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Abstract

To create useful products from carbon dioxide, electrochemical reduction is of the most promising approaches.
Electrochemical reduction can use renewable energy to directly produce useful products such as formic acid,
carbon monoxide, methanol or other Co products. Specifically in Greece, methanol has been proven as a
promising alternative for marine fuel, and it has been increasing in demand recently. As such, the proposed
design is aimed to target this market. This paper will focus on the production of methanol using direct CO,
electro-reduction using Direct Air Capture (DAC) for the CO, feed. A mathematical model of the electrolyser
was created and implemented in Python. This model was then used alongside renewable energy production data
from Open Power Systems [1] to optimise the total annualised cost with the constraint that the plant could
only use renewable energy and must produce a minimum methanol flowrate. A combined stochastic search
and derivative-free optimisation method were used to solve this problem. The results of the optimisation show
that a minimum production flowrate of 11,400 kg/year could be successfully produced. However, this required
significant CO, storage of 900 m? to consistently provide this flowrate. Since the proposed design utilises
renewable sources and the methanol product possesses low toxicity and less environmental waste compared
to the other alternative fuels, therefore this process is in compliance with the principles of Green Chemistry.
A breakeven price of 8.6 $/kg was obtained for methanol from the economic evaluation which is higher than
the competing fuels in the market. Once the price of renewable electricity reduces, this will make the CO,
electrocatalytic reduction to methanol a feasible pathway to solve the problem of renewable energy intermittency.

Keywords: FElectroreduction of CO,, data-driven optimisation, direct air capture, mathematical modelling,
process systems engineering

1 Introduction technologies are potential pathways to decarbonise
hard-to-abate sectors (e.g., shipping, aviation, and
industrial applications) [2] in combination with re-

Rising global (?arbon di(.)xide (CO,) emissions from newable energy, to transition away from fossil fuels
energy generation is posing a threat to the environ- as a primary energy source [3]. Hence, capturing
ment and society as it is the main contributor to CO, by Direct Air Capture (DAC) from the atmo-
global warming and the temperature rise worldwide, sphere or by Post Combustion Capture (PCC) from
which could lead to potentially catastrophic environ- industrial point sources and utilising it by synthesis-
mental effects if failed to curb these ascending emis- ing useful products (e.g., olefins, methanol, dimethyl
sions. Hence, sustainable energy pI.“OdUCtiOH and the ether) using renewable energy has been identified as a
reduction of greenhouse gas emissions are of global prospective mitigating pathway towards sustainable

importance. Carbon Capture and Utilisation (CCU)



carbon-neutral economy [4].

Within the scope of this paper an overview of
methanol production will be presented, discussing
the potential market of methanol in Greece and out-
lining the most novel route for methanol production.
In this perspective, this paper provides an analysis
of a process that uses CO, electrolysers to convert
atmospheric CO, captured by DAC into methanol
using renewable electricity, where the latest advance-
ments will be presented to elucidate the process de-
sign and simulation. To tackle the intermittency na-
ture of renewable energy, the process was then opti-
mised to minimise the total annualised costs whilst
maintaining a minimum production rate and only
utilising renewable. Finally, the process viability will
be evaluated according to its economic and environ-
mental impact.

2 Methanol as the key chemical

Greece’s methanol industry outlook from 2022 to
2026 has forecasted an increase in methanol imports
over the next five years [5]. It is expected to import
2.56 Gt by 2026 a 3% jump from what it used to
import in 2021, as shown by Figure 1.
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Figure 1: Methanol exports from Greece. Forecast based
on United Nations Statistics Division data.

This high methanol demand is estimated to cost
the Greek economy $65.7M by 2026 based on Eu-
ropean Commission data [5]. On the other hand,
Greece has been ranked 66" in the world for
methanol exports, exporting 28,300 kilograms in
2019 [5].
cally will strengthen the current economy to supply
the local demand.

Therefore, producing methanol domesti-

Regulations in Europe requiring specific chemical
compositions in the automotive industry are also pro-
jected to increase the regional demand for renew-
able methanol [6]. Recently governments and supra-
national organisations have introduced regulations
to reduce the emissions from power generation and
transportation [7]. However, decarbonising the ship-
ping industry has remained a tough global challenge.

The International Maritime Organisation (IMO) has
introduced restrictions for the sulphur content in ma-
rine fuel, to be lowered from 3.5 to 0.5% [8]. At a
regional level, the EU has also introduced the Fuel EU
Maritime initiative as part of the 55 package, to en-
able the EU to reduce net greenhouse gas emissions
by 55% by 2030 towards climate neutrality in 2050
[9].

While Greece remains the world’s leading maritime
force and is a pillar of the Greek economy which con-
tributes around $17 billion or 7.5% of the country’s
Gross Domestic Product (GDP) [10], the pressure
to decarbonise the shipping industry and reduce its
emissions has forced the industry to comply with
“Green Shipping” regulatory standards. This has
driven the recent Athens Methanol Forum in April
2023, where ABS (Greek consulting company) and
leading members from the Greek shipping industry
analysed the potential of methanol as a marine fuel
to decarbonise the shipping industry [11]. The panel
discussion focused on the practical benefits of green
methanol as an immediate solution towards carbon
neutrality [6]. Therefore, among various chemicals
that can be synthesised from CO,, methanol is the
most regionally attractive green fuel with a higher
potential to penetrate the marine fuel market as the
best alternative complying with all regulations. This
can effectively increase the exports of green marine
fuel from Greece to the Mediterranean regions en-
abling a sustainable economy.

2.1 Methanol as a Marine Fuel

Marine methanol fuel produces no sulfur emissions
and very low levels of nitrogen oxide emissions [7],
which keeps it within the stringent regulations out-
lined earlier. Additionally, the current bunkering in-
frastructure will only require minor modifications to
store and handle methanol [7], since it is a liquid and
it is similar to other marine fuels such as heavy fuel
oil (HFO) and marine gas oil (MGO) which makes it
cheaper in terms of infrastructure investment when
compared to other alternatives as liquified natural
gas (LNG) [7] which costs $55.6 million whilst the
installation costs of methanol bunkering unit is ap-
proximately $1.7 million.

Additionally, it has been shown that current
retrofit engines have performed well with methanol,
while it is expected that developing methanol-
optimised marine engines will outperform retrofits
[7].

2.2 Methanol market analysis

Methanol has been known for the past 5 years to be
cheaper than competing fuels such as MGO, which
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Figure 2: Methanol and Marine Gas Oil Prices from 1997 to 2015 [7]

makes it an attractive alternative from this point
of view in addition to the lowered fuel storage and
bunkering infrastructure cost [7]. However, in the
recent low oil prices, marine diesel (MGO) prices
dropped fast, affecting the methanol’s price advan-
tage as can be evident in Figure 2.

However, oil prices are volatile, and they can rise
at any time. Hence, to hedge the oil price volatil-
ity risk it is sensible for shipping operators to divert
their fuel mixes to methanol or operate with a dual
fuel engine to switch between MGO and methanol
when it’s more economical to do so, whilst comply-
ing with regulations [7]. It should be noted that the
production cost of methanol is dependent on the raw
materials and process route; for renewable produc-
tion, the costs will vary depending on the upstream
chain [7].

Ultimately, methanol is one of the most interest-
ing pathways to sustainability in both the automo-
tive and shipping industries as it can be made from
renewable energy.

2.3 Renewable energy source

Greek wind and solar energy were assumed to be
the only source of energy available to the plant.
The hourly renewable energy production data was
sourced from Open Power Systems [1]. This data
was then averaged into a daily production and used
within as a constraint within the optimisation.

3 Proposed Process Pathway

Conventionally methanol is produced on an indus-
trial scale from synthesis gas (syngas) which is a mix-

ture of CO, Hy and CO, derived from gasified coal
or natural gas [12]. As renewable electricity becomes
abundant and affordable, the electrical requirements
from these processes are being supplied by renew-
able energy. However, due to the nature of the feed,
the final methanol product should be purified from
coproducts produced from a series of complex reac-
tions, which is an energy-intensive process. An alter-
native process to that is direct CO4 hydrogenation to
methanol which is widely explored nowadays. How-
ever, the challenge of reducing green hydrogen prices
is an ongoing challenge causing this renewable alter-
native to be infeasible in the meantime.

The most efficient route is to use renewable elec-
tricity directly, by storing it on seasonal timescales
in dense-energy carriers, such as methanol [3]. This
route stores renewable energy directly or indirectly
in the form of chemical bonds which has resulted
in emerging of new technologies such as the elec-
trochemical reduction of CO, with HyO -a natu-
rally occurring and abundant reagent- to synthesise
methanol by the use of renewable energy [3].

Two routes are widely explored; (1) a Two-step
process involving reduction of CO5 and HyO to CO
and H, respectively, followed by catalytic methanol
synthesis which allows the implementation of proven
industrial technologies in the synthesis step [13]. (2)
Single-step direct CO5 reduction with H,O, where
the conversion occurs in one step, rather than mul-
tiple steps of activating CO5 and H,O, reverse wa-
ter gas shift reactions and methanol synthesis [13].
Among the various prominent methods of reduc-
tion (photocatalytic, photoelectrochemical and elec-
trocatalytic) [13], the electrocatalytic pathway is cho-
sen to be analysed in this paper to exploit the dif-



ferent renewable energies available in Greece, as dis-
cussed in Section 2.3. Although solar energy can be
used to produce fuels directly through photoelectro-
chemical methods, it is not favourable due to the
efficiency losses associated with this method. There-
fore, in this work, surplus electricity is converted into
methanol [13].

Promising results of methanol have been reported
with pure CO, feed to the electrochemical cell, which
is possible by integrating Direct Air Capture (DAC)
unit. Coupling the process with a DAC unit not only
ensure continuous pure CO4 feed but also helps tackle
the problem of persisting emissions from agriculture
and heavy industry which are difficult to decarbonise,
by removing CO, directly from the atmosphere to
offset these sources [2].

3.1 Direct Air Capture (DAC)

It is vital to select CO4 supply strategy that guaran-
tees the independence of methanol production from
fossil fuels. The highly concentrated carbon dioxide
feed delivered to the electrochemical cell can be ob-
tained from the air.

Direct Air Capture is a promising Greenhouse Gas
Removal (GGR) technology that implies extracting
carbon dioxide (CO,) from the free atmosphere [18].
The annual throughput of nineteen operating DAC
plants that utilize absorption with liquid NaOH and
KOH or adsorption on solid adsorbent is equal to
approximately 17 ktCO,/year [19].

The concentration of CO4 in the air is 419 ppm,
which is approximately 250 times lower than in flue
gas [19]. As a result, DAC cannot compete with Post
Combustion Capture in terms of energy efficiency
and economic profitability if the same capture rate
and final CO, purity are considered. This has led to
a delay in the deployment of DAC, despite its high
potential for reducing atmospheric CO, levels [20],
[21]. However, flue gas contains SO, impurity that
causes dramatic Faradaic efficiency (FE) loss. Due to
the irreversible detrimental effect on the metal cat-
alyst, especially Cu, PCC is not feasible to be used
in CO, electroreduction [22]. Meanwhile, there is
a continuing upwards trend in scientific studies on
DAC released since 2018. Nowadays, academic inter-
est covers such areas as sorbent material engineering
[23], [24], [25], [26], process design [27], [28], process
optimization [29], [30], [31]. These innovations play a

vital role in the advancement of new technology since
only technical breakthrough contributes toward DAC
worldwide integration.

Carbon Engineering company has implemented the
absorption process to extract CO, directly from air
at an industrial scale. This method implies a sim-
ple contact between air and aqueous alkaline solu-
tion, which is further regenerated at 674°C [32]. Liq-
uid absorbent does not experience any degradation
process, however, continuous water make-up of 0-50
tH,O/tCO, is unavoidable [33]. The high operat-
ing temperature and regeneration loop complexity as
well as water loss make the absorption process dis-
advantageous.

The low-temperature adsorption (LT') on solid me-
dia has been adopted for Direct Air Capture. Physi-
cal adsorption is based on weak Van Der Waals forces
with low adsorption heat and occurs on the materi-
als such as zeolites, activated carbons, and metal-
organic frameworks (MOFs) [34]. The latter has a
larger specific surface area among others, however,
its low working capacity leads to undesirable excess
of required energy [16]. Chemisorbents gained wider
industrial applications for direct air capture. The
amine-functionalized sorbents are utilized by Clime-
works [35] and Global Thermostat [36] due to their
high uptake capacity and selectivity. Also, the mid-
range temperature of 100 °C is required for regen-
eration [37]. Separately, it is worth pointing out its
stability towards humidity The performance of DAC
depends on the climate at the given location, par-
ticularly the temperature and relative humidity. It
was proven that amine efficiency is increased from 0.5
(dry) to 1 (humid) if the moisture presents in the aid,
consequently, it enhances CO, adsorption capacity of
most amine-based solid sorbents [38], [39].

Despite the aforementioned capacity increase,
moisture co-absorption has a negative impact on the
desorption mechanism as requires extra energy. The
heat capacity of the amine-based materials signifi-
cantly increases as the amount of water adsorbed by
the sorbent increases, leading to excessive energy re-
quirement [38]. Overall, the thermal energy balance
Erp can be split into the following elements: reac-
tion heat of COy, reaction heat of HyO, sensible heats
of sorbent and reactor, the sensible heat of purge gas
as can be seen in Figure 3 [40]. In addition, elec-
tricity consumption Egy of the vacuum pump in the

Table 1: Energy consumption for direct air capture (DAC)

Sorbent Climeworks’ data APDES-NFC APDES-NFC / Global Thermostat’
orbe (target / actual) [14] [15] SI-AEATPMS [16] Data [17]

Epr, MJ/kgCO, 1.8 /26 1.3 1.08 / 1.29 0.94

Erg, MJ/kgCO, 5.4 /119 10.1 5.14 / 6.77 5.08

Total, MJ/kgCO, 3.6 / 6.57 4.67 2.79 / 3.54 2.63




desorption stage and the fan in the adsorption stage
has to be considered.

100.00
90.00 - m Reaction heat of carbon dioxide
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= 50.00 Sensible heat of the sorbent
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30.00 I Sensible heat of the reactor
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Figure 3: Thermal energy balance for DAC

This paper takes into account the performance
of two amine-functionalized sorbents such as
APDES-NFC  (3-aminopropylmethyldiethoxysilane
onto nanofibrillated cellulose) and SI-AEATPMS
(N-(2-aminoethyl)-3-aminopropyl|trimethoxysilane
grafted on silica gel) that are similar to those used
in the DAC process by commercial pioneers. Table 1
summarizes the energy requirements obtained in
different modeling studies that will further be used
in Section 6. Note that values are converted to
the consistent unit of MJ/kgCO, and a conversion
factor of one-third, ie., 1 MJg, = 3 MJryg was
assumed based on average efficiencies for thermal
power plants [41].

Therefore, cost reduction for the DAC technology
is expected in the future. However, Climeworks re-
ports the actual price of 600 $/tCOy and expects
to reduce this number to 100 $/tCO, by 2030 [37].
However, the price of 43-494 $/tCO, with mid-range
price of 200 $/tCO4 seems more realistic [42].

Since DAC is not linked to any specific regions, the
location of the facility depends on effective energy
supply only. A renewable energy source such as solar
[43] assists to reduce energy import that obviously
has a positive impact on the process’s economic fea-
sibility. The National Academies of Sciences (NAS)
in the US claims that the cost of 89 $/tCO, is achiev-
able by a low-temperature adsorption process for a
system with high-efficient solar energy by 2040 [44].

The aim of this work is to provide strong technical
evidence that the process of converting solar power
and air to fuel can be reliable and successfully imple-
mented in industry. Optimisation and upscaling are
required to promote such promising technology along
with environmental policy change and the support of
the global community.

3.2 Technology gaps: CO, Electrolyser

Over the past decade, much research has been done
around CO, electrolysis technology, marking signifi-
cant progress [22] in academic studies. However, due
to the relative maturity of this field, most studies
in CO4 electrolysis focus on the nano-, micro-, or
mesoscopic scale, which suggests that scaling up of
such processes is still an ongoing challenge [3]. In
addition to scaling up, the chemistry of the single-
step conversion approach is more complex and the
available technologies are in their infancy despite it
being an appealing and easier route, as opposed to
the multi-step route which has been proved to give
higher reaction routes for water splitting and it is in-
dustrially practised [13]. However, this paper focuses
on the most novel approach to further explore this
route by tackling the intermittency nature of renew-
able energy while optimising its economical outcome.

4 Process Design

In the following section, the overall design of the
chosen route and the individual subsystems are in-
troduced and described following results obtained by
Herron & Maravelias [13].

4.1 Process Overview

Based on the Block Flow Diagram (BFD) adapted
from [13] illustrated by Figure 4, the general pro-
cess can be divided into 3 main units: CO, capture
from air, CO, reduction, and product purification
unit (which is composed of 3 subsystems), with in-
termediate storage.

The captured CO4 from the DAC unit is sent to the
electrochemical subsystem after it has been mixed
with recycled unreacted CO,, for CO4 reduction to
methanol. Deionised water is mixed with recycled
water and allowed to enter the CO, reduction sub-
system. The CO, is converted to methanol with a
one-pass conversion of 20% [13]. The unreacted CO,
and H,0O exit the CO, reduction subsystem along
with the methanol product and by-products CH, and
H,. This stream is sent to the next subsystem where
liquid and vapour are separated, for the gas stream
to be sent to the gas purification subsystem to re-
cycle CO, back to the electrochemical cell, whilst
the liquid stream is sent to liquid purification sub-
system to purify final methanol liquid product from
water which is collected and sent back to the water
treatment subsystem. It should be noted that the
water treatment subsystem was not studied within
the scope of this work and was treated as a ‘black
box’ as it is well-studied and practised industrially,



Cathode: CO, + 6HT + 6 — CH30H + H,0 {1}
CO, + 8H' + 8¢ — CH, + 2H,0 {2}

2H" +2¢ — H, {3}

Anode: 2H,0 — Oy + 4HT +4e {4}
Overall: CO, + 2.37H,0 — 0.66 CH;0H + 0.34 CH, + 1.86 O, + 0.37 H, {5}

and the details of it will not benefit the purpose of
this paper. Finally, intermediate storage for CO4 and
liquid HyO and methanol has been added to account
for the intermittent renewable energy [13].

4.2 Process Description

Figure 5 depicts the Process Flow Diagram (PFD),
which gives more details about the process. Ambient
air as a mixture of CO,, Ny, O,, and H5O is driven by
fans into the fixed bed adsorption column where CO4
is accumulated on amine-functionalized solid materi-
als. Meanwhile, the cooling medium removes the ad-
sorption heat. Once the saturation point is reached,
the fans are forced off, the inlet valve is shut to al-
low the vacuum pump to sweep out the remaining
air. This is followed by the desorption step when the
column is heated up to a high-temperature level of
100°C in order to release CO5. Once the adsorbent
has been fully regenerated, the adsorption column is
cooled by cooling medium [21] to bring it to ambient
temperature level. Both coolant and heating agents
circulate along the circumferential walls [19]. This
results in CO, purity of 98% max w/w captured and
sent to the consequent gas receiver after it has been
compressed to 10 bar. This CO4 receiver aims to

tackle electricity intermittency.

The captured CO, pressure is reduced to atmo-
spheric pressure [13] before it is mixed with recycled
(unreacted) CO, coming from the gas/gas separation
unit, and the combined stream is sent to CO, reduc-
tion subsystem. Fresh water is deionised in a water
treatment subsystem and is fed to the CO4 reduc-
tion subsystem. In the CO, reduction subsystem,
the CO, is reduced to methanol in an electrolyser
with a one-pass CO, conversion of 20% [45]. Electro-
chemical reactions occur on metal oxide electrodes,
commonly Cu and Ru, at atmospheric pressure and
ambient temperature [13]. The unreacted HyO and
CO, exit the electrolyser and are separated in the
gas/liquid separation subsystem into vapour and lig-
uid products for further separations/purification.

The vapour stream is sent to the gas purification
subsystem where CO, is separated and recycled back
for further reaction, and the remaining by-products
are burnt for additional thermal energy. The electrol-
yser by-product consist of CH,, Hs, and O,, as well
as some amount of Ny from the DAC. The gas-gas
separation section consists of CH, and H, incinera-
tor, which will produce CO5 and H5O. The CO, is
then recycled back to the CO4 receiver after being
separated from H,O using the partial condensation
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Figure 4: Block flow diagram of the proposed design. The molar flow rates of each stream are available in Table 2.



technique. The liquid-separated stream is mainly
composed of water and methanol, which is sent to
a liquid storage tank for the off-hours of the elec-
trolyser to ensure continuous methanol production.
This stream is assumed to leave the reactor and be
stored at atmospheric pressure and 30°C to account
for any temperature rises during the electrochemi-
cal reaction. This stream is also assumed to achieve
100% separation from gases and contain no dissolved
gases before it is sent to the next stage. It is then
further separated in a liquid purification subsystem
where it is first pumped to 2 bar and sent to a distil-
lation column. The desired methanol product is col-
lected at atmospheric pressure and cooled down to
30°C. The purity of methanol targeted is 99.85wt%
in compliance with commercial grade methanol [46].
The unreacted water is recycled back at 111°C and
1.5 bar to be fed to the electrochemical cell after it
has been cooled down in the treatment subsystem.

To account for the renewable energy intermittency,
a CO, receiver unit is placed after the DAC unit.
To ensure a fixed continuous methanol production, a
storage tank is located after the electrolyser to ac-
count for off-hours production.

It has been indicated with ‘Q’, the points at which
quality assurance tests should be taken online to en-
sure the purity of captured CO, before it enters the
electrolyser, and the purity of methanol before it is
delivered to the end user. The water treatment sub-

system is where water is deionised and delivered to
the electrochemical cell at ambient temperature and
atmospheric pressure.

A key component of the CO, reduction subsystem
is the incorporation of renewable energy to drive the
electrochemical reaction [13]. As has been discussed
in Section 3, the chosen technology is electrocatalytic
systems, for which the solar and wind energy should
be first converted to electricity, which is accounted
for an additional utility cost.

4.3 CO, Electrolyser

The design of a renewable-electricity-powered elec-
trocatalytic reduction unit is described in this sec-
tion [13]. Unlike other electrolyser technologies, this
system does not require feed pre-treatment as the
electrocatalytic reduction occurs at ambient pressure
and temperature [13]. The electrocatalyst design
and synthesis play a vital role in the performance of
the electrolyser, where novel electrocatalyst develop-
ments conducted by Overa et al. [22] have shown that
homogeneously mixed Cu-based bimetallic nanocat-
alysts [22] enhanced selectivity and lowered energy
consumption. However, extensive research is still be-
ing conducted to design an electrocatalyst that can
still inhibit these properties with a longer lifetime and
for industrially scaled applications. Based on these
results, a base case scenario was chosen in which the
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Figure 5: Process flow diagram of the proposed design



Table 2: Molar balance of the proposed design (in mol/s). Stream numbers are referred to Figure 4.

Component 1 2 3 4 5 6 7 8 10 11 12
CO, 309.76  309.76  0.00 0.00 247.81 24781 0.00 0.00 0.00 0.00 0.00
H,O 0.13 0.00 146.96 1154.44 1007.54 0.00 1007.54 0.00 0.00 0.06 1007.48
CH;0H 0.00 0.00 0.00 0.00 40.89 0.00 40.89 0.00 0.00  40.89 0.00
CH, 0.00 0.00 0.00 0.00 21.06 21.06 0.00 21.06  0.00 0.00 0.00
H, 0.00 0.00 0.00 0.00 22.99 22.99 0.00 22.99  0.00 0.00 0.00
Oy 1.30 1.30 0.00 0.00 0.00 0.00 0.00 0.00 116.26  0.00 0.00
N, 4.89 4.89 0.00 0.00 4.89 4.89 0.00 4.89 0.00 0.00 0.00
Total 316.08 315.96 146.96 1154.44 1345.19 296.76 1048.43 48.95 116.26 40.95 1007.48

reaction occurs, following the values obtained by [13]
and mentioned in Section 5.2.

As shown by Figure 5, treated H,O enters the an-
ode, and CO, enters the cathode, both at ambient
temperature and atmospheric pressure.
tions take place in the electrocatalytic reactor are
outlined as Reactions {1} to {4}. The electrolyser is
fed with an excess HyO, to achieve 10% volumetric
ratio of CH3OH:H,O at the outlet of the electrolyser
[47]. The detailed assumptions made to design the
electrolyser will be further discussed in Section 5.2
based on a metal-oxide electrocatalyst [13].

It should be noted that all heating utilities shall
be met using electric heaters in order to maximise
the utilization of renewables in the process. Cooling
water was also used for all cooling utilities in the
process. This was not denoted on the BFD and PFD,
but it should be assumed that all electric supply is
provided by the electrical subsystem.

The reac-

4.4 Molar and Energy Balance

The molar balance of a steady-state scenario, given
a fixed production rate of methanol of 110 kg/day,
is shown in Table 2. In this paper, a detailed en-
ergy balance, accounting for the temperature changes
throughout the system was considered as a black-box
process inside each unit, therefore the appropriate en-
ergy requirement for the mentioned production rate
is reported as the power demand, assuming a con-
stant 2 V power supply. For the given production
flow rate, the power demand is 89.5 MW and 88.73
MW for DAC and electrolysis, respectively.

5 Mathematical Modelling

5.1 Direct Air Capture

A simplified model to represent the DAC section was

described by Equation (1).

_ P(t)
Epac x MWco,

Npac(t) (1)

where Npac(t) is the molar production flow rate
of concentrated CO, stream, P(t) is the electricity

power available at any given time, Epac is the spe-
cific energy demand of DAC, and MWc¢o, is the
molecular weight of CO,. This report considers a
Epac value of 6.57 MJ/kg, as reported by Deutz &
Bardow [14].

5.2 CO, Electrolyser

As previously mentioned in Section 3, the proposed
design involves CO, reduction, therefore a mathe-
matical model needs to be developed to describe the
phenomena. Similar to other chemical reactions, the
electrolysis reaction follows equilibrium and kinetics
limitations. In general, the equilibrium of electroly-
sis reaction is commonly limited by its standard cell
overpotential. On the other hand, there have been
several studies proposing the use of numerical fluid
dynamic simulation in describing the mass transfer
which will eventually limit the kinetic of the elec-
trolysis reaction. This report considers a simplified
model of electrolyser, in which several assumptions
such as conversion (X) and selectivity (.5), as well as
faradaic efficiency (np) are imposed.

Nél(l)tQ:NgloQ—gl—&Q (2)
Ni'b = Nito + 61+ 262 — 224 (3)
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Equations (2) to (7) describe the reaction balance
of each component, given Reactions {1} to {4}, in
which ¢; is the reaction extent of reaction ¢ and N
is the molar flow rate (inlet or outlet) of the compo-
nent. Equation (8) denotes the outlet CH;0OH molar
concentration assumption, set as 3.9%, following the
recommendation of Jouny et al. [47]. Equation (9)
limits the conversion of CO, (X) during the electrol-
ysis reaction, whereas Equation (10) describes the
selectivity (S7 and S2) between two competing reac-
tions in cathode, which are Reactions {1} and {2}.
X, 51, and Sy were set to be 20%, 66%, and 34%,
respectively, as proposed by Herron & Maravelias
[13] and Herron et al. [45]. The selectivity towards
Reaction {3} is given by the faradaic efficiency in
Equation (15), which was set to be 10% [47]. Equa-
tions (11) to (14) describe the required current for
Reactions {1} to {4} and correlated to each other by
Equations (16) to (18). The relationship was derived
from Faraday’s law:

MW Q MW I I
m = ﬂF:> ; :LF:>N:1F

v vl vl

where m, N, and MW represent the mass amount,
molar amount, and molecular weight of the react-
ing reactant. n and v denote the stoichiometry co-
efficient of electrons and reactant of interest, respec-
tively. Equation (19) quantifies the area of electrode
needed, given a value of total current ([iota1) and cur-
rent density (J). This report considers a current den-
sity value of 0.3 A/cm? [13, 45]. Finally, the cost
correlated to the CO4 electrolyzer is given by Equa-
tions (20) and (22). The OPEX was evaluated by as-
suming a constant 2V power supply (V' = 2), whereas
the CAPEX was annualised using Equation (21) by
assuming a 10% discount rate (r) and 15 years of
plant lifetime (n). The basis cost for electrolyzer was
set to be $ 919.7 /m? [47], meanwhile an electricity
cost of $ 0.03 /kWh was considered.

5.3 Separation Section

The electrolyzer product consists of two phases, gas
and aqueous. The gas phase is comprised of CH,, H,,

Oy, and CO4. While the aqueous phase is a solution
of 10%-v methanol.

In the proposed design, the separation unit consists
of a knockout drum to separate the gas-liquid mix-
ture and a conventional distillation column to sepa-
rate methanol from the aqueous solution.

The separation section was initially simulated in
Aspen HYSYS at a base flowrate of 100 kgmole/hr.
The energy consumption is assumed to be directly
proportional to the production rate. The relationship
between energy consumption and outlet volumetric
flowrate from the methanol storage tank is described
as Equation (23). Due to the imposed constraint
of constant production, this energy consumption is
time-invariant.

Qumeon

PS@Paration = 0.4932 1.83

(23)

5.4 Storage Tanks

In the proposed design, there are two different stor-
age involved: the CO, receiver and the crude CH;OH
liquid storage tank. These storage tanks are needed
to account for power fluctuation given by intermit-
tent renewable energy sources.

The molar holdup of CO, inside the CO4 receiver,
N(t), is described by Equation (24), where Nij(t)
and Noyt(t) are inlet and oulet molar flow rate, re-
spectively. The molar holdup is correlated to the
receiver pressure by using the ideal gas assumption,
as given by Equation (25). The calculated pressure
at a given time, P(t), is deemed to be within the
operating boundary of the receiver, which will be re-
ported later on Section 6. T and V represent the tem-
perature inside the receiver (kept constant at 25°C)
and the receiver volume, respectively. Equations (26)
and (27) describe the dimension of the receiver, which
is represented by its height (H) and diameter (D). A
constant H/r ratio value (a) of 4:1 was assumed. Fi-
nally, Equation (28) returns the total estimated mass
of the receiver’s shell (Mgssoar,), where ¢ is the thick-
ness of the receiver’s shell, set as 20 mm [48], and p is
the metal (SS304L) density, set as 8000 kg/m3. The
estimated mass of the receiver’s shell will be used
later in cost estimation.

t
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Msszou, =T D Htp (28)



The volume of CH30H inside its storage tank,
V(t), is given by Equation (29), where Fj,(¢) and
Fout(t) are inlet and outlet volumetric flow rate, re-
spectively. Similar to the CO4 receiver, the dimen-
sion of CH30H storage tank is described by Equa-
tions (26) and (27) using an « value of 2:1. Equa-
tion (30) returns the fluid level inside the storage
tank, and Equation (31) calculates the level percent-
age.

V(t) = /0 (Fult) — Fow(®)dt  (29)
ht) = ();/5(?17 (30)
LL(t) = hg) (31)

The cost correlated to the construction of these
tanks should be considered in the annual operating
cost as an annualised capital cost. Therefore, it is im-
portant to first estimate the equipment cost of stor-
age. Towler & Sinnott [48] have reported prelimi-
nary cost estimation method for such storage tanks,
written herein as Equation (32) for CO, receiver and
Equation (33) for CH30H storage tank. The calcu-
lated cost is then corrected using chemical engineer-
ing plant cost index (CEPCI) in Equation (34), to
estimate the price in 2022. These prices were then
annualised using Equation (21) by assuming a 10%
discount rate (r) and 15 years of plant lifetime (n).

Cco, = (15000 + 68(Mss30ar.)"**) ¢ (32)

Ccngon = (5000 + 1400(V)%7) ¢ (33)
EPCI

_ CEPClzp22 (34)

* = CEPCly00r

6 Optimisation

6.1 Problem Formulation

The intermittency of renewable energy is one of the
main issues with the utilisation of this clean en-
ergy. To overcome this, the energy will be utilised
at times of high production to produce either CO,
or methanol. The main constraint imposed will be
to maintain a minimum production rate of 11,400
kg/yr (determined by the minimum feasible flowrate)
throughout the entire year. This can be achieved
by sizing appropriate storage tanks for CO, and
methanol. The optimisation problem formulation in-
volved an economic objective function involving the
operating expenditure of both plants OPEX; over
a single year and the annualised capital expenditure
CAPEX(V;, A) of the storage tanks and the electrol-
yser :
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t

min / ! OPEX;dt + CAPEX(V;,A) (35)
B(t)i,Vi,A Jo

1 =[COy, MeOH]
Vi,E(t); e R", AeR (36)

The time-variant decision variable was the power
drawn by each plant E(t);[MW]. The time-invariant
decision variables were the volume of the storage
tanks for each plant V;[m?] and the area of the elec-
trolyser’s electrodes A[m?]. The integral describing
the operating expenditure was discretised into 365
time steps correlating with the daily average renew-
able energy data for Greece in 2018 provided by Open
Power Systems [1].

The optimisation problem was constrained to keep
the variables physical and to enforce the availabil-
ity of renewable energy. These were implemented by
using the following equations:

0 S PCOQ S Pmaz (37)
0< LMeOH < Lmax (38)
fCOQ?fMEOH 2 0 (39)
Vi >0, Vi (40)
P(t, MeOH)
— > A Vit 41
0.3V -7 (41)
E(t,C0s) + E(t, MeOH) < Egpan(t), ¥t (42)

Where Pco, [bar] is the pressure within the COq
storage tank which is constrained to be below a max-
imum pressure (Pq,) of 9.2 bar. Lyjcom [m] repre-
sents the level within the methanol storage tank that
is required to be less than 90% of the height of the
storage tank. f; [m3/day] is the flowrate out of ei-
ther the CO2 or methanol plant and is required to
be positive. Equation (41) is a design constraint of
the electrolyser concerning the current density of the
electrodes. Finally, Equation (42) enforces that the
sum of the power drawn by both plants must be less
than the total available power (FEguqi(t)) for every
day of the year.

6.2 Methods

The optimisation problem was then solved using
data-driven optimisation techniques implemented us-
ing Python. Initially, a stochastic search was per-
formed to find a suitable initial point which satis-
fied all constraints. Then, the initial point was used
in a derivative-free method (COBYLA) to minimise
the objective function. The full algorithm is dis-
played below where the function C' represents the
constraints of the problem. This function will return
-1 if any constraint is not satisfied and 1 otherwise.
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Figure 6: Optimisation Results

Algorithm 1 Optimisation Algorithm

iteration < 0
while iteration < iteration,, do

C+ -1

PV,A+0

while C' < 0 do
P+ Up(,u,, 0'2)
Vi < Uy (p,0?)
A+ UA(,U,, 0’2)
C+ C(PV,A)

end while

r+ PV A

£ Fori(@)

end while

Tinitial < T[argmin(f)]
[« fecoByra(Zinitial)

6.3 Results

The resulting trajectories of the power drawn by each
plant are shown in Figure 6. The time-invariant de-
cision variables are shown in Table 3.

Table 3: Time Invariant Decision Variables
] Vemon[m®]  Am?)

6.67 0.34

Veo,[m
900

With the optimal decision variables in Figure 6
and Table 3, the resulting total annualised cost was
$3,594,783.26.

6.4 Analysis

As shown in Figure 6, the power drawn by the CO5
plant follows the main spikes in renewable energy.
The optimiser has then set the volume of the COs
storage tank to 900 m? to allow for the methanol
plant to have sufficient feed. The minimum feasible
production rate was found to be 11,400 kg/yr this
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is particularly low due to the availability of power
early in the year when there is insufficient solar and
wind energy. To improve the efficiency of the process
a COy recycle stream should be added this will de-
crease the required volume of the CO, storage tank
and thus the annualised capital cost. Furthermore,
energy integration of process streams will decrease
the energy wasted by each process further decreasing
the operating expenditure. Regarding the optimisa-
tion, additional years could be compared to validate
the optimisation method and different derivative-free
optimisation methods could be analysed to determine
which is the most effective at this problem.

7 Economic and Environmental
Evaluation

7.1 Economic Evaluation

This section evaluates the economical aspect of this
process, by identifying the major cost drivers and
necessary future improvements. The cost driver(s) of
this process could vary depending on the technology
employed for reduction, the catalyst chosen, capital
costs of the reactor, renewable energy capture, and
renewable energy conversion to electricity [13].

The initial economic key performance indices are
the CAPEX and OPEX. These values are ob-
tained from the optimisation results in addition with
CAPEX and OPEX values from the Aspen Economic
Analyzer. The CAPEX is evaluated in the form of
fixed capital investments (FCI), which is calculated
using Equation (43)

FCI=1.23 Z CBare Module (43)

The breakdown for CAPEX, OPEX, and bare
module costs is illustrated in Table 4. It can be seen
that a majority of the equipment cost is attributed to
the novel electrolyzer unit. As such, considering that



Table 4: Cost breakdown
Value (MMS$)

Parameters

Bare module costs

- DAC 0.23
- Electrolyser 25.00
- Separation 0.46
OPEX 0.01
CAPEX (FCI) 43.14

Table 5: Key parameters of cashflow at 15% ROI

Parameters Value

PBP 8 Years
Discounted PBP 13 Years
Selling Price 756 $/kg

many estimates for the OPEX components are highly
dependent on CAPEX such as labour, and mainte-
nance, it is useful to assume that the OPEX is equal
to the utility costs only.

A break-even price is determined by finding a sell-
ing price that covers the OPEX. The value of break-
even price was obtained to be 8.6 $/kg. If compared
to the average price of green methanol (produced
from other process pathways) in the market, 0.643
$/kg, whilst the current MGO price is 0.6 $/kg [49].
It is clear that the price required for this process just
to break-even is much higher.

Using the calculated data and following the
method from Turton [50], a cash flow is constructed
using a few key assumptions, which are that the value
of land cost, salvage value, and depreciation is ne-
glected, the construction time is 3 years, the selling
price is determined by a return on investment (ROI)
of 15%, and the project life is 15 years. The dis-
counted cash flow is illustrated in Figure 7 and key
parameters from the cash flow are summarised in Ta-
ble 5.

It is apparent that in order to achieve a reason-
able ROI of 15% the selling price needs to be nearly
100 times more expensive than the break-even price.
Even then, the payback period (PBP) is around 8
years with a more egregious value for the discounted
PBP of around 13 years. Therefore, it can be con-
cluded that the current project is highly unprofitable.

As was elucidated earlier, the capital costs of
the electrolyser contribute significantly to the total
CAPEX, dominating the other subsystems and the
electrolyser’s electricity consumption is the highest.
Based on research conducted by Herron & Maravelias
[13] some conclusions can be drawn to reduce the
capital costs associated with the CO4 reduction sub-
system and to lower the electricity costs. Based on
the parameters used to design the electrolyser in Sec-
tion 5.2, the electrolyser exhibits a current density of
0.3 A/cm? and 2 V.

e The cell current density of the electrode can be
increased to around 100 mA /cm? by improving
the electrocatalyst. The electrocatalyst loading
can be increased to achieve a higher current den-
sity, but this would also increase the overall price
of electrodes.

e Engineer electrocatalysts that can produce 200
mA /cm? with a reasonable minimum overpoten-
tial of 2 V, as the cathodic CO, reduction reac-
tion is complex.

e The reaction selectivity impacts capital and
utility costs; the selectivity of methanol is in-
versely proportional to electricity costs and cap-
ital costs.

e CO, conversion should be optimised as targeting
high one-pass conversions can increase the cost
of CO4 reduction subsystem but reduce the costs
of remaining subsystems. Hence, an interme-
diate conversion should be targeted to balance
out the costs of CO, reduction subsystem and
the remaining subsystems. A 40% conversion is
considered optimal.

This list outlines that the electrocatalytic activ-
ity, efficiency and selectivity should be enhanced, in
addition to optimising the conversion for a given elec-
trocatalyst to ensure an overall net reduction in costs
to reduce the selling price. It should be noted that
targeting one parameter will impact the others, such
as if the current density is increased, the overpoten-
tial and conversion will increase as a consequence.
Hence, this is an ongoing research field to optimise
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Figure 7: Discounted cumulative cash flow at 15% ROI
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the performance of electrocatalysts. Research con-
ducted by Overa et al. [22] has shown recent advance-
ments in reactor designs (vapour-pushed electrolyser)
have presented enhanced current densities towards
commercialisation. Other strategies and materials
are under experiment to further improve performance
and ensure their robustness when commercialised.

The energy consumption to reduce COs is rela-
tively excessive, which coupled with high electric-
ity prices dominates the OPEX. In order for CO,
electrochemical reduction process to be economically
feasible would be if the cost of renewable electricity
is decreased and reaches parity with fossil-fuel-based
electricity to achieve a methanol price competitive to
industrial methanol price [13]. The high-temperature
electrocatalytic reduction can be explored as an al-
ternative as it consumes less electricity at the cost
of additional heating costs and additional reaction
steps [13]. For future improvement of the proposed
plant, recycling CO4 should be integrated within the
optimisation function to examine the positive effects
it may have on the final production.

Green methanol produced electrochemically is po-
tentially an attractive, sustainable, carbon-neutral
fuel in the long run that complies with all regula-
tions. However, its potential relies on the affordabil-
ity and abundance of renewable electricity coupled
with the required improvements made to the electrol-
yser/electrocatalyst performance as discussed earlier.
These improvements can potentially reduce the sell-
ing price from 8.6 $/kg to a possible 1 $/kg as studied
by Herron & Maravelias [13], allowing it to compete
economically and technically with MGO and other
green methanol as discussed in Section 2.2.

7.2 Environmental Evaluation

The carbon dioxide emissions from maritime trans-
port are equal to 11% of all European Union’s (EU)
CO, emissions from transport and 3-4% of total EU
CO, emissions, making it essential to find a solution
to reduce its environmental impact [51].

The aim of this work is to demonstrate the feasibil-
ity of electrocatalytic CO, reduction that is accom-
panied by direct air capture technology to produce
‘green methanol’. Since carbon dioxide taken from
the atmosphere is the environmentally balanced in-
let feed and no fossil energy is used for processing,
the product is considered to be carbon neutral that
complies with the seventh principle of Green Chem-
istry of utilizing renewable feedstock [52].

It’s worth pointing out the key advantages of di-
rect air capture such as the potential to be deployed
at a large-scale, compatibility with a renewable en-
ergy source for supplying electricity, and sustainable
management of water and land use [53]. However,
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according to the life-cycle assessment, plant facilities
construction as well as adsorbent synthesis lower the
carbon efficiency by 0.6% and 2.4% respectively [14].
Silica as a solid media of amine-functionalized sor-
bents depletes mineral and metal resources due to
silica production. Therefore, cellulose has a negative
impact on land use as bio-based adsorbent support
[14].

The proposed design of CO, electrochemical con-
version to methanol obeys the sixth principle of
Green Chemistry [52] since it entirely relies on sus-
tainable solar power. The optimization problem that
has been set and successfully solved in this study
allows for improving the overall process performance
by maintaining electricity consumption in an efficient
way. The suggested approach eliminates the need for
fossil fuels as storage of energy since methanol has a
high energy density of 15.6 MJ/L comparable with
gasoline value of 34.2 MJ/L [54]. Following the first
principle of Green Chemistry, it prevents the waste
created by the synthesis of ‘grey methanol’ [52]. The
integration of renewable energy into the process of
chemical production which is considered a difficult-
to-decarbonize industry aims to tackle the climate
change problems and potential energy crisis due to
the depletion of oil and natural gas reservoirs [55].
Additionally, the methanol produces under ambient
conditions. The internal combustion engine is able to
be run on methanol fuel instead of traditional gaso-
line without any alteration [56].

Methanol is a green fuel with relatively low toxic-
ity; hence it is safe and easy to supply to customers.
There is no need for elevated temperature and pres-
sure for methanol storage. It has a higher oxygen
content which means it produces less soot and smoke
emissions. All these reasons are consistent with the
third and fourth principles of Green Chemistry [52]
and give advantages to the use of methanol as a fuel
instead of gasoline and diesel, primarily because it
has a lower impact on human health [57].

8 Conclusions

The proposed design covers CO, production using di-
rect air capture (DAC) and direct CO, electroreduc-
tion to produce methanol (CH30H). The side reac-
tion considered were the competing reaction of CHy
formation and hydrogen evolution reaction (HER).
The design required a dedicated separation section
to purify the produced CH3OH up to 99.85%-weight.
This paper has considered a simplified model of DAC
and electrolyser, utilising assumptions available from
literature. To account for renewable energy’s inter-
mittency in Greece, two separate storage media were
added to the design: the CO, (reactant) receiver and



crude liquid methanol (product) storage tank. The
former was added to adapt to power intermittency,
whilst the latter was added to ensure a constant pro-
duction flow rate from the designed process. An op-
timisation of the total annualised cost was carried
out successfully using a combined stochastic search
and derivative-free method. This showed that sig-
nificant CO, storage (900 m?) is required to provide
a constant methanol feed whilst only using 2018’s
Greek renewable energy sourced from Open Power
Systems [1]. To improve the optimisation, additional
years could be used to compare the data used to
validate the optimisation conclusions. The costs as-
sociated with electrolysers remain one of the most
pressing challenges to making the process economi-
cally feasible. Therefore, the feasibility of the elec-
trocatalytic reduction process is dependent on im-
provements in electrocatalysts and renewable elec-
tricity generation.
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