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ARTICLE INFO ABSTRACT

Handling Editor: Mingzhou Jin The paper deals with exhaustive process modelling, techno-economic and life cycle assessment (TEA/LCA) of
olefin (ethylene and propylene) production through captured CO, and electrolytic hydrogen. Olefins are
important building block chemicals with several applications and carbon capture and utilisation (CCU) can
provide a sustainable production route. The proposed system involves direct air capture (DAC) of COg; proton
exchange membrane (PEM) water electrolysis for hydrogen production, methanol synthesis, methanol to olefins
(MTO) upgrade, and power generation from off-shore wind turbines. This study proposes a new integrated
process as the first attempt to holistically assess a whole CCU assembly aiming at olefins production. Processing
modelling has been implemented using the Aspen plus V12.1 and MATLAB R2022a software to solve the mass
and energy balances of each unit operation. The modelling results showed a carbon efficiency of 72.3% to
ethylene and propylene. In addition, the process is designed and integrated in such a way that no external heat
supply is required. A specific energy consumption (SEC) of 150 MJ/kg olefins (41 kWh/kg) has been estimated. A
minimum selling price of £3.67 per kg of olefins is required for the proposed process to break-even. The
sensitivity analysis has revealed that the major cost driver is the cost of electricity. In addition, the life cycle
assessment (LCA) has exposed that the proposed synthesis route of olefins has the potential to reduce the global
warming potential (GWP) by 47% compared to fossil - based production. The outcomes of this study can be
beneficial to engineering conceptual studies, policy makers and contribute new information to the CCU academic
community.
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1. Introduction

The use of fossil resources results in an intensive accumulation of
greenhouse gases (GHG) that are responsible for the temperature in-
crease of the planet and an increase in temperature above 2 °C will cause
an irreversible damage to the planet. In view of this, many have agreed
to limit the global temperature increase to 1.5 °C above pre-industrial
levels by 2050 according to the Paris Agreement in 2015 (Obrist et al.,
2021). This action incorporates decarbonisation strategies and actions
for the chemicals, power and fuels industries in the public and the pri-
vate sectors (Finkbeiner and Bach, 2021). Currently, according to the
International Energy Agency (IEA), (2019), the chemical sector globally
generates about 1.5 gigaton of CO, annually, 27% of which comes from
high value chemicals including light olefins and aromatics. The con-
sumption trends in high-income regions are closely related to the rising
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demand for chemicals; the average amount of plastics consumption in
the European Union is between 55 and 80 kg/capita and it is anticipated
that the global primary chemicals demand will have increased around
30% by 2030 and up to 60% by 2050 (IEA, 2018). Light olefins, such as
ethylene and propylene, are important building blocks of the chemical
industry such as plastics, industrial fibres and rubber (Dutta et al.,
2019). They are the starting material of the polyethylene and poly-
propylene packaging which has a 36% global demand (IEA, 2018) and it
is predicted to grow by 4% per year by 2025 (GPCA, 2019). This high-
lights the urgent need to explore sustainable chemical pathways to meet
the growing demand for olefins.

Fossil - based olefin production entails the use of high carbon
intensive materials such as natural gas, coal and petroleum naphtha that
results in augmented GHG emissions (Chung et al., 2023). In recent
years, research has been focused on developing and evaluating
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innovative process for a sustainable olefin production. For instance,
bio-ethylene can be produced from sugarcane bioethanol dehydration
and other crops and it has been implemented at an industrial scale (IEA,
2019). Mohsenzadeh et al. (2017) investigated the techno-economic
performance of bio - ethylene production using bioethanol as feed-
stock. They concluded that the cost of the feedstock has a significant
impact on the profitability. Therefore, this approach can only be applied
in regions with feedstock availability at competitive prices
(Alonso-Farinas et al., 2018). Alternatively, olefins can be produced
using direct CO5 hydrogenation in one step or via a two-step process
with methanol as intermediate in a power to X concept (PtX) coupled
with the carbon capture utilisation (CCU) (Zhao et al., 2021). The pur-
pose of the strategy is to utilise CO; as a carbon source to produce clean
high value-added chemicals such as olefins utilizing renewable Hpy
(Kuusela et al., 2021). This concept has also been the subject of several
studies. Zhao et al. (2021), explored the economic viability of twenty
different olefins manufacturing processes. They compared fossil and
renewable processes including the CO; to olefin conversion route. They
concluded that fossil pathways are more competitive than the renew-
ables routes because of the price of Hy; if the Hy cost drops by 55% and
the plant scale is expanded from 100 to 1000 ktonne per year then costs
savings of around 4%-23% can be achieved. Further, Do and Kim
(2020), developed a techno economic analysis of green C>-C4 hydro-
carbon production through CO; hydrogenation and renewable Hj. By
using solar or wind electricity for hydrogen production, results revealed
low net CO, emissions but higher hydrocarbon prices ($2.8-5.5 USD/kg
Co—Cy4). Nevertheless, when using fossil based options SMR and
coal-based hydrogen, results denoted higher emissions (13.6 kg CO2./kg
C2-C4) and a cost of $2.6 USD/kg Co—C4 product, making the Hy price
the most sensitive factor. Similarly, Savaete (2016) analysed the
techno-economic performance of a catalytic CO, conversion into olefins
using conventional and renewable methanol as an input. The findings
revealed that the MTO process using renewable methanol as an input
resulted in an ethylene production cost of 3700 €/ton which is higher
than the ethylene from conventional methanol, 935 €/ton. It was sug-
gested carbon taxes would need to be high for the MTO feasibility.
Pappijn et al. (2020) assessed the economic feasibility and the CO5
avoidance potential of the electrochemical reduction of CO5 to ethylene
based on a conceptual design excluding the separation and purification
stages in the emission counting. They determined that ethylene from
electrolytic CO; conversion is not feasible under current market condi-
tions and current catalyst performance. They advised the process needs
to be powered by green electricity to obtain a net CO5 balance overall.
Regarding environmental analysis, Keller et al. (2020), examined in a
cradle to gate evaluation, the environmental impacts of the olefin pro-
duction using fossil - based and alternative feedstock in Germany.
Although it was shown that production using renewable resources
reduced GHG emissions, other environmental categories were adversely
impacted. Rosental et al. (2020), provided a life cycle assessment of
large volume organic chemicals including olefins from CO; capture and
renewable Hj. Results revealed that the usage of power generated by
off-shore wind turbines for CCU methanol, olefins and aromatics syn-
thesis reduces GHG emissions between 88 and 97%. It is important to
mention that those reductions included the CO, uptake in the capture
system. Kuusela et al. (2021) evaluated the greenhouse gas emissions of
CO4 based polypropylene (PP) by applying the power to X concept.
While using renewable energy for Hy production, natural gas and elec-
tricity from the grid were consumed in the olefins synthesis, resulting in
an estimated gross emission factor of 2.79 kg COse/kg PP. The literature
review indicated that there exist some studies that have assessed the
economic impact of olefin production, but they have mostly focused on
the olefins synthesis and have not included the process modelling of the
CO4 and Hj feedstock and potential heat integration opportunities be-
tween different components. This work includes the simulation of each
step in the chain and identifies and applies heat integration. Overall, a
holistic LCA and TEA of the whole CCU assembly of a power to the
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olefins (PtO) pathway is currently missing from the literature and the
goal of the present study is to fill this gap.

2. Process description

The plant is located in North Yorkshire, United Kingdom where the
Teesside offshore wind farm supplied 546 MW of electricity. The
installed capacity (1163 MW) of the wind farm has been calculated by
dividing the power consumed (546 MW) in the PtO system with the
capacity factor (47%) and then the number of turbines needed for this
capacity have been calculated in the System Model Advisor software.
Fig. 1 depicts the schematic diagram of the power to olefins process. The
PtO produces around 103 ktonne of olefins per year and consists of CO»
direct air capture (DAC), electrolytic hydrogen production, methanol
and olefin synthesis and purification stages in addition to the power
generation modelling. Mass and energy balances have been obtained in
the Aspen Plus V12.1 and MATLAB R2022a software. Detailed flowsheet
models can be found in the Supplementary Information.

2.1. Direct air capture (DAC)

The Carbon Engineering liquid DAC technology has been considered
herein and simulations have been conducted based on the data provided
in Keith et al. (2018) in which the authors have detailed a description of
a direct air capture plant using an aqueous KOH sorbent coupled with a
caustic recovery loop to capture almost 1 Mt COy/year. This design has
been taken as a reference to model the CO5 capture following the con-
ditions and assumptions of Bianchi (2020) in the Aspen Plus v12.1
software.

Two chemical loops are involved in the atmospheric CO, capture.
First, an ionic KOH solution with concentrations of 1.0 M OH™, 0.5 M
CO%’, and 2.0 M K" is used to capture CO, forming carbonates. Second,
carbonates are precipitated through the reaction of Ca?* to form CaCOj
while Ca®" is replaced by the dissolution of Ca (OH),. The CaCOs is
calcined to release the CO5 producing CaO, which is hydrated to
regenerate Ca (OH),. Four major operation units are included and dis-
cussed in the following sections as shown in Fig. 2: air contactor, pellet
reactor, calciner and slaker (Keith et al., 2018; Sabatino et al., 2021).

2.1.1. Air contactor

The air contactor is simulated in the Aspen plus software as a sepa-
rator unit in which the CO5 capture efficiency is fixed to 75% according
to the model performed by Keith et al. (2018). The property method is
set to the Electrolyte NRTL for the liquid phase and SRK for the gas
phase. Initially, the air enters the system where CO reacts with the KOH
ionic liquid solution in Eq. (1) to form an aqueous potassium carbonate
precipitate. Here, a pressure drop of 0.005 bar occurs (Bianchi, 2020;
Keith et al., 2018). Depleted air with low CO5 concentration is released
to the atmosphere while precipitated solution is pumped at 0.005 bar to
restore initial pressure for the subsequent steps (Bianchi, 2020;
Sanz-Pérez et al., 2016).

Coz(g) + 2KOH(aq) —>K2C03(aq) + HzO(l) (1)

2.1.2. Pellet reactor

In the pellet reactor, precipitated solution reacts with calcium oxide
to form CaCOs pellets. The reactor has been modelled as a crystallizer
unit available in Aspen Plus. The unit operates at 25 °C and 1 bar. The
chemical reaction in Eq. (2) is simulated as a series of equilibrium and
dissociation reactions specified in the Aspen properties section and they
are described in the Supplementary information. To apply these equa-
tions in the crystallizer, the saturation calculation method is selected in
the unit specifications. The output of the crystallizer is filtered to recover
the CaCOs that is further sent to the slaker while the liquid solution is
recirculated. Part of the calcium leaves the system as fines which are
captured in a downstream filter unit (Keith et al., 2018; Sabatino et al.,
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Fig. 1. Schematic diagram of the power to olefin process based on CCU and water electrolysis.
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Fig. 2. Block flow diagram of the direct air capture system.

2018; Sanz-Pérez et al., 2016).

K5CO34q) + Ca(OH), ) = 2KOH qq) + CaCOs) @)

2.1.3. Steam slaker

The slaker is modelled for the hydration of quicklime (CaO) and the
drying of the CaCOs pellets. The reactor runs at 85% conversion, 300 °C
and atmospheric pressure. Pellets of CaCO3 flows through the reactor to
take advantage of the heating provided by the CaO hydration in Eq. (3).
At the same time, the water vapour removed from the pellets is used in
the hydration as reactant. The operations are simulated as separated
units but in a real plant those take place in the same unit. Dried CaCO3 is
sent to the calciner for decomposition and the produced Ca (OH), is
recycled to the pellet reactor. Make up water vapour is injected using
steam at 42 bar and 253 °C in a closed loop (Bianchi, 2020; Sabatino
et al., 2021).

CaO(S) +H20<1>—>CQ(OH)2<S> (3)

2.1.4. Calciner

The calcination of CaCOg3 occurs through Eq. (4). This is the key step
to recover the CO;, captured by the thermal decomposition of the car-
bonates which requires a high amount of energy. The calciner is simu-
lated as a conversion reactor working at 900 °C and atmospheric
pressure. The conversion efficiency of 98% is set according to Bianchi
(2020) and Keith et al. (2018).

CaCO:; (s) ™ CaO(s) + COz(g) (4)

In the reference of Keith et al. (2018), natural gas is utilised to pro-
vide the heat for carbonate decomposition (~5.25 GJ/tonne COy).
However, in this proposed design, the heat for the calciner is provided
by the combustion of the gas streams from the MTO synthesis such as Hy,
CO, CHy, and the heavier olefins C4. (see Fig. 1). Thus, no external fossil
resource is employed. Cyclones are added to cool down the products and
separate the solid CaO and the CO,. Finally, water is knocked out and
clean CO; is sent to a four-stage compressor with intercooling to reach
the desired pressure for the methanol synthesis, i.e., 78 bar.
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The DAC model utilised herein is based on a pilot plant that captures
1 tonne CO2/day and hence a limitation of the study is that we have
assumed similar behaviour of the system for a capture of 0.5 million
tonnes per year; nevertheless some of the DAC components such as the
air contactor and the pellet reactor are modular and their performance is
expected to vary little form the pilot plant. Similar scaling limitations
exist with the electrolysis and olefin production sections. To account for
these uncertainties we have carried out thorough sensitivity analysis but
we acknowledge that more reliable data can be derived from larger scale
operations but such data is missing at the moment.

2.2. Renewable hydrogen production

A PEM electrolyser is adopted in this study for the Hy production.
According to Hank et al. (2018), large scales of PEMELSs with production
capacities >10 Nm® Hy/h do offer efficiencies as high as alkaline elec-
trolysers in addition to the high purity of the product at temperatures
between 50 and 100 °C. The electrolyser unit has been modelled in
Aspen Plus as a stoichiometric reactor operated at 80 °C and 35 bar
(Shiva Kumar and Himabindu, 2019). Eq. (5) and Eq. (6) represent the
anode and cathode reactions within the reactor. Deionized water is
supplied at a flowrate about of 0.01 m3/kg Hy (Lundberg, 2019). The
lifetime of the equipment is 80,000 h (Shiva Kumar and Himabindu,
2019). Product H, is purified by a phase separation unit that removes O2
from the products stream. Unreacted water and H; are cooled down up
to 25 °C to facilitate a flash separation of them, and this increases the Hy
purity to 99.99%. The O is split into two streams, one is sent to the
oxy-combustion where it will be burnt and the other one is liquefied to
produce commercial O,. Liquefaction is configured in a flash separation
and a cryogenic cooling as presented in Johnson et al. (2018). The
compression reaches 51 bar and cooling temperature of —123 °C (liquid)
followed by expansion to 1.2 bar (Bianchi, 2020).

2H" +2¢”—H, (Cathode) )

1
H,0— 502 +2H"' +2¢ (Anode) (6)

The electricity consumption of the unit is estimated based on the Hj
HHV and a 75% electrolyser efficiency (Harrison et al., 2014) plus an
additional 10% of electricity supplied to cover the demand of the
auxiliary equipment (Michailos et al., 2019).

2.3. Methanol synthesis

The following step in the PtO is the catalytic hydrogenation of CO,
into methanol that acts as the intermediate. The reaction in Eq. (7) takes
place at 210 °C and 78 bar in the presence of a commercial catalyst Cu/
Zn0/Al,03 according to the conditions of Van-Dal and Bouallou (2013a,
b).

Both CO; and Hj should be compressed before entering the reactor.
The CO; passes through 4 stages compressors to achieve the desired
operating pressure (78 bar) and Hy was compressed from 30 bar to the
operating pressure in a one stage compressor. They are heated up to the
operation temperature and injected into the fixed bed adiabatic reactor.
The device is packed with 44,500 kg of catalyst, assuming CO; is the
leading source of carbon for the synthesis (Van-Dal and Bouallou,
2013b). The kinetic model used in this paper is taken from Vanden
Bussche and Froment (1996) with the adjusted parameters of Mignard
and Pritchard (2008). The conditions for the methanol synthesis are
presented in Table 1.

After the reaction, the products stream is divided into 2 streams in
order to use one of the branches to heat the feed stream. Then, they are
mixed again and flashed to separate gases and liquids. The gases are
recycled to the compression stage (Pérez-Fortes et al., 2014) whereas the
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Table 1
Specification for the methanol synthesis (Van-Dal and Bouallou, 2013b).

Parameter Value Unit

Reactor type Fixed bed adiabatic -

Operating temperature 210 °C
Operating pressure 78 bar
Catalyst density 1775 kg/m?®
Catalyst bed porosity 0.4 -

aqueous methanol is sent to the olefins synthesis. Since the olefin reactor
performs with a methanol — water mixture, further methanol purifica-
tion is not required. The kinetic reactions and the simulation model are
detailed in the Supplementary Information.

2.4. Olefin synthesis and separation

The olefin synthesis is modelled as a set of parallel reactions (Fig. 3)
based on the work conducted by Lu et al. (2016). The products of the
olefins reactor are CH4 (methane), CoH4 (ethylene), CsHg (propylene),
C3Hg (propane), C4 (butene) and Cs (pentene). Also coke formation is
taken into account as part of the reaction set. The reactor is simulated as
a continuous stirred tank reactor (CSTR) using a commercial SAPO-34
catalyst at a temperature of 465 °C and at atmospheric pressure as
proposed in Lu et al. (2016). After use, the catalyst is sent to a regen-
erator unit where deposited coke is burned and the catalyst is regener-
ated. The cost of the regenerator unit is included in the purchased
equipment cost of the synthesis reactor. Similarly, regarding the envi-
ronmental performance, the emissions generated by the catalyst
regenerator, are considered negligible compared to the total plant
emissions. Additionally, the energy recovered from coke burning is
minimal compared to the overall energy needs of the plant, therefore, it
was excluded from the energy integration.

The kinetic reaction rate of each component is a function of the
methanol concentration and the coke deactivation function The kinetic

CHas

C2Ha

C3He

MEOH
+DME

C3Hs

Ca

Cs

COKE

Fig. 3. MTO reactions schematic taken from Lu et al. (2016).
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model has been applied in MATLAB and solved using the non-linear
system solver fsolve and the results were transferred to Aspen Plus by
employing a user model unit operation using as intermediate Microsoft
Excel (Fontalvo, 2014). Thus, the user model in Aspen Plus was used as a
black box and the flowrates of the outputs were specified in the MATLAB
module. A detailed flowsheet, the kinetic constants and the set of
equations involved in MATLAB can be found in the Supplementary
information.

After synthesis, the olefins need to be purified through a sequence of
distillation columns (Fig. 4) in order to increase their purity to a
chemical grade (>95%). The purification section follows the conditions
of Salkuyeh and Adams (2015). The unreacted methanol, water, and the
olefins leaving the reactor are cooled to 60 °C and flashed to separate
liquid water and methanol from gaseous olefins. The gaseous stream is
compressed to 35 bar, cooled up to 40 °C and flashed to remove the
remaining water and methanol before entering the columns sequence.
For the compressors and gas turbines, the mechanical and isentropic
efficiencies are set to be 95% and 90%, respectively (Michailos et al.,
2019). During the cooling, heat is recovered to generate low pressure
steam that supplies heat for the columns reboiler. Dehydrated olefin are
sent to the de - ethanizer (1), here, the ethylene and the other lighter
gases (CHy4, CO and remaining CO-) are separated from the propylene
and the heavier components at pressure of 35 bar. Then, the ethylene
and light gases are sent to the de - methanizer (2) where light gases are
separated from the ethylene at 34 bar. Ethylene is purified in the Cy
splitter (3) that runs at 10 bar where it achieves high purity. Propylene
and heavier olefins from the de - ethanizer are move to the de -
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propanizer (4) where the propylene and propane are recovered at the
top of the column and the heavier C4 and Cs olefin at the bottoms (Yang
and You, 2017). The propylene and propane have a close boiling point;
therefore, the desired purity of propylene is achieved by employing a C3
splitter (5).

Propylene and propane can be used as refrigerants in the column’s
condensers. Hence, propylene is used in the Cj splitter to supply part of
the cooling duty at —52 °C; similarly, propane is employed in the de -
ethanizer condenser at —17 °C, both modelled as open refrigerant cycles.
In addition to this, the external refrigerant utility is used to supplement
the cooling requirements in all the columns. Further details of the
operating conditions of the columns sequence and the refrigerant cycle
can be consulted in the Supplementary information.

2.5. Electricity supply

2.5.1. Off-shore wind farm electricity supply

A dedicated off-shore wind farm close to the plant was considered to
provide the electricity and the wind farm is located in Teesside UK.
Modelling the wind turbines requires the wind speed profile of the
specific location to estimate the power generation. To perform this, the
System Advisor Model (SAM) software is used. SAM uses the wind
profile, a commercial turbine model and the nameplate capacity of the
farm to estimate the hourly power output. The wind profile is obtained
by providing the location coordinates in the software Metereonorm v7.2
and subsequently the temperature, pressure, wind speed and direction
are provided as outputs (Meteotest, 2020). It is important to mention

Light gases
Ethylene
Off gases
Ethylene
Product gas 1l 2
Ethylene
Gy 3
Propylene
Css
Cas
Propylene
Propane
5 L Propylene
Propane

De — ethanizer (35 bar)
De — methanizer (34 bar)
C, splitter (10 bar)

De — propanizer (25 bar)

s wnNR

C; splitter (17 bar)

Fig. 4. Process flow diagram of the olefins separation.
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that the measures of wind speed are provided at a default height of 10 m
while the commercial turbine model chosen is the Senvion 6.2M126
off-shore with a turbine height of 80 m. Therefore, the adjusted wind
speed at the actual height is calculated using Egs. (8) and (9) (Manwell
et al., 2010).

~0.37 —0.088 In (Uyy)

a (8
1-0.088in(%)
U(z) ( z >a
=|— ©)
U(zry)  \2rs
Where:

a is the power law exponent

Uy is the wind speed at the reference height

U(z) is the wind speed at the current height

z is the actual height

Zres is the reference height

The SAM software gives an estimation of the real power output
provided by the wind farm; however, the plant requires energy contin-
uously without any fluctuations. For that reason, a backup energy
strategy is proposed to have a constant power supply. This strategy
consists of utilizing the grid network as a storage system when excess of
electricity is produced while retrieving electricity from the grid when
there is insufficient power generation. The wind farm has been sized in
such a way that the electricity sent to and retrieved from the grid is in
balance. In addition, the network cost of using the grid is added to the
economic analysis. In addition, the wind profile and hourly power
output are available in the Supplementary information.

2.5.2. Organic Rankine cycle

A heat integration is implemented in the whole PtO process. The
maximum temperature difference between the hot and cold streams is
fixed in 10 °C. Cooling duty for the electrolyser and the MTO is provided
by cooling water (CW) that after being used, is sent to an Organic
Rankine cycle (ORC) for electricity generation (Fig. 5). In the ORC,
R245Fa is pumped at 3 bar towards the evaporator and absorbs heat
from the water that enters at 79 °C and leaves at 41 °C. A turbine unit
recovers the energy as electricity due to the expansion of the vapour.
After that, the saturated fluid vapour is condensed to return at the initial
conditions. The system is modelled in a closed loop and 5% of the
cooling water lost because of evaporation is counted (Van-Dal and
Bouallou, 2013a).

Electricity
POV v P
|
|
!
Fluid vapor ,\l\| Vap. sat.
CW 79°C L Turbine i Ny CcwW
Evaporator Condenser
CwW
S~—— S~——
CW 41°C
Fluid

Condensed liquid

Pump

Fig. 5. Organic Rankine Cycle.
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3. Key performance indicators
3.1. Technical performance indicators

The performance of the PtO process is assessed in technical, eco-
nomic, and environmental perspectives. Carbon efficiency (C,), specific
energy consumption (SEC) and additional indicators such as overall CO,
conversion and CO; to olefin ratio are included in the technical per-
formance. Economic and environmental performance indicators are
described in the subsequent sections.

The carbon efficiency determines the fraction of the original carbon
source that is found in the products as part of the conversion. Eq. (10)
correlates the moles of carbon in the olefin products (ethylene and
propylene) and the moles of carbon present in the CO5 feedstock (Arnaiz
del Pozo et al., 2022).
_ flC ethylene + ﬁ-Cpropylene

C. (10)

Ncco,

The specific energy consumption (SEC) is defined as the energy
requirement per unit mass of the product, Eq. (11).

SEC— Energy consumption [MW]

an

s

Mass flowrate of products {g}

Similarly, complementary indicators include the amount of CO5
required per tonne of olefins output (kg/kg) and the overall CO; to the
olefin conversion denoted in Eq. (12):

, 102 input — MCO2—output
Overall CO, conversion = ( L oupUt ) 5 100 12)
Ncog—input

Where ncoz.inpur is the moles of CO. that enters the system, and. ncoz-
oupue is the moles of CO- that are released to the atmosphere during the
capture and synthesis.

3.2. Economic analysis

The economic assessment of the PtO plant was completed by
applying a typical discounted cash flow analysis to estimate the olefin
minimum selling price (MSP) in £/kg. This method requires the calcu-
lation of the total capital and operating expenditures (CAPEX/OPEX).
The lifetime of the project is 20 years and the plant operates 8000 h per
year Table 2.

Estimation of CAPEX requires the purchased equipment cost (PEC)
calculation. The equipment costs have been taken from relevant litera-
ture and adjusted to the current size using the scaling factor method, Eq.
(13).

f
c=co(sss,) a3)

Where f is the scaling factor, C and S are the actual equipment cost and
size, respectively. Cp and Sy are the base cost and size of the unit in the
reference. Equipment cost data are detailed in the Supplementary in-
formation. For the DAC equipment, there is no agreement of the scaling

Table 2
Main assumptions for the economic evaluation.

Parameter Units Value

Plant location - United Kingdom

Base year - 2021
Annual production ktonne/y 103
Lifetime of the project years 20
Discount rate % 10
Depreciation method straight line
Operating hours h/y 8000
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factor used since the technology is under current research. However,
according to Keith et al. (2018), the air contactor and pellet reactor are
modular units and their capital cost per unit capacity is almost constant
down to 100 ktonne COy/year, therefore, a factor of 1 is used in Eq. (13).
On the other hand, calciner and slaker costs strongly depend on size and
several studies (Fasihi et al., 2019; McQueen et al., 2020; Mostafa et al.,
2022; Peters et al., 2019; Prats-Salvado et al., 2022; Sabatino et al.,
2021) suggest an exponent of 0.7 as a conservative value.

The Chemical Engineering Plant Cost Index (CEPCI) was utilised to
convert the cost plant equipment from the reference base year to the
current year. When the cost of the equipment is reported in a different
currency than GBP, the value is converted to the current GBP by the
exchange rate for the year of reference and then updated to the actual
year. In the electrolyser, an extra 28% cost for auxiliaries has been
accounted for the PEC as suggested by Buttler and Spliethoff (2018).

The Lang factor methodology is applied to the PEC to determine fixed
capital investment (FCI), total direct cost (TDC) and indirect costs (IDC).
The factors for installation, instrumentation and controls, piping, elec-
trical systems, buildings, yard improvements, and land are given in
Table 3.

The OPEX include variable and fixed operating costs. The variable
costs, comprising raw materials, process water, catalyst, and disposals
are calculated based on their market prices and simulation results. The
catalysts are accounted for a renewal of two years and the levelized cost
of electricity (LCOE) has been calculated by the SAM software. Fixed
operating costs, supervision, maintenance, insurance, and general plant
overhead are computed using default factors as specific percentages of
the PEC. In addition, variable and fixed costs are summarized in Table 4.

Labour is estimated using the empirical Eq. (14) proposed by Peters
and Timmerhaus (2002).

h kg 0.242
hlalwur [@] =213 x planLcapacity {%put} X Mprocess_steps
hplant,opemtion
T s

Plant capacity refers to the hourly production of olefin in kg/h, n
process steps is the number of subsections that significant physical or
chemical changes are carried out and the h plant hours represents the
total working hours per year. The labour rate is taken at £15/h according
to the Office for National employment statistics (Office for National
Statistics, 2020).

The minimum olefin price is the break-even point at which NPV is
equal to zero, Eq. (15).

Table 3
CAPEX estimation methodology (Fernanda Rojas Michaga et al., 2022; G.
Towler and R. Sinnott, 2008).

Component Lang factor

Purchased Equipment Cost (PEC) 1
Installed direct costs (IDC) PEC+ (1) +2)+B3)+ &

(1) Purchased equipment 0.39*PEC
installation

(2) Instrumentation and controls 0.26*PEC

(3) Piping 0.31*PEC

(4) Electrical systems 0.1*PEC

Non-installed direct costs (NIDC) )+ ®6)+ @

(5) Buildings 0.29*PEC

(6) Yard improvements 0.12*PEC

(7) Land 0.06*PEC

Total direct costs (TDC) (ICD) + (NIDC)

Indirect costs (IDC) 0.255*PEC

Fixed Capital Investment (FCI) TDC + IDC

Start-up costs 0.05*FCI

Interest during construction Estimated

Working Capital (WC) 0.05*FCI

CAPEX FCI + Start-up costs + interest during

construction
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Table 4
Variable and fixed costs.
Fixed operating and maintenance costs Basis Factor
(0O&M) (Fernanda Rojas Michaga
et al., 2022; Herz et al., 2021)

Operating Labour (OL) Eq. 14 - -

Operating Supervision (OS) OL 0.25 -

Direct overhead (DO) OL + 0OS 0.5 -

General overhead OL + 0S 0.5 -

+ DO

Maintenance labour FCI 0.015 -

Maintenance materials FCI 0.015 -

Insurance and tax FCI 0.01 -

Financing working capital wC 0.1 -

Variable costs Unit Value Reference

Catalyst price (MeOH) £/kg 93.2 Pérez-Fortes et al.
(2016)

Catalyst price (MTO) £/kg 81.8 Knighton et al.
(2020)

Electricity wind £/kWh 0.051 SAM software

Electricity grid” £/kwh 0.025 Eurostat (2021)

Wastewater treatment £/tonne 0.42 Peters and
Timmerhaus
(2002)

Cooling water £/tonne 0.03 Peters and
Timmerhaus
(2002)

Process water £/m? 0.08 Keith et al. (2018)

Ca disposal and make up £/tonne 0.16 Keith et al. (2018)

CO2

# Only the cost for the use of the network is computed.

_ 20, /Cash flow B
NPV = ; (W) =0 (15)

Further, a sensitivity analysis is conducted to analyse the effects of
the key parameters over the olefin MSP applying a change of +25% to
the original values. The parameters of interest are the LCOE, the elec-
trolyser investment cost, the IRR, the O, price, and the CO4 capture cost
expressed as the levelized cost of CO2 (LCCO3). The LCCO is the sum of
the levelized capital cost (LCC) of the DAC, the DAC operation and
maintenance (O&M) cost and the energy cost required for the CO2
capture. The LCCO, and LCC of the capture system are estimated using
Eq. (16) and Eq. (17) found in the reference of Keith et al. (2018).

LCCO, =LCC + DAC O&M + energy cost (16)
rcc=cox a7

Where: C; is the capital cost intensity per unit capacity (U), calculated by
applying a Lang factor of 3.2 to the DAC equipment cost, and CRF is the
capital recovery factor detailed in Eq. (18).

ix(1+i)

CRF =~
1+ -1

18

Where i is the discount rate and n is the number of years for the project.
Finally, DAC O&M are taken as $42/tonne-CO, (Keith et al., 2018).The
energy cost was neglected since the energy input in the CO; capture is
supplied by internal resources.

3.3. Environmental assessment

Life Cycle Assessment (LCA) has been applied to determine the
environmental impacts of the proposed PtO infrastructure. The envi-
ronmental impact of turning the CO5 captured into an olefin product was
assessed over the ten baseline impact categories employing CML 2
baseline 2000 impact method. A cradle to the gate approach has been
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utilised and hence the distribution, use and final disposal are not
included (Alonso-Farinas et al., 2018; Jiang et al., 2019; Rosental et al.,
2020; Xiang et al., 2015). This approach has been adopted as products
properties, utilisation and disposal are (or can be) identical for the
COq-based and fossil - based olefins. The framework of this analysis
follows the standardized methodology of ISO 14040 in which four steps
are involved: goal and scope, inventory data collection, impact cate-
gories, and interpretation of results (Xiang et al., 2015). The model was
developed in Simapro software v9.4.0.2.

3.3.1. Goal and scope

The goal of the current LCA is to quantify the global warming po-
tential (GWP) of the olefin production using carbon capture utilisation
and the power to X approach. Other categories such as abiotic depletion,
eutrophication, and ozone depletion are also considered and reported in
the Supplementary information.

3.3.2. System boundaries

Fig. 6 illustrates the system boundaries that include the relevant
process steps from cradle to gate. The LCA includes all material and en-
ergy inputs as well as the emissions to the water, soil, and air involved in
the processing. The life cycle steps of COy capture, Hy production
through water electrolysis, olefin synthesis and separation in addition to
the wind electricity supply are considered. The CO captured (uptake) is
not accounted for as negative emissions since at the product end of life, it
is released as positive emissions adding up to zero in a carbon neutrality
cycle (Rosental et al., 2020). Infrastructure for the DAC, olefin synthesis
and electrolyser are not considered due to their low contribution to the
environmental impacts (Lundberg, 2019). However, infrastructure
emissions of the off-shore wind farm were taken into account.

3.3.3. Functional unit and allocation method

The functional unit is defined as 1 kg of olefin (in our case summa-
tion of ethylene and propylene), since butene and pentene are on-site
utilised to run the DAC calciner, and therefore no outputs are reported
for them. Despite O, is considered as unintended product, it is consid-
ered in the emissions counting. According to the ISO-14044 guidance,
the first step is to avoid or minimise allocation wherever it is possible by
subdividing the system into two or more sub processes (Ekvall and
Tillman, 1997). Olefin and commercial O are the products of the PtO.
The strategy to avoid an allocation between these two different prod-
ucts, is the subdivision of the water electrolysis from the rest of the plant

wind farm

! Off-shore

Water
electrolysis

Methanol
synthesis

Water

| 5
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(Fig. 6). Thus, an exergy analysis is applied to allocate water electrolysis
emissions between Hj and O3 and then, the resulting allocated emissions
to Hy are used to calculate the overall process impacts.

3.3.4. Data collection and impact assessment

The life cycle inventory (LCI) for the DAC, electrolysis and MTO
synthesis and separation is constructed from the mass and energy bal-
ances obtained from the process modelling results, relevant literature,
and using the datasets available in the Ecoinvent database v3.1
(Garcia-Garcia et al., 2021; Kibria Nabil et al., 2021; Liu et al., 2020a;
Rosental et al., 2020). The catalyst LCA impact is typically neglected
(Althaus et al., 2007) and this approach has been followed herein. The
complete LCI is found in the Supplementary information.

The impact categories studied are the Global Warming Potential
(GWP), abiotic depletion potential (ADP), eutrophication (EP) and
ozone layer depletion (ODP). However, only the GWP is presented,
compared, and discussed. The other impact categories are studied in this
analysis as they represent the commonly affected environmental impacts
(Garcia-Garcia et al., 2021) but they can be found in the Supplementary
information.

4. Results and discussion
4.1. Process modelling results

The process flow diagram for the proposed power to olefins process,
is illustrated in Fig. 7.

The designed plant has a production rate of 103.4 ktonne/y of ole-
fins. For that purpose, around 876,600 ktonne/y of air at 400 ppm CO,
concentration (stream 1) was injected to the DAC producing 505.2
ktonne/y of captured CO; (stream 3) and releasing depleted air to the
atmosphere at 100 ppm CO5 concentration (stream 2). Additionally, 708
ktonne/y of water (stream 4) were required to produce 76 ktonne/y of
Hj (stream 7) and 598 ktonne/y of O,. In the latter, around 67% of the
stream was liquefied to be sold as a co-product (stream 5) while the
remaining was sent to the DAC for oxy-combustion (stream 6). The Hy
along with the captured CO; were sent to the methanol synthesis. After
the reaction, the outlet stream (stream 8) was cooled down and flashed
to separate gases from the MeOH/H50 liquid mixture. The cooled gases
are recycled to the reactor (stream 9) and a purge with most of the
unreacted Hy was sent to the DAC for combustion (stream 10). The
MEOH/H,0 mixture (stream 11) is converted into olefins in the olefin

""""""""""""""" No allocation [-=====~~ i
\
Emissions to air

Electricity

, Fu:lkg
" olefins

Separation
system

Olefins
synthesis
I
Emissions to
water

02to be sold

Emissions to soil

Fig. 6. System boundary for the PtO process.
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Fig. 7. Process Flow diagram and the main streams of the olefins production.

synthesis reactor. The stream containing the products was cooled down
(stream 12) before the water removal (stream 13). Dehydrated olefins
were compressed and further cooled (stream 14) before the column
sequence. Heat was recovered and used to generate low pressure steam
for the reboiler. Once in the separation section, light gases (stream 15)
and the heavier C4 and Cs products (stream 17) are sent to the DAC oxy-
fired combustion. Finally, ethylene and propylene are recovered as the
main product (stream 16). Both achieved purities that are considered to
be chemical grade (>95%) (Dow, 2022), about 98.7% and 98.2%,
respectively. The CO, and Hy to methanol per pass conversion in the
methanol synthesis were 97.96% and 99.97%, respectively whereas an
overall CO; conversion of 95.4% was achieved. A summary of the main
inputs and outputs is shown in Table 5.

Further, Fig. 8 presents the exit mass fraction (dry basis) outputs of
the olefins reactor and compares with experimental data derived from
Lu et al. (2016). Clearly, the model obtained in this study is in good
agreement with the experimental data with a slightly increment on the
ethylene production. Also, the Coke content was compared to the results
in the 5.31 g/100 g catalyst provided by the model against 5.64 g/100 g
cat. reached in the experimental work.

4.1.1. Carbon balance

Fig. 9 displays the carbon flow through the PtO process. Initially,
1283 kmol/h of carbon enters the DAC and due to the capture efficiency
part of the carbon is vented to the air (321 kmol/h). An additional
carbon flow (449 kmol/h) is added to the system in the form of light
gases coming from the MTO that are used in the calciner for energy
recovery. Thus, the carbon exiting the DAC system is 1411 kmol/h and
this is sent to the MTO and it is distributed into CH3OH (methanol), CO-,
ethylene, propylene, butene (C4), pentene (Cs), methane, propane and
CO. A small amount of carbon is wasted in the methanol wastewater

A
a ®
-
1
1
1
1
1
1
1
1
1
Table 5
Mass and energy inputs and outputs of the PtO.
Electrolyser
Input Amount Unit
Electricity 526 MW
Deionised water 708 ktonne/y
Output
H, 76 ktonne/y
(o2 598 ktonne/y
Direct Air Capture
Input
Electricity 11.7 MW
Heat 67.2 MW
Output
COy 554 ktonne/y
MTO plant
Input
CO, 554 ktonne/y
H, 76 ktonne/y
Electricity 19.3 MW
Output
Olefins 103 ktonne/y
Light gases (CO, CH,) 11.7 ktonne/y
Cyqy 22.5 ktonne/y

while the remaining carbon is partitioned between ethylene and pro-
pylene that leave the system as main products and the other olefin
products that are used internally. The result of these carbon flow was an
overall carbon efficiency of 72.3%, the major losses of carbon were in
DAC due to the low capture efficiency (75%).

Do and Kim (2020), found a carbon efficiency of 99.2% of a CO; to
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Fig. 8. Exit mass fraction composition (model) of the olefin reactor against
experimental data from Lu et al. (2016).

Co—C4 process, which is higher than reported here. That is because our
study includes the CO, capture, where most of the carbon is lost. The
CO4, capture is a crucial step of the infrastructure and must be included.
Hence, the carbon efficiency can be improved by increasing the effi-
ciency of the carbon capture technology. For example, COy can be
derived from biogenic sources (e.g., biomass or waste) or unavoidable
point sources (e.g., cement plants) at capture rates greater than 90% by
using typical amine-based post combustion processes. Further investi-
gation on this aspect is highly recommended.

Based on the simulation, 4.88 tonne of CO, are required to produce 1
tonne of olefins. This lines up with Zhao et al. (2021) who estimated 4.3
tonne CO, per tonne of olefin. Do and Kim (2020) found that 1 tonne of
Co—C4 hydrocarbons requires 3.89 tonne CO,. Alternatively, since
methanol production has been studied more than olefins, a comparison
of the CO, to methanol ratio is also provided. From the present simu-
lations, to produce 1 tonne of methanol, around 1.39 tonne of CO; is
required. This has been compared to several studies (Arnaiz del Pozo
et al., 2022; Bos et al., 2020; Nguyen and Zondervan, 2019; Sharma
et al., 2022; Van-Dal and Bouallou, 2013a) in which the COy/MEOH
ratio ranges between 1.56 and 1.69 tonne COy/tonne.

4.1.2. Energy balance

The electricity and heat requirements are the core of the PtO process.
Table 6 shows the energy balance of the plant. The heat requirement in
the DAC was around 67.2 MW (3.8 GJ/tonne CO,) due to the thermal

Ce=72.3%
C-out

321 kmol/h

C-in .
1,283 kmol/h Cin flue gases

449 kmol/h

Direct air
capture

Oxy-
combustion

b
CO-C

CO2-C
Cin CO2 captured
1411 kmol/h

CH30H-C 5 kmol/h
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decomposition of carbonates in the calciner that requires high temper-
atures (900 °C). To supply this, three different streams were used to
generate heat; the vented gases including Hy, CO and methanol in the
MTO system, the off gases (CH4, CO, CO2, C2Hy) and the heavier olefins
Cy4, recovered in the olefins purification section (stream 10, 15 and 17,
in Fig. 7). Approximately 73.3 MW of heat was recovered by the oxy-
combustion of these streams. The electricity consumption in the DAC
was around 12 MW which was supplied by the steam turbine in the
slaker. In the electrolyser, 526 MW of electricity was required due to the
stack energy plus the auxiliary equipment. Also, the cooling energy was
used to generate electricity in the ORC.

The MTO process had different energy requirements, heating was
almost 107 MW while the cooling demand was 209 MW. Hot and cold
streams in the MTO were integrated using a maximum temperature
difference of 10 °C, resulting in a 100% and 47% covering, respectively
for heating and cooling. Also, cooling remnant (110 MW) was used in
the ORC, where 6.4 MW of electricity was generated. This amount was
subtracted from the final PtO electricity demand resulted in 13 MW
which was supplied by the offshore wind turbines.

The specific energy consumption reflects the energy consumption
and the integration of the heat and cooling through the whole process
per unit of product. It was found that PtO has an overall SEC of 150 MJ/
kg olefin (41 kWh/kg). This includes the Hy production through water
electrolysis and CO; capture in addition to the olefin synthesis. The SEC
is higher compared to the energy intensity of ethylene produced using
different fossil - based feedstock such as ethane, naphtha and gas oil;
these processes have a SEC that ranges between 19.4 and 31.9 MJ/kg
(Worrell et al., 2000) and hence the PtO uses 5-fold more energy.

Table 6
Energy balance of the PtO process.

Unit/Process Heat (kW) Cooling (kW) Electricity (kW)
DAC 67,281" - 11,746"
Electrolyser - 131,545°¢ 526,299
MTO 106,899° 208,979° 19,3694
Heat generation 77,344 - -
Power generation (ORC) - - 6452
@ Covered by heat generation.
b Covered by Steam turbine.
¢ Used in ORC power generation.
4 Electricity covered by wind turbines.
¢ Heat Integrated.
C02-C 1kmol/h
CH30H-C 3 kmol/h
CH4-C 26 kmol/h
C2H4-C 121 kmol/h
C3H6-C 10 kmol/h
C3H8-C 27 kmol/h
12 kmol/h
59 kmol/h C4-C 129 kmol/h
C5-C 56 kmol/h

Separation
system

|

CH30H-C
34 kmol/h

C2H4-c 492 kmol/h
C3H6 - C 436 kmol/h

Fig. 9. Carbon flow in the proposed PtO process.
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Compared to the PtX studies, Keller et al. (2020) reported a power de-
mand of olefin from the CO; flue gases of about 96.9 MJ/kg olefins and
this accounts for the electrolysis, flue gas scrubbing and olefin produc-
tion. Further, the energy consumption in the PtX routes is intensive due
to the high electricity consumption in the electrolyser.

All of the electricity of the plant was supplied by the off-shore wind
farm. The wind farm had an arrangement of 176 Senvion turbines with a
height of 87 m. They were able to provide around 540 MW of electricity
with a capacity factor of 45.4% that indicates the average power output
over the maximum power capability provided by the software. The
power generated by the system clearly, is not constant, therefore, the
fluctuations were covered by taking energy from grid, while the surplus
energy was sent back to the grid to compensate for that consumption.
Thus, the energy was in balance between the consumption and gener-
ation. The hourly power output of the farm is listed in the Supplemen-

tary information.

4.2. Economic analysis

In this study, the economic feasibility of the PtO process was assessed
by estimating the olefins MSP. Table 7 presents the overall financial
results. CAPEX included the PEC for the DAC, electrolyser, methanol,
and olefins synthesis and separation. Around 825 million GBP are
needed for the capital investment and 258 million GBP for the opera-
tional cost of the whole plant.

The breakdown of PEC is displayed in Fig. 10. As can be seen, the
DAC contributes about 55% of the total purchased equipment cost,
followed by the electrolyser with 37% and the olefin synthesis in 8%. As
expected, the DAC implies a greater cost because the relative lack of
technological development. The air contactor and the pellet reactor
were the leading costs since they treat a large volume due to the low CO»
concentration in the air (400 ppm). Within the water electrolysis, the
costs include the stack, auxiliary equipment, and the additional com-
pressors for the O, liquefaction. Lastly, MTO despite to list more
equipment, it has a low contribution in the overall PEC.

Bos et al. (2020), evaluated the production of methanol through CO,
hydrogenation using DAC and an alkaline electrolysis. They found that
the cost of the CO, capture and the electrolysis dominate the PEC, ac-
counting for 50% and 45%, respectively. As observed in Fig. 10, the DAC
and Hy production are the primary constraints in the fixed costs. It is
expected that the costs of the capture decrease in the following years as
the interest of its application at large scales increases, and more
advanced technology is proved.

The operational cost distribution can be seen in Fig. 11. Clearly, the
cost of the electricity is the dominant factor. It represents 85% of the
total cost due to the large amount of electricity that is needed for the
electrolyser in addition to the cost of the grid network usage that rep-
resents 17% within the cost. This finding is prevalent in the literature
since it has been cited as being crucial in the economic viability in
numerous research papers (Liu et al., 2020b; Nyari et al., 2020; Sharma
et al., 2022; Shiva Kumar and Himabindu, 2019). The maintenance
materials and labour, both composed, accounted for 9% of the total
while insurances and tax contribute 3%. The catalysts, labour, and the
rest of the expenses represented only about of 2% of the total.

The olefins MSP has been calculated through a break-even analysis.

Table 7

Economic CAPEX and OPEX results and the olefins MSP.
Parameter Value Units
CAPEX £ 825 MMGBP
CAPEX/Unit £7.98 £/kg
PEC £ 277 MMGBP
FCI £570 MMGBP
OPEX £ 258 MMGBP
OPEX/unit £2.49 £/kg
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Fig. 10. Purchased equipment cost breakdown of the olefins plant.
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Fig. 11. Operational expenditures breakdown.
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An estimated MSP of £3.67 per kg of olefin was resulted. The price is
higher than the current market price for fossil - based ethylene and
propylene production, which is around £1.05 — £1.4 per kg (Nyhus et al.,
2024). Other studies have been evaluated olefins production in a Power
to X approach with price ranging between £1.95 — £3.03 per kg olefins
(Table 8) (Do and Kim, 2020; Goud et al., 2020; Pappijn et al., 2020;
Savaete, 2016).

The range of prices primarily relies on the type of technology
employed such as solar, wind, photovoltaic and nuclear renewable en-
ergy, and fossil-based options. Wind energy is one of the most profitable
renewable electricity sources, however, the low electrolyser efficiency
causes the effective energy utilisable is lower and more electricity must
be supplied to meet the final request. Savaete (2016) estimated a price of
£3.03/kg (€3.7/kg) olefin accounting for renewable methanol and stated
by using fossil - based methanol feedstock, price drops to 0.93 €/kg. Do
and Kim (2020) claimed a price of £2.79/kg Cy-C4 product (USD
3.58/kg). They concluded that the use of fossil-fuel options for Hy pro-
duction result in relative low production cost but relative high emis-
sions, in contrast, using renewable H, alternatives results in
unfavourable economics for Hy production highlighting the importance
of a high efficiency electrolysis system.

The sensitivity analysis was performed to assess the influence of the
parameters of interest over the olefins MSP. The LCOE, LCCO», elec-
trolyser investment cost per MW, IRR and O price were the consider-
ations. The LCCO, was estimated as £150/tonne CO-, which is in line
with Keith et al. (2018), i.e. 94 to 232 USD/tonne CO,; more details
about the economic assumpions can be found in Keith et al. (2018). The
sensitivity analysis result is represented in Fig. 12. As seen, the cost of
the electricity leads to a notable effect on the olefins MSP. When the cost
of electricity increases 25%, the MSP increases of about 12% over the
original price (from £3.67 to £4.16). Conversely, if the LCOE decreases
by 25%, the MSP reaches a value of £3.25, 12.6% less than the original
price. Moreover, the CO2 capture cost and the electrolyser investment
cost had a moderate impact over the MSP, their variation was about half
of the LCOE impact, about +6% of the initial value. The IRR and the Oy
price showed minor impacts over the final price with changes below
+3% of the original price. Notably, improvements on the supply chain
along with an effective utilisation of electricity should be further
investigated to provide a better economic scenario for the PtX projects.

4.3. Life cycle assessment
In this paper, the Global Warming Potential impact is presented,

discussed and compared. The results of the other impact categories can
be consulted in the Supplementary material.

Table 8
Power to olefins economic results comparison.
Study Main product MSP?, Comments
£/kg
Do and Kim Co—Cy 2.79 Onshore wind and electrolyser,

(2020) hydrocarbon CO,, capture from MEA process.
Goud et al. Ethylene 2.8 Purchased Methanol from

(2020) renewables, MEA CO, captured
Goud et al. Ethylene 21 H, from PEM using wind energy

(2020)

Pappijn et al. Ethylene 1.95 Electrochemical CO,

(2020) conversion and wind energy
Savaete (2016) Ethylene 3.03 Purchased renewable methanol
Nyhus et al. Ethylene 2.92 Wind, DAC, AEL

(2024)

Conventional Ethylene 1.05-104 Naphta, fossil-based energy
olefin
This study Ethylene/ 3.67 Wind, PEM, DAC
Propylene

@ Prices in the original sources have been converted to GBP by using exchanges
rates of the year.
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The GWP emissions are expressed per FU, and only the process
emissions were reported. The uptake of CO3 entering the system during
the capture and the end of life were excluded to preserve the carbon
neutrality. This assumption was made in accordance with the study of
Rosental et al. (2020). As a result of the adopted allocation in the
electrolysis stage, all emissions were assigned to the Hy because its
exergy value was much higher than for Os.

Table 9 shows the GWP impact breakdown of the PtO. About 0.74 kg
COqe are emitted per kg olefin produced. In addition, the electrolysis
stage is responsible for around 85% of the total emissions, with the
remaining 15% being split between the DAC and the MTO stages.

The GWP of the electrolysis and MTO systems are dominated by the
electricity consumption; despite the fact that wind electricity is
employed, due to the high electricity consumption, predominantly in the
electrolyser (a typical feature of Power-to-X systems), and the embedded
emissions associated with the supply chains of the construction of the
turbines the impact of electricity on the GWP is significant. Regarding
the DAC, the necessary heat and electricity to run the system are covered
internally; the H2-rich stream and the C4+ olefins stream from the MTO
synthesis supplied heat while the electricity has been supplied by the
steam turbine in the slaker (as described in thesupplementary infor-
mation section Al.1). As a result, energy consumption has no contri-
bution to the carbon emissions in the DAC system. Instead, emissions are
caused by calcium and potassium additions, the water usage and waste
disposal. The environmental impact breakdown of each stage is reported
in the Supplementary Information.

To compare the PtO with the fossil - based process, a theoretical
module of ethylene/propylene in the same proportions as in this study
(47% and 53% respectively) from steam cracking of naphtha produc-
tion, available in the Ecoinvent database v3.1 has been simulated in the
Simapro software. The impact of this equivalent fossil - based olefin was
1.40 kg CO2e per kg which is shown in Fig. 13. The results indicates that
there is a 47% reduction in GWP by using PtO. This is because the fossil -
based process is based on the use of fossil resources, such as the elec-
tricity from the grid which has a higher carbon intensity than the wind
electricity.

The GWP value in the present study, i.e., 0.75 kg CO2e/kg olefin, is
similar to Rosental et al. (2020), who investigated the production of
olefins through CO- that is captured using the Climeworks technology
and an alkaline electrolytic Hy in a cradle to the grave life cycle
assessment including off-shore wind electricity. The global warming
impact resulted for the olefins production was 0.76 kg CO.e/kg
(Fig. 13). Similar values of the GWP can be attributed to the fact that
both studies used similar technologies, such as off-shore wind and DAC;
the main difference is that Rosental et al. (2020) employs different
technologies for Hy and CO;, production. In addition, they assume an
electric-driven DAC while in the present study a complete energy inte-
gration has been applied. The heat requirement of the DAC has been
covered internally by using the H2-rich stream and C4+ olefins from the
MTO process. A steam turbine is employed in the DAC system to supply
electrical need. Additionally, olefins have been used as refrigerants in an
open loop in order to decrease the cooling need of the separation stage.
Our design approach aims to efficiently integrate the different compo-
nents of a Power-to-X system aiming at reducing costs and environ-
mental impacts. This confirms that the low emissions in the PtX
approaches are achievable and beneficial if renewable resources are
combined with a total energy integration approach.

Based on a literature review, it was found that the GWP of olefins
produced with CCU and electrolytic Hy, ranges between 0.37 and 2.6 kg
COze/kg olefin (Hoppe et al., 2018; Kuusela et al., 2021; Rosental et al.,
2020) depending on the technology applied (Table 10), such as CO5
capture from the biomass gasification, post combustion capture, or
electrolytic CO, conversion in addition to the different technologies of
Hs production.

Another study performed by Keller et al. (2020) shows 14.01 kg
CO9e/kg olefin produced from secondary feedstock, such as flue gases
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Table 9 Table 10
Global warming potential impact of 1 kg of olefins. Global warming potential results comparison.
Impact category Total Stage Study FU (1 kg) GWP, kg Comments
DAC Electrolysis MTO ;:8 2/kg
GWP (kg COze/kg olefin) 0.74 0.08 0.64 0.02 Rosental et al. Ethylene 0.76 Wind, AEL, electrical DAC,
(2020) accounting only processing
emissions
1.60 - Hoppe et al. Polypropylene 2.3 DAC and wind energy for Hy
: (2018) production, grid mix energy
1.40 used in synthesis
1.40 - Hoppe et al. Polyethylene 2.5 DAC and wind energy for Hy
(2018) production, grid mix energy
used in synthesis
1.20 A Kuusela et al. Polypropylene 2.6 CO,, capture, electrolysis,
(2021) methanol and propylene
= .
= synthesis included.
% 1.00 Pappijn et al. Ethylene 0.37 Wind, excluding CO,
0 (2020) production and separation &
= 0.80 - 0.75 0.76 purification stages
O : Keller et al. Ethylene/ 2.2 Flue gas, AEL electrolysis,
8 (2020) propylene wind energy
w 0.60 - Conventional Ethylene 1.4 Naphta and fossil resources
=~ olefin
This study Ethylene/ 0.74 DAC, wind energy for H, and
0.40 - propylene synthesis, energy integration
0.20 ~ came to the conclusion that the electricity supply is essential to use CO5
feedstock and have positive environmental effects. The use of renewable
0.00 resources, along with heat integration, improves the environmental
This study Rosental etal., Fossil - based performance of the PtX process and this has served as the motivation

2020 process

Fig. 13. Comparison of cradle to gate global warming potential of PtO with
Rosental et al. (2020) and fossil - based process.

CO, extracted with amine-based scrubbing along with electrolytic Hy
powered by the grid and natural gas. They presented substitution elec-
tricity scenarios using wind turbines in which the GWP impact reached
—1.77 kg COze/kg olefin due to the inclusion of the CO, mitigation
because of the uptake. When grid was substituted by wind the GWP
drops to 2.2 kg COze/kg olefin without accounting the uptake. They

behind this research.

The electricity carbon intensity (CI) is a parameter of paramount
importance in the environmental performance of PtX projects. The
major drivers of the electricity CI are the construction materials of the
fixed and moving parts of the turbines, which represent 48.9% and
49.8% of the total emissions, respectively (derived from Simapro). The
CI of the wind electricity used in the PtO process was taken from the
available module in the Simapro software for an offshore wind turbine in
the United Kingdom. This module exhibits an emission factor of 0.0043
kg CO2e/MJ of electricity (base case), however, according to the liter-
ature, it can vary between 0.002 and 0.123 depending on the size, model
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and location of the turbines (Wang et al., 2019). Thus, a sensitivity
analysis of the CI electricity on the GWP of the investigated process has
been carried out. Fig. 14 displays the olefin GWP for a different wind
electricity carbon intensity and the range of carbon intensity presented
here varies from 0.002 to 0.01 kg COze/MJ.

If the wind electricity CI reduces to 0.002 kg COse/MJ, the GWP
decreases by 42% and reaches a value 0.43 kg COqe/kg olefin. In
contrast, when the base case CI is increased by 50% (from 0.0043 to
0.0086) the GWP increases by 44% up to 1.08 kg COqe/kg olefin.

The electricity from the current UK grid has a CI of 0.085 kg CO2e/
MJ. This means that the use of grid electricity is prohibitive for the
investigated process as the GWP will rise to 12.96 kg COqe/kg olefin.
This value is even much higher than the conventional ethylene/pro-
pylene production, thus demonstrating the importance of using renew-
able energies with low carbon intensities in PtX projects.

5. Conclusions

The paper focuses on a new and important detailed model for the
power to olefin process employing direct air capture and electrolytic
hydrogen from an offshore wind farm. Data on the economic and envi-
ronmental performance of the power to olefins pathway are currently
scarce. Current Power to olefins studies use system boundaries that
typically exclude the CO; capture and/or the Hy production, focusing on
the olefins synthesis. In this paper a new and more comprehensive study
of a cradle to gate power to olefins process considering also heat inte-
gration opportunities has been critically assessed to holistically assess
the economic and environmental performance.

The PtO process has an overall carbon efficiency of 72.3%. Most of
the carbon losses are in the DAC unit due to the CO5 capture efficiency (i.
e., 75%). Further, it is found that 4.64 kg of CO; is required to produce 1
kg olefin. The DAC heat requirement, i.e., 3.8 GJ/tonne CO,, was
covered internally after heat integration and hence no external source
such as fossil fuel is required. Nevertheless, the specific energy con-
sumption of the whole PtO assembly was higher than the respective
fossil - based production due to the high electricity demand of the
electrolyser, i.e. 150 MJ/kg vs 19.4-31.9 MJ/kg, respectively.

Based on a typical discounted cash flow analysis, the MSP of the PtO
is more than three times higher than the market price of the conven-
tional ethylene, i.e. 3.67 £/kg vs 1.05 £/kg, respectively. In addition, the
sensitivity analysis exposed that the cost of electricity and the cost of
CO4 capture are the main cost drivers. A cradle-to-gate LCA estimated
that the PtO process results in CO, emission reduction. The GWP drops
by 47% compared to the fossil-based production. The dominant carbon
emitter was the electrolysis, and it contributes around 85% of the pro-
cess GWP. Further reductions of up to 69% can be achieved if the supply
chains of wind energy further decarbonised.

Overall, the study assessed an integrated design for a low carbon
olefins synthesis route contributing to the research of decarbonising the
chemicals industry and the results can inform policy and engineering
decision making.
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