the tandem process in cases with lower costs (cheaper CO- sources and
electricity from nuclear energy at a small-scale) is competitive with the conventional production of ethylene.
The production cost for the tandem process is in the range between 1.34 and 3.74 $ per kg of ethylene compared
to a current market price of 1.29 $ per kg of ethylene. However, the most convenient ethylene production from
a GWP point of view is that based on the MTO plant with methanol produced from syngas obtained in the
CO»-H,0 co-electrolysis. In this case, the GWP can achieve a value of -3.08 kg of COxeq per kg of ethylene
(CO; from methane steam reforming plant and electricity from a small modular reactor), while the
corresponding figure for naphtha cracking is 1.6 kg of COzeq per kg of ethylene. It is evident that, the most
preferred energy source for the electricity supply is the nuclear one with a small-scale plant because, economic

and environmental (in term of GHG emissions) advantages are provided.

Moreover, as the MTO plant with methanol from CO2-H.O co-electrolysis and the tandem one are the best
processes, it is evident that the electrochemical route starting from two abundant raw materials (CO and H,0),
could potentially have an important role inside the chemical industry, being competitive with conventional

production processes.

Acknowledgments: Funding by the Engineering and Physical Sciences Research Council (EPSRC) under
grants EP/\VV011863/1 and EP/\VV042432/1 is gratefully acknowledged.

31



References

Beis, 2016. Available at;
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/566567/B
EIS_Electricity_Generation_Cost_Report.pdf

Berkelaar, L., van der Linde, J., Peper, J., Rajhans, A., Tiemessen, D., van der Ham, L., van den Berg, H.,
2022, Electrochemical conversion of carbon dioxide to ethylene: Plant design, evaluation and prospects for
the future, Chemical Engineering Research and Design, 182, 194-206

Chen, Y.H., Hsieh, W., Chang, H., Ho, C.D., 2021. Design and economic analysis of industrial-scale
methanol-to-olefins plants, Journal of the Taiwan Institute of Chemical Engineers 000, 1-14

Ciuchi, 1., 2019. Modelling of Hydrogen production systems through Steam Methane Reforming and CO2
capture for industrial applications. Master Thesis. Polytechnic of Torino

COM, 2011. A Roadmap for moving to a competitive low carbon economy in 2050.2011; Available at:
https://www.eea.europa.eu/policy-documents/com-2011-112-a-roadmap, Accessed 19-March-2020.

De Luna, P., Hahn, C., Higgins, D., Jaffer, S.A., Jaramillo, T.F., and Sargent, E.H. 2019. What would it take
for renewably powered electrosynthesis to displace petrochemical processes? Science 364, 3506

Emerson, 2022, Available at: https://www.emerson.com/documents/automation/manuals-guides-chemical-
sourcebook-chapter-1-2-ethylene-production-polysilicone-production-fisher-en-138242.pdf, accessed on 19
september 2022.

European Commission, 2018. Product Environmental Footprint Category Rules Guidance version 6.3 — May
2018.

FanJ.L., Yu, P., Li, K., Xu, M., Zhang, X., 2022. A levelized cost of hydrogen (LCOH) comparison of coal-
to-hydrogen with CCS and water electrolysis powered by renewable energy in China, Energy 242, 123003.

Freire Ordonez, D., Shah, N., Guillen-Gosalbez, G. 2021. Economic and full environmental assessment of
electrofuels via electrolysis and co-electrolysis considering externalities, Applied Energy 286, 116488

Global Data Petrochemical, Available at:
https://emeal.apps.cp.thomsonreuters.com/web/cms/?navid%s20365, accessed 5 January 2021

GlobalPetrolPrice, 2022. Available at: https://www.globalpetrolprices.com/electricity_prices/

Graaf, G.H., Stamhuis, E.J., Beenackers, A.A.C.M., 1988. Kinetics of low-pressure methanol synthesis,
Chem. Eng. Sci. 43, 3185-3195.

Haribal, P., Chena, V.Y, Neal, L., Li, F., 2018. Intensification of Ethylene Production from Naphtha via a
Redox Oxy-Cracking Scheme: Process Simulations and Analysis, Engineering, 4, 5, 714-721

ICIS, 2022, Available at:
https://global.factiva.com/ha/default.aspx#./1?& suid=1663689000958039421198706572214

IEA, 2022, Available at https://www.iea.org/commentaries/is-carbon-capture-too-expensive

Ioannou, I., D’Angelo, S.C., Martin, A.J., Pérez-Ramirez, J., Guillén-Gosalbez, G., 2020. Hybridization of
Fossil- and CO2-Based Routes for Ethylene Production using Renewable Energy, ChemSusChem, 13, 6370—
6380

IRENA. 2019. https://www.irena.org/Statistics/View-Data-by-Topic/Costs/Solar-Costs

ISO 14040, 2009, Environmental management — Life cycle assessment — Principles and framework, European
Committee for Standardisation, Brussels.

32


https://www.emerson.com/documents/automation/manuals-guides-chemical-sourcebook-chapter-1-2-ethylene-production-polysilicone-production-fisher-en-138242.pdf
https://www.emerson.com/documents/automation/manuals-guides-chemical-sourcebook-chapter-1-2-ethylene-production-polysilicone-production-fisher-en-138242.pdf
https://www.iea.org/commentaries/is-carbon-capture-too-expensive
https://www.irena.org/Statistics/View-Data-by-Topic/Costs/Solar-Costs

ISO 14044, 2006, Environmental management — Life cycle assessment — Requirements and guidelines,
European Committee for Standardisation, Brussels.

Jouny, M., Luc, W., Jiao, F., 2018. General Techno-Economic Analysis of CO2 Electrolysis Systems, Ind.
Eng. Chem. Res. 57. 2165-2177

Kibria, M.G., Edwards, J.P., Gabardo, C.M., Dinh, C., Seifitokaldani, A., Sinton, D., and Sargent, E.H. 2019.
Electrochemical CO2 reduction into chemical feedstocks: from mechanistic electrocatalysis models to system
design. Adv. Mater. 31, 1807166.

Kiss, A.A., Pragt, J.J., Vos, H.J., Bargeman, G., de Groot, M.T., 2016. Novel efficient process for methanol
synthesis by CO2 hydrogenation, Chemical Engineering Journal 284, 260-269

Khoo, H.H., Halim, 1., Handoko, A.D., 2020. LCA of electrochemical reduction of CO2 to ethylene, Journal
of CO, Utilization 41, 101229

Leonzio, G., Foscolo, P.U. 2020. Analysis of a 2-D model of a packed bed reactor for methanol production by
means of CO2 hydrogenation, International Journal of Hydrogen Energy, 45, 18, 10648-10663

Leonzio, G., Fennell, P.S., Shah, N. 2022a, Analysis of Technologies for Carbon Dioxide Capture from the
Air. Appl. Sci. 12, 8321

Leonzio, G., Fennell, P.S., Shah, N. 2022b. A Comparative Study of Different Sorbents in the Context of
Direct Air Capture (DAC): Evaluation of Key Performance Indicators and Comparisons. Appl. Sci. 12, 2618

Nabil, S.K., McCoy, S., and Kibria, M. 2021. Comparative life cycle assessment of electrochemical upgrading
of CO2 to fuels and feedstocks. Green Chem., 23, 867-880

NAMRC, 2022. Available at https://www.namrc.co.uk/intelligence/smr/;

McQuillen, J., Leishman, R., Williams, C. 2022. European CO2 availability from point-source and direct air
capture. Report available at https://www.transportenvironment.org/wp-content/uploads/2022/07/DAC-final-

report.pdf

Methanex, 2023. Available at: https://www.methanex.com/sites/default/files/Mx-Price-Sheet%20-
%200ct%2029%202021.pdf

Moreno-Gonzalez, M., Berger, A., Borsboom-Hanson, T., Merida, W., 2021. Carbon-neutral fuels and
chemicals: Economic analysis of renewable syngas pathways via CO2 electrolysis, Energy Conversion and
Management 244, 114452

Muller, L.J., Katelhon, A., Bringezu, S., McCoy, S., Suh, S., Edwards, R., Sick, V., Kaiser, S., Cuellar-Franca,
R., Khamlichi, A.E., Lee, J.H., von der Assen, N., Bardow, A. 2020. The carbon footprint of the carbon
feedstock CO2, Energy Environ. Sci., 13, 2979.

Orella, M.J., Brown, S.M., Leonard, M.E., Roman-Leshkov, Y., Brushett, F.R., 2020. A General
Technoeconomic Model for Evaluating Emerging Electrolytic Processes, Energy Technol. 8, 1900994

Ortiz-Espinoza, A.P., Noureldin, M.M.B., El-Halwagi, M.M., Jiménez-Gutiérrez, A. 2017. Design,
simulation and techno-economic analysis of two processes for the conversion of shale gas to ethylene,
Computers and Chemical Engineering 107, 237-246

Our World in data, 2022. Available at: https://ourworldindata.org/co2-emissions, Accessed on 19 September
2022

Our World in Data, 2021, Available at: https://ourworldindata.org/emissions-by-sector#direct-
industrialprocesses-5-2, accessed 19 March 2021

33


https://www.namrc.co.uk/intelligence/smr/
https://www.transportenvironment.org/wp-content/uploads/2022/07/DAC-final-report.pdf
https://www.transportenvironment.org/wp-content/uploads/2022/07/DAC-final-report.pdf
https://ourworldindata.org/co2-emissions

Pappijn, C.A.R., Ruitenbeek, M., Reyniers, M.F., Van Geem, K.M., 2020. Challenges and Opportunities of
Carbon Capture and Utilization: Electrochemical Conversion of CO2 to Ethylene, Front. Energy Res.
8:557466

Peter, M.S., Timmerhaus, K.D. 1991. Plant design and economics for chemical engineering, McGraw-Hill

Reyniers, P.A., Vandewalle, L.A., Saerens, S., de Smedt, P., Marin, G.B., Van Geem, K.M., 2017. Techno-
economic analysis of an absorption based methanol to olefins recovery section, Applied Thermal Engineering
115, 477490

Sisler, J., Khan, S., Ip, A.H., Schreiber, M.W., Jaffer, S.A., Bobicki, E.R., Dinh, C.T., Sargent, E.H., 2021,
Ethylene Electrosynthesis: A Comparative Techno-economic Analysis of Alkaline vs Membrane Electrode
Assembly vs CO2-CO-C2H4 Tandems, ACS Energy Lett, 6, 997-1002.

Statista, 2022, Available at: https://www.statista.com/statistics/1067372/global-ethylene-production-
capacity/, Accessed on 19 september 2022.

Thameswaer, 2022, Available at: https://www.thameswater.co.uk/media-library/home/wholesale/our-
charges/wholesale-tariff-document-2021-22.pdf

Worrell, E., Phylipsen, D., Einstein, D., Martin, N., 2020. Energy Use and Energy Intensity of the US
Chemical Industry, available at http://tiny.cc/5qyepz. accessed May 2020

Wyndorps, J., Ostovari, H., von der Assen, N. 2021. Is electrochemical CO2 reduction the future technology
for power-to-chemicals? An environmental comparison with H2-based pathways, Sustainable Energy Fuels,
5,5748

Zhang, H., Desideri, U., 2020. Techno-economic optimization of power-to-methanol with co-electrolysis of
CO02 and H20 in solid-oxide electrolyzers, Energy 199, 117498

34


https://www.statista.com/statistics/1067372/global-ethylene-production-capacity/
https://www.statista.com/statistics/1067372/global-ethylene-production-capacity/
http://tiny.cc/5qyepz

