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Abstract12

Coupling direct air capture (DAC) with methanol production is a13

technically attainable opportunity for CO2 capture and utilisation14

(CCU). The process, known as power-to-methanol (PtM), consumes15

large amounts of renewable electricity for water electrolysis and DAC.16

However, the time-variability of renewable power remains a major17

challenge. Here, we consider erecting a wind farm as part of a PtM18

facility and propose using four parallel reactors to adjust the methanol19

production according to daily wind power generation, which we model20

for 90 onshore and offshore locations with real-world data. Batteries21

and reserve storage of compressed H2 and CO2 allow methanol pro-22

duction during near-zero availability of wind power. We investigate23

different operation strategies, aiming to either minimise the reserve24

storage or maximise production, ultimately finding minimised storage25

as more cost-effective. The resulting selling price of methanol from a26

plant powered by an onshore wind farm is $1,400 per tonne, rising to27

$2,200 for offshore wind power because of higher farm installation costs.28

However, with a well-located wind farm, coupled with improvements to29

DAC, electrolysis, and catalysts, the selling price falls as low as $300 per30

tonne of methanol, reaching parity with fossil fuel-derived methanol.31

Purchasing stable grid power for PtM avoids issues of intermittency,32
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2 Managing Intermittency

and results in a lower methanol selling price of $960 per tonne, falling33

to $340 with process improvements. However, life cycle assessment34

(LCA) shows the global warming potential (GWP) of the grid-based35

cases is no better than producing methanol from natural gas; whereas,36

wind-powered DAC-PtM delivers net-negative GWP between −760 and37

−1,240 kgCO2eq/tMeOH, demonstrating successful CCU.38

39

Introduction40

Direct air capture (DAC) of atmospheric CO2 has a prominent place in strate-41

gies for reducing and controlling carbon emissions [1, 2]. While DAC progresses42

towards commercialisation [3, 4], the handling of DAC-captured CO2 remains43

an open question, with sequestration requiring a CO2 distribution infrastruc-44

ture and access to sequestration sites [5]. An appealing solution is to couple45

DAC with chemical production [6], as a form of CO2 capture and utilisation46

(CCU). DAC-CCU would realise the postulates of a circular carbon econ-47

omy with CO2 as the carbon-source for manufacturing commodity chemicals48

– one of the simplest being methanol (MeOH). The storage and transport of49

methanol is far easier than CO2, given its liquid state at ambient conditions.50

Moreover, the production of acetic acid and formaldehyde from methanol [7, 8]51

opens a wide range of uses, enabling long-term CO2 removal in suitable52

products. Methanol will also act as a vital building block in the future chemi-53

cal industry through the methanol-to-olefins (MtO) and methanol-to-gasoline54

(MtG) pathways, allowing the synthesis of value-added chemicals (e.g. avia-55

tion fuel) without fossil fuels [9]. Additionally, methanol has been proposed56

as a promising future fuel for use in maritime transport [10]. Given the large,57

and growing, global reliance on methanol – 80 Mt in 2018 [11] up to 110 Mt58

in 2022 [12] – the decarbonisation of its production is an essential task.59

Various methods have been proposed for upgrading CO2 to renewable60

methanol, although by far the most mature is to react CO2 with green H2,61

typically from water electrolysis [13]. The process consumes a large amount62

of electricity, and so is referred to as power-to-methanol (PtM) [9, 14]. Car-63

bon dioxide could be captured from industrial point sources [15, 16], but here,64

we focus on coupling DAC with PtM (DAC-PtM) for carbon circularity. To65

deliver an environmental benefit, DAC-PtM must avoid carbon-intensive elec-66

tricity and use only renewable power [17, 18], for which intermittency remains67

an unavoidable but easily overlooked challenge. In the example of wind power,68

the power generation fluctuates daily and seasonally, as shown in Fig. 1 for69

two exemplary locations, one onshore and the other offshore.70

The effect of intermittency is often quantified using a capacity factor, which71

compares the true power generation of a site versus its nominal (max. achiev-72

able) capacity. Averaging the capacity factor across a year aids in the sizing73

of installations for power generation – i.e. if 100 MW of power is required on74
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average, but a wind farm has a capacity factor of 0.50, then the actual installed75

capacity should be 200 MW. Yet, the suitable sizing of renewable power only76

partially addresses the problem of intermittency when interfacing renewable77

power with chemical production plants, which have historically been designed78

on the assumption of steady operation. Interconnected electricity grid networks79

could help obviate variability over time [19, 20]. However, the treatment of the80

grid as a “black box”, from which renewable electricity can be taken with 100%81

availability, is unrealistic. Steep growth is expected in consumer-side electric-82

ity demand [21–23]; any substantial increase in electricity consumption coming83

from the chemical sector would certainly overburden the grid. A more feasi-84

ble solution is for electrified chemical plants to generate their own renewable85

power, e.g. using wind or solar farms. Therefore, we must consider building86

and operating renewable power sources as part of a future electrified chemical87

industry, and confront the attendant challenges of intermittency.88

 

       

                 

        

                              
  

                              

                              

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 attract89

research attention [19, 20, 24–26], and the concept of dynamic operation is90

being implemented industrially for electrified chemical production of ammo-91

nia [27]. In Sec. 1 of the Supplementary Information (SI), we outline salient92

prior studies investigating dynamic operation of power-to-methanol along-93

side power-to-X processes, as well as work examining off-grid and renewably94

powered direct air capture (DAC).95

In the case of dynamically operated PtM, prior studies have primar-96

ily focused on optimisation of plant operation routines (e.g. the reliance on97
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batteries or the purchase of grid electricity to supplement intermittent renew-98

able power) subject to electricity price or availability [19, 20, 24]. In some99

instances [19] the treatment of operating and capital costs was simplified to aid100

computation, and often only a single candidate location has been considered101

for the renewable power generation; hence the effect of renewable power varia-102

tion between sites is elided. A prior study by Chen et al. [24] considered PtM at103

two candidate sites in the US and Germany for wind- and solar-powered PtM,104

with a mixture of reserve hydrogen storage and purchased grid electricity to105

enable continuous operation at full throughput. Their work ultimately found a106

wide divergence between the most economical solution at each site, confirming107

the need to consider many locations in yielding findings of wide applicability.108

Recently, Van Antwerpen et al. [25] costed the production of MeOH across109

numerous sites in Australia, when reliant solely on wind and solar power, in110

which a single reactor was operated at steady state with the aid of reserve111

storage or held idle during very low power availability. The methanol selling112

price was found to be highly sensitive to the siting, and installation costs, of113

renewable power, and they also underlined the cost advantage of minimising114

the size of reserve storage – in particular batteries.115

Here, we propose and investigate the use of multiple reactors in parallel116

for a DAC-PtM plant directly interfaced with a wind farm. The multi-reactor117

configuration allows methanol production to be scaled according to power118

availability – difficult to achieve with a single reactor [25] – and avoids the119

immense reserve storage required for continuous operation of a single, large120

reactor. We support our analysis by combining real-world wind farm data for121

90 candidate locations with a full process model for DAC-PtM to investigate122

the cost of DAC-PtM using the multi-reactor configuration, which we also123

compare against operating a single, large reactor with either wind power or124

electricity purchased from the grid. The analysis incorporates different strate-125

gies for dynamic operation, appraising the cost-effectiveness of maximising126

methanol production against reducing the plant reliance on reserve storage.127

Through life cycle analysis we then investigate the potential of renewably128

powered DAC-PtM to achieve net CO2 capture, contrasted against DAC-PtM129

with grid electricity. Finally, we extend our findings to consider directions for130

further optimisation of DAC-PtM at two specific wind farm sites.131

Power-to-methanol plant132

We consider a renewably-powered DAC-PtM plant, sourcing CO2 from low-133

temperature direct air capture (LT-DAC) with solid sorbents and H2 from134

water electrolysis using proton-membrane exchange (PEM) electrolysers. The135

annual production was set as 50,000 tonnes of methanol, with all sub-processes136

in the DAC-PtM entirely powered by either an onshore or offshore wind farm.137

The potential for power generation of such farms was assessed by taking real-138

world wind data from 90 worldwide locations. To allow the DAC-PtM plant to139

operate during periods of low wind, we consider reserve storage of compressed140
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CO2 and H2 in tanks and electricity in batteries to enable uninterrupted pro-141

duction of methanol. The modular nature LT-DAC (i.e. multiple solid sorbent142

units in parallel [28]) and the fast start-up of PEM electrolyser stacks [9] both143

allow the production of CO2 and H2 to be scaled according to the available144

wind power. We then propose an additional solution to handle power variabil-145

ity: multiple parallel reactors for methanol synthesis. By taking some reactors146

on- or off-line, the plant throughput and electricity demand are adjustable,147

matching the available wind power and alleviating the need for reserve storage.148

We then compare against solutions using only a single, large reactor instead,149

with appropriately adjusted sizes for electricity and CO2/H2 storage. A simpli-150

fied schematic of the plant is given in Fig. 2. In the investigation, we vary the151

performance of wind farms and analyse the outputs from the DAC-PtM plant,152

and the cost-effectiveness of the plant under three cases – base, optimistic, pes-153

simistic – differentiated according to changes in wind power performance and154

obtainable technological improvements across the whole DAC-PtM process.155

 

   

                       

                 

                      

   

   

   

  

           

             

            

          

                            

                        

                      

                        

                     

             

                        

                                     

         

                  
 
 
 
  
   

 

                   

        

   
       

  
          

           

             

               

           

          

            

             

               

           

          

                     

                      

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 CO2

is captured by adsorption; water electrolysis produces H2 and O2, the latter being a
possible by-product for sale. Purification of water is considered prior to electrolysis.
Most of the CO2 and H2 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 CO2, H2 and electricity enables
operations when the wind power is very low.
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Methodology156

Wind power intermittency157

Electricity generation was considered at potential locations for wind farms158

worldwide. The chosen locations, listed in Tab. 1 in the SI, were split evenly159

between 30 onshore sites located in-land (taken here to mean greater than 20160

km from the sea), 30 onshore coastal sites (i.e. less than 20 km from the sea),161

and 30 offshore locations. Wind speed data from the Global Wind Atlas [29]162

were used in selecting suitable candidate locations for the wind farms.163

At each location, expected power generation data for the years 2016 to 2020164

were extracted from the Renewables Ninja web application using a Python165

application programming interface (API) [30, 31]. The API utilises the NASA166

Merra-2 global weather data set [32] for the calculation of predicted wind or167

solar power generation, at any selected location over a given year. The analysis168

here employed Vestas V80 2000 turbines, with a hub height of 100 m, and169

a nominal nameplate farm capacity of 100 MW [33]. The data, obtained in170

hourly intervals, were then processed to find the daily average power output,171

Pdaily. By comparing the daily power output against the nameplate capacity172

of the wind farm, Pnameplate, the daily capacity factor, CFdaily, was calculated173

for each location across a given year, with example results shown in Fig. 1. An174

annual average capacity factor, CF , was then determined. In total, daily and175

yearly power outputs and capacity factors were analysed for all 90 wind farms176

worldwide. Further methodological detail and results are provided in Sec. 2177

of the SI.178

Since considered locations vary in the achievable power output, the size of179

the wind farm needed to run the 50,000 tonnes per annum DAC-PtM plant180

also needs to differ. Thus, for each site, the required nameplate wind farm181

capacity, Pnameplate, was determined using Eq. 1.182

Pnameplate × CF = P PtM , (1)

where CF is the annual wind farm capacity factor and P PtM is the power183

demand to run DAC-PtM at full capacity – the same methodology was applied184

by Chen et al. [24] in sizing wind and solar farms for PtM. The obtained185

nameplate capacity of the wind farm translates to the number of required wind186

turbines, and hence the cost of the wind farm at a given location.187

Dynamic plant operation and reserve storage strategies188

Although the nameplate wind farm capacity is matched to the annual energy189

requirements of the DAC-PtM plant, the daily fluctuations in the wind power,190

Pdaily, will regularly push the power generation below the annual average191

power, Paverage, as already expected from Fig. 1. During such periods, we192

reduce methanol production – and therefore reduce the plant power demand –193

by decreasing the number of operational synthesis reactors, alongside the pro-194

duction of CO2 and H2, according to the daily power availability. We chose195
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here to use four parallel reactors; a discussion on using different numbers of196

reactors is provided in Sec. 10 of the SI. The capacity of reserve storage of H2,197

CO2, and electricity was then considered such that the DAC-PtM plant could198

continue to operate at reduced capacity during periods with very little or no199

wind power generation. We choose to primarily store reserve capacity as com-200

pressed H2 and CO2, rather than solely as electricity in batteries. Utility-scale201

batteries, as would be required for balancing intermittency for a wind-powered202

chemical plant, are discussed in the literature as providing a maximum of 10 h203

duration of discharging output [34], with a duration of 4 h commonly viewed204

as more practicable [35]. Therefore, storage of electricity in batteries alone205

would greatly struggle to smooth out low wind power availability over 5 to 10206

consecutive days range as found in analysis of the wind generation data (Sec.207

2 of the SI). Secondly, the storage of compressed gases is more cost-effective208

than battery-based storage, as demonstrated in Sec. 5 of the SI and discussed209

in [25].210

To operate the DAC-PtM plant at full capacity all-year round, using211

one large reactor, requires a huge reserve storage capacity equivalent to the212

throughput across ca. 90 days of operation (Sec. 6 of the SI). Such large213

storage is cost prohibitive and impractical. Dynamic operation of the plant214

is required, for which the configuration of multiple reactors is well-suited and215

forms the basis of the study here. We considered two alternative strategies for216

the dynamic operation of multiple reactors and usage of reserve storage:217

• In Strategy 1, the number of operational reactors was curtailed to reduce218

the plant power consumption below the available wind power, with the plant219

only ever consuming stored reserves when the available power was insuffi-220

cient to run even one of the four synthesis reactors. Otherwise, the plant221

operated with a small surplus of electricity during curtailed production222

which was used to refill the reserve storage; any electricity generated when223

the storage was full was treated as surplus. Given likely difficulties of align-224

ing periods of surplus wind generation with grid-side electricity demand (e.g.225

because of concomitant strong performance of grid-integrated renewables),226

we used an additional pack of batteries to store the surplus electricity prior227

to sale.228

• In Strategy 2, reserve storage was used to ‘round up’ the number of oper-229

ational reactors on a given day – e.g. if the wind power on a given day230

was equivalent to the power consumption when using 2.5 reactors, reserve231

storage was used to allow for the full operation of 3 reactors. Any surplus232

electricity was then used to replenish the stored reserves.233

Strategy 1 focuses on reducing dependence upon, and size of, reserve stor-234

age (i.e. “minimise storage”) by attempting to operate the plant within the235

constraints of available power generation. Whereas, Strategy 2 aims to max-236

imise throughput production by relying more upon storage (i.e. “maximise237

production”).238
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The two strategies are shown schematically in Fig. 3 and compared in239

Tab. 1. The storage capacity was treated in terms of the number of operational240

days it allowed a single reactor to be operated – i.e. a capacity of 15 days241

would allow the DAC-PtM plant to run with one of the four smaller reactors242

using reserve storage for 15 days without refilling.243

 

                              

                       

                
                       

                                

                                    

                                   

                                   

                                 

                                  

           

            

      

           

       

           

               

           

       

                              

                       

                
                               

                                  

                         

            

                          

                

                

                              

                               

           

           

      

            

            

             

       

               

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 as244

follows:245

• For Strategy 1 (“minimise storage”), the storage capacity was calculated246

by considering the maximum number of days, in a two-month period, for247

which the daily power generation was below 1/4 of the power requirement248

for DAC-PtM at full throughput, P PtM (i.e. when CFdaily < CF/4). The249

1/4 arises because the proposed plant layout uses four reactors, and so if250

ever the daily wind power fell below 1/4P PtM, the plant must consume CO2,251

H2, and electricity from the reserve storage to operate one small reactor.252

• For Strategy 2 (“maximise production”), the storage capacity was calculated253

corresponding to the maximum number of days within a two-month period254

for which the plant relied upon the use of stored reserves, equivalent to when255

CFdaily < CF (Tab. 1).256

The appropriate sizing of reserve storage depends not only upon how fre-257

quently the plant consumes stored reserves, but also how often the reserve258

storage can be refilled. The storage tanks were filled by using the excess elec-259

tricity (such as during curtailed production for Strategy 1, or when CFdaily >260

CF for Strategy 2) to perform extra DAC, electrolysis and compression for261

reserve storage of CO2 and H2, as well as charging of batteries. Hence, a model262
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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 CF 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 CFdaily.

Available power
scenario

Strategy 1
(“minimise storage”)

Strategy 2
(“maximise production”)

CFdaily < CF/4
Run 1 reactor, drawing
upon stored reserves

Run 1 reactor drawing
upon stored reserves

CF/4 ≤ CFdaily < CF/2
Run 1 reactor, using spare
electricity to refill storage

Run 2 reactors drawing upon
stored reserves to make up difference

CF/2 ≤ CFdaily < 3 CF/4
Run 2 reactors, using spare
electricity to refill storage

Run 3 reactors drawing upon
stored reserves to make up difference

3 CF/4 ≤ CFdaily < CF
Run 3 reactors, using spare
electricity to refill storage

Run 4 reactors drawing upon
stored reserves to make up difference

CF ≤ CFdaily
Run 4 reactors, treating excess

electricity as a surplus
Run 4 reactors using excess electricity

to refill the reserve storage

was developed to track the level of stored reserves across the year, when oper-263

ating under each strategy, outlined fully in Sec. 8 of the SI. Obtained results264

are summarised in Figs. 4 and 5, which confirm the storage sizing as sufficient265

to allow continuous methanol production, with the storage only emptying on266

rare occurrences for one or two sites. In Figs. 4 and 5, results are shown for267

relative storage level, defined according to Eq. 2, demonstrating the changes268

in the fill level specific to each location.269

Relative storage level =
Current storage level [in days of capacity]

Max. storage capacity [in days of capacity]
. (2)

At sites for which the relative storage level is above 1, the availability of excess270

electricity to fill storage is greater than the energy demand to consume storage;271

hence, the extra electricity is effectively a further surplus. At sites for which272

the storage level never comes close to zero, the methodology for sizing storage273

can be further optimised, reducing the planned storage without compromising274

continuous plant operation.275

Although the methodology for sizing storage (i.e. the maximum number276

of days for which storage is needed during a two-month period) ensures con-277

tinuous operation under both Strategies 1 and 2, the results differ noticeably.278

First, Strategy 2 (“maximise production”) requires much larger storage capac-279

ity, on average, than Strategy 1 (“minimise storage”), i.e. 50 to 60 days vs280

10 to 20 days, as Strategy 2 depends on storage far more often than Strat-281

egy 1 (Tab. 1). Second, operation under Strategy 2 (“maximise production”)282

is such that some sites draw very heavily upon storage, nearly emptying the283

reserves, before generating a large surplus later in the year (e.g. the site at in284

the South Pacific Ocean, Peru). Such seasonal patterns are not as pronounced285

under Strategy 1. The reason lies in Strategy 2 requiring storage whenever286

electricity generation falls below the yearly average (Tab. 1), causing higher287

sensitivity to seasonal variation in wind power generation than Strategy 1.288
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The disparity in storage levels between the start and end of the year – i.e.289

when the storage level finishes the year in December below its level at the290

start of the year in January – would need to be addressed in practice to ensure291

cyclic annual operation, potentially with deliberate diversions of electricity to292

re-fill the storage at an appropriate time of year.293

Although the DAC-PtM plant with 4 reactors can operate continuously,294

the output production consequently changes across the year. To quantify the295

effective annual methanol production, we defined a separate capacity factor296

for the DAC-PtM plant itself, CFplant, in Eq. 3.297

CFplant =
Actual annual methanol production [tonnes/year]

Maximum annual methanol production [tonnes/year]
, (3)

where the maximum annual capacity was 50,000 tonnes of methanol. The298

resulting CFplant translates to the methanol production and revenue.299

Applying the outlined methodology for Strategy 1 (“minimise storage”) in300

processing the wind power generation data yielded the results in Fig. 6 for301

plant capacity factor, storage requirements, and operational days of the PtM302

reactors. The results when operating wind-powered DAC-PtM under Strategy303

 

                              

          

                          

               

                         

                        

                        

                          

                        

                       

                       

              

          

               
           

             

        

                

                            

             

                

            

                   

                

                

                                    

                           

     

    

     

    

  

  

          

               

           

                 

             
           

            

          

               

           

                 

             
           

            

                              
                                           

                                           

                              

        

         

                 

              

                 

              

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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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 between304

years reveals that the plant capacity factors are consistent from year to year305

under both strategies, demonstrating that reliable prediction of wind-powered306

DAC-PtM performance is achievable. In general, increasing the wind farm CF307

improves CFplant, and the offshore wind farm locations have higher average308

capacity factors than those situated onshore (Figs. 6,7a-e). Comparing both309

strategies shows Strategy 2 (“maximise production”) as achieving substantially310

higher plant capacity factors for the same underlying wind power performance311

– ca. 80% against 70% on average. For comparison, operating a single large312

reactor intermittently gives a much lower plant capacity factor of around 45313

to 55% depending upon wind farm site (Sec. 7 in the SI).314

Comparison of the required storage capacities when operating under Strate-315

gies 1 and 2 shows that, on average, Strategy 2 (“maximise production”)316

requires approximately 3 times more storage than Strategy 1 (“minimise stor-317

age”) (cf. Figs. 6 and 7f-j). Inspecting the breakdowns of operational days318

(Figs. 6,7k-o) shows that under Strategy 1, in which production is always319

reduced to bring power demand below availability, the DAC-PtM operates far320

more often with only 1 reactor than under Strategy 2, which uses storage to321
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avoid curtailment of production. The number of days spent using 2 or 3 reac-322

tors is roughly equivalent between the two strategies, but Strategy 2 spends a323

far greater proportion of the year using all 4 reactors – hence the plant capacity324

factor improvement.325

Two clear bands of data points appear for the in-land onshore and off-326

shore locations across Figs. 6 and 7. The coastal locations unsurprisingly yield327

results which lie between the offshore and in-land data sets, with drastic fluc-328

tuations similar to offshore locations, but without the very high offshore wind329

speeds [32]. Coastal locations may therefore present suitable compromise sites330

for DAC-PtM (i.e. relatively high wind speeds without costly foundations in331

the ocean); however, in aiming to capture the worldwide spread of wind power,332

we focus the rest of our analysis on the in-land onshore and offshore sites. In333

Tab. 5 in the SI, we list the ten offshore and onshore locations with the high-334

est CFplant values under both Strategies 1 and 2. The ranking shows that some335

locations (e.g. the Caribbean Sea to the coast of Venezuela or Baris in Egypt)336

deliver very high CFplant under both Strategies 1 and 2. However, some loca-337

tions are much higher in the ranking for a specific strategy – e.g. Viborg in338

Denmark has the fifth highest CFplant under Strategy 2, but appears outside339

the top ten under Strategy 1 (Tab. 5 in the SI).340

A five-year average of the values in Figs. 6 and 7 was applied in further341

modelling of wind-powered DAC-PtM for each strategy, considering the off-342

shore and in-land wind farms. Using the five-year average, and spread across343

the locations, we extracted values representative of wind-powered DAC-PtM344

under three optimism cases: (1) base, (2) optimistic, and (3) pessimistic. The345

optimistic and pessimistic cases represent extreme values found from the 30346

onshore and offshore sites, while the base case uses the mean values from all 30347

locations. Given the inherent variability of wind power, the use of fixed values348

for parameters such as capacity factor would give a misleadingly narrow set349

of results when appraising wind-powered DAC-PtM. The use of varying opti-350

mism allowed the range of wind power performance, and the subsequent effect351

on DAC-PtM, to be captured. The key parameters are summarised in Tab. 2352

for Strategies 1 and 2.353
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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 [MWhsurp/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 72% 70% 83% 80% 61% 61%
Number of days storage capacity 17 14 6 4 39 36

STRATEGY 2 -“Maximise Production”
Surplus [MWhsurp/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, CFplant 82% 81% 92% 91% 72% 72%
Number of days storage capacity 51 55 38 44 67 72

Process and techno-economic modelling354

The production of 50,000 tonnes per annum of methanol via direct air capture355

power-to-methanol (DAC-PtM) was modelled according to the process flow-356

sheet outlined in SI Fig. 6, and schematised in Fig. 2. An equations-based357

approach was taken in modelling, outlined in detail in Sec. 11.2 of the SI and358

summarised here.359

In the considered DAC-PtM plant, all CO2 and H2 are produced by low-360

temperature direct air capture (LT-DAC) and polymer electrolyte membrane361

(PEM) electrolysis of water, respectively, with electricity sourced only from362

the wind farm. The production of CO2 and H2 is scaled according to the363

available wind power, thereby also adjusting the total flow of feed gas to the364

dynamically operated reactors. During periods of available wind power, the365

two gases undergo multi-stage compression, with inter-cooling by water, up366

to between 50 and 100 bar, i.e. the operating pressure for methanol synthe-367

sis which we varied between different modelling cases. Periods with excess368

electricity, as defined under each of the operation strategies (Tab. 1), are369

used to perform extra LT-DAC and PEM electrolysis. When operating at full370

capacity, about 80% of the two CO2 and H2 streams leaving the initial com-371

pression are mixed and supplied to the PtM reactors, while the remaining 20%372

of unmixed H2 and CO2 streams are further compressed to 300 and 150 bar,373

respectively, for storage within tanks. Given that the excess power available to374
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fill the storage will be time-variant, the actual flowrates of H2 and CO2 enter-375

ing storage will vary over time. However, for sizing the equipment within the376

storage loops (e.g. heat exchangers and turbomachinery), we used the afore-377

mentioned 80%/20% split of H2 and CO2 streams to the reactors and storage,378

respectively – equivalent to running all four reactors and filling the storage at379

a flowrate equal to the throughput of one reactor. Any excess electricity then380

also charges batteries. When withdrawing gases from storage, we considered381

the use of turboexpanders to draw down the pressure of the stored gases to382

the operating pressure in the methanol reactors (50 to 100 bar), allowing for383

electricity recovery during periods when the availability of wind power is low.384

The production of methanol within the PtM reactors and the by-production385

of carbon monoxide and water were modelled using the Bussche and Froment386

kinetic model [36] for a reactor operated at 250◦C and 50 to 100 bar over387

copper-zinc oxide catalysts. The PtM reactors evolve heat (ca. 0.6 MWth);388

here, the heat was removed by raising medium-pressure steam, which pre-heats389

the feed H2 and CO2.390

The gas leaving the PtM reactors contains a mixture of MeOH, CO, and391

H2O, and unreacted H2 and CO2. The MeOH and H2O are separated from392

the rest of components by flash separation at 25◦C and 1 bar; the gas stream393

leaving the flash, consisting of mostly CO, CO2, and H2, is recycled back to394

the reactor. The Rachford-Rice equation was applied to describe the streams395

leaving the flash, using a two-constant activity coefficient model for methanol396

and water [37], and Henry’s law for the dissolution of CO, CO2, and H2 [38].397

To perform the flash separation, the reactor outlet gas must be cooled from398

250◦C down to 25◦C; the majority of the cooling duty (ca. 75%) was heat-399

integrated with the recycle stream pre-heating. Cooling water was used for the400

remaining cooling duty down to 25◦C.401

The MeOH and H2O mixture leaving the flash (with some dissolved CO,402

CO2, and H2) passes to a distillation column operating at ambient pressure,403

yielding 99.9 mol% purity MeOH in the tops. The distillation was approxi-404

mated via short-cut methods: Fenske’s equation for the minimum reflux ratio405

and Underwood’s equations for the minimum number of stages. Binary VLE406

behaviour between methanol and water was assumed, again using a two-407

constant activity coefficient model [37]. Dissolved gas within the MeOH and408

H2O, primarily CO2, leaves via venting at the condenser. The water leaving the409

column bottoms is recycled back to the initial water electrolysis stage, which410

fulfils approximately 2/3 of the total fresh water demand for the DAC-PtM.411

The remaining requirement for water for DAC-PtM is supplied using purified412

water from a reverse osmosis facility.413

Compressor duties, for all gases other than pure H2, were calculated by414

first using the Ideal Gas Law to determine the work required for isentropic415

compression, before using an isentropic efficiency to account for irreversibili-416

ties. For pure H2, the Soave-Redlich-Kwong equation of state was applied [39].417

All requisite heat capacity values (for heat capacity ratios and determining418
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heat exchanger duties) were estimated using Shomate equations in the NIST419

WebBook [40].420

In addition to parallel reactors, the dynamic operation system also requires421

considering auxiliary process equipment and plant sub-systems. Heat exchang-422

ers and compressors typically operate within operational constraints on423

flowrates. Hence, for each reactor, we duplicate the heat exchangers for the424

feed and recycle loop pre-heat, compressors for the H2 and CO2 feed streams,425

and the recycle loop itself, as shown within the full schematic presented in426

SI Fig. 6. The dynamic operation of downstream separation (flash and dis-427

tillation) is also accounted for by introducing a separate flash drum for each428

reactor outlet, from which crude MeOH product is sent to a balance tank. The429

balance tank then feeds into the distillation tower – assumed capable of operat-430

ing under varied conditions. Such an assumption follows the work of Robinson431

and Luyben [41], who investigated control systems for dynamically operated432

distillation columns that achieve high turndown (∼50% of rated throughput)433

over time periods of ∼24 h. It remains possible, however, that two distillation434

columns could be required in parallel to fully realise dynamic operation of the435

DAC-PtM.436

The cost of methanol production via DAC-PtM was considered through437

the capital expenditure (CAPEX) of erecting the facility, and the operating438

expenditure (OPEX) of daily DAC-PtM operation. The dominant source of439

expenditure for the plant results from electricity consumption, given the high440

reliance on electricity for fans in LT-DAC, electrolysis, and compressors. In441

other analyses of power-to-X processes, the translation of electricity usage to442

OPEX is based on a purchased cost of grid electricity, i.e. electrical OPEX443

[$/kg] = electricity usage [MWh/kg] × purchased price [$/MWh]. If DAC-444

PtM uses only grid electricity, the capital cost of electricity generation does445

not contribute to the plant CAPEX; the assessments then rely on one value for446

cost of grid-integrated renewable electricity, obfuscating the results and making447

them liable to underpredictions. The modelling presented here considered the448

provision of electricity as part of the DAC-PtM facility, for which the notion449

of a purchased electricity price ceases to be applicable. Hence, we decomposed450

the cost of electricity into the two components: (i) wind farm OPEX (e.g. for451

maintenance of the turbines and wind farm infrastructure) and (ii) wind farm452

CAPEX (i.e. from building the wind farm).453

The capital cost of installing the wind farm was calculated using Eq. 4,454

which assumes a linear scaling of installed wind farm capital cost according455

to the nameplate capacity, as observed for real-world projects above 50 MW456

in size [42]; the required wind farm sizes for all our DAC-PtM variants range457

from 50 to 90 MW.458

Wind farm cost [$] = Pnameplate [kW]× unit cost [$/kW] . (4)

The capital cost for installation of offshore wind turbines differs versus459

onshore turbines [43]. In 2018, the global average installed cost (turbines, sup-460

porting infrastructure, and installation) of an onshore wind farm was $1,500461
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per kW, down from $1,900 per kW in 2010; most projects had costs in the462

range $1,100 up to $2,500 per kW [44]. Over the same time period, the aver-463

age installed cost of offshore wind farms remained steady at between $4,300464

and $4,500 per kW [44] with many projects experiencing cost overruns [45].465

By 2030, the installed cost of onshore wind is forecast to fall to $800-1,350 per466

kW, while offshore wind to $1,700-3,200 [44, 46].467

Offshore wind farms also incur higher operational and maintenance (O&M)468

costs than typical onshore farms [43, 45], although the exact values are subject469

to uncertainty. The operational cost of an offshore wind farm was recently esti-470

mated as $22 per MWh [47], with another study estimating $31 per MWh [48].471

However, other work by Ederer [49] gives much lower O&M costs for offshore472

farms, also finding the costs to be largely invariant with wind farm size above473

60 MW but depending more on the distance from shore. They found that O&M474

costs rose from $35 per kW-year (equivalent to $4 per MWh) to $57 per kW-475

year (equivalent to $6.50 per MWh) when the distance from shore rose from 5476

to 20 km. Wiser & Bolinger [42], in a survey of real-world onshore wind farm477

projects from 2000 to 2018, found O&M costs broadly in the range $30 to $50478

per kW-year ($1.50 to $5.75 per MWh), and have subsequently forecast very479

little future decrease [50].480

In modelling the installed cost of the wind farms, we took the middle-range481

2030 values [42] for a base case scenario, with the lower-bound of the 2030 pre-482

dicted values taken as an optimistic case. The upper-bound of current project483

costs [42, 45] were taken as a pessimistic case. Realistically, the installed and484

operational costs of wind farms show a substantial geographical variation [43],485

although the globally-averaged cost values, used here, are appropriate given486

that we also average wind power performance across the worldwide locations.487

The capital costs of the PEM and LT-DAC units were also assumed to488

scale linearly with size, given the modular nature of their construction [51,489

52]. The range of potential costs of the LT-DAC system was taken from a490

recent review [52], in which the installation cost was estimated as $800 per491

tonne of CO2 captured annually, with an upper cost of $1,350. Reduction to492

capital costs of ca. $300 per tonne of CO2 captured per annum have been493

suggested [53]. The installation cost of the PEM electrolyser stack was scaled494

according to the input electrical power requirement. Recent reviews [51, 54]495

give costs from $360 to $840 per kWinput for PEM systems in 2030, with496

current costs of $1,000 to $1,200 per kWinput. Other authors [9] have suggested497

higher current installation costs of $1,500-2,200 per kWinput.498

The fully developed model of the DAC-PtM plant was varied to consider499

three optimism cases: (1) base case, (2) optimistic case, and (3) pessimistic500

case. The three cases differ in the performance of onshore and offshore wind501

farms, the cost of erecting and operating them, as well as changes to the502

DAC-PtM process, such as: (1) reductions in the energy requirements and503

installation costs of LT-DAC and PEM electrolysis; (2) improvements in cata-504

lyst selectivity towards methanol, methanol yield, and longevity; (3) changes in505

operating pressures and the performance of compressors and turboexpanders506
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(e.g. isentropic efficiency). A summary of the key differences between the three507

optimism cases is given in Tab. 3. A full overview of all model assumptions is508

provided in Sec. 11.2 of the SI; all parameters used to calculate the OPEX509

and CAPEX for the whole DAC-PtM plant are given in the SI Tabs. 8 and510

9, respectively.511

Owing to the dynamic plant operation, the day-to-day plant OPEX var-512

ied according to the number of operational reactors each day. Consequently,513

the plant OPEX was determined for each operational state (i.e. 1, 2, 3, or 4514

reactors), and then summed over an entire year according to the number of515

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−1

e ] 3.5 ± 2 1.5 ± 0.5 7 ± 4 [43, 50]
Installation cost of onshore wind farm [$ kW−1

e ] 1,100 ± 250 800 ± 100 2,100 ± 400 [45, 50]
Offshore Wind Farm
Offshore wind farm OPEX [$ MWh−1

e ] 22 ± 5 5 ± 2 31 ± 5 [47–49]
Installation cost of offshore wind farm [$ kW−1

e ] 2,500 ± 500 1,700 ± 200 4,200 ± 500 [44, 45]
PEM electrolysis

PEM electrical req. [kWhe kg−1
H2

] 52.5 ± 2.5 43.8 ± 2.0 62.7 ± 2.5 [9, 55]
Installation cost of PEM system [$ kW−1

e ] 600 ± 200 360 ± 40 1,800 ± 400 [9, 54]
Lifetime of PEM system [years] 6 15 2 [14]
LT-DAC

LT-DAC electrical req.[kWhe kg−1
CO2

] 0.25 ± 0.07 0.15 ± 0.02 0.40 ± 0.05 [52, 56]

LT-DAC heat req.b [kWhth kg−1
CO2

] 1.4 ± 0.25 1.0 ± 0.20 b 2.0 ± 0.35 [52, 56]b

Installation cost of LT-DAC system [$ tn−1
CO2

p.a.] 800 ± 150 300 ± 200 1300 ± 250 [52, 53]
Reserve Storage
Battery storage [$ kWh−1

e ] 210 ± 90 130 ± 40 250 ± 100 [35]
H2 storage tank [$ kg−1

H2
] 560 ± 30 400 ± 70 730 ± 150 [57, 58]

CO2 storage tank [$ kg−1
CO2

] 18 ± 3 14 ± 2 26 ± 4 [59]
Other process parameters
Isentropic efficiency, η 85% 90% 70% [60]
Operating pressure for methanol synthesis [bar] 75 50 100 [9]
CO2 conversion, X 15 ± 2% 40 ± 5% 10 ± 1% [61]
MeOH selectivity, S a 65% ± 3% 99% ± 0.5% 60% ± 5% [36, 62]a

MeOH Yield, Y [molMeOH kg−1
cat h−1] 16 ± 3 40 ± 5 8 ± 1 [62]

a 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.

516

Determination of methanol selling price517

The minimum selling price of methanol was determined via a net present518

value (NPV) calculation, as shown in Eq. 5, where the selling price ensures a519

specified rate of return on capital investment, r, over an economic lifetime of520

15 years, such that the NPV became zero.521
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NPV = −CAPEX+

15∑
i=1

Net Cash Flowi

(1 + r)i
, (5)

where i refers to the ith year of operating the plant, and the net cash flow is522

given by all annual in-flows of revenue (e.g. from sale of methanol and oxygen523

by-product) minus all out-flows of cash (i.e. OPEX). The capital expendi-524

ture (CAPEX) was treated as an investment in year zero before the plant525

begins operations, although the replacement of the PEM electrolyser stacks526

was included as an additional capital cost at the end of the stack lifetimes (6,527

15, and 2 years for the base, optimistic and pessimistic cases, respectively [14]).528

The incoming revenue for DAC-PtM also included the potential sale of529

CO2 or H2 produced, or the direct sale of surplus electricity to the grid. The530

latter was the primary consideration, for which we assumed that the surplus531

electricity was stored in batteries for later sale to the grid at a pre-agreed532

price. The use of battery storage was motivated by the fact that the periods533

of electricity surplus (e.g. windy days) may not correspond with times of high534

demand from the grid. In the base case, electricity was sold at $50 per MWh,535

and in the optimistic and pessimistic cases at $60 and $25 per MWh, respec-536

tively. Additionally, in the pessimistic case we assumed that only 50% of the537

surplus electricity can be sold due to insufficient demand from the grid (e.g. if538

the plant’s wind-farm electricity were less attractive than other grid-integrated539

renewables).540

The rate of return, r, was set as the weighted average cost of capital541

(WACC), which considers the breakdown of project financing – e.g. the cost542

of debt and equity. The WACC was adjusted between the three cases – 5%543

for base case, 4% for the optimistic case, and 7% for the pessimistic case –544

representing a typical spread of values of chemical production and renewable545

energy projects [63, 64]. Reduction of the WACC – which could be achieved546

by increased financing via state-backed loans rather than equity [63] – acts to547

reduce the burden of capital cost within the methanol selling price. Further548

information on the NPV calculation is given in Sec. 12 of the SI.549

As a benchmark, we also consider the selling price of methanol if produced550

from grid electricity rather than wind power, obviating any intermittency551

issues. Grid electricity decreases the plant CAPEX, given that the wind farm552

is no longer included as part of the DAC-PtM facility. However, the OPEX553

contribution increases as now electricity is purchased at the wholesale price554

(which we take as $50, 35, and 65 per MWh for the base, optimistic, and555

pessimistic cases, respectively [65, 66].556
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Life cycle assessment and the effective cost of net CO2557

capture558

An environmental impact assessment was performed over the cradle-to-gate559

life cycle for 1 tonne of MeOH. Similar to the techno-economic analysis, the560

base, optimistic, and pessimistic cases were assessed for both onshore and off-561

shore wind under Strategies 1 and 2, then compared against the grid electricity562

scenario (with no intermittency). The assessment translated the material and563

energy inputs from the process model into the environmental impact score,564

global warming potential (GWP), by means of emission factors at the midpoint565

level via the ReCiPe 2016 method [67] using the life cycle assessment stan-566

dards (ISO 14040 and 14044 series) [68]. All emission factors of the life cycle567

inventory for each case, including raw materials and electricity generation, are568

summarised in Tab. 12 in the SI. The responsibility for GWP arising from569

the process was assigned solely to the methanol, not the oxygen by-product,570

and all remaining environmental impact categories of the ReCiPe method are571

excluded from this work for simplicity.572

For the wind-powered DAC-PtM scenarios, the life cycle emissions asso-573

ciated with onshore and offshore wind were incorporated in the analysis. In574

considering the emission intensity of grid electricity provision, three potential575

grid mixes were applied in the LCA: (1) a European average grid mix, com-576

prising approximately 35% grid-integrated wind, solar, and hydro power but577

still with a strong (ca. 40%) reliance upon fossil fuels [69, 70]; (2) a Brazilian578

grid mix, in which around 69% of electricity generation is hydroelectric and579

11% is from wind and solar power [70, 71]; (3) a Chinese grid mix, for which580

64% of electricity generation is from coal power but with approximately one581

quarter of the mix being wind, solar and hydro power [70, 72].582

The system boundary of the LCA includes the acquisition of all raw mate-583

rials and the electricity requirements of the DAC-PtM process until the MeOH584

product arrives at the factory “gate” before final use. The common raw mate-585

rials across all cases are copper and zinc oxide on alumina support as the586

catalyst, and water for electrolysis (see Tab. 12 in the SI). A once-through587

cooling system is assumed for the process, i.e. the warmed-up cooling water588

is discharged to a nearby body of water after use and no emissions are associ-589

ated with the acquisition of cooling water or its re-cooling. The CO2 uptake by590

DAC was treated as a sink of carbon (i.e. negative CO2,eq emissions); however,591

the analysis only assigned credit for the carbon content in the final methanol592

product, constrained by reaction stoichiometry as 1,374 kgCO2,eq/tMeOH for593

all investigated cases.594

Finally, we combined the findings of our LCA and techno-economic analysis595

to determine the effective cost of net carbon uptake by DAC-PtM according596

to Eq. 6.597

CO2 Removal Cost [$/kgCO2] =
MeOH price [$/tMeOH]

−Net GWP [kgCO2eq/tMeOH]
, (6)
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where the minus sign accounts for a net-negative carbon intensity (CO2598

drawdown).599

Results600

Power-to-methanol production601

The total electrical power demand of the DAC-PtM facility, at full capacity602

and under the base case, is given in Fig. 8. The demand of 82.2 MWe, com-603

pared against the annual production capacity of 50,000 tonnes of methanol604

(equivalent to 31.6 MWth in methanol on a lower heating value basis) gives605

an overall power-to-methanol efficiency, ηPtM, of approximately 40%, in agree-606

ment with previous studies [14]. The electrolysis of water to produce H2 is the607

dominant electricity requirement, ranging from 70 to 85% of the total power608

across the three cases. Therefore, reducing the energy requirement of water609

electrolysis in the optimistic case (Tab. 3) drastically improves the DAC-PtM610

efficiency. Low-temperature direct air capture (LT-DAC) of CO2, considered611

here, has the second highest power demand after electrolysis. The large fan612

assemblies, to pull in sufficient air, represent a substantial electricity demand613

(1 to 4 MWe). However, the regeneration of the solid sorbent, by heating to614

100◦C for desorption of CO2, dominates the operational duty for LT-DAC615

(10 and 20 MWth of thermal power). Waste heat usage is often discussed for616

LT-DAC [2, 52]; however, assuming universally available – and readily usable617

– waste heat is generous, particularly if locating DAC-PtM away from pre-618

existing process facilities. For the base and pessimistic cases, we provide the619

regenerative heat for LT-DAC via electrical heating; whereas, the optimistic620

case assumes that waste heat is available. Similarly, the reboiler was heated621

electrically for the distillation of methanol from water under the base and pes-622

simistic cases; on-site steam was assumed as available in the optimistic case623

instead.624

Taking all differences across the DAC-PtM cases (outlined in SI Sec. 11),625

the power demand changes from 82.2 MWe (ηPtM = 38%) in the base case626

to 55.7 MWe (ηPtM = 57%) and 101.7 MWe (ηPtM = 31%) in the optimistic627

and pessimistic cases, respectively, driven largely by changes in the electricity628

demand of PEM electrolysis and LT-DAC. Full breakdowns of power consump-629

tion are provided in Tab. 10 in the SI, for each of three cases at full methanol630

production capacity.631

Methanol production costs for dynamic operation of632

multiple reactors633

The OPEX and CAPEX values are shown for the dynamic operation of DAC-634

PtM under Strategy 1 (“minimise storage”) in Fig. 9 and for Strategy 2635

(“maximise production”) in Fig. 10. The OPEX contributions correspond636

almost exactly to the power breakdown in Fig. 8, illustrating the heavy637

reliance of DAC-PtM upon electricity. The operating and capital expenditures638
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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 CO2; the electrical reboiler
heating duty.

are higher for the offshore than for the onshore wind farms (cf. Figs. 9,10a639

and Figs. 9,10c), as was also found by Choe et al. [73] in a comparative640

study on power-to-fuel production. The installed cost of the wind farm is the641

largest capital cost in all instances, at anywhere between 30 and 60% of the642

total. Larger installed costs of offshore against onshore farms (Tab. 3) pri-643

marily drive the higher CAPEX for DAC-PtM reliant on offshore instead of644

onshore wind power (Figs. 9b,d and 10b,d). Reserve storage (batteries and645

compressed gases) contributes around 10 to 20% of the CAPEX under Strat-646

egy 1 (“minimise storage”), rising to 30 to 50% for the more storage-dependent647

Strategy 2 (“maximise production”). Changes in the reserve storage require-648

ment for offshore versus onshore sites (Tab. 2) also have a small effect (ca. 2649

to 4%) on CAPEX.650

The values of OPEX are lower for Strategy 2 than Strategy 1 under com-651

parable modelling cases – e.g. $390 vs $264 per tonne of MeOH for the base652

case with offshore wind under Strategies 1 and 2, respectively. Operation under653

Strategy 2 leads to the process regularly withdrawing CO2 and H2 from stor-654

age, which in itself does not incur any operational costs, in order to maximise655

the production of methanol; hence, the operational costs per unit methanol656

produced become lower, on average, than under Strategy 1.657

Comparing across the three optimism cases underlines the interplay of pro-658

cess modelling assumptions and wind power performance in determining the659

costs of DAC-PtM. The decrease in PEM electrolysis demand taken in the660

optimistic case (from the base value of 52.5 down to 43.8 kWhe kg
−1
H2

) primar-661

ily drove the reduction in DAC-PtM power demand. When coupled with more662

optimistic installation costs for the wind farms, the DAC-PtM CAPEX fell663
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by around 2.5 times between the base and optimistic cases. The availability664

of waste heat further reduced the DAC-PtM electricity demand, evidenced by665

the lower share of LT-DAC in the OPEX for the optimistic cases in Figs. 9a,c666

and 10a,c. Conversely, the pessimistic cases show the potential for drastic667

increases in CAPEX (2.5 – 3 times) if sub-optimal process performance (e.g.668

lower PEM efficiency, increased DAC electricity demand, and reduced turbo-669

machinery efficiency) becomes compounded by an expensive wind farm with670

low power stability.671

 

       

     

        

    

                           

                          

                         

                          

                           

                           
                         

                           

 

   

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

             

            

             

                 

              

         

          

      

   

 

   

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

             

            

             

                 

              

         

          

      

   

 

   

   

   

   

   

   

   

   

                         

 
 
 
  
  
 
 
  
 
 
 
 
 
  
 
  
  
 
  
 
 
 
 
 
 
 
 
 

                
                   
              
                 
       
                
                           
                    

          

          

           

                

   

       

 

   

   

   

   

   

   

   

   

                         

 
 
 
  
  
 
 
  
 
 
 
 
 
  
 
  
  
 
  
 
 
 
 
 
 
 
 
 

                
                   
              
                 
       
                
                           
                    

           

          

           

                

      

   

       

            

                             

  

  

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. c 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.
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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. c 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 across672

the optimism cases. The incumbent catalysts, copper and zinc oxide on an alu-673

mina support, remain the best available choice for methanol synthesis, but were674

designed for converting syngas (predominantly CO and H2) to methanol [9].675

The methanol yield is inferior with the CO2 and H2 feed-stock used in DAC-676

PtM [11]; deactivation by sintering also remains a problem when current677

copper-catalysts support methanol synthesis from CO2 [74]. Research into678
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alternative catalysts is ongoing [14, 75]. Here, the catalyst performance and679

lifetime were varied between the three cases. The base case applied the pre-680

existing Bussche and Froment rate model for methanol synthesis over Cu-ZnO681

catalysts [36], and current estimates for catalyst lifetime and cost [9]; the pes-682

simistic case considered faster catalyst deactivation (see Tab. 8 in the SI). The683

optimistic case assumed a new catalyst able to deliver equivalent methanol syn-684

thesis performance to that observed when using syngas over Cu-ZnO catalysts685

– namely high selectivity to methanol (ca. 99%), meaning less CO by-product686

to handle, and resistance to deactivation.687

For comparison against the dynamic operation of multiple reactors, Fig. 11688

shows the CAPEX for continuously operating wind-powered DAC-PtM with689

one large reactor. Reserve storage becomes the dominant source of capital690

expenditure – approximately $2,500 ± 1,500 million across the optimism cases691

– owing to the much larger consumption of stored reserves to operate the large692

reactor continuously (Sec. 6 in the SI). The dynamic operation of multiple693

reactors therefore drastically reduces the capital costs incurred by DAC-PtM,694

by approximately 3 to 4 times.695

 
 

    

    

    

    

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

              

             

             

 

    

    

    

    

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

              

             

             

                                  

                                

                             

                                  

                                 

                               

               

          

         

         

               

         
          

         

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 price696

The minimum selling prices of methanol are shown in Fig. 12 under all697

investigated scenarios for the three optimism cases, using either onshore or698

offshore wind power. Comparison of the four-reactor DAC-PtM against a sin-699

gle, large reactor underlines the benefits of dynamic operation for managing700
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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-701

tor continuously renders DAC-PtM wholly infeasible even under optimistic702

assumptions (Fig. 12). The removal of all storage, thereby trading a ca. 3/4703

reduction in capital cost for a CFplant of order just 50% (Sec. 7 in the SI), does704

reduce the selling price substantially – to around $1,700/tMeOH under the base705

case – but is still out-performed by the four-reactor DAC-PtM with onshore706

wind. Moreover, complete shut-down of the DAC-PtM plant during low wind707

power availability, as necessitated by removing all storage and operating with-708

out grid power, also poses numerous operational challenges (e.g. distillation709

column shut-down and start-up) which the multi-reactor dynamic operation710

framework avoids.711

Across all scenarios of wind-powered DAC-PtM, the cost of capital domi-712

nates between 85 and 95% of the methanol selling price. Hence, the reduction713

of CAPEX, namely through a smaller wind farm with high CF and a stable714

power output to minimise storage, has a drastic effect in reducing methanol715

selling price – evidenced by the 3 to 5-fold decrease between base and opti-716

mistic cases. Strategy 1 (“minimise storage”) produces methanol at lower cost717

than Strategy 2 (“maximise production”), because the increased annual pro-718

duction of methanol (i.e. higher CFplant) under Strategy 2 does not outweigh719

the capital cost of storage required to achieve the boosted production versus720

Strategy 1.721

Despite superior wind farm capacity factors, offshore wind yields methanol722

at greater cost than onshore wind. For the optimistic case, the selling price723
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of methanol from onshore wind falls to $310/tMeOH under Strategy 1, which724

outperforms the grid-derived methanol price of $340/tMeOH – both reach par-725

ity with the typical fossil fuel-derived methanol price of ca. $300-500 per726

tonne [76, 77]. Offshore wind-powered DAC-PtM (selling price of $450/tMeOH727

under Strategy 1) is also appealing under optimistic assumptions.728

Selling the oxygen by-product from electrolysis (ca. 1.5 kg of O2 per kg of729

MeOH) yields only $60/tMeOH under the base case or $80/tMeOH in the opti-730

mistic case, assuming a direct over-the-fence sale of the O2 at 20 bar, taking731

wholesale O2 prices [78]. Prior work [79] has reported O2 from electrolysis as732

having a purity comparable to cryogenic O2, with suitability for medical appli-733

cations which could attract a higher selling price. A recent study [80] has also734

suggested only a marginal additional cost of O2 post-processing (e.g. liquefac-735

tion) relative to the cost of electrolysis. Nevertheless, research examining the736

applications of O2 derived from electrolysis remains nascent and further work737

is required to appreciate the necessary distribution and intermediate storage738

infrastructure for integrating DAC-PtM with O2 consumers.739

Life cycle assessment and the effective cost of740

carbon capture741

The Global Warming Potential (GWP) for each DAC-PtM scenario investi-742

gated is shown in Fig. 13, alongside literature results for MeOH produced from743

syngas, either from natural gas [13, 81–84] or coal [81, 83–85] (see SI Tab. 11).744

All emission factors used in the LCA are summarised in SI Tab. 12. A break-745

down of all the contributions to the overall GWP of wind-powered DAC-PtM746

is provided in SI Tab. 13, and in SI Tab. 14 for grid-powered DAC-PtM.747

The results in Fig. 13 demonstrate that all wind-powered cases achieve748

a net-negative carbon intensity, with a GWP between −760 and −1,240749

kgCO2eq/tMeOH. The substantial net uptake of CO2 is attributable to draw-750

down by DAC of atmospheric CO2 to produce methanol (1,374 kgCO2/tMeOH,751

according to reaction stoichiometry), coupled with the low carbon intensity of752

wind power. However, the lower embedded emissions of erecting an onshore753

wind farm (11 kgCO2eq/MWh) lead to 8 to 18% larger net CO2 drawdown754

compared to offshore wind, despite the higher CF of the offshore sites, owing755

to the substantial foundational works at sea with embedded emissions of 25756

kgCO2eq/MWh.757

Employing grid-power for DAC-PtM switches the process from a net-758

negative GHG intensity (CO2 drawdown) to a net CO2 emission across all759

investigated circumstances. The magnitude of the emissions depends on the760

energy mix of the electricity grid; the European and Chinese grids both remain761

heavily dependent on fossil fuels (39% and 67%, respectively), leading to DAC-762

PtM emissions comparable to, or exceeding, those of MeOH from natural gas763

or coal. In contrast, a DAC-PtM plant located in Brazil, with an 80% share of764

renewables in the electricity mix, results in a GWP comparable to or lower than765

GWP of MeOH produced directly from natural gas, although only for the base766
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and optimistic cases. While the carbon intensity of the Brazilian grid is taken767

here as 155 kgCO2eq/MWh, another study reported 130 kgCO2eq/MWh, which768

would give a net-negative GWP of −105 kgCO2/tMeOH for the optimistic case.769

Therefore, grid-powered DAC-PtM can offer the potential for net-negative car-770

bon intensity, free of intermittency constraints, but only if the grid portfolio771

is dominated by renewable power sources.

 

     

 

    

    

    

    

     

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  

  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  

  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  

  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  

  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  

  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  

  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  

  
  

                                                         

                                                  

 
  
 
 
  
 
 
  

  
 
  
 
  
 
  
 
  

  
 
 
 
 
 
 
  
 
 
 
 
 

                               

              

                     

             

         

            

         

     

     

    

 

        

       

        

         

        

         

Fig. 13: Global warming potential (GWP), quantified as kgCO2eq/tMeOH, 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.

772

Combining the LCA with the estimated costs in Fig. 13, the effective costs773

of net CO2 capture were determined according to Eq. 6 and are summarised774

in Tab. 4, alongside the estimated methanol selling prices for the onshore775

and offshore wind-powered DAC-PtM. In utilising offshore wind power for776

DAC-PtM, the increased installation costs and embedded emissions compound777

one another, leading to markedly higher effective costs of net CO2 capture778

compared to onshore wind-powered DAC-PtM. When the achievable net CO2779

drawdown (assessed with LCA) is below 1 tCO2eq/tMeOH (∼ 70% of the 1.374780

tCO2eq/tMeOH molar ratio from reaction stoichiometry) – as in the Base case781

offshore wind-powered DAC-PtM under Strategy 2 (see SI Tab. 13) – the782

cost of net CO2 capture (Eq. 6) becomes higher than the selling price of783

MeOH, underlining that successful CCU must balance minimising the cost of784

DAC-PtM and maximising the CO2 drawdown.785

With regards to the cost of solely performing DAC, independent of786

methanol synthesis, a recent study by Gutsch and Leker [86] examined DAC787

with carbon sequestration (DACCS) when operating dynamically with off-grid788
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solar PV power, estimating an optimised net CO2 removal cost of $877/tCO2,789

falling to $216/tCO2 with technology improvement and favourable project790

financing. Standalone DACCS, therefore, does capture CO2 at a lower net791

cost than DAC-PtM (Tab. 4), although the cost range reported by Gutsch792

and Leker remains far above even the highest current CO2 prices of ca.793

$100/tCO2 [87]. Hence, the implementation of DACCS alone may prove chal-794

lenging, especially if encumbered by limited access to suitable sequestration795

sites. Therefore, DAC-PtM can assist in the implementation and refinement796

of DAC at scale, also yielding a methanol product with numerous uses, both797

pre-established and developing.798

Table 4: The effective costs of net CO2 capture for wind-powered DAC-PtM along-
side the selling prices of MeOH, under each considered scenario and modelling
optimism.

Cost of net CO2 capture [$/tCO2] Selling Price of MeOH [$/tMeOH]

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 design799

The findings summarised in Figs. 12 and 13 demonstrate the utilisation of800

multiple reactors as an effective solution to mitigate the effects of intermittency801

upon renewably powered DAC-PtM, while delivering a substantial net capture802

of CO2. To fairly investigate our proposal for dynamic operation, the earlier803

analysis (results shown in Figs. 4-13) considers the global spread in wind804

power performance and installation costs, demonstrating a general approach,805

open for further optimisation. For example, Figs. 4 and 5 reveal that, for some806

locations, the storage level remained nearly full across a year, thus resizing807

would be the next step in the second-pass design.808

Here, we exemplify a further optimisation of the dynamic DAC-PtM pro-809

cess, accounting for the wind power performance and costs, taking one offshore810

and one onshore location. The considered offshore location in the North Sea,811

approximately 300 km Northeast from Teeside in the UK, achieved one of the812

highest plant capacity factors among offshore farms (Tab. 5 in the SI); simi-813

larly, the location at Alice Springs, near the centre of Australia, was the among814

the best performing onshore locations under Strategies 1 and 2 (Tab. 5 in the815

SI). Given the high quality of cost information and life cycle inventory data816

for wind power at these two locations (discussed further in Secs. 15.3-15.4817

of the SI), we were able to refine our calculations, to reach site-specific conclu-818

sions. The full methodology is outlined in Sec. 15.1 of the SI; the key aspects819

are as follows:820
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1. The storage is resized to the minimum capacity needed for continuous oper-821

ation and wind conditions across 2016-2020 – i.e. the storage was as a small822

as possible without the level falling below 1% of capacity across the 5-year823

period.824

2. The tolerance of operability of reactors for methanol synthesis was relaxed,825

allowing operations down to 80% of the nominal capacity before requiring826

shut-down or the utilisation of reserve storage. Prior work has suggested tol-827

erance of such reactors to 20% perturbations in operating throughput [88].828

3. The battery sizing was adjusted to storing only the reserve electricity829

required to operate the DAC-PtM, thus, removing the intermediate storage830

of surplus electricity for selling to the grid. Given the marginal contribu-831

tion of electricity surplus sales to overall process viability, the extra cost of832

battery storage was deemed an unnecessary expenditure.833

The outcomes of the optimisation procedure are summarised in Tab. 5,834

listing the revised storage sizes, available electricity surpluses, and the resultant835

plant capacity factors under Strategies 1 and 2, also re-considering a single836

reactor operated continuously. In Fig. 7 in the SI, we show daily storage levels837

tracked continuously across 2016 to 2020 at both locations, illustrating the838

optimality of the new storage sizing. After optimisation, the required size of839

reserve storage for Strategies 1 and 2 becomes comparable, aided by allowing840

the reactors to operate down to 80% load. The storage requirement to operate a841

single reactor is also reduced, substantially so for the Alice Springs site (23 days842

vs 70 days prior to optimisation); however, continuous operation of the single843

reactor still requires markedly more reserve storage than the multi-reactor844

configuration (3-6 days).845

Estimates of the maximum period for which a reactor could be held in a846

standby mode (i.e. not producing MeOH) are also shown in Tab. 5. Operation847

under Strategy 1, whereby the number of operational reactors is deliberately848

curtailed to hold the plant power demand at or below the available wind849

power, results in longer idle periods for reactors than Strategy 2. In the case850

of the single reactor, operated continuously at variable throughput with the851

support of reserve storage, no standby days arise from a lack of available wind852

power; however, reactor downtime would still be required for maintenance.853

Such operations could instead be performed during the idle periods inherent854

to operation under Strategies 1 and 2, although the need to depressurise and855

purge any equipment (to make ingress safe for engineers) would complicate the856

downtime procedure. Prolonged standby of reactors could also cause catalyst857

deactivation, however a dynamic nature multi-reactor configuration facilitates858

toggling between operational reactors to avoid long periods of inactivity in a859

given reactor.860

After applying the optimised outcomes from Tab. 5 and location-specific861

costs of wind farm installation, the revised capital expenditures are given in862

Fig. 14. The contribution of reserve storage is drastically reduced following863

the optimisation, particularly so for Strategies 1 and 2, for which the capital864

costs become overall comparable (cf. Fig. 14 and Figs. 9-10). Even after865
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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

1
Strategy

2
Single
Reactor

Strategy
1

Strategy
2

Single
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
CO2 storage required [tonnes] 168 393 1,190 173 236 3,287
H2 storage required [tonnes] 24 42 171 25 34 472
Battery size [MWh]a 23 40 164 24 33 453
Surplus elec. [MWhsurp/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 a866

single, large reactor outstripped the multi-reactor configuration for both sites,867

but without drastically improving the resulting plant capacity factor (Tab. 5).868

 

 

   

    

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

            

            

             
                 

              

         

      

   

 

   

    

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

             

            

             
                 

              

               

   

        

                        

                         

                 

         

             

                         

                 

 

   

    

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

             

            

             

                 

              

               

   

 

   

    

    

    

    

    

                         

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                
         
                   
          
               
           
        
            
                         
               
         

             

            

             

                 

              

         

      

   

          

          

          

                        

              

 

   

    

    

    

    

    

                   

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                 
         
                  
          
               
           
       
            
                         
               
         

              

            

             

                 

              

                   

      

   

 

   

    

    

    

    

    

                   

 
 
 
  
 
  
 
 
 
 
 
 
  
 
  
  
 
  
  
 
 
  
 

                 
         
                  
          
               
           
       
            
                         
               
         

              

            

             

                 

              

         

          

      

   

   

   

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 (c) 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 within869

the North Sea – 58.6% vs 36.5% for Alice Springs, which allows for a ∼40%870

smaller wind farm – still gives substantially higher installation costs across871

all scenarios. Expensive installation of offshore wind farms is particularly pro-872

nounced in the North Sea [89] because of the long distance from shore and the873

need for extensive foundations in such deep waters.874

Taking the estimated capital costs in Fig. 14, combined with operating875

costs for the optimised plant configurations and plant capacity factors, the876

selling prices of MeOH at each site are compared against operating DAC-877

PtM powered by local UK or Australian electricity grids in Fig. 15a. As for878

the global analysis (Fig. 12), dynamic operation of multiple reactors remains879

more cost-effective than operating DAC-PtM with a single, large reactor, even880

after optimisation. The optimisation does reveal, however, that Strategy 2 can881

achieve a lower selling price than Strategy 1 – as shown here for the Alice882

Springs onshore wind farm location across all three optimism cases. Owing to883

the comparatively high installation costs of wind farms in highly developed884

economies, such as the UK or Australia, the resulting methanol selling prices885

are above the globally averaged prices in Fig. 12.886

 
                        

                    

                     

             

 

    

    

    

    

     

     

     

     

     

 
 
  
 
 
 
  
 
 
  
  
 
  
  
 
 
  
 
  
 
 
 
 
 

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  
 

           

        

 

     

 

    

    

    

    

     

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

 
 
 
 

 
 
  
 
  
  
 

 
 
 
 
  
  
  

                                        

          
    

          
    

 
  
 
 
  
 
 
  
  
 
  
 
  
 
  
 
  

  
 
 
 
 
 
 
  
 
 
 
 
 

               

                    

                

         

              

                     

 

 

    

    

    

    

    

    

    

 
 
  
 
 
 
  
 
 
  
  
 
  
  
 
 
  
 
  
 
 
 
 
 

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)887

yielded the GWP values shown in Fig. 15b. As in the global analysis888

(Fig. 13), wind-powered DAC-PtM again has a negative carbon intensity in889

all cases, although with a lower net CO2 capture for the offshore North Sea890
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site than the Alice Springs location (between −1032 and −557 kgCO2eq/tMeOH891

for the North Sea vs −1158 to −862 kgCO2eq/tMeOH for Alice Springs). For892

grid-powered cases, because the carbon intensity of the Australian grid is893

over three times higher than that of the UK (600 against 180 kgCO2eq/MWh,894

respectively [90, 91]), the grid-powered DAC-PtM at Alice Springs leads to895

CO2 emissions of 4,900-10,100 kgCO2eq/tMeOH, markedly worse than MeOH896

production from coal. The site-specific analysis presented here underlines the897

vast disparity in environmental impact between renewably powered and grid-898

reliant DAC-PtM; even the comparatively low carbon-intensity UK grid leads899

to a strongly positive net GWP of between 820-2,400 kgCO2eq/tMeOH.900

Finally, combining the site-specific costs and LCA, we determined the cost901

of net CO2 capture for DAC-PtM under each wind-powered scenario (Tab.902

19 in the SI), finding an optimised cost of $1,760/tCO2eq at Alice Springs903

under the base case, falling to $655/tCO2eq under the optimistic modelling904

case; however, for the North Sea offshore wind farm, with higher production905

costs and larger embedded emissions, the effective cost rises starkly to around906

$3,000/tCO2eq under the base case, only falling to a minimum of $1,100/tCO2eq907

under the optimistic case.908

Discussion909

The prospect of DAC-PtM for carbon capture and910

utilisation911

Methanol synthesis from CO2 has been investigated widely for the utilisation912

of captured carbon; however, most prior work has excluded the full costs and913

environmental impact of CO2 capture from their analysis, instead considering a914

pure stream of CO2 entering at their system boundary [13, 92, 93], focusing on915

performing capture from industrial point sources of CO2 [93–96], or upgrading916

CO2 and H2 from biogas to MeOH [93, 97]. The combination of DAC with917

PtM has received less attention, with Bos et al. [98] and Van Antwerpen et918

al. [25] being two prominent exceptions.919

In Tab. 6, we summarise costs for PtM reported in published studies,920

drawing attention to the assumptions for sourcing power and CO2. We again921

emphasise that a clear distinction should be drawn between DAC and CO2922

captured from industry — the utilisation of industrial point sources will, at923

best, serve to only abate further emissions, whereas DAC actively draws CO2924

down from the atmosphere. Given the higher CO2 concentration in industrial925

flue gases, which makes capture less costly than DAC, the lower methanol926

costs for industrially coupled PtM shown in Tab. 6 are unsurprising. In the927

studies of Pérez-Fortes et al. [92] and Nyari et al. [94], the low production928

costs also arise from their assumption of substantial carbon credits being paid929

(∼$300 per tonne of CO2) coupled with a ∼3-fold reduction in the price of930

on-demand green H2. The assumed source and price of electricity also add to931

the variation of methanol prices in Tab. 6. Notably, Bos et al. [98] assumed932

access to grid-integrated wind power with 100% availability, thereby allowing933
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continuous DAC-PtM at full capacity, leading to their very low selling prices.934

Daggash et al. [76] also investigated DAC-PtM but using only the curtailed935

power from grid-integrated renewables (estimated as at most 2.5% of capacity),936

finding a selling price comparable to our base case for grid-powered DAC-PtM937

(Tab. 6). Van Antwerpen et al. [25], who accounted for the intermittency938

of wind and solar power erected for DAC-PtM, give estimates similar to our939

prices. The carbon credit (up to $100/tCO2) incorporated by Van Antwerpen940

et al. [25] helps explain their lower median cost estimates, and the increased941

range we report arises from our utilisation of data for worldwide selection of942

wind farm sites, both onshore and offshore, whereas Van Antwerpen et al. [25]943

constrained their study to only onshore locations in Australia.944

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.

Authors CO2 Source Power Source
Methanol Cost
[$/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 deliver945

a net-negative carbon intensity, as our study underlines. Whilst purchasing946

grid power allows for continuous operation of DAC-PtM, the deleterious envi-947

ronmental consequences of doing so (Fig. 13) should eliminate grid-powered948

PtM as a viable option, for any CO2 source, unless the grid portfolio is949

almost entirely dominated by renewable energy. Otherwise, the methanol pro-950

duction must be directly integrated with renewable power, such as wind,951

for which our cradle-to-gate LCA shows a substantial net-negative GWP952

between −890 and −1,250 kgCO2eq/tMeOH for DAC-PtM. Our LCA is cor-953

roborated with Van Antwerpen et al. [25] finding a carbon footprint of −873954

kgCO2eq/tMeOH. Adnan and Kibria [13] found negative carbon intensity of955

around −570 kgCO2eq/tMeOH for wind-powered PtM when excluding the cap-956

ture stage from their system boundary, also estimating substantial positive957
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net-emissions between 1,200 and 1,600 kgCO2eq/tMeOH for PtM powered from958

the grid at a carbon intensity of 150 kgCO2eq (roughly comparable to the UK959

grid considered in Fig. 15b).960

In assessing DAC-PtM for CCU, however, the overall cradle-to-grave life961

cycle emissions of the methanol product are highly sensitive to the end-use,962

which we consider outside of our system boundary (cradle-to-gate), and there-963

fore uncertain. The conversion of methanol to durable products (e.g. building964

and insulation materials, or paints and coatings) can achieve removal of atmo-965

spheric CO2 across the product lifetime, or longer with appropriate end-of-life966

handling, although the lifetimes of such products are poorly defined, ranging967

from a few years to multiple decades [100, 101]. Meanwhile, the utilisation of968

DAC-derived MeOH as a fuel or fuel additive can only approach carbon cir-969

cularity (i.e. net-zero). Consequently, any comparisons of DAC-PtM against970

DAC with carbon sequestration (DACCS) must be cognisant of the varying971

timescales and permanence of carbon removal.972

Operating challenges for dynamic DAC-PtM973

The dynamic operation of multiple reactors provides a cost-effective and envi-974

ronmentally beneficial solution for implementing wind-powered DAC-PtM.975

But dynamic operation at industrial scale can present numerous challenges,976

especially around the frequent start-up and shut-down of methanol reactors.977

Our analysis suggests that across a year, the number of operational reactors978

will change on average 180 times if using onshore and 160 times for off-979

shore wind power. Additionally, we estimate that an individual reactor may980

be held idle for 7 to 19 days (Tab. 5). Therefore, the reactors would spend981

approximately half of the year in a transitional or idle state.982

The reactor design employed in our analysis is based on the Lurgi reactor983

– commonly used for methanol synthesis, in which temperature is controlled984

by raising medium-pressure steam in a shell around tubes packed with a985

catalyst [102, 103]. The water-cooled configuration is superior for dynamic986

operation versus the alternative of gas-cooling, wherein the pre-heating of feed987

gas is directly heat-integrated with the reactor cooling. The raising of steam988

in the Lurgi design ensures continued cooling driven by thermosyphon convec-989

tion of water [104] even after the cessation of feed gas flow, as schematised by990

Fig. 8 in the SI. Varela et al. [88] investigated the dynamic performance of the991

Lurgi reactor, finding attainment of steady state within 1.5 minutes of a 20%992

step change in hydrogen feed to the reactor. Information regarding the precise993

reactor start-up times is limited in the literature, although industrial reports994

describe entire methanol plant start-up from cold within three days with Lurgi995

reactors [105]. Van Antwerpen et al. [25] also report that idling synthesis reac-996

tors for ∼24 h is achievable with recirculation of the recycle loop. The available997

evidence suggests, therefore, good potential for dynamic operation of reactors998

over daily timescales, for which we propose the following operational program:999

1. Start reactor shut-down by ceasing the feed of fresh CO2.1000
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2. Continue to circulate the recycle during the shut-down. The recycle ratio1001

varies between 2 and 12 according to modelling optimism (i.e. the variation1002

of MeOH single-pass yield), and so a substantial quantity of reactant gas1003

is available in the recycle stream to sustain methanol synthesis after the1004

cessation of fresh CO2 flow to the reactor.1005

3. As CO2 and recycled CO diminish over time, the exothermic methanol1006

synthesis reaction will slow down, and the reactor temperature begin to1007

decrease.1008

4. The reactor may then be flushed with H2, or inert ballast gas such as N2, and1009

the outlet gas purged. The flow of fresh H2 to the reactor is then stopped,1010

and the reactor held in a standby mode under H2 or the ballast gas. If1011

using a ballast gas such as N2, an additional separation step, for example,1012

with a pressure swing adsorption (PSA), might be necessary to provide an1013

on-demand supply of N2, not currently included in our plant costings.1014

5. To effect start-up, apply electrical heating to raise reactor temperature, and1015

begin feeding fresh CO2 and H2.1016

In realising such a scheme of dynamic operation, catalyst stability is a key1017

consideration. Experimental studies have shown progressive deterioration of1018

the incumbent Cu-ZnO catalysts during daily start-up and shut-down condi-1019

tions [106, 107], whereas, the combination of Cu with ZrO2 remained stable1020

under the same dynamic conditions (including exposure to H2 while being held1021

in standby). Additionally, ZrO2-based catalysts improved the achieved selec-1022

tivity towards methanol [107]. At the scale of industrial reactors, modelling1023

undertaken by Rezaie et al. [108] estimated a ∼15% deterioration in MeOH1024

production across 3 years of Cu-ZnO operation within a Lurgi reactor, which1025

was supported by measured data for an industrial scale plant subjected to1026

daily changes in operating load of ∼10%. Recent work by Masoudi et al. [109]1027

predicted similar deterioration of Cu-ZnO catalysts across three years under1028

a CO2-rich synthesis gas (volumetric ratio CO2:CO:H2 ≈ 1:0.85:6.5). How-1029

ever, further research is required to interrogate the dynamic operations at1030

industrial scale and assess the potential for improved stability of new catalyst1031

formulations (e.g. Cu-ZrO2).1032

Further optimisation and technology improvements for1033

renewably powered DAC-PtM1034

At present, the cost of MeOH produced from wind-powered DAC-PtM is sub-1035

stantially higher than MeOH derived from fossil fuels, only approaching parity1036

under our global optimistic cases (Fig. 12). The assumptions of our optimistic1037

case – namely, favourable wind farm siting, catalyst optimisation, and progress1038

in the electrolysis and DAC sub-systems, coupled with reduced capital costs1039

in the project financing (Tabs. 8-9 and Sec. 12 in the SI) – are reasonable1040

and attainable. Hence, we consider the favourable costs of DAC-PtM under1041

the optimistic cases as feasible, noting also the significant environmental (and1042

potentially monetary) value of the process having a net-negative CO2 intensity.1043
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In contrast to DAC-PtM, methanol production from fossil fuels is a mature pro-1044

cess, the price of which will not decrease further below DAC-PtM (excepting1045

an unlikely long-term fall in the price of fossil fuels) and may, in fact, increase1046

if taxed in accordance with the substantial process emissions (Fig. 13).1047

Our analysis demonstrates that in handling the challenge of intermittency1048

attendant to wind-powered DAC-PtM, the utilisation of multiple parallel reac-1049

tors produces methanol at lower costs than attempting to operate a single,1050

large reactor. Moreover, our study points towards a regime of minimising1051

storage requirement as more cost-effective than attempting to maximise pro-1052

duction through increased reliance on reserve storage (cf. Strategies 1 and 2 in1053

Fig. 12), although site-specific optimisation reveals the potential for Strategy1054

2 (more storage) to become marginally cheaper than Strategy 1 (less stor-1055

age) if allowing increased tolerance in the operability limits of the reactors1056

(Fig. 15a).1057

In conducting the optimisation at the specific North Sea and Alice Springs1058

sites, our findings also suggest directions for future optimisation work. For1059

example, when the installation costs of wind farms are very high compared1060

to the global average (e.g. the North Sea), the cost-effectiveness of DAC-PtM1061

would likely benefit from deliberately under-sizing the wind farm, thereby1062

reducing the capital cost, in exchange for diminished plant capacity factor and1063

a larger reserve storage requirement. More granular optimisation can also look1064

to refine the DAC-PtM plant further by considering in detail the siting of wind1065

farms at candidate locations – e.g. moving an offshore wind farm to shallower1066

waters to reduce the installation costs but sacrificing the farm’s performance.1067

However, these optima will be highly sensitive to local geographical, meteoro-1068

logical, and economic factors, necessitating specific and high-quality data to1069

facilitate such sophisticated analyses.1070

Further technological innovations may also allow for reduction in the costs1071

of renewably powered DAC-PtM. At present, our analysis considers the storage1072

of pressurised H2 in tanks, which contributes as a substantial cost (Figs. 9-1073

11), but certain locations may offer the potential for cheaper storage of H21074

in geological formations. The applicability of storage in caverns, however, is1075

commonly considered for hundreds or thousands of tonnes of H2 [110], much1076

larger than required here for DAC-PtM (∼20-40 tonnes of H2 under optimised1077

Strategies 1 and 2, Tab. 5). Further cost-optimisation may thus involve iden-1078

tifying sites that are suitable for co-location of renewable power and geological1079

H2 storage, and co-industry that would benefit from shared H2 storage.1080

Improvements in the energy efficiency of DAC-PtM are possible through1081

the substitution of direct electrical heating in low-temperature DAC with heat1082

pumps as considered in other work [86, 98], for which heat at ∼100◦C is1083

required – towards the upper-end of temperatures currently delivered by state-1084

of-the-art heat pumps, sacrificing their coefficient of performance [111, 112].1085

In decreasing the plant energy requirement, heat pumps would serve to reduce1086

the required size of a wind farm for electricity provision. However, the cap-1087

ital cost of erecting heat pumps at the scale required for DAC-PtM (ca. 101088
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MWe) remains significant. A recent publication [112] has suggested installa-1089

tion costs of between $1 and 3 million for heat pumps of approximately 1 MWe1090

size, although their analysis also suggests steep growth in costs if pushing to1091

increase the heat pump supply temperature and capacity. Some authors [113]1092

mention integrating the heat evolved from the methanol synthesis with sorbent1093

regeneration in LT-DAC. In contrast, we use the medium-grade heat from the1094

reaction for pre-heating the feed and recycle loops (Sec. 11.1 in the SI). The1095

heat evolved in the distillation condenser is at too low a temperature to be of1096

use (∼65◦C), although our optimistic case already accounts for the potential1097

of other low-grade waste heat streams in providing the LT-DAC regeneration1098

duty in place of electrical heating. For example, the generation of H2 through1099

solid acid electrolysis cells (SAEC) presents the possibility of integrating the1100

rejected heat (at ∼200◦C) with the sorbent regeneration for LT-DAC; how-1101

ever, such technology remains nascent [114] and may be unsuitable for during1102

dynamic operation, unlike PEM electrolysers.1103

Conclusions1104

To deliver environmental benefits, electrification of the chemical industry1105

necessitates designing plants to handle the intermittency and time-variability1106

of renewable power. Taking the example of wind-powered DAC-PtM, our work1107

has proposed and demonstrated that using multiple reactors is more cost-1108

effective than operating DAC-PtM with a single, large reactor. A multi-reactor1109

plant readily allows the production of methanol to be curtailed according to1110

the available wind power, which drastically reduces the cost burden of reserve1111

storage and plant operation.1112

Using multiple reactors, and considering wind generation data for a selec-1113

tion of worldwide locations, the estimated methanol selling price lies between1114

$1,400 and $2,700 per tonne, with effective costs of net CO2 capture in the1115

range of $1,250 to $2,800 per tonne of CO2 when integrating the cost analysis1116

with life cycle assessment. With a well-sited wind farm, coupled with realistic1117

improvements to process technologies, the price of wind-powered DAC-PtM1118

falls as low as $310 per tonne of methanol, or $250 per tonne of net CO21119

capture – competitive with current DACCS approaches, where CO2 is stored1120

rather than utilised. Our results clearly demonstrate that the cost-effectiveness1121

of DAC-PtM depends primarily upon: (1) the selection of candidate wind farm1122

locations, which optimise the balance between stable power generation and1123

the cost of installation, and (2) the size of reserve storage, which benefits from1124

designs optimised to account for plant location.1125

Purchasing grid power allows for the continuous operation of DAC-PtM1126

without adopting the multi-reactor configuration. However, life cycle assess-1127

ment has illustrated that grid-powered DAC-PtM carries a greater global1128

warming potential than methanol produced from fossil fuels. In the absence1129

of substantially decarbonised grid systems (>80% integrated renewables),1130

only the direct provision of renewable power – in our study from wind –1131
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achieves net-negative CO2 emissions by DAC-PtM, between −1,250 and −7601132

kgCO2eq/tMeOH. Our results underline that successful carbon capture and util-1133

isation (CCU) must not only minimise the cost of the product, in this case1134

methanol, but also maximise the CO2 drawdown for the process. Unlike DAC1135

with sequestration, converting DAC-derived CO2 to methanol yields a prod-1136

uct with inherent value through downstream uses – although the lifetimes and1137

emissions associated with any products derived from methanol should be borne1138

in mind. This study has established a novel framework for interfacing renew-1139

able power with chemical production, supported by extensive real-world data1140

(90 locations), aiming to provide an impetus for further work on DAC-PtM1141

and new CCU opportunities.1142
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