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ABSTRACT 9 

CO2 capture and utilization provides an alternative pathway for low-carbon hydrocarbon 10 

production. Given the ample supply of high purity CO2 emitted from ethanol and ammonia plants, 11 

this study conducted techno-economic analysis and environmental life cycle analysis of several 12 

systems: integrated methanol-ethanol co-production, integrated methanol-ammonia co-13 

production, and stand-alone methanol production systems, using CO2 feedstock from ethanol 14 

plants, ammonia plants, and general market CO2 supply. The cradle-to-grave greenhouse gas 15 

emissions of methanol produced from the stand-alone methanol, integrated methanol-ethanol, and 16 

integrated methanol-ammonia systems are 13.6, 37.9, and 84.6 g CO2-eq./MJ, respectively, 17 

compared to 91.5 g CO2-eq./MJ of conventional methanol produced from natural gas. The 18 

minimum fuel selling price (MFSP) of methanol ($0.61–0.64/kg) is 61–68% higher than the 19 

average market methanol price of $0.38/kg, when using a Department of Energy target renewable 20 
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hydrogen production price of $2.0/kg. The methanol price increases to $1.24–1.28/kg when the 21 

hydrogen price is $5.0/kg. Without CO2 abatement credits, the H2 price needs to be within $0.77–22 

0.95/kg for the MFSP of methanol to equal the average methanol market price. With a CO2 credit 23 

of $35/MT according to tax credit per metric ton of CO2 captured and used, the methanol price is 24 

reduced to $0.56–0.59/kg.  25 

SYNOPSIS 26 

This study evaluated GHG emissions and the cost of methanol produced from industrial waste 27 

CO2 with a comprehensive sensitivity analysis. 28 

INTRODUCTION 29 

The transportation and industry sectors accounted for 36% and 26% of U.S. carbon dioxide (CO2) 30 

emissions from fossil fuel combustion in 2018, respectively, including both direct fossil fuel use 31 

and electricity use.1 Given that CO2 emission is the main driver for global warming, there has been 32 
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increased interest in replacing fossil fuels in these sectors by accelerating the deployment of low-33 

carbon fuels.2,3 CO2 capture and utilization (CCU) provides opportunities to synthesize low-carbon 34 

hydrocarbon fuels and chemicals by using captured CO2 as the feedstock and zero-carbon 35 

electricity or renewable hydrogen as the energy source.4 CCU essentially extends the life of CO2 36 

over another fuel or chemical product cycle.5 Thus, CCU for fuel production can reduce 37 

consumption of fossil sources and the resultant emissions.6 38 

Although the industrial sector emitted 970 MMT (million metric ton) of CO2 in 2018,1 the CO2 39 

capture from the industrial sector is limited to about 1% of total industrially produced CO2.
7 The 40 

CO2 emissions from industrial sources can be distinguished as combustion emissions (occurring 41 

from fuel combustion) and process emissions (e.g., due to non-combustion chemical reactions).8 42 

Some process emissions from biochemical or chemical reactions, for example, CO2 emissions 43 

from ethanol fermentation and amine separation, have a purity higher than 97%.9 With about 44 

44 MMT and 19 MMT CO2 emissions from ethanol plants (fermentation) and ammonia plants 45 

(amine separation) each year, the high-purity CO2 supply in the United States is abundant.7,10  46 

Given that the higher-purity CO2 emissions translate into lower capture costs,11 the present study 47 

uses high purity CO2 from ethanol and ammonia plants as the feedstock for CCU. 48 

Electro-fuels (e-fuels) or synthetic hydrocarbons production from water and waste CO2 streams, 49 

with zero-carbon electricity as the primary energy source, are of increasing interest recently.12 50 

Among various production routes, synthetic methanol has been extensively researched due to its 51 

potential as a low-carbon fuel, energy carrier, or fuel blending component, and the relative ease of 52 

its production.13 Low- or zero-carbon electricity is used as an energy source to split water and 53 

produce hydrogen (H2) for methanol product in a one-step (directly) or two-step process.14 The 54 

one-step process produces methanol from CO2 and H2 directly,13 while the two-step process 55 
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converts CO2 to CO through a reverse water gas shift (RWGS) reaction, and then hydrogenates 56 

CO with H2 to form methanol.15 Relative to the one-step pathway, the two-step pathway has a 57 

higher methanol yield per pass, lower catalyst cost, and smaller hydrogenation reactor size.16 Thus, 58 

this study focuses on the techno-economic analysis (TEA) and life cycle analysis (LCA) of the 59 

two-step pathway of e-fuel methanol synthesis.  60 

Previous TEA analysis results showed that the minimum fuel selling price (MFSP) of synthetic 61 

methanol produced from waste CO2 and H2 using wind or solar electricity is $1.00–1.50/kg, more 62 

than two times higher than the market methanol price of around $0.45/kg.15,17–20 However, the 63 

synthetic methanol pathway can provide significant greenhouse gas (GHG) emissions reduction 64 

benefit. For example, previous studies showed that synthetic methanol can be produced from waste 65 

CO2 using H2 from water electrolysis. When the H2 is produced via electrolysis using renewable 66 

electricity, the cradle-to-gate (CTG) GHG emissions of the synthetic methanol are lower than -67 

49.7 g CO2-eq./MJ.15,17–21 Thus, compared to the CTG GHG emissions of 23.7 g CO2-eq./MJ for 68 

conventional methanol production from natural gas (does not include methanol combustion CO2 69 

emissions), the synthetic methanol produced from waste stream CO2 and renewable electricity is 70 

a low-carbon production pathway.22 71 

Although previous studies evaluated the LCA and/or TEA of e-fuel (synthetic) methanol 72 

production in different regions and from various sources, the synthetic methanol production 73 

utilizing high purity CO2 waste from ethanol and ammonia plants in the United States, considering 74 

expanded system boundary and various hydrogen pathways, has not been thoroughly evaluated. 75 

To fill this gap, the LCA and TEA of this study used three CO2 waste sources from ethanol plants 76 

(process CO2 from fermentation), ammonia plants (with amine scrubbing), and general market 77 

CO2 supply.  78 
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Three CO2 collecting costs of $17.3/MT (metric ton), $20.6/MT, and $38.6/MT for high purity 79 

CO2 from the ethanol plant, the ammonia plant, and market supply were used for the TEA.23 The 80 

LCA of synthetic methanol production was evaluated by defining three system boundaries: 81 

integrated methanol-ethanol co-production system boundary, integrated methanol-ammonia co-82 

production system boundary, and stand-alone methanol production system boundary. For the LCA 83 

and TEA, the synthetic methanol was produced from renewable H2 (via water electrolysis) and 84 

high purity CO2, through the two-step reaction process, which was simulated using the Aspen Plus 85 

model. The LCA was conducted using the GREET® (Greenhouse gases, Regulated Emissions and 86 

Energy use in Technologies) 2020 model, whereas the TEA leveraged the H2A model 87 

framework.24 Both of the CTG and cradle-to-grave  GHG emissions of the synthetic methanol were 88 

evaluated for various H2 pathways, and electricity types. The sensitivity of methanol MFSP to a 89 

wide range of H2 prices and potential CO2 credits was evaluated. 90 

METHODOLOGY 91 

Synthetic Methanol Production Overview 92 

Using various CO2 supply options, the present study focused on three systems: methanol-ethanol 93 

co-production, methanol-ammonia co-production, and stand-alone methanol production, as shown 94 

in Figure 1. GREET® includes detailed mass, emissions, and energy inventory information for 95 

ethanol production (dry milling corn ethanol process with corn oil extraction), ammonia 96 

production, and H2 production. Aspen Plus software was used to simulate the methanol produced 97 

from H2 and CO2, which provided mass and energy balance and flow information for LCA and 98 

TEA. Methanol is produced from H2 and CO2 through a two-step pathway: H2 reacts with CO2 to 99 
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produce CO through an RWGS reaction, denoted as (R1);25 and CO/CO2 react with H2 to generate 100 

methanol through synthesis reactions, denoted as (R2) and (R3).26 101 

CO2  +  H2 ↔  CO +  H2O    ∆𝐻0 = +41 𝑘𝐽/𝑚𝑜𝑙  (R1) 102 

CO2  +  3H2 ↔  CH3OH +  H2O   ∆𝐻0 = −87 𝑘𝐽/𝑚𝑜𝑙  (R2) 103 

CO +  2H2 ↔  CH3OH     ∆𝐻0 = −128 𝑘𝐽/𝑚𝑜𝑙  (R3) 104 

RWGS (R1) is endothermic, which requires a high reaction temperature for a reasonable 105 

conversion and needs heat supply. Both (R2) and (R3) are exothermic reactions that alleviate the 106 

total process of energy demand. 107 

The methanol production process is modeled in five reaction areas (see Figure 1), while the 108 

detailed technical parameters are provided in Table S1 (Supporting Information). In area A1, H2 109 

and CO2 are compressed to 2.47 MPa.27,28 In A2, compressed H2 and CO2, with 1:1 molar ratio, 110 

react in the RWGS reactor at 600 °C and 2.45 MPa to convert 36% of CO2 into CO.29 A Selexol 111 

CO2 capture unit (A2) is utilized to remove CO2 and increase the CO molar concentration in the 112 

syngas from 31% to 60%.30 The RWGS reaction is based on the experimental result of Kim et al. 113 

(2014) using BaCe0.2Zr0.6Y0.16Zn0.04O3 as the catalyst.29 In reaction area 3 (A3), H2 and CO gases, 114 

with 2.1:1 molar ratio, flow through the reactor to synthesize methanol via chemical equilibrium 115 

reactions. The methanol reactor has a CO conversion ratio of 17% per pass at 300 °C and 5.1 116 

MPa.31 Three reactors in series are used in the Aspen model, with 89% of the effluent gas recycled 117 

to the methanol reactors (flue gas recycle in Figure 1), around 90% of the total CO is converted 118 

into methanol. After the effluent gas recycle, 85% of the H2 is separated by pressure swing 119 

adsorption (PSA) and recycled to the H2 compressor.32 Finally, methanol is distilled and cooled 120 

for product storage, while all the combustible components from A3 are fed to the boiler for 121 
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combustion to provide heat at 900 °C for the RWGS reactor (A4).33 The last reaction area (A5) 122 

accounts for the energy and water balance of the total system, including cooling towers, material 123 

storage, and wastewater treatment units. The cooling tower operates at temperatures between 28 124 

°C and 37 °C with a cooling water recycling efficiency of 99.85%.34 125 

For the stand-alone system, the methanol production efficiency, cold gas efficiency, and the carbon 126 

conversion efficiency are defined by Equations (1), (2) and (3), respectively. For all three system 127 

boundaries considered in this analysis, the CTG methanol energy efficiency and CTG total energy 128 

efficiency are derived from Equations (4) and (5), respectively.35,36  129 

𝜂𝐸,𝑀 = 𝐸𝑀 (𝐸𝐻2
+ 𝑊𝐸)⁄        (1) 130 

𝜂𝐸,𝐶𝑀 = 𝐸𝑀 (𝐸𝐻2
)⁄         (2) 131 

𝜂𝐶,𝑀 = (𝐶𝑀) 𝐶𝐶𝑂2
⁄         (3) 132 

𝜂𝐸,𝑀,𝐶𝑇𝐺 = 𝐸𝑀 (𝐸𝑅𝐸,𝐶𝑇𝐺 + 𝑊𝐹𝐸,𝐶𝑇𝐺)⁄       (4) 133 

𝜂𝐸,𝑇,𝐶𝑇𝐺 = (𝐸𝑀 + 𝐸𝑂) (𝐸𝑅𝐸,𝐶𝑇𝐺 + 𝑊𝐹𝐸,𝐶𝑇𝐺)⁄      (5) 134 

Where, 𝜂𝐸,𝑀, 𝜂𝐸,𝐶𝑀, 𝜂𝐸,𝑀,𝐶𝑇𝐺 , 𝜂𝐸,𝑇,𝐶𝑇𝐺 , and 𝜂𝐶,𝑀 are the methanol production efficiency from H2 135 

and CO2; methanol production cold gas efficiency, CTG methanol energy efficiency, CTG total 136 

energy efficiency (including energy in co-products), and methanol carbon conversion efficiency 137 

from CO2, respectively. 𝐸𝑀 is the energy of methanol, 𝐸𝑂 is the energy of other co-products; 𝐸𝐻2
 138 

and 𝑊𝐸  are the H2 energy and electricity input to the methanol production process from H2 and 139 

CO2; 𝐸𝑅𝐸,𝐶𝑇𝐺 is the CTG renewable energy input, and 𝑊𝐹𝐸,𝐶𝑇𝐺 is the CTG fossil energy input. 140 

𝐶𝑀 and 𝐶𝐶𝑂2
are the carbon content in methanol and high purity CO2 input for the stand-alone 141 

methanol produced from H2 and CO2.   142 
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 143 

 144 

Figure 1. Process flow chart and system boundary of synthetic methanol production for CTG and cradle-145 

to-grave life cycle analysis. 146 

Life Cycle Analysis Methodology 147 

Three systems are defined in this work: stand-alone methanol production system, integrated 148 

methanol-ethanol co-production system, integrated methanol-ammonia co-production system. The 149 

system boundaries defined by inputs and outputs are summarized in Table S4. For the stand-alone 150 

system, the CO2 feedstock is not specified, and the methanol is the only system product (therefore 151 

no allocation is needed). In contrast, for the integrated co-production system, the CO2 source is 152 

specified, and the methanol process is connected with the CO2 supply source, e.g., corn ethanol 153 

plant or ammonia plant. For example, for the integrated methanol-ethanol co-production system, 154 

the system inputs are corn, H2, electricity, as well as process fuels; while the system products are 155 
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methanol, ethanol, DGS, and corn oil. Given the presence of co-product other than methanol, the 156 

total GHG emissions of the integrated system are allocated to all of the co-products (methanol, 157 

ethanol, DGS, and oil) based on energy content. 158 

Environmental impacts of CTG and cradle-to-grave GHG emissions of synthetic methanol 159 

production using various boundaries were evaluated using GREET® 2020 model.22 The CTG life 160 

cycle accounts for material and energy input for various stages within each boundary including 161 

corn growth/transportation (including the nutrients use), and ethanol production process for 162 

ethanol plant CO2 cases; NG recovery and processing and ammonia production process for the 163 

ammonia plant CO2 cases; renewable H2 production and methanol production process from H2 and 164 

CO2 of methanol synthesis; and various transportation activities (Figure 1). The cradle-to-grave 165 

life cycle includes all the CTG emissions plus the emissions from methanol’s delivery, dispensing, 166 

and methanol consumption. The GHG emissions include CO2, CH4, and N2O combined with their 167 

global warming potentials of 1, 30, and 265, respectively, using a functional unit of 1 MJ of 168 

synthesis methanol. 169 

The energy use and GHG emissions of water electrolysis for H2 production were obtained from 170 

GREET® 2020, assuming the H2 transportation distance is 16 km to methanol production sites.37 171 

For the integrated co-production system boundary (methanol-ethanol or methanol-ammonia), the 172 

CO2 feedstock for methanol production is supplied from the ethanol/ammonia process. A dry 173 

milling corn ethanol process with corn oil extraction and an industrial scale ammonia production 174 

process (with an amine CO2 separation) were assumed for this study.38,39  175 

The process level information for ethanol, ammonia and methanol production is provided in Table 176 

S4 of the Supporting Information. The ethanol and ammonia production utilized mass and energy 177 
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balance information in GREET®, while the methanol production information was obtained from 178 

Aspen Plus simulation as mentioned above.  179 

For the dry milling corn ethanol process, 0.81 kg of dried distillers' grains (DGS) and 0.03 kg of 180 

oil are co-produced with 1.00 kg of ethanol. The high-purity CO2 released from the fermentation 181 

process is from industrial data that has a 0.68 of mass ratio (CO2: ethanol), calculated from the 182 

carbon balance by assuming that corn has a moisture content of 15%40 and a dry base carbon 183 

content of 45%,41 while the DGS (dry based) and corn oil have a carbon content of 49%42 and 184 

76%43, respectively. The detailed mass ratio calculation processes are shown in the Supporting 185 

Information. 186 

The theoretical conversion processes for ammonia production are listed in reaction (R4) and (R5), 187 

with detailed processes descriptions shown in the Supporting Information. Ammonia plants have 188 

onsite steam methane reforming (SMR) to produce H2 and CO2, which can be separated by either 189 

PSA or amine absorption. Currently, approximately 80% of the ammonia plants use amine 190 

absorption to produce high purity CO2 with a concentration of 97.1 vol%.9,44  Thus the resultant 191 

CO2 is high purity (~97.1 vol%), which only needs to be compressed for feeding RWGS in the 192 

methanol production process. When the high purity CO2 is produced from amine CO2 separator, 193 

the mass ratio of ammonia to CO2 is 1:1.09 according to a typical industrial ammonia production 194 

process.45,46 More ammonia plant information is supplied in the Supporting Information. 195 

0.88𝐶𝐻4 + 1.26𝐴𝑖𝑟 + 1.24𝐻2𝑂 → 0.88𝐶𝑂2 + 𝑁2 + 3𝐻2   (R4) 196 

𝑁2 + 3𝐻2 → 2𝑁𝐻3        (R5) 197 

For the integrated co-production system boundary, the energy and emissions burdens are allocated 198 

to all system products. For methanol-ethanol co-production system, a hybrid allocation method 199 



11 

 

was used in which DGS and oil were treated with a marginal method (i.e., given displacement 200 

credit),47 while methanol and ethanol shared process burden through energy (lower heating value 201 

[LHV]). Similarly, the total GHG emissions from the methanol-ammonia co-production system 202 

were allocated to methanol and ammonia based on their energy content; while for the stand-alone 203 

methanol production process, all the emissions were assigned to methanol. For the CTG and 204 

cradle-to-grave base case analysis, H2 is produced from low-temperature electrolysis (LTE) 205 

solar/wind electrolysis (with an energy efficiency of 72%), electricity needed for the methanol 206 

production from H2 and CO2 is supplied by U.S. mix grid (assuming H2 and methanol are produced 207 

from different locations), and the total emissions of the co-production systems are allocated to 208 

methanol based on energy content. By assuming the lower heating values (LHV) of methanol, 209 

ethanol, and ammonia are 26.95 MJ/kg, 18.90 MJ/kg, and 20.09 MJ/kg,40 the energy allocation 210 

ratio of the methanol in the methanol-ethanol co-production system and methanol-ammonia 211 

system are 25.3% and 41.1%, respectively.  212 

Besides the base case, H2 produced from LTE nuclear electrolysis (with an energy efficiency of 213 

72%), H2 produced from high-temperature electrolysis (HTE) nuclear electrolysis (with an energy 214 

efficiency of 80%), and methanol produced using solar/wind renewable electricity were also 215 

studied as alternative cases. Table S4 provides the mass and energy conversion information for 216 

ethanol, ammonia, and methanol production based on GREET® and Aspen Plus models. 217 

Cost Analysis Methodology 218 

The H2A Production Model Framework was used for the TEA, with 2016 reference year U.S. 219 

dollar.24 A discounted cash flow analysis was used to determine the MFSP (minimum fuel selling 220 

price) of methanol to obtain a zero net present value (NPV) in 40 operation years considering total 221 
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capital investment (TCI) and operating cost (OC), among other costs.48 The key economic and 222 

financial assumptions are provided in Table S5 of the Supporting Information. 23 223 

In the TEA model, TCI is calculated according to Equation (6) using the total direct capital cost 224 

(TDCC) value. TDCC is the sum of the installed equipment costs, scaled from reference equipment 225 

cost as shown in Equation (7).24 226 

TCI = TDCC + 42% × TDCC + $13.6/𝑚2 × 40,469𝑚2    (6) 227 

𝑇𝐷𝐶𝐶 = ∑ 𝐼𝑖 × 𝐶0,𝑖 × (𝑆𝑖 𝑆0,𝑖⁄ )𝑓𝑖       (7) 228 

where 𝑇𝐷𝐶𝐶 is the total direct capital costs, 𝐼𝑖 is the installation factor for equipment 𝑖 (Table S6), 229 

𝐶0,𝑖 and 𝑆0,𝑖 are the equipment cost and equipment size for the reference equipment scale, 𝑆𝑖 is the 230 

designed equipment scale from Aspen Plus model, and 𝑓𝑖  is the scaling exponent for each 231 

equipment (Table S6). The total depreciable non-equipment capital cost is 42% × TDCC, which 232 

includes 2% × TDCC  for site preparation, 10% × TDCC  for engineering and design, 15% ×233 

TDCC for project contingency, and 15% × TDCC for upfront permitting costs. The estimated land 234 

footprint cost is $13.6/𝑚2 × 40,469𝑚2. 235 

The operating cost includes fixed operating costs (FOC) and variable operating costs (VOC) using 236 

the calculation processes shown in Equation (8) and (9). 237 

𝐹𝑂𝐶 = 𝐿𝐶 + 20% × 𝐿𝐶 + 2% × 𝑇𝐶𝐼 + 0.3% × 𝑇𝐶𝐼     (8) 238 

𝑉𝑂𝐶 = ∑ 𝑚̇𝑖 × 𝐶𝑖         (9) 239 

In equation (8), 𝐿𝐶  is the burdened labor cost, including overhead for a labor number of 68, 240 

20% × 𝐿𝐶  is the general and administrative expense, 2% × 𝑇𝐶𝐼  is for the property tax and 241 
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insurance, and 0.3% × 𝑇𝐶𝐼 is the annual maintenance and repair cost. In equation (9), 𝑚̇𝑖 are the 242 

annual mass consumption of H2 and CO2 feedstock, industrial electricity consumption, cooling 243 

water use, process water use, and catalyst that are supplied by the Aspen Plus model, while 𝐶𝑖 is 244 

the price of the individual inputs and materials.  245 

For the TEA, various H2 prices were discussed from H2A default cases, and $2.0/kg for H2, the 246 

Department of Energy (DOE) Hydrogen and Fuel Cell Technologies Office (HFTO) target price 247 

produced from water central electrolysis, is selected as a reference for the base case study.49 For 248 

the three different systems of methanol-ethanol co-production, methanol-ammonia co-production, 249 

and methanol stand-alone production, the CO2 costs are assumed to be $17.3/MT, $20.6/MT,9 and 250 

$38.6/MT,50 respectively. The CO2 prices of $17.3/MT and $20.6/MT accounts for the cost of 251 

separation, purification, and compression,9 while the $38.6/MT represents the traded CO2 market 252 

price contracted by a Dakota Gasification Company.50 The prices of process water, cooling water, 253 

and industrial electricity are assumed to be $0.63/MT, $0.03/MT, and $0.07/kWh, respectively.24 254 

The total catalyst cost for RWGS and methanol synthesis is $2,254K (K is thousand), replaced 255 

once every three years.51 256 

RESULTS 257 

Processes Modeling Results  258 

The modeled process produces 1,190 MT/day methanol by consuming 243 MT/day H2 and 259 

1,978 MT/day CO2 (with a molar ratio of 2.7:1.0) (Table S2 and Figure S1 in Supporting 260 

Information). When this CO2 is supplied by the ethanol plant or ammonia plant, the integrated 261 

system produces 2,912 MT/day of ethanol, 2,369 MT/day of DGS, and 83 MT/day of corn oil; or 262 

1,817 MT/day of ammonia (Table 1).  263 
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Table 1 shows that the methanol production efficiency is 75.6%, considering the total process 264 

energy input, i.e., including both H2 and electricity . Whereas for the stand-alone methanol 265 

production system, the CTG methanol production efficiency is 51.8%, considering the CTG total 266 

energy input, i.e., including the upstream energy use for H2 production . When the methanol 267 

production process is integrated with the ethanol or ammonia production process, the methanol 268 

CTG energy efficiency is 62.5% and 48.3%, respectively. The detailed material consumptions and 269 

CTG energy consumption for methanol, ethanol, and ammonia stand-alone production processes 270 

are shown in Table S3 and Table S4.  271 

In the methanol production process, 82.5% of carbon in CO2 feedstock is converted into methanol 272 

with the detailed carbon balance shown in Figure 2. In Figure 2, for the stand-alone methanol 273 

system, 82.5% of carbon from CO2 feedstock (1,872 kmol/hr) is converted into methanol 274 

(1,545 kmol/hr), with 17.0% carbon emitted from combustion of tail gas in boiler, and the other 275 

0.5% carbon emitted from CO2 capture unit. For the methanol-ethanol co-production system, the 276 

carbon in corn is the carbon source for the total system; in the ethanol production process, 46.3%, 277 

35.3%, and 1.9% of carbon in corn have been converted into ethanol, DGS, and oil, while the 278 

16.5% remaining carbon is released as high-purity CO2, which is used for methanol production. 279 

The total carbon conversion ratio of the methanol-ethanol co-production system is 97.1%; that is 280 

13.6% higher than that of the corn ethanol (stand-alone) plant. For the methanol-ammonia co-281 

production system, natural gas (NG) is the carbon source. In the ammonia production process, 282 

53.0% of the NG carbon is produced as high-purity CO2, which is used for methanol production, 283 

resulting in a total carbon conversion ratio of 43.8% for the methanol-ammonia co-production 284 

system.  285 

  286 
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Table 1. Performance analysis results of the three systems. 287 

 
Methanol 

production 

system 

Methanol-

ethanol co-

production 

system 

Methanol-

ammonia co-

production 

system 

H2 consumption (MT/day) a 243 243 243 

High purity CO2 consumption (MT/day) a 1,978 0 0 

Ethanol production (MT/day) b 0 2,912 0 

Ammonia production (MT/day) c 0 0 1,817 

DGS production (MT/day) b 0 2,369 0 

Corn oil production (MT/day) b 0 83 0 

Methanol production (MT/day) a 1,190 1,190 1,190 

Total carbon conversion efficiency (%) a 82.5% 82.5% 82.5% 

H2 input for methanol synthesis (MW) a 337.8 337.8 337.8 

Electric power input for methanol synthesis (MW) 

a 
28.0 28.0 28.0 

CTG renewable input (MW) d 485.1 2327.6 489.8 

CTG fossil input (MW) d 49.4 514.9 905.4 

Ethanol (MW) b 0.0 908.4 0.0 

Ammonia (MW) c 0.0 0.0 397.4 

DGS (MW) b 0.0 555.1 0.0 

Corn oil (MW) b 0.0 35.8 0.0 

Methanol (MW) d 276.7 276.7 276.7 

Methanol synthesis energy efficiency (%) a 75.6% 75.6% 75.6% 

CTG methanol production efficiency (%) d 51.8% 9.7% 19.8% 

CTG total energy efficiency (%) d 51.8% 62.5% 48.3% 
a Data is from the Aspen model of methanol produced from H2 and CO2.  288 
b Data is from the methanol-ethanol co-production system. 289 
c Data is from the methanol-ammonia co-production system. 290 
d Data is from the CTG energy analysis including upstream fuel and nutrient supply chain. 291 
The result of methanol synthesis modeling is also compared with previous studies. For example, 292 

the work of Anicic et.al showed the two-step methanol synthesis process has a cold gas efficiency 293 

of 80.1% and a carbon conversion ratio of 79.0%.14 It is worth noting that the cold gas efficiency 294 

is defined as the ratio of the energy in methanol product divided by energy in H2 feedstock without 295 

accounting for the electricity consumption (shown in equation (2)). To allow comparison on a 296 

consistent basis, the present study also calculated the cold gas energy efficiency, without 297 

accounting for electricity consumption leading to a higher efficiency of 81.9% and a higher carbon 298 
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conversion ratio of 82.5%. The small differences in cold gas efficiency and carbon conversion 299 

ratio between this study and Anicic et.al are attributed to the different design parameters for the 300 

RWGS and methanol synthesis processes, such as reaction temperature, pressure, conversion ratio, 301 

and hydrogen recycle ratio.  302 

 303 

Figure 2. Sankey diagram of the carbon balance of three systems. All the values are in the unit of kmol/hr. 304 
The width of flow expresses the quantity of carbon molar flowrate in different components, the green, and 305 
black boxes represent conversion processes and integrated process, and the blue, yellow, orange, brown 306 
flows represent CO2, CO, methanol, and other material flows, respectively. 307 

Life Cycle Analysis Results 308 

The CTG GHG emissions of the three considered methanol production systems were estimated 309 

with various H2 production and electricity generation technologies, and coproduct allocation 310 

methods, as shown in Figure 3. The base case study uses H2 production from low-temperature 311 

electrolysis (LTE) of water using wind/solar power, and energy allocation (with marginal method 312 

approach for DGS and oil from ethanol-methanol co-production system). The CTG GHG 313 
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emissions (without methanol combustion CO2 emissions) of the stand-alone methanol production 314 

in the base case is -55.7 g CO2-eq./MJ methanol with -68.4 g CO2-eq./MJ from captured CO2 315 

embedded in methanol (blue bars in Figure 3) and 12.7 g CO2-eq./MJ emitted, mostly from the 316 

upstream grid electricity used for methanol synthesis process.22 When the methanol production 317 

process is integrated with the ethanol plant or ammonia plant, the total system burdens are shared 318 

or allocated by energy to both methanol and ethanol/ammonia, thus mitigating the burden on 319 

ethanol/ammonia while increasing the methanol CTG GHG emissions to -32.2 g CO2-eq./MJ and 320 

14.2 g CO2-eq./MJ for the methanol-ethanol and methanol-ammonia co-production systems, 321 

respectively.  322 

 323 

Figure 3. Methanol CTG GHG emissions with various H2 sources, electricity types, and allocation 324 
methods. Methanol is the single product from the methanol production system, while emissions from the 325 
(integrated) co-production systems are allocated to ethanol and methanol or ammonia and methanol. The 326 
base cases use wind/solar H2, U.S. average grid mix electricity, and energy allocation (LHV).  327 
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In addition to the H2 produced from wind/solar LTE, two nuclear energy base H2 production 328 

pathways of high-temperature electrolysis (HTE) and LTE were also studied. In general, the GHG 329 

emissions from nuclear HTE-H2 pathways are 0.5–1.9 g CO2-eq./MJ lower compared to LTE-H2 330 

pathways, but are 0.4–1.5 g CO2-eq./MJ higher compared to wind/solar-H2 pathway. When the 331 

U.S. average grid mix electricity is replaced by renewable electricity, the CTG GHG emissions of 332 

the stand-alone methanol production system are reduced to -68.3 g CO2-eq./MJ, and that of the 333 

methanol-ethanol and methanol-ammonia co-production systems decrease by 3.2 g CO2-eq./MJ 334 

and 5.1 g CO2-eq./MJ, respectively.  335 

The cradle-to-grave GHG emissions of synthetic methanol from the three aforementioned 336 

production systems are compared with the emissions from other fuels, as shown in Figure 4. 337 

Methanol from the stand-alone system with renewable electricity supply has the lowest cradle-to-338 

grave GHG emissions of 2.0 g CO2-eq./MJ as compared to 91.5 g CO2-eq./MJ for the conventional 339 

methanol production from NG (i.e., 89.5 g CO2-eq./MJ cradle-to-grave GHG emissions reduction). 340 

Using U.S. average grid electricity for methanol synthesis process, the stand-alone system has the 341 

potential to reduce cradle-to-grave GHG emissions by 74.3–77.9 g CO2-eq./MJ with various 342 

renewable and nuclear hydrogen sources, compared to the NG-methanol pathway. When the 343 

methanol production process is integrated with the corn ethanol plant (methanol-ethanol co-344 

production system), the cradle-to-grave GHG emissions of methanol are 52.7–56.5 g CO2-eq./MJ 345 

lower compared to the NG-methanol pathway. The cradle-to-grave GHG emissions of methanol, 346 

considering the integrated methanol-ammonia co-production system with various electricity 347 

sources and hydrogen sources, are 5.5–12.1 g CO2-eq./MJ lower compared to the NG-methanol 348 

pathway.  349 
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 350 

Figure 4. Cradle-to-grave GHG emissions of synthetic methanol compared with other chemicals and fuels. 351 
The blue bars are GHG emissions of conventional chemicals and petroleum fuel pathways from GREET®, 352 
the yellow bars are the GHG emissions of synthetic methanol from stand-alone production system, while 353 
the green and orange bars are the GHG emissions of methanol from the methanol-ethanol and methanol-354 
ammonia co-production systems, respectively. BOB is short for blendstock for oxygenate blending. The 355 
cases use wind/solar LTE for H2 production and U.S. average electricity grid mix for methanol synthesis 356 
process, and energy allocation if the details are not otherwise mentioned. 357 

Economic Analysis Results 358 

In this study, the CO2 prices are assumed to be $17.3/MT, $20.6/MT, and $38.6/MT for the 359 

methanol-ethanol co-production system, methanol-ammonia co-production system, and the stand-360 

alone methanol production system, respectively. The total capital investment of the stand-alone 361 

methanol production is $305 million (MM), with a total direct capital cost of $213 MM (details 362 

are provided in Tables S7 and S6 of Supporting Information). For the methanol production process, 363 

the RWGS reaction area, methanol-synthesis area, and utility area have the largest installed 364 

equipment cost of $76 MM, $50 MM, and $40 MM, that are 35.8%, 23.3%, and 19.0% of the total 365 

depreciable capital cost, respectively. The total variable operating cost is $190 MM/year when the 366 

H2 price is $2.0/kg and CO2 price is $17.3/MT (Table S8). While the total fixed operating cost is 367 
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$17 MM/year with a labor number of 68 and a burdened labor cost including overhead of 368 

$58/man-hr (Table S7). 369 

Figure 5 shows the MFSP of synthetic methanol as compared to the average methanol market price 370 

over the past five years of $0.38/kg. When the DOE target hydrogen production price of $2.0/kg 371 

is assumed, the MFSP of the methanol from the stand-alone system is $0.64/kg, and from the co-372 

production systems (methanol-ethanol and methanol-ammonia) is $0.61/kg. The evaluated MFSPs 373 

are 17–23% higher than the maximum methanol price in the past five years, and 61–68%, 144–374 

156% higher than the average and minimum methanol prices in the past five years. As shown in 375 

Figure 5 for the methanol-ethanol co-production system, feedstock costs for H2 ($2.0/kg) and CO2 376 

($17.3/MT), and the capital costs dominate the methanol MFSP, contributing 68.9%, 4.8%, and 377 

10.5%, respectively. When H2 is produced from renewable electricity using the current renewable 378 

polymer electrolyte membrane electrolysis (PEME) technology, the H2 price increases to 379 

$5.0/kg,49 resulting in a higher MFSP of methanol ($1.24–1.28/kg). However, given that the low 380 

cradle-to-grave GHG emission of the stand-alone methanol production system is 2.0–17.2 g CO2-381 

eq./MJ, the synthetic methanol production using renewable hydrogen can be qualified as a low-382 

carbon fuel compared to conventional methanol production from NG (with a cradle-to-grave GHG 383 

emissions of 91.5 g CO2-eq./MJ). If avoided CO2 can be traded in a carbon trading market, the 384 

potential carbon credit can further reduce the MFSP of synthetic methanol, as shown in Figure 5. 385 

According to the Section 45Q carbon capture tax credit, the CO2 utilization for synthetic methanol 386 

production has a CO2 credit of $35/MT.52 With a CO2 credit of $35/MT, the synthetic methanol 387 

MFSP is $0.56–0.59/kg, which is $0.05/MT lower than the cases with zero CO2 credit. If the CO2 388 

credit increases to $200/MT,53 the synthetic methanol MFSP from the stand-alone production 389 

system is $0.18/kg, and from the methanol-ethanol and methanol-ammonia co-production systems 390 
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is $0.15/kg, which are 52.6% and 60.5% lower than the average methanol market price in the past 391 

five years. Given that the variation of the TEA assumptions results in uncertainty of the MFSP, 392 

MFSP cost distributions, sensitivity analysis, and uncertainty analysis results are supplied in the 393 

Supporting Information Figure S4-S6. 394 

 395 

Figure 5. Variation of MFSP with H2 price and potential CO2 credit.  396 

Figure 6 shows the breakeven H2 prices for the MFSP of methanol to equal the average methanol 397 

market price ($0.38/kg) for different methanol production system boundaries and various CO2 398 

credit values. For the cases without CO2 credit, the breakeven H2 prices for the three evaluated 399 

systems are within $0.77–0.95/kg. However, for the cases with $200/MT CO2 credit, the breakeven 400 

H2 prices are $2.09–2.24/kg. The TEA results indicate that the economics of synthetic methanol 401 

production can be improved by developing low-cost water electrolysis technology for renewable 402 

H2 production and leveraging credits in carbon trading markets. 403 
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 404 
Figure 6. Breakeven H2 prices for different methanol production systems and various CO2 credit values. In 405 
the legend, $0/MT refers to CO2 credit of $0/MT, and $200/MT refers to CO2 credit of $200/MT. The call-406 
out shows the breakeven H2 price such that the MFSP of methanol equals the average methanol market 407 
price of $0.38/kg. 408 

IMPLICATIONS 409 

The present study evaluated TEA and LCA of synthetic methanol using high purity CO2 from 410 

ethanol and ammonia plants, with various price scenarios. Simulation results show that integrating 411 

methanol synthesis with ethanol and ammonia production improves the production energy 412 

efficiency, carbon conversion efficiency, and GHG emissions.  413 

This study used high purity CO2 emissions from typical ethanol and ammonia plants as feedstock 414 

for the synthetic methanol production. The integrated system boundary treatment can be extended 415 

to other industries such as cement, iron and steel, carbonates, and petrochemicals. Moreover, if the 416 

current results are scaled to combine with the industrial distribution data of the ethanol and 417 

ammonia plants in the U.S., the potential total H2 market demand and the potential total synthetic 418 

methanol production, as well as their environmental impacts can be further evaluated. 419 
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SUPPORTING INFORMATION 420 

Additional details on simulation assumptions, flow results, mass and energy balance of methanol 421 

production from H2 and CO2; system boundary of stand-alone and integrated systems; ethanol 422 

production processes; ammonia production processes; techno-economic analysis assumptions 423 

and cost results; methanol MFSP components, sensitivity analysis and risk analysis of MFSP of 424 

methanol. 425 
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LIST OF ABBREVIATIONS 431 

BOB Blendstock for oxygenate blending 

CO2 Carbon dioxide 

CCU Carbon capture and utilization 

DCFROR Discounted cash flow rate of return  

DOE Department of Energy 

E-fuels Electro-fuels 

FOC Fixed operating costs  

GHG Greenhouse gas 

GREET Greenhouse gases, Regulated Emissions and Energy use in Transportation 

H2 Hydrogen 

HFTO Hydrogen and Fuel Cell Technologies Office 

LCA Life cycle analysis 

LHV Lower heating value  

LTE Low-temperature electrolysis  

MFSP Minimum fuel selling price 

NG Natural gas  
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NPV Net present value  

OC Operating cost  

PEME Polymer electrolyte membrane electrolysis  

PSA Pressure swing adsorption  

RWGS Reverse water gas shift 

SMR Steam methane reforming  

SOEC Solid oxide electrolyzer cell  

TCI Total capital investment  

TDCC Total direct capital cost  

TEA Techno-economic analysis 

THE High-temperature electrolysis  

VOC Variable operating costs  

CTG Cradle-to-gate 
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