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Bio-oil produced from fast pyrolysis of biomass is a promising substitute for crude oil that can 16 

meet climate change mitigation goals, but, due to its high oxygen content it requires upgrading to 17 

remove oxygen in order to be used as a transportation fuel. Hydrodeoxygenation (HDO) is one 18 

means of upgrading fast pyrolysis oil, however, its main limitation is its large hydrogen 19 

requirement. We evaluate an alternative electrochemical deoxygenation (EDOx) method that uses 20 

catalytic electrode membranes on a ceramic, oxygen-permeable support, to generate hydrogen in-21 

situ for deoxygenation at the cathode and oxygen removal at the anode. We analyze the life cycle 22 

greenhouse gas (GHG) emissions and scale effects of gas-phase upgrading of pyrolysis oil (300 23 

metric tons per day (MTPD)) using different configurations of EDOx and compare it with the large 24 

scale HDO process (2000 MTPD). We observe that the EDOx configurations have lower total 25 

GHG emissions of 5–8.4 g CO2 eq.  and 7.4–11 g CO2 eq. per MJ of a vehicle operated with diesel 26 

and gasoline, respectively compared to HDO (39 gCO2 eq. per MJ). Furthermore, the EDOx 27 

processes offers potentially 10 times more small-scale pyrolysis upgrading facilities in the U.S. 28 

compared to HDO, suggesting that small-scale on-site EDOx processes can reach more 29 

inaccessible forest biomass resources. 30 

 31 

 32 

 33 

 34 
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The U.S. renewable fuels standard (RFS2) requires blending 136 billion liters of renewable fuel 36 

annually with transportation fuel by 2022 1. Along with policies that incentivize high fuel 37 

economy, increased domestic oil production, and expanded use of renewable fuels, biofuels have 38 

been projected to help reduce U.S dependence on imported fuels thereby, stimulating the economy 39 

and increasing domestic employment 2. In recent years, studies have shown that biomass is a 40 

promising alternative for conversion to fuels due to being renewable, 3 locally sourced, 4 and cost 41 

effective 5 relative to petroleum-based fuels 6-13. 42 

Fast pyrolysis converts biomass to bio-oil, non-condensable gas and char at moderately high 43 

temperatures (e.g. 500 °C), in the absence of oxygen 14. The short residence times applied 44 

maximize the fraction of bio-oil, improving the potential yield of renewable liquid fuels. However, 45 

fast pyrolysis bio-oil is not suitable for direct blending with petroleum-based transportation fuels, 46 

due to the presence of oxygen. The oxygenated structure makes bio-oil thermally unstable, viscous, 47 

low in heating value and corrosive 15. Hence, upgrading is required to render the bio-oil useable as 48 

a transportation fuel 6. Catalytic cracking 16, catalytic hydrodeoxygenation (HDO) 17, catalytic 49 

steam reforming and catalytic esterification 18 and emulsification 19-20  were recently studied as 50 

upgrading technologies, but to date none of these have been successfully commercialized, and 51 

some bio-oils have only been used in the food flavoring industry on a commercial scale 21-22. 52 

Among the upgrading technologies described above, HDO has been described as the most 53 

promising alternative 23, because other alternatives are associated with high coking (8-25%), 54 

formation of light ends and low final fuel product quality 24.  55 

Despite the advantages of HDO compared to its current alternatives, it faces many challenges  56 

25, including large hydrogen consumption, polymerization, minor coke formation 26 and biomass 57 

availability at economic supply scales of 2000 metric tons per day (MTPD) 27-29.  However, the 58 
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biomass supply available at 2000 MTPD within an economically feasible distance (within a 80 km 59 

radius) is limited in the U.S., and thus requires long feedstock transportation distances (> 80 km), 60 

which raises feedstock delivery costs and renders it a limiting factor in the size of a biomass 61 

processing plant 30.  62 

Electrochemical deoxygenation (EDOx) 31 uses membrane cells that are integrated directly into 63 

the vapor tract of the pyrolysis unit before the condenser to deoxygenate the pyrolysis vapor 24. In 64 

the EDOx process, an electric potential is applied across an oxygen ion conducting ceramic 65 

membrane at high temperatures (400˚C – 1000˚C). At the nickel-catalyst cathode, oxygen from 66 

the hydrocarbon reactant and the electrolysis of water ionizes, permeates through the ceramic 67 

membrane and oxidizes at the anode, where it is released in the gaseous state.  Hydrogen produced 68 

from the electrolysis of water reacts with the remaining hydrocarbon radical, giving deoxygenated 69 

hydrocarbon or water. The reduction extent depends on the catalytic properties of the cathode, 70 

characteristics of oxygenated bio-oil, applied electric potential and temperature.  71 

Although EDOx reactions are similar to HDO reactions, the configuration of the EDOx 72 

mechanism, which requires electricity rather than hydrogen, makes it different from the HDO 73 

mechanism. Furthermore, EDOx has some advantages over HDO, including minimal external 74 

hydrogen supply needs and the electrical input allows for small-scale operation, which in turn 75 

allows integration with the pyrolyzer. Hence, upgrading of the pyrolysis oil occurs in the gas phase, 76 

obviating a cooling/heating cycle, which is necessary with the larger scaled HDO process. 77 

Theoretically, the EDOx unit can fully deoxygenate bio-oil but at its current state of technological 78 

development, it would need additional external hydrogen to fully deoxygenate and experimentally 79 

the EDOX unit has only been demonstrated to deoxygenate bio-oil to a stable oil with an oxygen 80 

content of 30 wt %. Therefore, we evaluate a concept whereby the bio-oil is deoxygenated to the 81 
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full extent of the EDOx deoxygenating potential at which point the oil is assumed stable for 82 

transportation to a refinery for complete deoxygenation via hydrodeoxygenation. The proposed 83 

concept, referred to as partial electrochemical deoxygenation (partial EDOx), integrates the EDOx 84 

and HDO processes by deoxygenating the bio-oil using both processes sequentially to produce a 85 

deoxygenated fuel. In addition, the partial EDOx process addresses the possibility previously 86 

proposed by Jones et al. 30 that small distributed pyrolysis plants can take advantage of lower 87 

feedstock cost and improved access to isolated biomass supply to produce a stable and 88 

transportable product that can be further upgraded in an existing petroleum refinery 30. 89 

This paper uses life cycle assessment (LCA) to compare EDOx, a small scale (300 MTPD) bio-90 

fuel upgrading process, with HDO, a large scale (2000 MTPD) biofuel upgrading process, and 91 

partial EDOx, a small scale (300 MTPD) integrated process that merges the EDOx and HDO 92 

processes. The comparison quantifies the GHG emissions from biomass collection to vehicle 93 

operation of the three processes.  94 

Life cycle GHG emissions of woody biomass-based biofuels from upgraded fast pyrolysis bio-95 

oil have been documented in literature (Table 1). However, because these studies have all focused 96 

on HDO upgrading, which requires a large feedstock supply (2000 MTPD) and external hydrogen, 97 

we compare their life cycle environmental performance results to EDOx and partial EDOx 98 

processes based on their differences such as unit operations, operating condition and process scale. 99 

Table 1. Review of life cycle GHG emissions of upgraded fast pyrolysis bio-oil from HDO 100 

technology 101 

 Hsu et al. 

6, 30 

Hsu et al. 

6, 30 

Snowden-Swan et 

al. 

 10 

Snowden-Swan et al. 

 10 
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Feedstock Forest Residue Forest Residue Forest Residue Poplar (plantation) 

Electric Source Electricity grid Biomass based Electricity grid Electricity grid 

Products Gasoline and Diesel 

GHG emissions 

gCO2-e/MJ  

38.9 25 36.8 35.8 

 102 

Methods 103 

Process Configurations 104 

We modeled the EDOx and partial EDOx processes and compared them to the parameters from 105 

the HDO process previously studied 30. Since neither of the investigated processes have been 106 

commercialized to date, the process data was based on laboratory experimental work in 107 

combination with computer simulation 31.  108 

Fast Pyrolysis 109 

The laboratory scale fast pyrolysis reactor at Pacific Northwest National Laboratory (PNNL) was 110 

fed Ponderosa pine from American Wood Fiber (AWF) at a rate of 0.9 kg/hr. The feed had been 111 

sieved for removal of fine fractions >100 mesh. The main fast pyrolysis design allowed for a gas 112 

residence time of less than two seconds at full operating temperature (480-500ºC) to achieve 113 

maximum liquid yield from pine wood. In addition, the fast pyrolysis unit contained newly 114 

designed dust cyclones with reduced internal friction in the inlet and two-stage cyclones designed 115 

to collect smaller sized particles, with cyclone 1 having a larger volume than cyclone 2. Hot gas 116 

filtration (25-micron sintered metal filter) was used to capture fine particles prior to entering the 117 

slip-stream to the EDOx and a slip-stream metering valve helps to ensure proper control of the 118 

flowrate. The slip-stream metering valve was also used to make manual adjustments during the 119 
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run for constant flowrate with potential changes to back-pressure in the system. The slip stream 120 

was used experimentally for testing the bio-oil but was not modeled in the simulation. An 121 

electrostatic precipitator (ESP) operating at 15 kV and 0.05 mA was used to ensure coalescing of 122 

the vapors without the added back-pressure typically encountered when using a filter unit, as this 123 

is crucial in a good leak-free performance of the stack-cell. 124 

The fast pyrolysis unit achieved isothermal operating temperature conditions throughout the bed 125 

(480 ºC). The gas flow rate was consistent with approximately 1.2e-3 m3 .s-1 to ensure a low gas 126 

residence time (<2s). Cyclone 1 and Cyclone 2 was able to collect the majority of the char products 127 

(>99%), and the remaining fine solids were collected by the hot gas filtration. The ESP unit was 128 

operated during the test and was found to effectively work to coalesce aerosols at 15 kV. During 129 

the operations with the ESP, most of the vapor flow was measured at about 3.3e-5 m3.s-1 (~3 wt. 130 

% of the overall pyrolysis vapor) condensed. Product oil and aqueous samples were collected in 131 

both the ESP and from the dry-ice trap to be weighted and accounted for mass balance. Non-132 

condensable gases were analyzed with a gas chromatograph (GC) and their flow rate was measured 133 

by a wet test meter. 134 

The fast pyrolysis unit was operated at 480 °C and the EDOx stack was operated at 550°C and 135 

600 °C. At the higher temperature, initially the stack had an effective total current of ~ 2A, 136 

however with subsequent runs, amperage increased up to 25 A. A schematic diagram of the fast 137 

pyrolysis unit is found in Figure S.1.a and S.1.b in the SI. 138 

Electrochemical deoxygenation (EDOx): 139 

Prior to upgrading, the upstream feedstock supply, pretreatment and pyrolysis 32 are similar to 140 

the HDO process. Three main differences between the two processes are the scale (300MTPD of 141 
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biomass in EDOx), the integration of EDOx into the pyrolyzer owing to its size, the electricity 142 

used for deoxygenation and the absence of condensing, cooling and reheating units in the EDOx 143 

process. The pyrolysis vapor fed to the EDOx unit deoxygenates vapor using electrons provided 144 

via electrical current that passes through an oxygen ion transporting dense ceramic membrane 145 

reactor to produce a deoxygenated pyrolysis vapor and coproducing oxygen. The deoxygenated 146 

pyrolysis vapor condenses to deoxygenated pyrolysis oil. After separation, the final main products 147 

are renewable gasoline range compounds while oxygen is produced as a coproduct.   148 

We used Aspen Plus 33 software to model the EDOx upgrading process by adding heat 149 

exchangers, separators, a water splitting reactor and an EDOx reactor operation. Some operating 150 

conditions and parameters of the EDOx process model were based on previous fast pyrolysis 151 

modeling from Ringer et al 34. More detailed analysis of the modeling is shown in figure S.1.a in 152 

the supporting information (SI).  153 

Partial Electrochemical-deoxygenation (partial EDOx): 154 

The partial EDOx (Figure 1b) process combines HDO and EDOx processes such that the first 155 

hydrotreater in the HDO process is replaced by an EDOx unit. The EDOx unit is integrated with 156 

the pyrolyzer; hence, the pyrolysis vapor produced by the pyrolyzer proceeds to the EDOx unit in 157 

its gaseous phase. The pyrolysis product in its gaseous phase contains 39 wt. % oxygen which goes 158 

into the EDOx unit operating at a temperature of 550°C. The EDOx reactor deoxygenates the vapor 159 

by removing 33% of the oxygen by mass; this vapor is condensed to a liquid phase and at this 160 

deoxygenation level, the oil is stable enough to be trucked to a refinery for further deoxygenation 161 

by HDO and subsequent hydroprocessing and product separation producing renewable gasoline 162 

and oxygen as a co-product. Similar to the EDOx process, we model the partial EDOx process 163 

using Aspen Plus 33. We add the EDOx and HDO units as well as other operating units to the 164 
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existing Ringer et al 34 fast pyrolysis model. A more detailed description of the modeling is shown 165 

in figure S6 in the SI. 166 

Hydrodeoxygenation (HDO): 167 

The HDO process studied was modeled by PNNL using data from literature 35-37, experimental 168 

results 30 and Chemcad ©  modeling software.  The HDO plant is designed to process 2000 MTPD 169 

of biomass. This biomass is pre-processed by drying to 7 wt. % water from its as received moisture 170 

level of 50 wt. % and size reduced to 2mm to 6mm before conversion to bio-oil via fast pyrolysis. 171 

Pyrolysis is generally performed using a range of temperatures and residence times in order to 172 

optimize the desired product. In this case (Figure 1c), the biomass is heated to approximately 173 

520°C in less than 1 second, and then rapidly cooled to stop the reaction. The char and a portion 174 

of the gas are burned to heat the circulating sand while the bio-gas produced in the pyrolysis 175 

process is condensed to bio-oil, which is oxygenated. The oxygenated bio-oil is pressurized and 176 

heated before dual stage catalytic hydrodeoxygenation in two hydrotreaters. External hydrogen is 177 

fed to a fixed bed hydrotreater reactor and interacts with the oxygenated bio-oil under pressures of 178 

about 170 atm and 137 atm and temperatures of 240°C and 370°C respectively in the two 179 

hydrotreaters converting it to a stable hydrocarbon oil 30. The stable oil requires further processing 180 

before it can be used in an existing refinery; hence, hydrocracking and product separation are 181 

carried out on the oil before producing the gasoline and diesel range products. 182 

 183 
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 184 

Figure 1. Process flow diagram for: a) electrochemical deoxygenation, b) partial electrochemical 185 

deoxygenation, and c) hydrodeoxygenation processes 186 

Biomass supply logistics 187 

A major difference between the EDOx and HDO processes is the scale. While the HDO process 188 

requires scales of 2000 MTPD of biomass to be economical, EDOx may be economical at a scale 189 

of 300 MTPD similar to other fast pyrolysis-based processes 11, 38-39. The plant size of 2000 metric 190 

tons per day (MTPD) was chosen in order to be consistent with biorefinery sizes considered in 191 

previous research 29-30, 40-44, which are consistent with feasible agricultural residue supply. In 192 

addition, some studies 11, 39, 45 have looked at the economic feasibility of smaller scales for bio-oil 193 

production. Likewise, we also tackle the need to access stranded resources at smaller scales 194 
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addressed by studies 46-47 that show that it is worthwhile to produce a densified commodity at 195 

depots. Herein, the densified commodity is the stable bio-oil. Biomass resources are not densely 196 

available for conversion to energy commodities consistently across forest and agricultural 197 

landscapes 47-52. Thus, to gather 2000 MTPD of biomass within a cost-effective radius of less than 198 

80.5 km (50 miles) supplying HDO facilities may be limited to those locations with high density 199 

and access to transportation infrastructure. At smaller scales proposed for the EDOx and partial 200 

EDOx processes, there is potential for cost savings and reduced environmental burden due to 201 

shorter biomass transportation distances and access to a greater number of feedstock supply areas 202 

compared to higher production scales 47.  203 

We focus on all the forest biomass regions in the continental USA and used ArcGIS and LCA 204 

to determine which region will be most feasible for an EDOx/partial EDOx unit. The feasibility of 205 

the site is assessed by biomass supply and environmental sustainability based on the electricity 206 

grid used by the region. In order to determine the locations for the partial EDOx process, we used 207 

ArcGIS 53 to create a map that shows the possible siting for HDO and EDOx locations. To 208 

determine the maximum radius of biomass transportation, we used literature values to estimate a 209 

distance of 80.5 km (50 mile), beyond which the environmental impact and cost of transportation 210 

of biomass has been said to be disproportionately large 35. Shape files extracted from the data 211 

layers in the NREL Biofuels Atlas 54 on the quantity of forest residue measured in bone dry ton 212 

per year (BDTPY) statewide were merged onto a US map. In the merged GIS map, we apply the 213 

80.5 km radius cutoff for supply to create a feature class containing a net of rectangular cells called 214 

fishnets. Each fishnet defines an acceptable or “go” supply boundary outside of which is a “no-215 

go” supply area within ArcGIS 55. We determined the amount of forest residue available within  216 

the 80.5 km radius fishnet. If the amount of forest residue in the fishnet is within an 80.5 km radius, 217 
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below 2000 MTPD and above 300 MTPD, an EDOx unit can be placed in that area. If the amount 218 

of forest residue is greater than 2000 MTPD, both EDOx and HDO units can be sited in that area. 219 

To evaluate the environmental sustainability, we calculated the amount of power needed for 220 

deoxygenation in the EDOx unit. We used Simapro v.8.4 software 56 and Ecoinvent data 57 to 221 

estimate GHG emissions based on the power calculated in all the electricity grids in the continental 222 

USA and used graduated colors to illustrate spatial differences in GHG emissions across the U.S. 223 

Furthermore, we extracted the shape files for petroleum refineries 58 and crude oil pipelines 59 224 

from petroleum data layers in the NREL biofuel atlas and merged them with the current forest 225 

residue map. If the petroleum refineries were within the maximum allowable distance (80.5 km 226 

radius) to the HDO locations, we overlaid the map section to indicate that the oil produced at the 227 

HDO locations could be completely stabilized and separated at a refinery within a close distance. 228 

Finally, to test the sensitivity of biomass availability and its effect on GHG emissions at small 229 

(300 MTPD) biorefinery scales, we reduce the transportation radius from 80.5 km to 32.2 km to 230 

determine access to biomass within a smaller transportation radius. The 32.2 km radius 231 

corresponds with a feasible radius ranging from 5 miles (8.05 km) to 50 miles (80.5 km) described 232 

by Brechbill et al 60  and a radius ranging between 25 and 50 km described to be economical by 233 

Zafar et al 61. 234 

Life Cycle Assessment Model 235 

The LCA modeling follows the guidelines of the International Organization for Standardization 236 

62. Simapro v.8.4 56 LCA modeling software is used to develop and link the unit processes for 237 

biomass production and transportation, bio-oil production, bio-oil upgrading, product distribution 238 

and vehicle operation. The specific Ecoinvent v.3.4 57 inventory data used are summarized in 239 

Tables S3, S4, S5, S6 and S7 in the supporting information.  240 
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The system boundary (Figure 2) illustrates the processes from the harvest of forest residue to 241 

vehicle operation.  Similar to other studies 6, 63, we do not consider indirect effects such as land 242 

use change. We use the IPCC 2013 GWP 100a 64 metric to identify the environmental impact of 243 

the processes with functional units per 1 MJ of fuel produced and per 1 km of distance driven by 244 

a light-duty passenger vehicle. This study uses system expansion to handle all co-products. The 245 

feedstock is harvested, pre-processed, and transported to a pyrolysis conversion site. There, the 246 

biomass undergoes pyrolysis, the vapor of which is available for deoxygenation via EDOx and 247 

partial EDOx. In the HDO process, the pyrolysis vapor is condensed before upgrading in two 248 

hydrotreaters (Fig. 2).  After upgrading and product fractionation, the renewable diesel and 249 

gasoline products are distributed and used to operate an automobile with a fuel economy of 10.8 250 

km l-1 and 13 km l-1 of gasoline and diesel type vehicles respectively. Although the upstream 251 

operations in the three processes (EDOx, partial EDOx and HDO) consist of the same operations, 252 

they supply feedstock at two different scales (EDOx and partial EDOx operate at 300 MTPD while 253 

HDO operates at 2000MTPD). In the EDOx process, since we assume full deoxygenation by the 254 

EDOx unit, after complete deoxygenation, the fuel produced is transported to the refinery for 255 

product separation followed by distribution to the market and consumer use in a vehicle. In the 256 

partial EDOx process, the delivered feedstock is pyrolyzed and partially deoxygenated to a stable 257 

bio-oil via the EDOx process, and then transported to a petroleum refinery for HDO processing in 258 

a second hydrotreater to fully deoxygenate the partial EDOx oil. In this case, we assume the EDOx 259 

site is in the same location or in very close proximity to the HDO unit at the refinery; hence, 260 

transportation distance is negligible. After HDO deoxygenation, the pyrolysis oil is separated, 261 

distributed to the consumer and used for vehicle operations. Electricity needed for the EDOx and 262 

HDO unit is assumed to be generated from the average US electricity grid. Although a sensitivity 263 
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analysis described later, examines the effect of location on the GHG emissions by varying regional 264 

electricity grids.   265 

For the HDO process, we used the results of the LCA published by the National Renewable 266 

Energy Laboratory (NREL) 6 without any modifications. 267 

We assumed that the CO2  uptake during tree growth for forest residue is the same as that of pine 268 

studied in Hsu et al 6, which was 300g CO2 eq. and 350g CO2 eq. per 1 Km of distance driven with  269 

diesel and gasoline respectively 6. 270 

For product transportation and distribution, we use the boundary settings from a pyrolysis study 271 

63 that assumes product transportation by barge (8%), pipeline (63%) and rail (29%), respectively 272 

for gasoline and barge (8%), rail (29%) and truck (63%) for diesel 65. We assume distances of 520 273 

km, 400km, 800km and 50km for barge, pipeline, rail and truck, respectively. All other inventory 274 

data for the LCA appear in Tables S3, S4, S5, S6 and S7 in the supporting information. 275 
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 276 

277 

Figure 2. System boundary diagrams for (a) electrochemical deoxygenation, (b) partial 278 

electrochemical deoxygenation and (c) hydrodeoxygenation. In the partial EDOx process, the 279 

insertion point (the point where the oil goes to the refinery) is a stable oil produced by the EDOx 280 

process that can be easily transported to a refinery for further upgrading/processing. In the full 281 

EDOx process, the insertion point is a near finished fuel/blend stock that requires minimal 282 

processing in a refinery. 283 
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Sensitivity analysis of net differences in electricity and hydrogen consumption 284 

To compare the differences among the three conversion processes, we conduct a sensitivity 285 

analysis based on electricity use and hydrogen consumption, two inputs that distinguish EDOx 286 

from HDO.  287 

The electricity input needed to run the EDOx unit was parameterized according to experimental 288 

measurement. Since electricity and only a small fraction of hydrogen are required in the EDOx 289 

and partial EDOx processes, we calculated hydrogen requirements and electricity input based on 290 

mass balance. Specifically, we calculated the amount of electricity needed to remove one oxygen 291 

molecule. Based on these calculations, the GHG intensities were quantified for the 9 electricity 292 

grids (NPCC, RFC, SERC, FRCC, TRE, SPP, MRO, WECC and ASCC) 66 using Simapro 56.  293 

We also calculated the external hydrogen needed for the three processes based on a mass balance 294 

of hydrogen. In the EDOx process, hydrogen is produced by the splitting of the water molecules 295 

present in the bio-oil. The bio-oil contains ~ 50 wt. % moisture; hence, it has enough water to 296 

produce hydrogen required for the EDOx process and thus needs a small amount of external 297 

hydrogen. However, since the HDO process utilizes a different mechanism that does not split the 298 

water, the HDO requires a large amount of external hydrogen.  We used LCI data for hydrogen 299 

production from methane steam reforming in GREET 65 to evaluate the GHG intensity of the HDO 300 

and partial EDOx processes. 301 

Hydrogen Consumption 302 

From stoichiometry, one hydrogen molecule is needed to break a carbonyl bond and another to 303 

remove an oxygen atom in oxygenated bio-oil compounds. We used this information to calculate 304 

the quantity of hydrogen that will be consumed in each of the hydrotreaters reported by PNNL 30. 305 

In the hydrotreaters, two main reactions occur that require hydrogen; hydrodeoxygenation (the use 306 
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of hydrogen to remove oxygen) and non-deoxygenation (the saturation of double bonds). 307 

Stoichiometric calculations (Table S1) suggest that less hydrogen is consumed in the non-308 

deoxygenation reactions in the 1st hydrotreater (H1) than is needed for the non-deoxygenation 309 

reactions in the 2nd hydrotreater (H2). This is consistent with the findings of Jones et al 30 that  mild 310 

hydrotreating takes place in the 1st hydrotreater and severe hydrotreating in the 2nd hydrotreater. 311 

In addition, based on stoichiometric calculations, we use the chart illustrated in Figure S6 in the 312 

SI to show that hydrogen is consumed at a slower rate in the 1st hydrotreater and at a much faster 313 

rate in the 2nd hydrotreater further confirming mild followed by severe hydrotreating.  314 

Results and Discussion  315 

Biomass Supply 316 

Availability of forest residues across the United States can supply 216 locations with feedstock 317 

at 300 MTPD for EDOx facilities and 18 locations can supply feedstock at 2000 MTPD for HDO 318 

facilities (Figure 3a). The map also shows GHG intensity (kg CO2 eq. per metric ton) of the 319 

relevant grid with the darker colors indicating a higher environmental impact. The Northeast 320 

region, which utilizes the Northeast Power Coordinating Council (NPCC) grid, has low GHG 321 

emissions while also fulfilling the biomass supply needed for the siting of an EDOx pyrolysis 322 

facility; however, the most feasible location would be in the south, specifically in Arkansas and 323 

Louisiana where biomass availability could supply numerous EDOx facilities and provide access 324 

to petroleum refineries. To fulfil the partial-EDOx process mechanism, we used red dots and green 325 

lines on the map to represent petroleum refineries and crude oil pipelines, respectively. The 326 

presence of a petroleum refinery in close proximity to EDOx sites will enable efficient transport 327 

of the bio-oil produced from the EDOx pyrolysis sites to a petroleum refinery for further 328 

deoxygenation and separation. If the EDOx process can fully deoxygenate the bio-oil, then the 329 
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deoxygenated bio-oil will be infrastructure compatible and can be directly added to the crude oil 330 

pipeline. The map also shows that when the feedstock transportation radius declines from 80.5 km 331 

to 32.2 km (Fig 3b), there will not be any HDO sites to accommodate feedstock supply within this 332 

smaller radius but there will still be over 300 EDOx sites (represented in yellow boarders in figure 333 

3b) to accommodate this smaller supply radius.  334 
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 (a) 335 

 336 

(b) 337 

 338 
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Figure 3(a) U.S. map showing EDOx and HDO locations as well as the GHG intensity in CO2 eq. 339 

per metric ton varying by the different electricity grids, forest residue availability in bone dry ton 340 

per year (BDTPY), petroleum refineries and pipeline locations. The lighter green indicates a lower 341 

GHG intensity and the darker green indicates a higher GHG intensity. The black grid represents 342 

the potential EDOx sites while the red grid represents the potential HDO sites. The purple 343 

highlights represents HDO locations near refineries (b) U.S. map showing the EDOx and HDO 344 

sites with the yellow boarders representing a feedstock transportation radius of 32.2km (20 miles). 345 

Greenhouse Gas Emissions 346 

Life Cycle GHG emissions of the three processes 347 

Figures 4a and 4b show that GHG emissions from the EDOx process is lower than the HDO 348 

process.  In all the results, diesel produced from the EDOx and partial EDOx processes (8.36 g 349 

CO2 eq. and 4.95 g CO2 eq. per MJ) have lower GHG emissions than gasoline produced from the 350 

same processes (10.9 g CO2 eq. and 7.43 g CO2 eq.)  per MJ of vehicle operation due to the higher 351 

fuel efficiency of diesel engines compared to gasoline engines 6. The partial EDOx upgrading 352 

process produces the least amount of GHG emissions due to a lower demand for external hydrogen 353 

and electricity than the HDO process and EDOx, respectively. Vehicle operation contributes the 354 

largest emissions in the partial EDOx process; however, those emissions are biogenic and offset 355 

by CO2 uptake during biomass growth 65. Oxygen is co-produced in the full EDOx and partial 356 

EDOx processes and credited, assuming it displaces oxygen produced via cryogenic processing. 357 

The GHG emissions in the pyrolysis and upgrading process are highest for the EDOx system 358 

mainly due to the electricity and additional hydrogen required for deoxygenation owing to the 359 

limited amount of water in the bio-oil for hydrogen production (shown in SI Table S.4).  Although 360 

GHG emissions for the full EDOx process are high, the credit from co-produced oxygen is 361 
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considerable towards reducing net GHG emissions. Overall, the net GHG emissions for the partial 362 

and full EDOx processes are lower than the net GHG emissions from the HDO process. When 363 

considering the sensitivity of the feedstock collection radius, with lower and upper bounds set to 364 

32.2 km and 950km (the maximum refinery distance), GHG emissions from the full EDOx and 365 

partial EDOx processes remain lower than those of HDO process (Figure 4a). 366 

In comparison to conventional fuels, on a per MJ basis GHG emissions for the pyrolysis fuels 367 

produced through the partial EDOx and full EDOx processes are 88% to 95% lower than 368 

conventional gasoline and diesel GHG emissions (91 g CO2-eq. and 94 g CO2-eq. per MJ) based 369 

on GREET data 67. This reduction exceeds the RFS-2 requirement, which obliges advanced 370 

biofuels to meet a 50% life cycle GHG emission reduction threshold relative to conventional 371 

gasoline or diesel 68. While all upgraded pyrolysis biofuels, whether EDOx or HDO, would meet 372 

RFS2, the EDOx and partial EDOx upgraded biofuels are 68% to 72% and 78% to 84% lower than 373 

HDO upgraded biofuels. 374 

 375 
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 376 

Figure 4. (a) GHG emissions for a U.S passenger car operated over a distance of 1km using 377 

alternative upgraded pyrolysis biofuels. The figure estimates life cycle GHG emissions from 378 

feedstock collection to fuel product transportation and distribution including oxygen as a co-379 

product. (b) Net GHG emissions for a U.S passenger car operated over a distance of 1km using 380 

alternative upgraded pyrolysis biofuels. Error bars show lower and upper bounds. The EDOx lower 381 

bound represents the GHG reduction limit for a smaller feedstock supply radius of 32.2 km from 382 

80.5 while the upper bound represents the maximum refinery distance from the upgrade units. The 383 
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HDO lower bound represents the GHG emissions from the use of biomass-derived electricity as 384 

feedstock while the baseline represents GHG emissions from grid electricity. 385 

Spatial variability in biomass accessibility 386 

The influence of spatial variables in biomass supply, hydrogen generation and electricity grid 387 

input was evaluated for the full EDOx, partial EDOx and HDO upgrading processes. The effect of 388 

different hydrogen generation methods on life cycle GHG intensity is evident. Due to excess 389 

demand for hydrogen by the HDO process, hydrogen is externally supplied; therefore, there are 390 

limited locations in which HDO can be sited for proximity to hydrogen supply. On the other hand, 391 

with hydrogen supplied in-situ via electrical means and little external hydrogen need, in regions 392 

with a large share of coal based electricity, the GHG intensity of EDOx is significantly higher than 393 

in regions with a large share of electricity from renewables and natural gas.  394 

Influence of hydrogen generation on the three processes  395 

To investigate the effect of hydrogen generation method on life cycle GHG emissions (Figure 396 

5a), we study the GHG intensity of hydrogen supplied by four processes and feedstocks: (1) natural 397 

gas from shale, (2) coal without CO2 sequestration, (3) electricity (Distributed U.S. mix) and (4) 398 

nuclear from high temperature gas reactor plant from uranium fuel. The means of hydrogen 399 

generation determines the GHG intensity and can affect the total environmental impact of the 400 

process. In comparing the means of hydrogen generation, we observe that irrespective of the type 401 

of hydrogen generation used, the GWP for partial EDOx is lower than HDO due to low hydrogen 402 

requirements for both EDOx processes compared to HDO as a result of the extent of deoxygenation 403 

from the electrolysis-supplied H2. Therefore, there is a tradeoff between electricity and hydrogen 404 

(supplied by different sources) when using different combinations of full and partial EDOx 405 

whereby electricity input is small compared to the hydrogen required. Considering the 406 
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aforementioned assumptions, full EDOx results in much lower GHG emissions compared to HDO 407 

and partial EDOx; due to its minimal external hydrogen needs. 408 

Influence of electricity grid on the three processes 409 

When analyzing the GHG emissions from the three processes across nine electricity grids in the 410 

United States (Figure 5b), as the HDO upgrade process does not require a significant amount of 411 

electricity, there is only a difference in the GHG emissions from EDOx and partial EDOx units. 412 

The results indicate that the EDOx and partial EDOx processes emit fewer GHGs than the HDO 413 

process irrespective of supplying electricity grids. In particular we examine two grid locations that 414 

supply forest residue – NPCC and Southwest power pool (SPP). An EDOx unit located in the 415 

NPCC region would have the lowest GHG emissions compared to one located in regions using the 416 

SPP electricity grid, which would have the highest out of the eight grids. This is due to the 417 

breakdown of the NPCC distribution mix, which consists of 30.85% nuclear and 2.38% coal, while 418 

the SPP mix consist of 4% nuclear and 47.65% coal 69; hence, the SPP grid is the most carbon 419 

intensive due to the contribution of coal. Overall the partial EDOx process will have fewer 420 

emissions than the other two processes.  421 
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 422 

 423 

Figure 5. (a) Hourly GHG emissions of hydrogen consumed in EDOx, partial EDOx, and HDO 424 

processes through hydrogen generated by natural gas, coal, electricity and nuclear. (b) Greenhouse 425 

Gas Emissions per CO2 equivalent for production of pyrolysis fuel per km of vehicle operated for 426 

the 9 electrical grids and U.S. Average. Note: Figure b evaluates the GHG emissions from 427 

feedstock collection to pyrolysis and upgrading only. 428 
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As several studies have demonstrated that pyrolysis can act as a densification depot 70-72, 429 

the EDOx process uses a relatively small and distributed scale to overcome feedstock logistics and 430 

distribution of densified and stabilized fuel challenges compared to HDO to make infrastructure 431 

compatible fuels. While all pyrolysis oil upgrading technologies studied herein would meet RFS2 432 

advanced fuel standards; compared to petroleum-based fuels, the partial EDOx process has the 433 

lowest net life cycle GHG intensity (a reduction of 92% to 95%), compared to the HDO process’s 434 

more modest GHG reduction of 53% to 57%. In regulatory frameworks that reward incremental 435 

reductions in GHG intensity, such as California’s low carbon fuel standard, partial or full EDOx 436 

technology would be more economically competitive than HDO due to its significant marginal 73 437 

GHG reduction. Although this study demonstrates that partial EDOx has the lowest life cycle GHG 438 

emissions among the three processes examined, it has potential for further process improvement 439 

if optimized for deoxygenation above 30%, which would reduce external hydrogen input need and 440 

cost. 441 
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