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Abstract

Coupling direct air capture (DAC) with methanol production is a
technically attainable opportunity for CO2 capture and utilisation
(CCU). The process, known as power-to-methanol (PtM), consumes
large amounts of renewable electricity for water electrolysis and DAC.
However, the time-variability of renewable power remains a major
challenge. Here, we consider erecting a wind farm as part of a PtM
facility and propose using four parallel reactors to adjust the methanol
production according to daily wind power generation, which we model
for 90 onshore and offshore locations with real-world data. Batteries
and reserve storage of compressed Ha and CO2 allow methanol pro-
duction during near-zero availability of wind power. We investigate
different operation strategies, aiming to either minimise the reserve
storage or maximise production, ultimately finding minimised storage
as more cost-effective. The resulting selling price of methanol from a
plant powered by an onshore wind farm is $1,400 per tonne, rising to
$2,200 for offshore wind power because of higher farm installation costs.
However, with a well-located wind farm, coupled with improvements to
DAC, electrolysis, and catalysts, the selling price falls as low as $300 per
tonne of methanol, reaching parity with fossil fuel-derived methanol.
Purchasing stable grid power for PtM avoids issues of intermittency,
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2 Managing Intermittency

and results in a lower methanol selling price of $960 per tonne, falling
to $340 with process improvements. However, life cycle assessment
(LCA) shows the global warming potential (GWP) of the grid-based
cases is no better than producing methanol from natural gas; whereas,
wind-powered DAC-PtM delivers net-negative GWP between —760 and
—1,240 kgcozeq/tMeon, demonstrating successful CCU.

Introduction

Direct air capture (DAC) of atmospheric CO has a prominent place in strate-
gies for reducing and controlling carbon emissions [1, 2]. While DAC progresses
towards commercialisation [3, 4], the handling of DAC-captured CO5 remains
an open question, with sequestration requiring a COs distribution infrastruc-
ture and access to sequestration sites [5]. An appealing solution is to couple
DAC with chemical production [6], as a form of COs capture and utilisation
(CCU). DAC-CCU would realise the postulates of a circular carbon econ-
omy with CO; as the carbon-source for manufacturing commodity chemicals
— one of the simplest being methanol (MeOH). The storage and transport of
methanol is far easier than COs, given its liquid state at ambient conditions.
Moreover, the production of acetic acid and formaldehyde from methanol [7, 8]
opens a wide range of uses, enabling long-term CQO; removal in suitable
products. Methanol will also act as a vital building block in the future chemi-
cal industry through the methanol-to-olefins (MtO) and methanol-to-gasoline
(MtG) pathways, allowing the synthesis of value-added chemicals (e.g. avia-
tion fuel) without fossil fuels [9]. Additionally, methanol has been proposed
as a promising future fuel for use in maritime transport [10]. Given the large,
and growing, global reliance on methanol — 80 Mt in 2018 [11] up to 110 Mt
in 2022 [12] - the decarbonisation of its production is an essential task.

Various methods have been proposed for upgrading CO; to renewable
methanol, although by far the most mature is to react COy with green Hs,
typically from water electrolysis [13]. The process consumes a large amount
of electricity, and so is referred to as power-to-methanol (PtM) [9, 14]. Car-
bon dioxide could be captured from industrial point sources [15, 16], but here,
we focus on coupling DAC with PtM (DAC-PtM) for carbon circularity. To
deliver an environmental benefit, DAC-PtM must avoid carbon-intensive elec-
tricity and use only renewable power [17, 18], for which intermittency remains
an unavoidable but easily overlooked challenge. In the example of wind power,
the power generation fluctuates daily and seasonally, as shown in Fig. 1 for
two exemplary locations, one onshore and the other offshore.

The effect of intermittency is often quantified using a capacity factor, which
compares the true power generation of a site versus its nominal (max. achiev-
able) capacity. Averaging the capacity factor across a year aids in the sizing
of installations for power generation — i.e. if 100 MW of power is required on
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Managing Intermittency 3

average, but a wind farm has a capacity factor of 0.50, then the actual installed
capacity should be 200 MW. Yet, the suitable sizing of renewable power only
partially addresses the problem of intermittency when interfacing renewable
power with chemical production plants, which have historically been designed
on the assumption of steady operation. Interconnected electricity grid networks
could help obviate variability over time [19, 20]. However, the treatment of the
grid as a “black box”, from which renewable electricity can be taken with 100%
availability, is unrealistic. Steep growth is expected in consumer-side electric-
ity demand [21-23]; any substantial increase in electricity consumption coming
from the chemical sector would certainly overburden the grid. A more feasi-
ble solution is for electrified chemical plants to generate their own renewable
power, e.g. using wind or solar farms. Therefore, we must consider building
and operating renewable power sources as part of a future electrified chemical
industry, and confront the attendant challenges of intermittency.

Onshore b Offshore

a Austin, USA, 2019 North Sea, Great Britain, 2019
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Fig. 1: Example plots of the daily capacity factor, which ratios the daily average
power output against the installed capacity, for: a an onshore site at Austin, USA in
2019, and b an offshore site in the North Sea off the coast of Great Britain in 2020.
The weekly average capacity factor is also overlaid, and the annual average capacity
factor is shown by the black horizontal line in each plot.

The dynamic operation of power-to-methanol has begun recently to attract
research attention [19, 20, 24-26], and the concept of dynamic operation is
being implemented industrially for electrified chemical production of ammo-
nia [27]. In Sec. 1 of the Supplementary Information (SI), we outline salient
prior studies investigating dynamic operation of power-to-methanol along-
side power-to-X processes, as well as work examining off-grid and renewably
powered direct air capture (DAC).

In the case of dynamically operated PtM, prior studies have primar-
ily focused on optimisation of plant operation routines (e.g. the reliance on
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4 Managing Intermittency

batteries or the purchase of grid electricity to supplement intermittent renew-
able power) subject to electricity price or availability [19, 20, 24]. In some
instances [19] the treatment of operating and capital costs was simplified to aid
computation, and often only a single candidate location has been considered
for the renewable power generation; hence the effect of renewable power varia-
tion between sites is elided. A prior study by Chen et al. [24] considered PtM at
two candidate sites in the US and Germany for wind- and solar-powered PtM,
with a mixture of reserve hydrogen storage and purchased grid electricity to
enable continuous operation at full throughput. Their work ultimately found a
wide divergence between the most economical solution at each site, confirming
the need to consider many locations in yielding findings of wide applicability.
Recently, Van Antwerpen et al. [25] costed the production of MeOH across
numerous sites in Australia, when reliant solely on wind and solar power, in
which a single reactor was operated at steady state with the aid of reserve
storage or held idle during very low power availability. The methanol selling
price was found to be highly sensitive to the siting, and installation costs, of
renewable power, and they also underlined the cost advantage of minimising
the size of reserve storage — in particular batteries.

Here, we propose and investigate the use of multiple reactors in parallel
for a DAC-PtM plant directly interfaced with a wind farm. The multi-reactor
configuration allows methanol production to be scaled according to power
availability — difficult to achieve with a single reactor [25] — and avoids the
immense reserve storage required for continuous operation of a single, large
reactor. We support our analysis by combining real-world wind farm data for
90 candidate locations with a full process model for DAC-PtM to investigate
the cost of DAC-PtM using the multi-reactor configuration, which we also
compare against operating a single, large reactor with either wind power or
electricity purchased from the grid. The analysis incorporates different strate-
gies for dynamic operation, appraising the cost-effectiveness of maximising
methanol production against reducing the plant reliance on reserve storage.
Through life cycle analysis we then investigate the potential of renewably
powered DAC-PtM to achieve net CO4 capture, contrasted against DAC-PtM
with grid electricity. Finally, we extend our findings to consider directions for
further optimisation of DAC-PtM at two specific wind farm sites.

Power-to-methanol plant

We consider a renewably-powered DAC-PtM plant, sourcing COs from low-
temperature direct air capture (LT-DAC) with solid sorbents and Hs from
water electrolysis using proton-membrane exchange (PEM) electrolysers. The
annual production was set as 50,000 tonnes of methanol, with all sub-processes
in the DAC-PtM entirely powered by either an onshore or offshore wind farm.
The potential for power generation of such farms was assessed by taking real-
world wind data from 90 worldwide locations. To allow the DAC-PtM plant to
operate during periods of low wind, we consider reserve storage of compressed
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Managing Intermittency 5

CO3 and Hs in tanks and electricity in batteries to enable uninterrupted pro-
duction of methanol. The modular nature LT-DAC (i.e. multiple solid sorbent
units in parallel [28]) and the fast start-up of PEM electrolyser stacks [9] both
allow the production of CO5 and Hy to be scaled according to the available
wind power. We then propose an additional solution to handle power variabil-
ity: multiple parallel reactors for methanol synthesis. By taking some reactors
on- or off-line, the plant throughput and electricity demand are adjustable,
matching the available wind power and alleviating the need for reserve storage.
We then compare against solutions using only a single, large reactor instead,
with appropriately adjusted sizes for electricity and COs/Hj storage. A simpli-
fied schematic of the plant is given in Fig. 2. In the investigation, we vary the
performance of wind farms and analyse the outputs from the DAC-PtM plant,
and the cost-effectiveness of the plant under three cases — base, optimistic, pes-
simistic — differentiated according to changes in wind power performance and
obtainable technological improvements across the whole DAC-PtM process.

Key
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Fig. 2: An overall schematic of the DAC-PtM process considered. Air is delivered via
fan assemblies to the low-temperature direct air capture (LT-DAC), in which COq
is captured by adsorption; water electrolysis produces Ho and Oag, the latter being a
possible by-product for sale. Purification of water is considered prior to electrolysis.
Most of the COg and Hy pass to the methanol (MeOH) production, with some
diverted to fill storage tanks. The plant relies on intermittent wind power, located
either onshore or offshore. Four reactors are used, allowing reduction of the electricity
demand to follow the available wind power. Storage of CO9, Hg and electricity enables
operations when the wind power is very low.
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6 Managing Intermittency

Methodology

Wind power intermittency

Electricity generation was considered at potential locations for wind farms
worldwide. The chosen locations, listed in Tab. 1 in the SI, were split evenly
between 30 onshore sites located in-land (taken here to mean greater than 20
km from the sea), 30 onshore coastal sites (i.e. less than 20 km from the sea),
and 30 offshore locations. Wind speed data from the Global Wind Atlas [29]
were used in selecting suitable candidate locations for the wind farms.

At each location, expected power generation data for the years 2016 to 2020
were extracted from the Renewables Ninja web application using a Python
application programming interface (API) [30, 31]. The API utilises the NASA
Merra-2 global weather data set [32] for the calculation of predicted wind or
solar power generation, at any selected location over a given year. The analysis
here employed Vestas V80 2000 turbines, with a hub height of 100 m, and
a nominal nameplate farm capacity of 100 MW [33]. The data, obtained in
hourly intervals, were then processed to find the daily average power output,
Pyaity. By comparing the daily power output against the nameplate capacity
of the wind farm, Pjameplate, the daily capacity factor, CFyaiy, was calculated
for each location across a given year, with example results shown in Fig. 1. An
annual average capacity factor, CF, was then determined. In total, daily and
yearly power outputs and capacity factors were analysed for all 90 wind farms
worldwide. Further methodological detail and results are provided in Sec. 2
of the SI.

Since considered locations vary in the achievable power output, the size of
the wind farm needed to run the 50,000 tonnes per annum DAC-PtM plant
also needs to differ. Thus, for each site, the required nameplate wind farm
capacity, Prameplate; Was determined using Eq. 1.

Pnameplate X ﬁ = PPtM ) (1)

where CF is the annual wind farm capacity factor and Ppyy is the power
demand to run DAC-PtM at full capacity — the same methodology was applied
by Chen et al. [24] in sizing wind and solar farms for PtM. The obtained
nameplate capacity of the wind farm translates to the number of required wind
turbines, and hence the cost of the wind farm at a given location.

Dynamic plant operation and reserve storage strategies

Although the nameplate wind farm capacity is matched to the annual energy
requirements of the DAC-PtM plant, the daily fluctuations in the wind power,
Pgaity, will regularly push the power generation below the annual average
power, Piyerage, as already expected from Fig. 1. During such periods, we
reduce methanol production — and therefore reduce the plant power demand —
by decreasing the number of operational synthesis reactors, alongside the pro-
duction of COs and Hs, according to the daily power availability. We chose



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Managing Intermittency 7

here to use four parallel reactors; a discussion on using different numbers of
reactors is provided in Sec. 10 of the SI. The capacity of reserve storage of Hy,
COg, and electricity was then considered such that the DAC-PtM plant could
continue to operate at reduced capacity during periods with very little or no
wind power generation. We choose to primarily store reserve capacity as com-
pressed Hy and COs, rather than solely as electricity in batteries. Utility-scale
batteries, as would be required for balancing intermittency for a wind-powered
chemical plant, are discussed in the literature as providing a maximum of 10 h
duration of discharging output [34], with a duration of 4 h commonly viewed
as more practicable [35]. Therefore, storage of electricity in batteries alone
would greatly struggle to smooth out low wind power availability over 5 to 10
consecutive days range as found in analysis of the wind generation data (Sec.
2 of the SI). Secondly, the storage of compressed gases is more cost-effective
than battery-based storage, as demonstrated in Sec. 5 of the SI and discussed
in [25].

To operate the DAC-PtM plant at full capacity all-year round, using
one large reactor, requires a huge reserve storage capacity equivalent to the
throughput across ca. 90 days of operation (Sec. 6 of the SI). Such large
storage is cost prohibitive and impractical. Dynamic operation of the plant
is required, for which the configuration of multiple reactors is well-suited and
forms the basis of the study here. We considered two alternative strategies for
the dynamic operation of multiple reactors and usage of reserve storage:

e In Strategy 1, the number of operational reactors was curtailed to reduce
the plant power consumption below the available wind power, with the plant
only ever consuming stored reserves when the available power was insuffi-
cient to run even one of the four synthesis reactors. Otherwise, the plant
operated with a small surplus of electricity during curtailed production
which was used to refill the reserve storage; any electricity generated when
the storage was full was treated as surplus. Given likely difficulties of align-
ing periods of surplus wind generation with grid-side electricity demand (e.g.
because of concomitant strong performance of grid-integrated renewables),
we used an additional pack of batteries to store the surplus electricity prior
to sale.

e In Strategy 2, reserve storage was used to ‘round up’ the number of oper-
ational reactors on a given day — e.g. if the wind power on a given day
was equivalent to the power consumption when using 2.5 reactors, reserve
storage was used to allow for the full operation of 3 reactors. Any surplus
electricity was then used to replenish the stored reserves.

Strategy 1 focuses on reducing dependence upon, and size of, reserve stor-
age (i.e. “minimise storage”) by attempting to operate the plant within the
constraints of available power generation. Whereas, Strategy 2 aims to max-
imise throughput production by relying more upon storage (i.e. “maximise
production”).
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8 Managing Intermittency

The two strategies are shown schematically in Fig. 3 and compared in
Tab. 1. The storage capacity was treated in terms of the number of operational
days it allowed a single reactor to be operated — i.e. a capacity of 15 days
would allow the DAC-PtM plant to run with one of the four smaller reactors
using reserve storage for 15 days without refilling.

Strategy 1 — “Minimise Storage” Strategy 2 — “Maximise Production”
1.0 1.0
Operate all 4 reactors Operate all 4 reactors
at full capacity . at full capacity

50.8 ici : 0.8
oV The surplus electricity can be: o Use the excess surplus Use excess
8 1), Used to capture more CO , by DAC g electricity to replenish storage electricity to
w 2) |Used to make more H , by (e refill the
>0.6 electrolysis >0.6 storage
S 3) Sold to electricity grid S
© ©
% 04 Annual Average Capacity Factor % 0.4 Annual Average Capacity Factor

- Production Q
]l I] i vk d e U curtsikd, > [IROEGENCEIDIE witlRGHIER04 | o sored
So2p- 1| it b o aidl Secticty (3 2 |OPerate 3 reactors with storedH,+C0 | boost

- f) production

Operate 1 reactor candtr:enf"be Operate 2 reactors with stored H,+CO, | | ¢ \ieOH
—————————————————— used to fil el I e A
0.0 Operate 1 reactor with stored H,+CO, | storage 00 Operate 1 reactor with stored H,+CO,
’ Mar May Jul Sep Nov Mar May Jul Sep Nov

Fig. 3: The effect of wind power variability on power-to-methanol operation under
Strategies 1 and 2, overlaid on an example of the daily wind farm capacity factor
across an entire year. The annual average capacity factor is indicated by the black
horizontal line, and the different plant operation regimes (i.e. the number of opera-
tional reactors in a plant with 4 synthesis reactors) are overlaid.

The required storage capacity was determined for each specific location as
follows:

e For Strategy 1 (“minimise storage”), the storage capacity was calculated
by considering the maximum number of days, in a two-month period, for
which the daily power generation was below 1/4 of the power requirement
for DAC-PtM at full throughput, Ppeyv (i.e. when CFaaiy < CF/4). The
1/4 arises because the proposed plant layout uses four reactors, and so if
ever the daily wind power fell below 1/4 P pyy, the plant must consume COa,
Hs, and electricity from the reserve storage to operate one small reactor.

e For Strategy 2 (“maximise production”), the storage capacity was calculated
corresponding to the maximum number of days within a two-month period
for which the plant relied upon the use of stored reserves, equivalent to when
CFdaily <CF (Tab. 1).

The appropriate sizing of reserve storage depends not only upon how fre-
quently the plant consumes stored reserves, but also how often the reserve
storage can be refilled. The storage tanks were filled by using the excess elec-
tricity (such as during curtailed production for Strategy 1, or when CFgajy, >
CF for Strategy 2) to perform extra DAC, electrolysis and compression for
reserve storage of CO5 and Hs, as well as charging of batteries. Hence, a model
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Table 1: Summary of how the number of operational reactors and the use of reserve
storage varied between the two operating strategies, depending upon the daily avail-
able power. The C'F refers to the annual average capacity factor — i.e. annual average
power generation as a fraction of the nameplate (max.) power. The daily capacity
factor is denoted by CFyajly-

Available power Strategy 1 Strategy 2
scenario (“minimise storage”) (“maximise production”)
—= 1 tor, drawi 1 reactor drawi
CFaiy < OF/4 Run 1 reactor, drawing Run 1 reactor drawing
: upon stored reserves upon stored reserves
—= —= Run 1 reactor, using spare Run 2 reactors drawing upon
< i .. b .
CF/4< Claany <CF/2 electricity to refill storage stored reserves to make up difference
== —= Run 2 reactors, using spare Run 3 reactors drawing upon
< i .. ) .
CF/2 < CFaany <3CF/4 electricity to refill storage stored reserves to make up difference
— — Run 3 reactors, using spare Run 4 reactors drawing upon
. < . )
3CF/4 < CFaaily <CF electricity to refill storage stored reserves to make up difference
CF < CF,.. Run 4 reactors, treating excess  Run 4 reactors using excess electricity
=~ daily electricity as a surplus to refill the reserve storage

was developed to track the level of stored reserves across the year, when oper-
ating under each strategy, outlined fully in Sec. 8 of the SI. Obtained results
are summarised in Figs. 4 and 5, which confirm the storage sizing as sufficient
to allow continuous methanol production, with the storage only emptying on
rare occurrences for one or two sites. In Figs. 4 and 5, results are shown for
relative storage level, defined according to Eq. 2, demonstrating the changes
in the fill level specific to each location.

Current storage level [in days of capacit
Relative storage level = rren rage level [in day pacity]

Max. storage capacity [in days of capacity]

At sites for which the relative storage level is above 1, the availability of excess
electricity to fill storage is greater than the energy demand to consume storage;
hence, the extra electricity is effectively a further surplus. At sites for which
the storage level never comes close to zero, the methodology for sizing storage
can be further optimised, reducing the planned storage without compromising
continuous plant operation.

Although the methodology for sizing storage (i.e. the maximum number
of days for which storage is needed during a two-month period) ensures con-
tinuous operation under both Strategies 1 and 2, the results differ noticeably.
First, Strategy 2 (“maximise production”) requires much larger storage capac-
ity, on average, than Strategy 1 (“minimise storage”), i.e. 50 to 60 days vs
10 to 20 days, as Strategy 2 depends on storage far more often than Strat-
egy 1 (Tab. 1). Second, operation under Strategy 2 (“maximise production”)
is such that some sites draw very heavily upon storage, nearly emptying the
reserves, before generating a large surplus later in the year (e.g. the site at in
the South Pacific Ocean, Peru). Such seasonal patterns are not as pronounced
under Strategy 1. The reason lies in Strategy 2 requiring storage whenever
electricity generation falls below the yearly average (Tab. 1), causing higher
sensitivity to seasonal variation in wind power generation than Strategy 1.
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The disparity in storage levels between the start and end of the year — i.e.
when the storage level finishes the year in December below its level at the
start of the year in January — would need to be addressed in practice to ensure
cyclic annual operation, potentially with deliberate diversions of electricity to
re-fill the storage at an appropriate time of year.

Although the DAC-PtM plant with 4 reactors can operate continuously,
the output production consequently changes across the year. To quantify the
effective annual methanol production, we defined a separate capacity factor
for the DAC-PtM plant itself, CFpjant, in Eq. 3.

Actual annual methanol production [tonnes/year]

CFpiant = , -
PR T N Taximum annual methanol production [tonnes/year]

where the maximum annual capacity was 50,000 tonnes of methanol. The
resulting C'Fjant translates to the methanol production and revenue.
Applying the outlined methodology for Strategy 1 (“minimise storage”) in
processing the wind power generation data yielded the results in Fig. 6 for
plant capacity factor, storage requirements, and operational days of the PtM
reactors. The results when operating wind-powered DAC-PtM under Strategy

Strategy 1 — “Minimise Storage”

a 2016 - In-land b 2019 - In-land
5

Ghanzi, Botswana

Ndola, Zambia

Calgary, Canada
~——Monkato, USA
~—— Santa Cruz, Bolivia
~—— ltaueira, Brazil
= Changchun, Chin
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Changchun, China Available

electricity is
above that
required to fill
storage, and
surplus to
requirements

Ghanzi, Botswana

~
~

Mankato, USA

w
w

 Santa Cruz. Bolvia

Ndola, Zambia Storage full, any extra electricity

is surplus to requirements

Relative Storage Fill Level
~

Relative Storage Fill Level
~

o

L] iiiaiinintrtotnds) ittt Storage reserves

fully depleted
Feb  Apr  Jun  Aug  Oct Feb  Apr  Jun  Aug  Oct
¢ 2016 - Offshore 2018 - Offshore
5 5
Indian Ocean, Madagascar o
North Paciic Ocean. USA Available
° ° Be Sea, USA ;i B
% 4 % 4 Souts Padiic Ocean, Chie electricity is
— Sea,
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w w i
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Rl e e T 21
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] ]
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Indian Ocean, Madagascar Indian Ocean, Madagascar fu“y depleted
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Current Storage Level [in days of capacity] 1 =Full
Maximum Storage Level [in days of capacity] 0 = Empty

Relative Storage Fill Level =

Fig. 4: The level of stored reserves across multiple years for a selection of the in-land
sites across 2016 (a) and 2019 (b), and offshore sites across 2016 (c) and 2018 (d)
when using Strategy 1 (“minimise storage”). The fill level is expressed as a relative
storage level (i.e. normalised against the storage capacity for a given site) to account
for different locations requiring different sizes of reserve storage.
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Strategy 2 — “Maximise Production”
2016 - In-land b 2018 - In-land

Baris, Egypt
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—— Changchun, China
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o
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Changchun, China

[
[

Baris, Eqypt
Ndola, Zambia

Relative Storage Fill Level
[

Relative Storage Fill Level
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Fig. 5: The level of stored reserves across multiple years for a selection of the in-land
sites across 2016 (a) and 2019 (b), and offshore sites across 2016 (c) and 2018 (d)
when using Strategy 2 (“maximise production”) for dynamic operation. The fill level
is expressed as a relative storage level (i.e. normalised against the storage capacity
for a given site) to account for different locations requiring different sizes of reserve
storage.

2 (“maximise production”) are shown in Fig. 7. Comparing the results between
years reveals that the plant capacity factors are consistent from year to year
under both strategies, demonstrating that reliable prediction of wind-powered
DAC-PtM performance is achievable. In general, increasing the wind farm C'F
improves C'Fplant, and the offshore wind farm locations have higher average
capacity factors than those situated onshore (Figs. 6,7a-e). Comparing both
strategies shows Strategy 2 (“maximise production”) as achieving substantially
higher plant capacity factors for the same underlying wind power performance
— ca. 80% against 70% on average. For comparison, operating a single large
reactor intermittently gives a much lower plant capacity factor of around 45
to 55% depending upon wind farm site (Sec. 7 in the SI).

Comparison of the required storage capacities when operating under Strate-
gies 1 and 2 shows that, on average, Strategy 2 (“maximise production”)
requires approximately 3 times more storage than Strategy 1 (“minimise stor-
age”) (cf. Figs. 6 and 7f-j). Inspecting the breakdowns of operational days
(Figs. 6,7k-0) shows that under Strategy 1, in which production is always
reduced to bring power demand below availability, the DAC-PtM operates far
more often with only 1 reactor than under Strategy 2, which uses storage to
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avoid curtailment of production. The number of days spent using 2 or 3 reac-
tors is roughly equivalent between the two strategies, but Strategy 2 spends a
far greater proportion of the year using all 4 reactors — hence the plant capacity
factor improvement.

Two clear bands of data points appear for the in-land onshore and off-
shore locations across Figs. 6 and 7. The coastal locations unsurprisingly yield
results which lie between the offshore and in-land data sets, with drastic fluc-
tuations similar to offshore locations, but without the very high offshore wind
speeds [32]. Coastal locations may therefore present suitable compromise sites
for DAC-PtM (i.e. relatively high wind speeds without costly foundations in
the ocean); however, in aiming to capture the worldwide spread of wind power,
we focus the rest of our analysis on the in-land onshore and offshore sites. In
Tab. 5 in the SI, we list the ten offshore and onshore locations with the high-
est CFplant values under both Strategies 1 and 2. The ranking shows that some
locations (e.g. the Caribbean Sea to the coast of Venezuela or Baris in Egypt)
deliver very high C'Fjane under both Strategies 1 and 2. However, some loca-
tions are much higher in the ranking for a specific strategy — e.g. Viborg in
Denmark has the fifth highest C'Fpjany under Strategy 2, but appears outside
the top ten under Strategy 1 (Tab. 5 in the SI).

A five-year average of the values in Figs. 6 and 7 was applied in further
modelling of wind-powered DAC-PtM for each strategy, considering the off-
shore and in-land wind farms. Using the five-year average, and spread across
the locations, we extracted values representative of wind-powered DAC-PtM
under three optimism cases: (1) base, (2) optimistic, and (3) pessimistic. The
optimistic and pessimistic cases represent extreme values found from the 30
onshore and offshore sites, while the base case uses the mean values from all 30
locations. Given the inherent variability of wind power, the use of fixed values
for parameters such as capacity factor would give a misleadingly narrow set
of results when appraising wind-powered DAC-PtM. The use of varying opti-
mism allowed the range of wind power performance, and the subsequent effect
on DAC-PtM, to be captured. The key parameters are summarised in Tab. 2
for Strategies 1 and 2.
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Fig. 6: a-e The plant capacity factor against wind farm capacity factor for all
considered sites in the years 2016 to 2020, if using Strategy 1 (“minimise storage”).
f-j The required days of reserve storage against wind farm capacity factor for all
considered sites in the years 2016 to 2020, if using Strategy 1. k-o The mean number
of days spent with 1, 2, 3, or 4 active reactors when operating DAC-PtM under
Strategy 1 using either an offshore, in-land, or coastal wind farm. The error bars
show the range in operational days across the 30 sites contributing to each bar.
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Fig. 7: a-e The plant capacity factor against wind farm capacity factor for all con-
sidered sites in the years 2016 to 2020, if using Strategy 2 (“maximise production”).
f-j The required days of reserve storage against wind farm capacity factor for all con-
sidered sites in the years 2016 to 2020, if using Strategy 2. k-o The mean number of
days spent with 1, 2, 3, or 4 active reactors when operating DAC-PtM under Strat-
egy 2 using either an offshore, in-land, or coastal wind farm. The error bars show the
range in operational days across the 30 sites contributing to each bar.
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Table 2: The key parameters we use in assessing DAC-PtM using onshore or off-
shore wind power, for both Strategies 1 and 2, under the following cases: (1) base,
(2) optimistic, and (3) pessimistic. The base case represents an average-performing
wind farm and the optimistic case is a well-located farm. The pessimistic case is
a reasonable worst-case scenario for a real-world wind farm. The annual surplus is
expressed as a fraction of the overall annual electricity generation, and the storage
capacity is expressed as the equivalent number of operation days it enables with one
operational reactor.

Parameter Base Optimistic Pessimistic
Offshore Onshore Offshore Onshore Offshore Onshore
Wind farm capacity factor, CF 48% 31% 67% 42% 32% 21%
STRATEGY 1 - “Minimise Storage”
Surplus [MWhgurp/MWhgen] 0.25 0.26 0.13 0.25 0.37 0.34
Number of days per year with:
4 operational reactors 182 161 226 192 140 136
3 operational reactors 47 54 72 86 30 30
2 operational reactors 46 58 30 49 49 59
1 operational reactor 90 92 37 38 146 140
Plant capacity factor, CFplant 2% 70% 83% 80% 61% 61%
Number of days storage capacity 17 14 6 4 39 36
STRATEGY 2 -“Maximise Production”
Surplus [MWhgurp/MWhgen] 0 0 0 0 0 0
Number of days per year with:
4 operational reactors 229 215 291 277 175 181
3 operational reactors 46 58 39 52 44 35
2 operational reactors 46 58 21 28 66 74
1 operational reactor 44 34 14 8 80 75
Plant capacity factor, C'Fplant 82% 81% 92% 91% 2% 2%
Number of days storage capacity 51 55 38 44 67 72

Process and techno-economic modelling

The production of 50,000 tonnes per annum of methanol via direct air capture
power-to-methanol (DAC-PtM) was modelled according to the process flow-
sheet outlined in SI Fig. 6, and schematised in Fig. 2. An equations-based
approach was taken in modelling, outlined in detail in Sec. 11.2 of the ST and
summarised here.

In the considered DAC-PtM plant, all CO; and Hy are produced by low-
temperature direct air capture (LT-DAC) and polymer electrolyte membrane
(PEM) electrolysis of water, respectively, with electricity sourced only from
the wind farm. The production of COs and Hs is scaled according to the
available wind power, thereby also adjusting the total flow of feed gas to the
dynamically operated reactors. During periods of available wind power, the
two gases undergo multi-stage compression, with inter-cooling by water, up
to between 50 and 100 bar, i.e. the operating pressure for methanol synthe-
sis which we varied between different modelling cases. Periods with excess
electricity, as defined under each of the operation strategies (Tab. 1), are
used to perform extra LT-DAC and PEM electrolysis. When operating at full
capacity, about 80% of the two COs and Hs streams leaving the initial com-
pression are mixed and supplied to the PtM reactors, while the remaining 20%
of unmixed Hy and COs streams are further compressed to 300 and 150 bar,
respectively, for storage within tanks. Given that the excess power available to
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fill the storage will be time-variant, the actual flowrates of Hy and CO4 enter-
ing storage will vary over time. However, for sizing the equipment within the
storage loops (e.g. heat exchangers and turbomachinery), we used the afore-
mentioned 80%/20% split of Hy and CO4 streams to the reactors and storage,
respectively — equivalent to running all four reactors and filling the storage at
a flowrate equal to the throughput of one reactor. Any excess electricity then
also charges batteries. When withdrawing gases from storage, we considered
the use of turboexpanders to draw down the pressure of the stored gases to
the operating pressure in the methanol reactors (50 to 100 bar), allowing for
electricity recovery during periods when the availability of wind power is low.

The production of methanol within the PtM reactors and the by-production
of carbon monoxide and water were modelled using the Bussche and Froment
kinetic model [36] for a reactor operated at 250°C and 50 to 100 bar over
copper-zinc oxide catalysts. The PtM reactors evolve heat (ca. 0.6 MWyy,);
here, the heat was removed by raising medium-pressure steam, which pre-heats
the feed Hy and COs.

The gas leaving the PtM reactors contains a mixture of MeOH, CO, and
H->0O, and unreacted Ho and CO5. The MeOH and H;O are separated from
the rest of components by flash separation at 25°C and 1 bar; the gas stream
leaving the flash, consisting of mostly CO, CO4, and Hs, is recycled back to
the reactor. The Rachford-Rice equation was applied to describe the streams
leaving the flash, using a two-constant activity coefficient model for methanol
and water [37], and Henry’s law for the dissolution of CO, COg, and Hs [38].
To perform the flash separation, the reactor outlet gas must be cooled from
250°C down to 25°C; the majority of the cooling duty (ca. 75%) was heat-
integrated with the recycle stream pre-heating. Cooling water was used for the
remaining cooling duty down to 25°C.

The MeOH and HoO mixture leaving the flash (with some dissolved CO,
COg, and Hj) passes to a distillation column operating at ambient pressure,
yielding 99.9 mol% purity MeOH in the tops. The distillation was approxi-
mated via short-cut methods: Fenske’s equation for the minimum reflux ratio
and Underwood’s equations for the minimum number of stages. Binary VLE
behaviour between methanol and water was assumed, again using a two-
constant activity coefficient model [37]. Dissolved gas within the MeOH and
H>O, primarily COq, leaves via venting at the condenser. The water leaving the
column bottoms is recycled back to the initial water electrolysis stage, which
fulfils approximately 2/3 of the total fresh water demand for the DAC-PtM.
The remaining requirement for water for DAC-PtM is supplied using purified
water from a reverse osmosis facility.

Compressor duties, for all gases other than pure Hy, were calculated by
first using the Ideal Gas Law to determine the work required for isentropic
compression, before using an isentropic efficiency to account for irreversibili-
ties. For pure Hy, the Soave-Redlich-Kwong equation of state was applied [39].
All requisite heat capacity values (for heat capacity ratios and determining
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heat exchanger duties) were estimated using Shomate equations in the NIST
WebBook [40].

In addition to parallel reactors, the dynamic operation system also requires
considering auxiliary process equipment and plant sub-systems. Heat exchang-
ers and compressors typically operate within operational constraints on
flowrates. Hence, for each reactor, we duplicate the heat exchangers for the
feed and recycle loop pre-heat, compressors for the Ho and CO4 feed streams,
and the recycle loop itself, as shown within the full schematic presented in
SI Fig. 6. The dynamic operation of downstream separation (flash and dis-
tillation) is also accounted for by introducing a separate flash drum for each
reactor outlet, from which crude MeOH product is sent to a balance tank. The
balance tank then feeds into the distillation tower — assumed capable of operat-
ing under varied conditions. Such an assumption follows the work of Robinson
and Luyben [41], who investigated control systems for dynamically operated
distillation columns that achieve high turndown (~50% of rated throughput)
over time periods of ~24 h. It remains possible, however, that two distillation
columns could be required in parallel to fully realise dynamic operation of the
DAC-PtM.

The cost of methanol production via DAC-PtM was considered through
the capital expenditure (CAPEX) of erecting the facility, and the operating
expenditure (OPEX) of daily DAC-PtM operation. The dominant source of
expenditure for the plant results from electricity consumption, given the high
reliance on electricity for fans in LT-DAC, electrolysis, and compressors. In
other analyses of power-to-X processes, the translation of electricity usage to
OPEX is based on a purchased cost of grid electricity, i.e. electrical OPEX
[$/kg] = electricity usage [MWh/kg] x purchased price [$/MWh]. If DAC-
PtM uses only grid electricity, the capital cost of electricity generation does
not contribute to the plant CAPEX; the assessments then rely on one value for
cost of grid-integrated renewable electricity, obfuscating the results and making
them liable to underpredictions. The modelling presented here considered the
provision of electricity as part of the DAC-PtM facility, for which the notion
of a purchased electricity price ceases to be applicable. Hence, we decomposed
the cost of electricity into the two components: (i) wind farm OPEX (e.g. for
maintenance of the turbines and wind farm infrastructure) and (ii) wind farm
CAPEX (i.e. from building the wind farm).

The capital cost of installing the wind farm was calculated using Eq. 4,
which assumes a linear scaling of installed wind farm capital cost according
to the nameplate capacity, as observed for real-world projects above 50 MW
in size [42]; the required wind farm sizes for all our DAC-PtM variants range
from 50 to 90 MW.

Wind farm cost [$] = Prameplate kW] x unit cost [$/kW] . (4)

The capital cost for installation of offshore wind turbines differs versus
onshore turbines [43]. In 2018, the global average installed cost (turbines, sup-
porting infrastructure, and installation) of an onshore wind farm was $1,500
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per kW, down from $1,900 per kW in 2010; most projects had costs in the
range $1,100 up to $2,500 per kW [44]. Over the same time period, the aver-
age installed cost of offshore wind farms remained steady at between $4,300
and $4,500 per kW [44] with many projects experiencing cost overruns [45].
By 2030, the installed cost of onshore wind is forecast to fall to $800-1,350 per
kW, while offshore wind to $1,700-3,200 [44, 46].

Offshore wind farms also incur higher operational and maintenance (O&M)
costs than typical onshore farms [43, 45], although the exact values are subject
to uncertainty. The operational cost of an offshore wind farm was recently esti-
mated as $22 per MWh [47], with another study estimating $31 per MWh [48].
However, other work by Ederer [49] gives much lower O&M costs for offshore
farms, also finding the costs to be largely invariant with wind farm size above
60 MW but depending more on the distance from shore. They found that O&M
costs rose from $35 per kW-year (equivalent to $4 per MWh) to $57 per kW-
year (equivalent to $6.50 per MWh) when the distance from shore rose from 5
to 20 km. Wiser & Bolinger [42], in a survey of real-world onshore wind farm
projects from 2000 to 2018, found O&M costs broadly in the range $30 to $50
per kW-year ($1.50 to $5.75 per MWh), and have subsequently forecast very
little future decrease [50].

In modelling the installed cost of the wind farms, we took the middle-range
2030 values [42] for a base case scenario, with the lower-bound of the 2030 pre-
dicted values taken as an optimistic case. The upper-bound of current project
costs [42, 45] were taken as a pessimistic case. Realistically, the installed and
operational costs of wind farms show a substantial geographical variation [43],
although the globally-averaged cost values, used here, are appropriate given
that we also average wind power performance across the worldwide locations.

The capital costs of the PEM and LT-DAC units were also assumed to
scale linearly with size, given the modular nature of their construction [51,
52]. The range of potential costs of the LT-DAC system was taken from a
recent review [52], in which the installation cost was estimated as $800 per
tonne of CO5 captured annually, with an upper cost of $1,350. Reduction to
capital costs of ca. $300 per tonne of COy captured per annum have been
suggested [53]. The installation cost of the PEM electrolyser stack was scaled
according to the input electrical power requirement. Recent reviews [51, 54]
give costs from $360 to $840 per kWipn,ys for PEM systems in 2030, with
current costs of $1,000 to $1,200 per kWinpy¢. Other authors [9] have suggested
higher current installation costs of $1,500-2,200 per kWinpus.

The fully developed model of the DAC-PtM plant was varied to consider
three optimism cases: (1) base case, (2) optimistic case, and (3) pessimistic
case. The three cases differ in the performance of onshore and offshore wind
farms, the cost of erecting and operating them, as well as changes to the
DAC-PtM process, such as: (1) reductions in the energy requirements and
installation costs of LT-DAC and PEM electrolysis; (2) improvements in cata-
lyst selectivity towards methanol, methanol yield, and longevity; (3) changes in
operating pressures and the performance of compressors and turboexpanders
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(e.g. isentropic efficiency). A summary of the key differences between the three
optimism cases is given in Tab. 3. A full overview of all model assumptions is
provided in Sec. 11.2 of the SI; all parameters used to calculate the OPEX
and CAPEX for the whole DAC-PtM plant are given in the SI Tabs. 8 and
9, respectively.

Owing to the dynamic plant operation, the day-to-day plant OPEX var-
ied according to the number of operational reactors each day. Consequently,
the plant OPEX was determined for each operational state (i.e. 1, 2, 3, or 4
reactors), and then summed over an entire year according to the number of
operational reactors each day. Further detail is provided in the SI Sec. 11.3.

Table 3: The key parameters of a direct air capture power-to-methanol (DAC-PtM)
plant, which we apply in the base, optimistic, and pessimistic cases. Uncertainties
for the values, derived from the literature sources, are also reported where pertinent.

Parameter ‘ Base Optimistic Pessimistic ‘ Ref.

Onshore Wind Farm
Onshore wind farm OPEX [$ MWh '] 3.5+ 2 1.5+ 0.5 T4 [43, 50]
Installation cost of onshore wind farm [$ kW 1] 1,100 £ 250 800 &+ 100 2,100 & 400 | [45, 50]
Offshore Wind Farm
Offshore wind farm OPEX [$ MWh_!] 22+ 5 5+ 2 3145 [47-49]
Installation cost of offshore wind farm [$ kW] 2,500 £ 500 1,700 £+ 200 4,200 £ 500 [44, 45]
PEM electrolysis

PEM electrical req. [kWhe kgj; ] 52.5 + 2.5 43.8 £ 2.0 62.7 £ 2.5 19, 55]
Installation cost of PEM system [$ kW 1] 600 + 200 360 + 40 1,800 =+ 400 19, 54]
Lifetime of PEM system [years] 6 15 2 [14]
LT-DAC

LT-DAC electrical req.[kWhe kgg, ] 0.25 +£0.07 0.15+£0.02  0.40 & 0.05 [52, 56]
LT-DAC heat req.® [kWhyy, kgaéQ] 144025 1.0+£020> 20+035 [52, 56]°

Installation cost of LT-DAC system [$ tngézpa.] 800 + 150 300 + 200 1300 + 250 [52, 53]
Reserve Storage

Battery storage [$ kWh; 1] 210 + 90 130 + 40 250 £ 100 [35]
Ha storage tank [$ kgﬁi] 560 + 30 400 + 70 730 £ 150 [57, 58]
COy storage tank [$ kgg})z] 18+ 3 14 + 2 26 + 4 [59]
Other process parameters

Isentropic efficiency, n 85% 90% 70% [60]
Operating pressure for methanol synthesis [bar] 75 50 100 9]
CO3 conversion, X 15 + 2% 40 + 5% 10 + 1% [61]
MeOH selectivity, S & 65% £+ 3%  99% £ 0.5%  60% & 5% [36, 62]*
MeOH Yield, Y [molyieon kgt h™] 16 + 3 40 £ 5 8+ 1 [62]

? Selectivity to MeOH for the base and pessimistic cases is estimated using the Bussche and
Froment kinetic model [36] (Sec. 11.1 in the SI) whereas the optimistic case represents a
potential state-of-the-art catalyst [62].

b The optimistic case assumes that the required heat duty can be performed by some waste heat
source; whereas the base and pessimistic cases require that the heat is provided within the
DAC-PtM plant by electrical heating.

Determination of methanol selling price

The minimum selling price of methanol was determined via a net present
value (NPV) calculation, as shown in Eq. 5, where the selling price ensures a
specified rate of return on capital investment, r, over an economic lifetime of
15 years, such that the NPV became zero.
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15

Net Cash Flow;
NPV = ~CAPEX + 3 Net Cash Flow;
=1

(1+r) ’ (5)

where i refers to the i'" year of operating the plant, and the net cash flow is
given by all annual in-flows of revenue (e.g. from sale of methanol and oxygen
by-product) minus all out-flows of cash (i.e. OPEX). The capital expendi-
ture (CAPEX) was treated as an investment in year zero before the plant
begins operations, although the replacement of the PEM electrolyser stacks
was included as an additional capital cost at the end of the stack lifetimes (6,
15, and 2 years for the base, optimistic and pessimistic cases, respectively [14]).

The incoming revenue for DAC-PtM also included the potential sale of
CO3 or Hy produced, or the direct sale of surplus electricity to the grid. The
latter was the primary consideration, for which we assumed that the surplus
electricity was stored in batteries for later sale to the grid at a pre-agreed
price. The use of battery storage was motivated by the fact that the periods
of electricity surplus (e.g. windy days) may not correspond with times of high
demand from the grid. In the base case, electricity was sold at $50 per MWh,
and in the optimistic and pessimistic cases at $60 and $25 per MWh, respec-
tively. Additionally, in the pessimistic case we assumed that only 50% of the
surplus electricity can be sold due to insufficient demand from the grid (e.g. if
the plant’s wind-farm electricity were less attractive than other grid-integrated
renewables).

The rate of return, r, was set as the weighted average cost of capital
(WACC), which considers the breakdown of project financing — e.g. the cost
of debt and equity. The WACC was adjusted between the three cases — 5%
for base case, 4% for the optimistic case, and 7% for the pessimistic case —
representing a typical spread of values of chemical production and renewable
energy projects [63, 64]. Reduction of the WACC — which could be achieved
by increased financing via state-backed loans rather than equity [63] — acts to
reduce the burden of capital cost within the methanol selling price. Further
information on the NPV calculation is given in Sec. 12 of the SI.

As a benchmark, we also consider the selling price of methanol if produced
from grid electricity rather than wind power, obviating any intermittency
issues. Grid electricity decreases the plant CAPEX, given that the wind farm
is no longer included as part of the DAC-PtM facility. However, the OPEX
contribution increases as now electricity is purchased at the wholesale price
(which we take as $50, 35, and 65 per MWh for the base, optimistic, and
pessimistic cases, respectively [65, 66].
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Life cycle assessment and the effective cost of net CO,
capture

An environmental impact assessment was performed over the cradle-to-gate
life cycle for 1 tonne of MeOH. Similar to the techno-economic analysis, the
base, optimistic, and pessimistic cases were assessed for both onshore and off-
shore wind under Strategies 1 and 2, then compared against the grid electricity
scenario (with no intermittency). The assessment translated the material and
energy inputs from the process model into the environmental impact score,
global warming potential (GWP), by means of emission factors at the midpoint
level via the ReCiPe 2016 method [67] using the life cycle assessment stan-
dards (ISO 14040 and 14044 series) [68]. All emission factors of the life cycle
inventory for each case, including raw materials and electricity generation, are
summarised in Tab. 12 in the SI. The responsibility for GWP arising from
the process was assigned solely to the methanol, not the oxygen by-product,
and all remaining environmental impact categories of the ReCiPe method are
excluded from this work for simplicity.

For the wind-powered DAC-PtM scenarios, the life cycle emissions asso-
ciated with onshore and offshore wind were incorporated in the analysis. In
considering the emission intensity of grid electricity provision, three potential
grid mixes were applied in the LCA: (1) a European average grid mix, com-
prising approximately 35% grid-integrated wind, solar, and hydro power but
still with a strong (ca. 40%) reliance upon fossil fuels [69, 70]; (2) a Brazilian
grid mix, in which around 69% of electricity generation is hydroelectric and
11% is from wind and solar power [70, 71]; (3) a Chinese grid mix, for which
64% of electricity generation is from coal power but with approximately one
quarter of the mix being wind, solar and hydro power [70, 72].

The system boundary of the LCA includes the acquisition of all raw mate-
rials and the electricity requirements of the DAC-PtM process until the MeOH
product arrives at the factory “gate” before final use. The common raw mate-
rials across all cases are copper and zinc oxide on alumina support as the
catalyst, and water for electrolysis (see Tab. 12 in the SI). A once-through
cooling system is assumed for the process, i.e. the warmed-up cooling water
is discharged to a nearby body of water after use and no emissions are associ-
ated with the acquisition of cooling water or its re-cooling. The CO5 uptake by
DAC was treated as a sink of carbon (i.e. negative CO3 ¢q emissions); however,
the analysis only assigned credit for the carbon content in the final methanol
product, constrained by reaction stoichiometry as 1,374 kgCOg ¢q/tmeon for
all investigated cases.

Finally, we combined the findings of our LCA and techno-economic analysis
to determine the effective cost of net carbon uptake by DAC-PtM according
to Eq. 6.

MeOH price [$/tyoon]
—Net GWP [kgoo0q/trcon]

CO2 Removal Cost [$/kgqqs] = (6)
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where the minus sign accounts for a net-negative carbon intensity (COq
drawdown).

Results

Power-to-methanol production

The total electrical power demand of the DAC-PtM facility, at full capacity
and under the base case, is given in Fig. 8. The demand of 82.2 MW,, com-
pared against the annual production capacity of 50,000 tonnes of methanol
(equivalent to 31.6 MWy, in methanol on a lower heating value basis) gives
an overall power-to-methanol efficiency, np¢m, of approximately 40%, in agree-
ment with previous studies [14]. The electrolysis of water to produce Hy is the
dominant electricity requirement, ranging from 70 to 85% of the total power
across the three cases. Therefore, reducing the energy requirement of water
electrolysis in the optimistic case (Tab. 3) drastically improves the DAC-PtM
efficiency. Low-temperature direct air capture (LT-DAC) of COa, considered
here, has the second highest power demand after electrolysis. The large fan
assemblies, to pull in sufficient air, represent a substantial electricity demand
(1 to 4 MW,,). However, the regeneration of the solid sorbent, by heating to
100°C for desorption of COsy, dominates the operational duty for LT-DAC
(10 and 20 MWy, of thermal power). Waste heat usage is often discussed for
LT-DAC [2, 52]; however, assuming universally available — and readily usable
— waste heat is generous, particularly if locating DAC-PtM away from pre-
existing process facilities. For the base and pessimistic cases, we provide the
regenerative heat for LT-DAC wvia electrical heating; whereas, the optimistic
case assumes that waste heat is available. Similarly, the reboiler was heated
electrically for the distillation of methanol from water under the base and pes-
simistic cases; on-site steam was assumed as available in the optimistic case
instead.

Taking all differences across the DAC-PtM cases (outlined in SI Sec. 11),
the power demand changes from 82.2 MW, (nptm = 38%) in the base case
to 55.7 MW, (nptm = 57%) and 101.7 MW, (npim = 31%) in the optimistic
and pessimistic cases, respectively, driven largely by changes in the electricity
demand of PEM electrolysis and LT-DAC. Full breakdowns of power consump-
tion are provided in Tab. 10 in the SI, for each of three cases at full methanol
production capacity.

Methanol production costs for dynamic operation of
multiple reactors

The OPEX and CAPEX values are shown for the dynamic operation of DAC-
PtM under Strategy 1 (“minimise storage”) in Fig. 9 and for Strategy 2
(“maximise production”) in Fig. 10. The OPEX contributions correspond
almost exactly to the power breakdown in Fig. 8, illustrating the heavy
reliance of DAC-PtM upon electricity. The operating and capital expenditures
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Heating ¥

Other compression Electrolysis

CO, compression

T The power requirement for DAC includes the
electrical heating duty for the desorption of CO,,
and the power for the fan assemblies to drive air
through the capture units.

DAC

Electrical Power
Demand for the
Base Case

82.2 MW ¥ The heating power shown here is for an electric

reboiler used in distilling methanol after the flash
separation.

Fig. 8: A breakdown of the electrical power demand of DAC-PtM under the base case
process modelling, showing: PEM electrolysis; the low-temperature direct air capture
(DAC), including both the fan assemblies and electrical heating for regeneration;
compression of CO2 gas; compression of gases other than COg; the electrical reboiler
heating duty.

are higher for the offshore than for the onshore wind farms (cf. Figs. 9,10a
and Figs. 9,10c), as was also found by Choe et al. [73] in a comparative
study on power-to-fuel production. The installed cost of the wind farm is the
largest capital cost in all instances, at anywhere between 30 and 60% of the
total. Larger installed costs of offshore against onshore farms (Tab. 3) pri-
marily drive the higher CAPEX for DAC-PtM reliant on offshore instead of
onshore wind power (Figs. 9b,d and 10b,d). Reserve storage (batteries and
compressed gases) contributes around 10 to 20% of the CAPEX under Strat-
egy 1 (“minimise storage”), rising to 30 to 50% for the more storage-dependent
Strategy 2 (“maximise production”). Changes in the reserve storage require-
ment for offshore versus onshore sites (Tab. 2) also have a small effect (ca. 2
to 4%) on CAPEX.

The values of OPEX are lower for Strategy 2 than Strategy 1 under com-
parable modelling cases — e.g. $390 vs $264 per tonne of MeOH for the base
case with offshore wind under Strategies 1 and 2, respectively. Operation under
Strategy 2 leads to the process regularly withdrawing CO5 and Hy from stor-
age, which in itself does not incur any operational costs, in order to maximise
the production of methanol; hence, the operational costs per unit methanol
produced become lower, on average, than under Strategy 1.

Comparing across the three optimism cases underlines the interplay of pro-
cess modelling assumptions and wind power performance in determining the
costs of DAC-PtM. The decrease in PEM electrolysis demand taken in the
optimistic case (from the base value of 52.5 down to 43.8 kWh, kgﬁzl) primar-
ily drove the reduction in DAC-PtM power demand. When coupled with more
optimistic installation costs for the wind farms, the DAC-PtM CAPEX fell
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by around 2.5 times between the base and optimistic cases. The availability
of waste heat further reduced the DAC-PtM electricity demand, evidenced by
the lower share of LT-DAC in the OPEX for the optimistic cases in Figs. 9a,c
and 10a,c. Conversely, the pessimistic cases show the potential for drastic
increases in CAPEX (2.5 — 3 times) if sub-optimal process performance (e.g.
lower PEM efficiency, increased DAC electricity demand, and reduced turbo-
machinery efficiency) becomes compounded by an expensive wind farm with
low power stability.

Strategy 1 — “Minimise Storage”
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Fig. 9: The costs of methanol production via DAC-PtM, operating under Strategy 1
(“minimise storage”) for the three optimism cases: base, optimistic, and pessimistic.
a The operating expenditure (OPEX) with an onshore wind farm. b The capital costs
(CAPEX) when reliant on an onshore wind. ¢ The OPEX with an offshore wind farm.
d The CAPEX with an offshore wind farm. The contributions are stacked as ordered
in the legend, starting with PEM electrolysis at the base. Significant contributions
are also labelled on the graphs. Error bars are provided, according to the estimated
uncertainty in model parameters, detailed in SI Sec. 11.



672

673

674

675

676

677

678

Managing Intermittency 25

Strategy 2 — “Maximise Production”
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Fig. 10: The costs of methanol production via DAC-PtM when operating under
Strategy 2 (“maximise production”) for the three optimism cases: base, optimistic,
and pessimistic. a The operating expenditure (OPEX) with an onshore wind farm.
b The capital costs (CAPEX) for the DAC-PtM facility when reliant on an onshore
wind. ¢ The OPEX with an offshore wind farm. d The CAPEX for the DAC-PtM
facility with an offshore wind farm. The contributions are stacked as ordered in the
legend, starting with PEM electrolysis at the base of the bars. Significant contri-
butions are also labelled on the graphs. Error bars are provided for the OPEX and
CAPEX, according to the estimated uncertainty in model parameters, detailed in SI
Sec. 11.

Changes to the catalysts for methanol synthesis were also included across
the optimism cases. The incumbent catalysts, copper and zinc oxide on an alu-
mina support, remain the best available choice for methanol synthesis, but were
designed for converting syngas (predominantly CO and Hs) to methanol [9].
The methanol yield is inferior with the CO5 and Hs feed-stock used in DAC-
PtM [11]; deactivation by sintering also remains a problem when current
copper-catalysts support methanol synthesis from COg [74]. Research into
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alternative catalysts is ongoing [14, 75]. Here, the catalyst performance and
lifetime were varied between the three cases. The base case applied the pre-
existing Bussche and Froment rate model for methanol synthesis over Cu-ZnO
catalysts [36], and current estimates for catalyst lifetime and cost [9]; the pes-
simistic case considered faster catalyst deactivation (see Tab. 8 in the SI). The
optimistic case assumed a new catalyst able to deliver equivalent methanol syn-
thesis performance to that observed when using syngas over Cu-ZnO catalysts
— namely high selectivity to methanol (ca. 99%), meaning less CO by-product
to handle, and resistance to deactivation.

For comparison against the dynamic operation of multiple reactors, Fig. 11
shows the CAPEX for continuously operating wind-powered DAC-PtM with
one large reactor. Reserve storage becomes the dominant source of capital
expenditure — approximately $2,500 + 1,500 million across the optimism cases
— owing to the much larger consumption of stored reserves to operate the large
reactor continuously (Sec. 6 in the SI). The dynamic operation of multiple
reactors therefore drastically reduces the capital costs incurred by DAC-PtM,
by approximately 3 to 4 times.

Capital expenditure wt ) Capital expenditure when using an
onshore wind farm for continuous offshore wind farm for continuous
a operation of a single reactor b operation of a single reactor
8000 8000
u PEM Electrolysis u PEM Electrolysis
mH, Storage m H, Storage
7000 Fw Low-Temperature DAC 7000 |w Low-Temperature DAC
® CO, Storage ® CO, Storage
| @ Heat Exchangers . | ® Heat Exchangers 5890 million $
6000 Iy Compressors 5670 million $ 6000 Iy Compressors
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5000 ® Distillation

®Pumps and Reverse Osmosis
u Battery Storage

4000 = Wind Farm Battery Storage
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I

5000 ™ Distillation

® Pumps and Reverse Osmosis
u Battery Storage
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3000
H; Storage -
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Fig. 11: The capital expenditure (CAPEX) when operating DAC-PtM continuously
using only a single reactor, whilst still reliant upon intermittent electricity from either
a an onshore wind farm, or b an offshore wind farm.

Methanol selling price

The minimum selling prices of methanol are shown in Fig. 12 under all
investigated scenarios for the three optimism cases, using either onshore or
offshore wind power. Comparison of the four-reactor DAC-PtM against a sin-
gle, large reactor underlines the benefits of dynamic operation for managing
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Fig. 12: The methanol selling price from DAC-PtM under all investigated scenarios
and optimism cases. For each scenario, moving left to right, the bars are ordered:
base, optimistic, pessimistic. The range of methanol price, when derived from fossil
fuel, is also shown for comparison [76, 77]

intermittency. The huge storage requirement to operate a single, large reac-
tor continuously renders DAC-PtM wholly infeasible even under optimistic
assumptions (Fig. 12). The removal of all storage, thereby trading a ca. 3/4
reduction in capital cost for a C' Fylant of order just 50% (Sec. 7 in the SI), does
reduce the selling price substantially — to around $1,700/tyeon under the base
case — but is still out-performed by the four-reactor DAC-PtM with onshore
wind. Moreover, complete shut-down of the DAC-PtM plant during low wind
power availability, as necessitated by removing all storage and operating with-
out grid power, also poses numerous operational challenges (e.g. distillation
column shut-down and start-up) which the multi-reactor dynamic operation
framework avoids.

Across all scenarios of wind-powered DAC-PtM, the cost of capital domi-
nates between 85 and 95% of the methanol selling price. Hence, the reduction
of CAPEX, namely through a smaller wind farm with high C'F' and a stable
power output to minimise storage, has a drastic effect in reducing methanol
selling price — evidenced by the 3 to 5-fold decrease between base and opti-
mistic cases. Strategy 1 (“minimise storage”) produces methanol at lower cost
than Strategy 2 (“maximise production”), because the increased annual pro-
duction of methanol (i.e. higher CFay) under Strategy 2 does not outweigh
the capital cost of storage required to achieve the boosted production versus
Strategy 1.

Despite superior wind farm capacity factors, offshore wind yields methanol
at greater cost than onshore wind. For the optimistic case, the selling price
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of methanol from onshore wind falls to $310/tymeon under Strategy 1, which
outperforms the grid-derived methanol price of $340/t\con — both reach par-
ity with the typical fossil fuel-derived methanol price of ca. $300-500 per
tonne [76, 77]. Offshore wind-powered DAC-PtM (selling price of $450/tymeon
under Strategy 1) is also appealing under optimistic assumptions.

Selling the oxygen by-product from electrolysis (ca. 1.5 kg of O9 per kg of
MeOH) yields only $60/tymeon under the base case or $80/tyeon in the opti-
mistic case, assuming a direct over-the-fence sale of the O, at 20 bar, taking
wholesale Og prices [78]. Prior work [79] has reported Oz from electrolysis as
having a purity comparable to cryogenic O2, with suitability for medical appli-
cations which could attract a higher selling price. A recent study [80] has also
suggested only a marginal additional cost of Os post-processing (e.g. liquefac-
tion) relative to the cost of electrolysis. Nevertheless, research examining the
applications of O derived from electrolysis remains nascent and further work
is required to appreciate the necessary distribution and intermediate storage
infrastructure for integrating DAC-PtM with Oy consumers.

Life cycle assessment and the effective cost of
carbon capture

The Global Warming Potential (GWP) for each DAC-PtM scenario investi-
gated is shown in Fig. 13, alongside literature results for MeOH produced from
syngas, either from natural gas [13, 81-84] or coal [81, 83-85] (see SI Tab. 11).
All emission factors used in the LCA are summarised in SI Tab. 12. A break-
down of all the contributions to the overall GWP of wind-powered DAC-PtM
is provided in SI Tab. 13, and in SI Tab. 14 for grid-powered DAC-PtM.

The results in Fig. 13 demonstrate that all wind-powered cases achieve
a net-negative carbon intensity, with a GWP between —760 and —1,240
kgco2eq/tMeon. The substantial net uptake of COq is attributable to draw-
down by DAC of atmospheric CO5 to produce methanol (1,374 kgco2/tMeon,
according to reaction stoichiometry), coupled with the low carbon intensity of
wind power. However, the lower embedded emissions of erecting an onshore
wind farm (11 kgcozeq/MWh) lead to 8 to 18% larger net CO2 drawdown
compared to offshore wind, despite the higher C'F' of the offshore sites, owing
to the substantial foundational works at sea with embedded emissions of 25
kgCOQeq/MWh~

Employing grid-power for DAC-PtM switches the process from a net-
negative GHG intensity (COs drawdown) to a net COy emission across all
investigated circumstances. The magnitude of the emissions depends on the
energy mix of the electricity grid; the European and Chinese grids both remain
heavily dependent on fossil fuels (39% and 67%, respectively), leading to DAC-
PtM emissions comparable to, or exceeding, those of MeOH from natural gas
or coal. In contrast, a DAC-PtM plant located in Brazil, with an 80% share of
renewables in the electricity mix, results in a GWP comparable to or lower than
GWP of MeOH produced directly from natural gas, although only for the base
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and optimistic cases. While the carbon intensity of the Brazilian grid is taken
here as 155 kgcozeq/MWh, another study reported 130 kgcozeq/MWh, which
would give a net-negative GWP of —105 kgcoz/tmeon for the optimistic case.
Therefore, grid-powered DAC-PtM can offer the potential for net-negative car-
bon intensity, free of intermittency constraints, but only if the grid portfolio
is dominated by renewable power sources.
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Fig. 13: Global warming potential (GWP), quantified as kgcozeq/tMeon, for DAC-
PtM under all investigated wind-powered scenarios, compared against DAC-PtM
driven with grid electricity (mix of energy sources) from Brazil, Europe, or China.

Combining the LCA with the estimated costs in Fig. 13, the effective costs
of net CO5 capture were determined according to Eq. 6 and are summarised
in Tab. 4, alongside the estimated methanol selling prices for the onshore
and offshore wind-powered DAC-PtM. In utilising offshore wind power for
DAC-PtM, the increased installation costs and embedded emissions compound
one another, leading to markedly higher effective costs of net COs capture
compared to onshore wind-powered DAC-PtM. When the achievable net CO4
drawdown (assessed with LCA) is below 1 tcozeq/tmeon (~ 70% of the 1.374
tCO2eq/tMeon molar ratio from reaction stoichiometry) — as in the Base case
offshore wind-powered DAC-PtM under Strategy 2 (see SI Tab. 13) — the
cost of net COy capture (Eq. 6) becomes higher than the selling price of
MeOH, underlining that successful CCU must balance minimising the cost of
DAC-PtM and maximising the COy drawdown.

With regards to the cost of solely performing DAC, independent of
methanol synthesis, a recent study by Gutsch and Leker [86] examined DAC
with carbon sequestration (DACCS) when operating dynamically with off-grid
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solar PV power, estimating an optimised net CO5 removal cost of $877/tcoz,
falling to $216/tco2 with technology improvement and favourable project
financing. Standalone DACCS, therefore, does capture COs at a lower net
cost than DAC-PtM (Tab. 4), although the cost range reported by Gutsch
and Leker remains far above even the highest current COs prices of ca.
$100/tco2 [87]. Hence, the implementation of DACCS alone may prove chal-
lenging, especially if encumbered by limited access to suitable sequestration
sites. Therefore, DAC-PtM can assist in the implementation and refinement
of DAC at scale, also yielding a methanol product with numerous uses, both
pre-established and developing.

Table 4: The effective costs of net COg capture for wind-powered DAC-PtM along-
side the selling prices of MeOH, under each considered scenario and modelling
optimism.

Cost of net CO; capture [$/tcoz] Selling Price of MeOH [$/tymeon]

Base  Optimistic Pessimistic ‘ Base  Optimistic Pessimistic
Onshore Strategy 1 1,268 248 5,929 1,440 305 5,778
Onshore Strategy 2 2,301 675 8,886 2,231 753 6,743
Offshore Strategy 1 1,985 361 7,896 2,202 447 8,148
Offshore Strategy 2 2,778 551 10,483 2,678 625 7,978

Site-specific optimisation of plant design

The findings summarised in Figs. 12 and 13 demonstrate the utilisation of
multiple reactors as an effective solution to mitigate the effects of intermittency
upon renewably powered DAC-PtM, while delivering a substantial net capture
of COs. To fairly investigate our proposal for dynamic operation, the earlier
analysis (results shown in Figs. 4-13) considers the global spread in wind
power performance and installation costs, demonstrating a general approach,
open for further optimisation. For example, Figs. 4 and 5 reveal that, for some
locations, the storage level remained nearly full across a year, thus resizing
would be the next step in the second-pass design.

Here, we exemplify a further optimisation of the dynamic DAC-PtM pro-
cess, accounting for the wind power performance and costs, taking one offshore
and one onshore location. The considered offshore location in the North Sea,
approximately 300 km Northeast from Teeside in the UK, achieved one of the
highest plant capacity factors among offshore farms (Tab. 5 in the SI); simi-
larly, the location at Alice Springs, near the centre of Australia, was the among
the best performing onshore locations under Strategies 1 and 2 (Tab. 5 in the
SI). Given the high quality of cost information and life cycle inventory data
for wind power at these two locations (discussed further in Secs. 15.3-15.4
of the SI), we were able to refine our calculations, to reach site-specific conclu-
sions. The full methodology is outlined in Sec. 15.1 of the SI; the key aspects
are as follows:
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1. The storage is resized to the minimum capacity needed for continuous oper-
ation and wind conditions across 2016-2020 — ¢.e. the storage was as a small
as possible without the level falling below 1% of capacity across the 5-year
period.

2. The tolerance of operability of reactors for methanol synthesis was relaxed,
allowing operations down to 80% of the nominal capacity before requiring
shut-down or the utilisation of reserve storage. Prior work has suggested tol-
erance of such reactors to 20% perturbations in operating throughput [88].

3. The battery sizing was adjusted to storing only the reserve electricity
required to operate the DAC-PtM, thus, removing the intermediate storage
of surplus electricity for selling to the grid. Given the marginal contribu-
tion of electricity surplus sales to overall process viability, the extra cost of
battery storage was deemed an unnecessary expenditure.

The outcomes of the optimisation procedure are summarised in Tab. 5,
listing the revised storage sizes, available electricity surpluses, and the resultant
plant capacity factors under Strategies 1 and 2, also re-considering a single
reactor operated continuously. In Fig. 7 in the SI, we show daily storage levels
tracked continuously across 2016 to 2020 at both locations, illustrating the
optimality of the new storage sizing. After optimisation, the required size of
reserve storage for Strategies 1 and 2 becomes comparable, aided by allowing
the reactors to operate down to 80% load. The storage requirement to operate a
single reactor is also reduced, substantially so for the Alice Springs site (23 days
vs 70 days prior to optimisation); however, continuous operation of the single
reactor still requires markedly more reserve storage than the multi-reactor
configuration (3-6 days).

Estimates of the maximum period for which a reactor could be held in a
standby mode (i.e. not producing MeOH) are also shown in Tab. 5. Operation
under Strategy 1, whereby the number of operational reactors is deliberately
curtailed to hold the plant power demand at or below the available wind
power, results in longer idle periods for reactors than Strategy 2. In the case
of the single reactor, operated continuously at variable throughput with the
support of reserve storage, no standby days arise from a lack of available wind
power; however, reactor downtime would still be required for maintenance.
Such operations could instead be performed during the idle periods inherent
to operation under Strategies 1 and 2, although the need to depressurise and
purge any equipment (to make ingress safe for engineers) would complicate the
downtime procedure. Prolonged standby of reactors could also cause catalyst
deactivation, however a dynamic nature multi-reactor configuration facilitates
toggling between operational reactors to avoid long periods of inactivity in a
given reactor.

After applying the optimised outcomes from Tab. 5 and location-specific
costs of wind farm installation, the revised capital expenditures are given in
Fig. 14. The contribution of reserve storage is drastically reduced following
the optimisation, particularly so for Strategies 1 and 2, for which the capital
costs become overall comparable (¢f. Fig. 14 and Figs. 9-10). Even after
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Table 5: The wind farm capacity factors, alongside resultant plant capacity factors,
storage sizes, and electricity surpluses after optimisation of Strategies 1 and 2, as well
as the single reactor scenario, for an onshore wind farm at Alice Springs in Australia
and an offshore wind farm in the North Sea off the UK coast.

Alice Springs, Australia North Sea, United Kingdom
Strategy  Strategy Single Strategy  Strategy Single
1 2 Reactor 1 2 Reactor
Wind farm capacity factor 36.5% 36.5% 36.5% 58.6% 58.6% 58.6%
PtM plant capacity factor 79.5% 87.2% 91.4% 76.6% 82.9% 92.1%
Max. reactor standby duration [days] 8 7 0 19 10 0
Storage required [days equivalent] 3.2 5.5 22.7 3.3 4.5 62.7
COa storage required [tonnes] 168 393 1,190 173 236 3,287
Ha storage required [tonnes] 24 42 171 25 34 472
Battery size [MWh]?® 23 40 164 24 33 453
Surplus elec. [MWhgurp/MWhgen] 0.219 0.174 0.087 0.213 0.176 0.079

a

Under the base case modelling assumptions. The reserve electricity requirement of the

DAC-PtM is sensitive to the assumed performance of sub-systems such as compressors, and so

varies according to modelling optimism, see Sec. 11 in the SI.

optimisation, the cost of storage required to sustain continuous operation of a
single, large reactor outstripped the multi-reactor configuration for both sites,
but without drastically improving the resulting plant capacity factor (Tab. 5).

a Strategy 1 b Strategy 2 c Single Reactor
3000 | =PEM Electrolysis 3000 | =PEM Electrolysis 3000 | =PEM Electrolysers
= H, Storage =H, Storage =H, Storage
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#2500 | uHeat Exchangers 22500 | g Fieat Exchangers #2500 | mHeat Exchangers
§ = Compressors. S = Compressors s = Compressors
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E 2000 | =Distilltion ) £2000 |- = Distillation E2000 | =Distilation
= =Pumps and Reverse Osmosis - = Pumps and Reverse Osmosis = = Pumps and Reverse Osmosis
; 2 = Battery Storage 2 = Battery Storage ] Battery St
e Au 2 1500 | *Wind Farm 21500 ind tarm * 1500 = Wind Fam o 1460 million §
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Fig. 14: The estimated capital expenditure (CAPEX), after optimisation to minimise
storage requirement, for DAC-PtM operated dynamically using power from onshore
wind farm at Alice Springs in Australia under (a) Strategy 1, or (b) Strategy 2,
both employing four parallel reactors, or (¢) continuously operating a single reactor
supported by reserve storage. The same optimisation procedure for a plant powered
by an offshore wind farm in the North Sea (d) for Strategy 1, (e) for Strategy 2,
and (f) for a single reactor.
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Comparing both locations, the considerably higher capacity factor within
the North Sea — 58.6% wvs 36.5% for Alice Springs, which allows for a ~40%
smaller wind farm — still gives substantially higher installation costs across
all scenarios. Expensive installation of offshore wind farms is particularly pro-
nounced in the North Sea [89] because of the long distance from shore and the
need for extensive foundations in such deep waters.

Taking the estimated capital costs in Fig. 14, combined with operating
costs for the optimised plant configurations and plant capacity factors, the
selling prices of MeOH at each site are compared against operating DAC-
PtM powered by local UK or Australian electricity grids in Fig. 15a. As for
the global analysis (Fig. 12), dynamic operation of multiple reactors remains
more cost-effective than operating DAC-PtM with a single, large reactor, even
after optimisation. The optimisation does reveal, however, that Strategy 2 can
achieve a lower selling price than Strategy 1 — as shown here for the Alice
Springs onshore wind farm location across all three optimism cases. Owing to
the comparatively high installation costs of wind farms in highly developed
economies, such as the UK or Australia, the resulting methanol selling prices
are above the globally averaged prices in Fig. 12.

a 7000 b
— 10000
- ©
Z6000 o B
$ i 5 8000
s i ©°7%
£.5000 5
@ & 2 8 6000
o =
= c T
a 4000 E T 4000 MeOH from Coal I
o - c',‘
] S O
= 3000 2 2 2000
) g —_— MeOH from Natural Gas|
2 2000 o 0
s o
&
3
2 1000 Py
i 1
S S DR S %, D 58
oy o, Ro. % | 0, o, oty R oy | 0L o
A e A e A I A Ser o o
Onshore — Alice Springs, Offshore — North Sea, %y

Australia. Optimised UK. Optimised

Springs, Australia Sea, UK.

Fig. 15: a The estimated selling prices of MeOH after optimisation of a DAC-
PtM plant drawing electricity from either an onshore wind farm at Alice Springs
in Australia, or an offshore wind farm situated in the North Sea. Estimated prices
are shown under the Base, Optimistic, and Pessimistic Cases for each dynamic plant
operation strategy and compared against cases where electricity is purchased from
local grids instead. The range of selling prices for MeOH derived from fossil fuels is
also indicated. b The cradle-to-gate global warming potential (GWP) of methanol
produced at each considered site for wind power, compared against the GWP if using
local grid power.

Performing an LCA for the two locations (Secs. 15.3-15.4 of the SI)
yielded the GWP values shown in Fig. 15b. As in the global analysis
(Fig. 13), wind-powered DAC-PtM again has a negative carbon intensity in
all cases, although with a lower net CO4 capture for the offshore North Sea
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site than the Alice Springs location (between —1032 and —557 kgco2eq/tMeon
for the North Sea vs —1158 to —862 kgcogeq/tmeon for Alice Springs). For
grid-powered cases, because the carbon intensity of the Australian grid is
over three times higher than that of the UK (600 against 180 kgcogzeq/MWh,
respectively [90, 91]), the grid-powered DAC-PtM at Alice Springs leads to
CO; emissions of 4,900-10,100 kgcozeq/tmeon, markedly worse than MeOH
production from coal. The site-specific analysis presented here underlines the
vast disparity in environmental impact between renewably powered and grid-
reliant DAC-PtM; even the comparatively low carbon-intensity UK grid leads
to a strongly positive net GWP of between 820-2,400 kgco2eq/tMeoH-

Finally, combining the site-specific costs and LCA, we determined the cost
of net COy capture for DAC-PtM under each wind-powered scenario (Tab.
19 in the SI), finding an optimised cost of $1,760/tcozeq at Alice Springs
under the base case, falling to $655/tco2eq under the optimistic modelling
case; however, for the North Sea offshore wind farm, with higher production
costs and larger embedded emissions, the effective cost rises starkly to around
$3,000/tco2¢q under the base case, only falling to a minimum of $1,100/tcozeq
under the optimistic case.

Discussion

The prospect of DAC-PtM for carbon capture and
utilisation

Methanol synthesis from COs has been investigated widely for the utilisation
of captured carbon; however, most prior work has excluded the full costs and
environmental impact of CO5 capture from their analysis, instead considering a
pure stream of CO4 entering at their system boundary [13, 92, 93], focusing on
performing capture from industrial point sources of CO2 [93-96], or upgrading
CO2 and Hy from biogas to MeOH [93, 97]. The combination of DAC with
PtM has received less attention, with Bos et al. [98] and Van Antwerpen et
al. [25] being two prominent exceptions.

In Tab. 6, we summarise costs for PtM reported in published studies,
drawing attention to the assumptions for sourcing power and CO5. We again
emphasise that a clear distinction should be drawn between DAC and CO4
captured from industry — the utilisation of industrial point sources will, at
best, serve to only abate further emissions, whereas DAC actively draws COq
down from the atmosphere. Given the higher CO5 concentration in industrial
flue gases, which makes capture less costly than DAC, the lower methanol
costs for industrially coupled PtM shown in Tab. 6 are unsurprising. In the
studies of Pérez-Fortes et al. [92] and Nyari et al. [94], the low production
costs also arise from their assumption of substantial carbon credits being paid
(~$300 per tonne of COs) coupled with a ~3-fold reduction in the price of
on-demand green Hy. The assumed source and price of electricity also add to
the variation of methanol prices in Tab. 6. Notably, Bos et al. [98] assumed
access to grid-integrated wind power with 100% availability, thereby allowing
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continuous DAC-PtM at full capacity, leading to their very low selling prices.
Daggash et al. [76] also investigated DAC-PtM but using only the curtailed
power from grid-integrated renewables (estimated as at most 2.5% of capacity),
finding a selling price comparable to our base case for grid-powered DAC-PtM
(Tab. 6). Van Antwerpen et al. [25], who accounted for the intermittency
of wind and solar power erected for DAC-PtM, give estimates similar to our
prices. The carbon credit (up to $100/tco2) incorporated by Van Antwerpen
et al. [25] helps explain their lower median cost estimates, and the increased
range we report arises from our utilisation of data for worldwide selection of
wind farm sites, both onshore and offshore, whereas Van Antwerpen et al. [25]
constrained their study to only onshore locations in Australia.

Table 6: — Costs for MeOH production from published studies with an overview of
assumptions about sourcing of CO2 and electrical power, listed in order of publication
year.

Methanol Cost

Authors CO;> Source Power Source

[8/tmeoH]
Pérez-Fortes et al. (2016) [92] Pure CO2 Coal 820
Hank et al. (2018) [93] Biogas Grid or Wind 680 — 1,620
Daggash et al. (2018) [76] DAC Curtailed Wind and Solar 960
Harris et al. (2020) [99] Pure CO2 Grid 430 - 1,610
Nyari et al. (2020) [94] Flue gas Grid 760 — 922
Adnan and Kibria (2020) [13] Pure CO2 Grid 430 — 1,000
Bos et al. (2020) [98] DAC Grid-integrated Wind 325 — 870
Chen et al. (2021) [24] Flue gas Solar PV and Wind 1,460 — 1,490
Kim et al. (2022) [95] Flue gas Grid 3,690
Moioli and Schildhauer (2022) [97]  Biogas Grid 1,300 — 1,900
Sollai et al. (2023) [96] Flue gas Grid 1,040
Van Antwerpen et al. (2023) [25] Flue gas Solar PV or Wind 900 - 1,300
Van Antwerpen et al. (2023) [25]  DAC Solar PV or Wind 1,140 - 1,570
This Study
4 reactors, Base case DAC Wind 1,440 — 2,680
4 reactors, Optimistic case DAC Wind 310 — 750
Single reactor, Base case DAC Grid 960
Single reactor, Optimistic case DAC Grid 340

The sourcing of electrical power also determines whether PtM can deliver
a net-negative carbon intensity, as our study underlines. Whilst purchasing
grid power allows for continuous operation of DAC-PtM, the deleterious envi-
ronmental consequences of doing so (Fig. 13) should eliminate grid-powered
PtM as a viable option, for any COs source, unless the grid portfolio is
almost entirely dominated by renewable energy. Otherwise, the methanol pro-
duction must be directly integrated with renewable power, such as wind,
for which our cradle-to-gate LCA shows a substantial net-negative GWP
between —890 and —1,250 kgcozeq/tmeon for DAC-PtM. Our LCA is cor-
roborated with Van Antwerpen et al. [25] finding a carbon footprint of —873
kgco2eq/tMeon. Adnan and Kibria [13] found negative carbon intensity of
around —570 kgcozeq/tMeon for wind-powered PtM when excluding the cap-
ture stage from their system boundary, also estimating substantial positive
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net-emissions between 1,200 and 1,600 kgcogzeq/tmeon for PtM powered from
the grid at a carbon intensity of 150 kgcozeq (roughly comparable to the UK
grid considered in Fig. 15b).

In assessing DAC-PtM for CCU, however, the overall cradle-to-grave life
cycle emissions of the methanol product are highly sensitive to the end-use,
which we consider outside of our system boundary (cradle-to-gate), and there-
fore uncertain. The conversion of methanol to durable products (e.g. building
and insulation materials, or paints and coatings) can achieve removal of atmo-
spheric CO5 across the product lifetime, or longer with appropriate end-of-life
handling, although the lifetimes of such products are poorly defined, ranging
from a few years to multiple decades [100, 101]. Meanwhile, the utilisation of
DAC-derived MeOH as a fuel or fuel additive can only approach carbon cir-
cularity (i.e. net-zero). Consequently, any comparisons of DAC-PtM against
DAC with carbon sequestration (DACCS) must be cognisant of the varying
timescales and permanence of carbon removal.

Operating challenges for dynamic DAC-PtM

The dynamic operation of multiple reactors provides a cost-effective and envi-
ronmentally beneficial solution for implementing wind-powered DAC-PtM.
But dynamic operation at industrial scale can present numerous challenges,
especially around the frequent start-up and shut-down of methanol reactors.
Our analysis suggests that across a year, the number of operational reactors
will change on average 180 times if using onshore and 160 times for off-
shore wind power. Additionally, we estimate that an individual reactor may
be held idle for 7 to 19 days (Tab. 5). Therefore, the reactors would spend
approximately half of the year in a transitional or idle state.

The reactor design employed in our analysis is based on the Lurgi reactor
— commonly used for methanol synthesis, in which temperature is controlled
by raising medium-pressure steam in a shell around tubes packed with a
catalyst [102, 103]. The water-cooled configuration is superior for dynamic
operation versus the alternative of gas-cooling, wherein the pre-heating of feed
gas is directly heat-integrated with the reactor cooling. The raising of steam
in the Lurgi design ensures continued cooling driven by thermosyphon convec-
tion of water [104] even after the cessation of feed gas flow, as schematised by
Fig. 8 in the SI. Varela et al. [88] investigated the dynamic performance of the
Lurgi reactor, finding attainment of steady state within 1.5 minutes of a 20%
step change in hydrogen feed to the reactor. Information regarding the precise
reactor start-up times is limited in the literature, although industrial reports
describe entire methanol plant start-up from cold within three days with Lurgi
reactors [105]. Van Antwerpen et al. [25] also report that idling synthesis reac-
tors for ~24 h is achievable with recirculation of the recycle loop. The available
evidence suggests, therefore, good potential for dynamic operation of reactors
over daily timescales, for which we propose the following operational program:

1. Start reactor shut-down by ceasing the feed of fresh COs.
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2. Continue to circulate the recycle during the shut-down. The recycle ratio
varies between 2 and 12 according to modelling optimism (4.e. the variation
of MeOH single-pass yield), and so a substantial quantity of reactant gas
is available in the recycle stream to sustain methanol synthesis after the
cessation of fresh CO5 flow to the reactor.

3. As CO3 and recycled CO diminish over time, the exothermic methanol
synthesis reaction will slow down, and the reactor temperature begin to
decrease.

4. The reactor may then be flushed with Hs, or inert ballast gas such as Ny, and
the outlet gas purged. The flow of fresh Hs to the reactor is then stopped,
and the reactor held in a standby mode under Hs or the ballast gas. If
using a ballast gas such as Ny, an additional separation step, for example,
with a pressure swing adsorption (PSA), might be necessary to provide an
on-demand supply of Ny, not currently included in our plant costings.

5. To effect start-up, apply electrical heating to raise reactor temperature, and
begin feeding fresh CO5 and Hs.

In realising such a scheme of dynamic operation, catalyst stability is a key
consideration. Experimental studies have shown progressive deterioration of
the incumbent Cu-ZnO catalysts during daily start-up and shut-down condi-
tions [106, 107], whereas, the combination of Cu with ZrOs remained stable
under the same dynamic conditions (including exposure to Hy while being held
in standby). Additionally, ZrOs-based catalysts improved the achieved selec-
tivity towards methanol [107]. At the scale of industrial reactors, modelling
undertaken by Rezaie et al. [108] estimated a ~15% deterioration in MeOH
production across 3 years of Cu-ZnQO operation within a Lurgi reactor, which
was supported by measured data for an industrial scale plant subjected to
daily changes in operating load of ~10%. Recent work by Masoudi et al. [109]
predicted similar deterioration of Cu-ZnO catalysts across three years under
a COgq-rich synthesis gas (volumetric ratio CO5:CO:Hy = 1:0.85:6.5). How-
ever, further research is required to interrogate the dynamic operations at
industrial scale and assess the potential for improved stability of new catalyst
formulations (e.g. Cu-ZrOy).

Further optimisation and technology improvements for
renewably powered DAC-PtM

At present, the cost of MeOH produced from wind-powered DAC-PtM is sub-
stantially higher than MeOH derived from fossil fuels, only approaching parity
under our global optimistic cases (Fig. 12). The assumptions of our optimistic
case — namely, favourable wind farm siting, catalyst optimisation, and progress
in the electrolysis and DAC sub-systems, coupled with reduced capital costs
in the project financing (Tabs. 8-9 and Sec. 12 in the SI) — are reasonable
and attainable. Hence, we consider the favourable costs of DAC-PtM under
the optimistic cases as feasible, noting also the significant environmental (and
potentially monetary) value of the process having a net-negative CO5 intensity.
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In contrast to DAC-PtM, methanol production from fossil fuels is a mature pro-
cess, the price of which will not decrease further below DAC-PtM (excepting
an unlikely long-term fall in the price of fossil fuels) and may, in fact, increase
if taxed in accordance with the substantial process emissions (Fig. 13).

Our analysis demonstrates that in handling the challenge of intermittency
attendant to wind-powered DAC-PtM, the utilisation of multiple parallel reac-
tors produces methanol at lower costs than attempting to operate a single,
large reactor. Moreover, our study points towards a regime of minimising
storage requirement as more cost-effective than attempting to maximise pro-
duction through increased reliance on reserve storage (cf. Strategies 1 and 2 in
Fig. 12), although site-specific optimisation reveals the potential for Strategy
2 (more storage) to become marginally cheaper than Strategy 1 (less stor-
age) if allowing increased tolerance in the operability limits of the reactors
(Fig. 15a).

In conducting the optimisation at the specific North Sea and Alice Springs
sites, our findings also suggest directions for future optimisation work. For
example, when the installation costs of wind farms are very high compared
to the global average (e.g. the North Sea), the cost-effectiveness of DAC-PtM
would likely benefit from deliberately under-sizing the wind farm, thereby
reducing the capital cost, in exchange for diminished plant capacity factor and
a larger reserve storage requirement. More granular optimisation can also look
to refine the DAC-PtM plant further by considering in detail the siting of wind
farms at candidate locations — e.g. moving an offshore wind farm to shallower
waters to reduce the installation costs but sacrificing the farm’s performance.
However, these optima will be highly sensitive to local geographical, meteoro-
logical, and economic factors, necessitating specific and high-quality data to
facilitate such sophisticated analyses.

Further technological innovations may also allow for reduction in the costs
of renewably powered DAC-PtM. At present, our analysis considers the storage
of pressurised Hy in tanks, which contributes as a substantial cost (Figs. 9-
11), but certain locations may offer the potential for cheaper storage of Hy
in geological formations. The applicability of storage in caverns, however, is
commonly considered for hundreds or thousands of tonnes of Hy [110], much
larger than required here for DAC-PtM (~20-40 tonnes of Hy under optimised
Strategies 1 and 2, Tab. 5). Further cost-optimisation may thus involve iden-
tifying sites that are suitable for co-location of renewable power and geological
Hs storage, and co-industry that would benefit from shared Hs storage.

Improvements in the energy efficiency of DAC-PtM are possible through
the substitution of direct electrical heating in low-temperature DAC with heat
pumps as considered in other work [86, 98], for which heat at ~100°C is
required — towards the upper-end of temperatures currently delivered by state-
of-the-art heat pumps, sacrificing their coefficient of performance [111, 112].
In decreasing the plant energy requirement, heat pumps would serve to reduce
the required size of a wind farm for electricity provision. However, the cap-
ital cost of erecting heat pumps at the scale required for DAC-PtM (ca. 10
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MW,) remains significant. A recent publication [112] has suggested installa-
tion costs of between $1 and 3 million for heat pumps of approximately 1 MW,
size, although their analysis also suggests steep growth in costs if pushing to
increase the heat pump supply temperature and capacity. Some authors [113]
mention integrating the heat evolved from the methanol synthesis with sorbent
regeneration in LT-DAC. In contrast, we use the medium-grade heat from the
reaction for pre-heating the feed and recycle loops (Sec. 11.1 in the SI). The
heat evolved in the distillation condenser is at too low a temperature to be of
use (~65°C), although our optimistic case already accounts for the potential
of other low-grade waste heat streams in providing the LT-DAC regeneration
duty in place of electrical heating. For example, the generation of Hy through
solid acid electrolysis cells (SAEC) presents the possibility of integrating the
rejected heat (at ~200°C) with the sorbent regeneration for LT-DAC; how-
ever, such technology remains nascent [114] and may be unsuitable for during
dynamic operation, unlike PEM electrolysers.

Conclusions

To deliver environmental benefits, electrification of the chemical industry
necessitates designing plants to handle the intermittency and time-variability
of renewable power. Taking the example of wind-powered DAC-PtM, our work
has proposed and demonstrated that using multiple reactors is more cost-
effective than operating DAC-PtM with a single, large reactor. A multi-reactor
plant readily allows the production of methanol to be curtailed according to
the available wind power, which drastically reduces the cost burden of reserve
storage and plant operation.

Using multiple reactors, and considering wind generation data for a selec-
tion of worldwide locations, the estimated methanol selling price lies between
$1,400 and $2,700 per tonne, with effective costs of net COg capture in the
range of $1,250 to $2,800 per tonne of COy when integrating the cost analysis
with life cycle assessment. With a well-sited wind farm, coupled with realistic
improvements to process technologies, the price of wind-powered DAC-PtM
falls as low as $310 per tonne of methanol, or $250 per tonne of net COq
capture — competitive with current DACCS approaches, where CO5 is stored
rather than utilised. Our results clearly demonstrate that the cost-effectiveness
of DAC-PtM depends primarily upon: (1) the selection of candidate wind farm
locations, which optimise the balance between stable power generation and
the cost of installation, and (2) the size of reserve storage, which benefits from
designs optimised to account for plant location.

Purchasing grid power allows for the continuous operation of DAC-PtM
without adopting the multi-reactor configuration. However, life cycle assess-
ment has illustrated that grid-powered DAC-PtM carries a greater global
warming potential than methanol produced from fossil fuels. In the absence
of substantially decarbonised grid systems (>80% integrated renewables),
only the direct provision of renewable power — in our study from wind —
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achieves net-negative COy emissions by DAC-PtM, between —1,250 and —760
kgco2eq/tmeon. Our results underline that successful carbon capture and util-
isation (CCU) must not only minimise the cost of the product, in this case
methanol, but also maximise the CO5 drawdown for the process. Unlike DAC
with sequestration, converting DAC-derived CO3 to methanol yields a prod-
uct with inherent value through downstream uses — although the lifetimes and
emissions associated with any products derived from methanol should be borne
in mind. This study has established a novel framework for interfacing renew-
able power with chemical production, supported by extensive real-world data
(90 locations), aiming to provide an impetus for further work on DAC-PtM
and new CCU opportunities.
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