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A method for reducing a carbon emissions intensity of a fuel includes producing a first 
hydrocarbon fluid; capturing a carbon dioxide (CO2) fluid from the first hydrocarbon fluid 
production; and injecting the captured carbon dioxide into a subterranean zone from one or 
more wellbores to enhance a production of a second hydrocarbon fluid from the zone, at least 
one of the first or the second hydrocarbon fluids processeable into a hydrocarbon fuel that 
includes a low carbon intensity fuel based, at least in part, on the captured and injected CO2 
fluid.
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Reducing the Carbon Emissions Intensity of a Fuel

TECHNICAL BACKGROUND

[0001] This disclosure relates to the production and/or supply of hydrocarbon products

with low life-cycle emissions of greenhouse gases per unit fuel, referred to as low carbon intensity,

BACKGROUND

[0002] The burning of a hydrocarbon product (e.g., a hydrocarbon that has been refined

into, for example, a transportation fuel, chemical, plastic, or otherwise), such as gasoline, produces 

emissions, such as, for example, carbon dioxide, carbon monoxide, sulfur dioxide, and other 

substances, many of which arc often referred to as “greenhouse gases.” For example, it can be 

determined how much greenhouse gas (e.g., in grams of carbon dioxide equivalent emissions) is 

emitted by the burning of a particular amount of gasoline (e.g., in units of grams carbon dioxide 

equivalent emissions per mega-joule of fuel energy). In many contexts it is useful to determine 

the life-cycle greenhouse gas emissions from burning a particular quantity of fuel considering all 

emissions sources associated with the fuel’s production, supply, and use, not only emissions 

resulting at the point of combustion. Lifecycle analysis (LCA) provides an analytic framework 

for such emissions determinations. The result for a particular fuel is often referred to as the fuel’s 

lifecycle global warming intensity (GWl), carbon dioxide emission intensity, or simply carbon 

intensity (CI), and may be used as a fuel-specific measure of air pollutant or greenhouse gas 

emissions on a lifecycle basis based on the amount of hydrocarbons or hydrocarbon products (e.g., 

transportation fuels, such as gasoline) burned, or combusted. In the context of determining fuel 

Cl, lifecycle analysis can be conceptualized as a system of accounting for GHG flows to and from 

the atmosphere over the fuel’s lifecycle, wherein flows to the atmosphere can represent emissions 

debits and GHG flows from the atmosphere (e.g., via industrial process for direct air capture or 

via biological fixation during photosynthesis) and emissions reductions from supplying co

products can represent emissions credits.

[0003] Various implementations of a system for producing and/or supplying a low-carbon

transportation fuel according to the present disclosure may include one or more of the following 

features and/or advantages. For example, the system may allow a hydrocarbon product (e.g,, fuel) 

provider to meet a low-carbon fuel standard within a regulatory scheme directed at transportation
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fuels. The system may enable a fuel provider to achieve a particular fuel Cl target or a particular 

reduction in fuel Cl required to access certain fuel markets. Further, the system may help reduce 

greenhouse gasses being emitted to the atmosphere, such as, for example, carbon dioxide. The 

system may also allow a fuel provider that is a carbon “debtor” (e.g., provide a transportation fuel 

that does not meet a minimum standard) in a regulatory scheme to more efficiently buy carbon 

credits from a fuel provider that is a carbon “creditor” (e.g., provide a transportation fuel that meets 

or exceeds a minimum standard) in the scheme. The system may also provide fuel providers that 

are carbon debtors to lower a CI of their transportation fuels, potentially becoming carbon 

“creditors" or reducing the quantity of credits required to be acquired from carbon “creditors” to 

achieve compliance, without altering the chemical composition of their transportation fuels. 

Further advantages may include, for example, reducing anthropogenic GHG emissions from the 

production and use of hydrocarbon fuels and/or engineering carbon flows to and from the 

atmosphere and/or geologic formations associated with the production and use of hydrocarbons. 

[0004] Further, a system for producing and/or supplying a low-carbon transportation fuel

according to the present disclosure may reduce the cost of mitigating GHG emissions from 

anthropogenic activities reliant upon hydrocarbon fuels. A system for producing and/or supplying 

a low-carbon transportation fuel according to the present disclosure may also enable hydrocarbon 

fuel providers to generate emissions credits to comply with regulations requiring fuel CI reductions 

at potentially reduced cost (e.g., without needing to purchase emissions credits from other 

suppliers). A system for producing and/or supplying a low-carbon transportation fuel according 

to the present disclosure may also enable hydrocarbon fuel providers to generate emissions credits 

to balance an increasing supply of high C l fuels under regulations requiring reductions in average 

fuel CI. A system for producing and/or supplying a low-carbon transportation fuel according to 

the present disclosure may also enable hydrocarbon fuel providers to generate emissions credits 

for banking and/or sale to other regulated fuel suppliers. It may also enable suppliers of 

hydrocarbon products to qualify fuels for sale in markets with mandated CI threshold values or 

threshold CI reduction values.

[0005] These general and specific aspects may be implemented using a device, system or

method, or any combinations of devices, systems, or methods, including computer-implemented 

methods. For example, a system of one or more computers can be configured to perform particular 

actions by virtue of having software, firmware, hardware, or a combination of them installed on
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the system that in operation causes or cause the system to perform the actions. One or more 

computer programs can be configured to perform particular actions by virtue of including 

instructions that, when executed by data processing apparatus, cause the apparatus to perform the 

actions. The details of one or more implementations are set forth in the accompanying drawings 

and the description below. Other features, objects, and advantages will be apparent from the 

description and drawings, and from the claims.

SUMMARY

[0006] In one general implementation, a method for reducing a carbon emissions intensity

of a fuel includes producing a first hydrocarbon fluid; capturing a carbon dioxide (CO2) fluid from 

the first hydrocarbon fluid production; and injecting the captured carbon dioxide into a 

subterranean zone from one or more wellbores to enhance a production of a second hydrocarbon 

fluid from the zone, at least one of the first or the second hydrocarbon fluids processcable into a 

hydrocarbon fuel that includes a low carbon intensity fuel based, at least in part, on the captured 

and injected CO: fluid.

[0007] A first aspect combinable with the general implementation further includes

sequestering the CO2 in the subterranean zone.

[0008] A second aspect combinable with any of the previous aspects further includes

combusting a fuel to heat a treatment fluid; and injecting the heated treatment fluid from one or 

more wellbores to enhance the production of the first hydrocarbon fluid from the zone.

[0009] A third aspect combinable with any of the previous aspects further includes heating

water as the treatment fluid in a steam generation unit.

[0010] A fourth aspect combinable with any of the previous aspects further includes

supplying steam as the heated treatment fluid to the at least one of the one or more wellbores. 

[0011] A fifth aspect combinable with any of the previous aspects further includes

supplying both the heated treatment fluid and the captured CO2 into a particular one of the one or 

more wellbores.

[0012] A sixth aspect combinable with any of the previous aspects further includes

processing the produced first hydrocarbon fluid into the hydrocarbon fuel that comprises the low 

carbon intensity fuel based, at least in part, on the captured and injected CO2 fluid.

[0013] In a seventh aspect combinable with any of the previous aspects, the fuel includes
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a hydrogen-rich fuel gas.

[0014] In an eighth aspect combinable with any of the previous aspects, the hydrogen-rich

fuel gas is produced at a combustion facility proximate to the one or more wellbores and 

transported to a wellsite location adjacent the one or more wellbores.

[0015] In a ninth aspect combinable with any of the previous aspects, the hydrogen-rieh

fuel gas is combusted in one or more steam generation units proximate to the one or more 

wellbores, and the treatment fluid includes heated water or steam produced from the one or more 

steam generation units.

[0016] In a tenth aspect combinable with any of the previous aspects, the facility includes

a steam methane reformer.

[0017] In an eleventh aspect combinable with any of the previous aspects, the hydrogen-

rich fuel gas produces a byproduct / co-product including at least one of heat or power at the 

wellsite location.

[0018] A twelfth aspect combinable with any of the previous aspects further includes

combusting the fuel in oxygen to heat the treatment fluid.

[0019] A thirteenth aspect combinable with any of the previous aspects further includes

receiving the oxygen from an oxygen production facility.

[0020] In a fourteenth aspect combinable with any of the previous aspects, the combustion

occurs in one or more steam generation units that produce the captured CO2 and water.

[0021] In a fifteenth aspect combinable with any of the previous aspects, the treatment

fluid includes the water.

[0022] A sixteenth aspect combinable with any of the previous aspects further includes

assigning an emissions credit to at least one of the first hydrocarbon fluid or the second 

hydrocarbon fluid based, at least in part, on the captured and injected CO2 fluid.

[0023] In a seventeenth aspect combinable with any of the previous aspects, processing a

first hydrocarbon fluid includes refining the first hydrocarbon fluid into another hydrocarbon fuel, 

the other hydrocarbon fuel including another low carbon intensity fuel based, at least in part, on 

the captured and injected CO2 fluid.

[0024] In an eighteenth aspect combinable with any of the previous aspects, the first

hydrocarbon fluid includes a biofuel.

[0025] In a nineteenth aspect combinable with any of the previous aspects, producing a
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first hydrocarbon fluid includes at least one of extracting or upgrading bitumen or heavy oil. 

[0026] A twentieth aspect combinable with any of the previous aspects further includes

producing, from the extracted bitumen or heavy oil, the hydrocarbon fuel that comprises the low 

carbon intensity fuel based, at least in part, on the captured and injected CO2 fluid.

[0027] A twenty-first aspect combinable with any of the previous aspects further includes

capturing hydrogen from the first hydrocarbon fluid processing; and supplying the captured 

hydrogen to a refining process that produces the hydrocarbon fuel that comprises the low carbon 

intensity fuel based, at least in part, on the captured and injected CO2 fluid.

[0028] In a twenty-second aspect combinable with any of the previous aspects, producing

the first hydrocarbon fluid includes a steam-methane reforming process.

[0029] A twenty-third aspect combinable with any of the previous aspects further includes

processing a hydrocarbon feedstock; and producing the first hydrocarbon fluid based on the 

hydrocarbon feedstock.

[0030] In a twenty-fourth aspect combinable with any of the previous aspects, the produced

first hydrocarbon fluid includes another low carbon intensity fuel based, at least in part, on the 

captured and injected CO2 fluid.

[0031] A twenty-fifth aspect combinable with any of the previous aspects further includes

refining the second hydrocarbon fluid into the hydrocarbon fuel that comprises the low carbon 

intensity fuel based, at least in part, on the captured and injected CO2 fluid.

[0032] In another general implementation, a system for reducing a carbon emissions

intensity of a fuel includes a hydrocarbon production facility to produce a first hydrocarbon fluid; 

a carbon dioxide (CO2) enhanced oil recovery system adapted to capture CO2 fluid from the 

hydrocarbon production facility and inject the CO2 into one or more wellbores to enhance 

production of a second hydrocarbon fluid from a subterranean zone; a hydrocarbon fluid 

production system adapted to produce the second hydrocarbon fluid to a surface; and a 

hydrocarbon fuel production facility adapted to process at least one of the first or the second 

hydrocarbon fluids into a hydrocarbon fuel that includes a low carbon intensity fuel based, at least 

in part, on the captured and injected CO2 fluid.

[0033] A first aspect combinable with the general implementation further includes a

thermal enhanced oil recovery system adapted to supply a heated fluid to at least one of the one or 

more wellbores to enhance production of the first hydrocarbon fluid from the subterranean zone.
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[0034] In a second aspect combinable with any of the previous aspects, the CO2 is

sequestered in the subterranean zone.

[0035] In a third aspect combinable with any of the previous aspects, the thermal enhanced

oil recovery system is adapted to combust fuel in oxygen to heat the treatment fluid, and the 

thermal enhanced oil recovery system includes a steam generation unit adapted to heat water or 

supply steam as the treatment fluid/

[0036] In a fourth aspect combinable with any of the previous aspects, the thermal

enhanced oil recovery system is adapted to receive the oxygen from an oxygen production facility. 

[0037] In a fifth aspect combinable with any of the previous aspects, the heated treatment

fluid and the captured CO2 are both supplied into a particular wellbore of the one or more 

wellbores.

[0038] In a sixth aspect combinable with any of the previous aspects, the processing

facility includes a bitumen production, processing, or upgrading facility to process bitumen as the 

first hydrocarbon fluid from oil sands.

[0039] In another general implementation, a computer-implemented method for
determining a carbon intensity reduction for a hydrocarbon includes determining, with a 

computing system, a carbon intensity value of a first hydrocarbon produced from a process from 

which a carbon dioxide fluid is captured; determining, with the computing system, a carbon 

intensity value of a second hydrocarbon produced from a subterranean zone into which the 

captured CO2 is injected; selecting, with the computing system, one of the carbon intensity value 

of the first hydrocarbon or the carbon intensity value of the second hydrocarbon; and using the 

selected carbon intensity value to determine at least one of a reduced carbon intensity value or a 

carbon intensity reduction of at least one of the first or second hydrocarbons.

[0040] A first aspect combinable with the general implementation further includes

determining, with the computing system, an estimate of a carbon intensity value of the second 

hydrocarbon produced from the subterranean zone independent of the injected CO2.

[0041] A second aspect combinable with any of the previous aspects further includes

determining, with the computing system, a difference between the selected carbon intensity value 

and the estimated carbon intensity value.

[0042] In a third aspect combinable with any of the previous aspects, using the selected

carbon intensity value to determine at least one of a reduced carbon intensity value or a carbon
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intensity reduction based, at least in part, on at least one of the captured or injected CO2 fluid, of 

at least one of the first or second hydrocarbons includes determining, with the computing system, 

the reduced carbon intensity value or the carbon intensity reduction based on the determined 

carbon intensity value difference.

[0043] In a fourth aspect combinable with any of the previous aspects, the captured carbon

dioxide fluid includes an atmospheric carbon dioxide fluid.

[0044] In a fifth aspect combinable with any of the previous aspects, the injected CO2 and

the second hydrocarbon are circulated in a particular wellbore of a plurality of wellbores.

[0045] In a sixth aspect combinable with any of the previous aspects, the injected CO2 fluid

is sequestered in the subterranean zone.

[0046] In a seventh aspect combinable with any of the previous aspects, the injected CO2

fluid reduces a viscosity of the second hydrocarbon in the subterranean zone.

[0047] In an eighth aspect combinable with any of the previous aspects, the captured CO2

is an output of a thermal energy source used in producing the first hydrocarbon from the 

subterranean zone.

[0048] In a ninth aspect combinable with any of the previous aspects, the thermal energy

source includes a combustion system that produces an injectable heated treatment fluid for 

reducing a viscosity of the first hydrocarbon in the subterranean zone.

[0049] Other implementations may also include one or more computer-implemented

methods performed by a system of one or more computers. For example, a general implementation 

of a computer-implemented method for determining at least one of an emissions intensity value or 

an emissions credit value for a hydrocarbon-based fuel includes: determining emissions values 

for carbon dioxide supply, transportation, hydrocarbon fluid recovery, hydrocarbon fluid transport, 

hydrocarbon fluid refining, and refined hydrocarbon fluid transportation and storage; and 

determining at least one of an emissions intensity value or an emissions credit value for the 

hydrocarbon fluid and or refined hydrocarbon fuel based in part on the determined emissions value 

for the source of carbon dioxide fluid supplied for hydrocarbon production.

[0050] Various implementations of a system for producing and/or supplying a low-carbon

transportation fuel according to the present disclosure may include one or more of the following 

features and/or advantages. For example, the system may allow a hydrocarbon product (e.g., fuel) 

provider to meet a low-carbon fuel standard within a regulatory scheme directed at transportation
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fuels. The system may enable a fuel provider to achieve a particular fuel Cl target or a particular 

reduction in fuel Cl required to access certain fuel markets. Further, the system may help reduce 

greenhouse gasses being emitted to the atmosphere, such as, for example, carbon dioxide. The 

system may also allow a fuel provider that is a carbon “debtor” (e.g., provide a transportation fuel 

that does not meet a minimum standard) in a regulatory scheme to more efficiently buy carbon 

credits from a fuel provider that is a carbon “creditor” (e.g., provide a transportation fuel that meets 

or exceeds a minimum standard) in the scheme. The system may also provide fuel providers that 

are carbon debtors to lower a CI of their transportation fuels, potentially becoming carbon 

“creditors" or reducing the quantity of credits required to be acquired from carbon “creditors” to 

achieve compliance, without altering the chemical composition of their transportation fuels. 

Further advantages may include, for example, reducing anthropogenic GHG emissions from the 

production and use of hydrocarbon fuels and/or engineering carbon flows to and from the 

atmosphere and/or geologic formations associated with the production and use of hydrocarbons. 

[0051] Further, a system for producing and/or supplying a low-carbon transportation fuel

according to the present disclosure may reduce the cost of mitigating GHG emissions from 

anthropogenic activities reliant upon hydrocarbon fuels. A system for producing and/or supplying 

a low-carbon transportation fuel according to the present disclosure may also enable hydrocarbon 

fuel providers to generate emissions credits to comply with regulations requiring fuel CI reductions 

at potentially reduced cost (e.g., without needing to purchase emissions credits from other 

suppliers). A system for producing and/or supplying a low-carbon transportation fuel according 

to the present disclosure may also enable hydrocarbon fuel providers to generate emissions credits 

to balance an increasing supply of high CI fuels under regulations requiring reductions in average 

fuel CI. A system for producing and/or supplying a low-carbon transportation fuel according to 

the present disclosure may also enable hydrocarbon fuel providers to generate emissions credits 

for banking &/or sale to other regulated fuel suppliers. It may also enable suppliers of hydrocarbon 

products to qualify fuels for sale in markets with mandated CI threshold values or threshold CI 

reduction values.

[0052] These general and specific aspects may be implemented using a device, system or

method, or any combinations of devices, systems, or methods, including computer-implemented 

methods. For example, a system of one or more computers can be configured to perform particular 

actions by virtue of having software, firmware, hardware, or a combination of them installed on
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the system that in operation causes or cause the system to perform the actions. One or more 

computer programs can be configured to perform particular actions by virtue of including 

instructions that, when executed by data processing apparatus, cause the apparatus to perform the 

actions. The details of one or more implementations are set forth in the accompanying drawings 

and the description below. Other features, objects, and advantages will be apparent from the 

description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0053] FIG. 1 illustrates an example embodiment of a system for producing (e.g., from a

wellbore) a low-carbon hydrocarbon according to the present disclosure;

[0054] FIGS. 2A-2C illustrate an example embodiment of a system for capturing

atmospheric carbon dioxide for use in a system for producing and/or supplying a tow-carbon 

hydrocarbon fuel according to the present disclosure;

[0055] FIGS. 3A-3B illustrate example methods for accounting for carbon flows and

determining a regulatory value of a low Cl hydrocarbon fuel according to the present disclosure; 

[0056] FIG. 4 illustrates an example process for producing and/or supplying a low-carbon

hydrocarbon fuel according to the present disclosure;

[0057] FIGS. 5A-5B illustrate schematic representations of example routes to carbon

dioxide capture systems;

[0058] FIG. 6 illustrates a schematic representation of example routes to biomass with

carbon dioxide capture systems;

[0059] FIGS. 7A-7C illustrate example carbon dioxide separation systems;

[0060] FIGS. 8A-8D illustrate example flowpaths for the use of captured CCb in thermal

enhanced oil recovery (T-EOR) alone or in combination with CO2 enhanced oil recovery (CO2- 

EOR) to produce a low CI hydrocarbon fuel;

[0061] FIGS. 9A-9E illustrate Tables 1-5, respectively, that show example accountings for

carbon flows and determinations of regulatory values of a low carbon intensity hydrocarbon fuel; 

and

[0062] FIGS. 10A-10F illustrate example process flows that utilize CO2-EOR along with

one or more processes that produce a hydrocarbon or hydrocarbon fuel.
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DETAILED DESCRIPTION

[0063] The present disclosure describes techniques for producing hydrocarbons (e.g., a

raw materia] recovered from a subterranean formation) and/or hydrocarbon products (e.g., fuel) 

with low life cycle greenhouse gas emissions that include injecting a carbon dioxide fluid into one 

or more wellbores, producing a hydrocarbon from one or more wellbores to a terrancan surface, 

and supplying a low-carbon transportation fuel from the produced hydrocarbon fluid. Additional 

techniques include capturing carbon dioxide; and providing the captured carbon dioxide to a 

process for generating a transportation fuel including a low-carbon fuel. Additional techniques 

include injecting a carbon dioxide fluid containing carbon dioxide derived from an atmospheric 

source into a subterranean zone; and producing a hydrocarbon fluid from the subterranean zone. 

Additional techniques include receiving a fuel refined from a raw hydrocarbon fluid produced 

from a geologic formation into which captured carbon dioxide was injected; and providing the fuel 

as a transportation fuel having a carbon emissions accounting credit based at least in part on a fuel 

pathway that includes the injection of the captured carbon dioxide.

[0064] Such techniques may also be used to compare the environmental impact of different

fuels, for example, such as different grades and/or compositions of gasoline or other types of 

transportation fuels (e.g., biofuels, natural gas, hydrogen, fuel electricity), or to compare the impact 

of similar fuels produced from different feedstock or produced and supplied via different supply 

chains. Fuel supply chains can be organized for the purposes of determining and/or reporting fuel 

CI into discrete “fuel pathways.” Fuel pathways may be specific to individual supply chains or 

may represent broad categories of supply chains. The specific logistical means by which a fuel is 

supplied to a particular market can be described, characterized, and/or summarized to define the 

fuel’s “physical pathway.”

[0065] Transportation fuels may be viewed based on their particular Cl within certain

regulatory schemes, for example, schemes that define emissions intensity values or threshold 

emission intensity reductions required to access certain fuel markets or to qualify fuels within 

certain regulatory fuel categories. Fuels may also be viewed based on their relative CI within a 

regulatory scheme (apart from the physical process of carbon dioxide emissions). For example, 

some fuels, such as ethanol, may have a relatively low Cl within a regulatory scheme, for example, 

a scheme that facilitates the purchase and/or sale of carbon credits by entities regulated to meet 

certain standards. Other transportation fuels, such as diesel, may have a relatively high CI.
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[0066] As noted above, although chemical content affects a particular transportation fuel’s

carbon dioxide emissions intensity value, other factors may also affect this value. For example, 

particular life-cycle emissions from producing a raw hydrocarbon that is eventually refined and/or 

otherwise processed into a particular fuel, including a transportation fuel, may affect the carbon 

dioxide emissions intensity value of the transportation fuel. Further, refining techniques to process 

the raw hydrocarbon into hydrocarbon products, for example, a transportation fuel, (if necessary) 

may affect the Cl.

[0067] Also, modc(s) and distance of transporting the raw hydrocarbons, blendstock,

and/or finished fuel within the supply chain or fuel pathway (e.g,, from production site to user of 

the transportation fuel), such as by pipeline, truck, or other means, may also affect the CI. For 

example, in accounting for carbon flows and determining a regulatory value of a hydrocarbon fuel 

in a conventional scheme, Cl values (e.g., in gCOze/MJ) may include values assigned for both a 

“well-to-tank” path (e.g., fuel production and supply to vehicles) and a “tank-to-wheel” path (e.g., 

fuel combustion within vehicles). The well-to-tank path includes, for example. Cl values assigned 

for crude (e.g., raw hydrocarbon) production, crude transport, crude refining, and refined fuel 

transport. The tank-to-wheel path may include, for example, CI values assigned to represent GHG 

generated in burning a megajoule (MJ) of refined fuel (e.g., gasoline). In one example accounting, 

approximate CI values (in gCOze/MJ) for the well-to-tank path include: 6.9 for crude production, 

1.1 for crude transport, 13.7 for crude refining, and 0.4 for refined fuel transport. Thus, the total 

wcll-to-tank CI value is approximately 22.2. The approximate CI value for the tank-to-wheel path 

may be 72.9. Accordingly, the total “well-to-wheel” regulatory CI value in this example for a 

hydrocarbon fuel in a conventional fuel pathway is approximately 95 gCChe/MJ.

[0068] Various implementations of a system for producing and/or supplying a low-carbon

transportation fuel according to the present disclosure may include one or more of the following 

features and/or advantages. For example, the system may allow a hydrocarbon product (e.g., fuel) 

provider to meet a low-carbon fuel standard within a regulatory scheme directed at transportation 

fuels. The system may enable a fuel provider to achieve a particular fuel CI target or a particular 

reduction in fuel Cl required to access certain fuel markets. Further, the system may help reduce 

greenhouse gasses being emitted to the atmosphere, such as, for example, carbon dioxide. The 

system may also allow a fuel provider that is a carbon “debtor” (e.g., provide a transportation fuel 

that docs not meet a minimum standard) in a regulatory scheme to more efficiently buy carbon
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credits from a fuel provider that is a carbon “creditor” (e.g., provide a transportation fuel that meets 

or exceeds a minimum standard) in the scheme. The system may also provide fuel providers that 

are carbon debtors to lower a CI of their transportation fuels, potentially becoming carbon 

“creditors” or reducing the quantity of credits required to be acquired from carbon “creditors” to 

achieve compliance, without altering the chemical composition of their transportation fuels. 

Further advantages may include, for example, reducing anthropogenic GHG emissions from the 

production and use of hydrocarbon fuels and/or engineering carbon flows to and from the 

atmosphere and/or geologic formations associated with the production and use of hydrocarbons. 

[0069] Further, a system for producing and/or supplying a low-carbon transportation fuel

according to the present disclosure may reduce the cost of mitigating GHG emissions from 

anthropogenic activities reliant upon hydrocarbon fuels. A system for producing and/or supplying 

a low-carbon transportation fuel according to the present disclosure may also enable hydrocarbon 

fuel providers to generate emissions credits to comply with regulations requiring fuel CI reductions 

at potentially reduced cost (e.g., without needing to purchase emissions credits from other 

suppliers). A system for producing and/or supplying a low-carbon transportation fuel according 

to the present disclosure may also enable hydrocarbon fuel providers to generate emissions credits 

to balance an increasing supply of high CI fuels under regulations requiring reductions in average 

fuel CI. A system for producing and/or supplying a low-carbon transportation fuel according to 

the present disclosure may also enable hydrocarbon fuel providers to generate emissions credits 

for banking and/or sale to other regulated fuel suppliers. It may also enable suppliers of 

hydrocarbon products to qualify fuels for sale in markets with mandated Cl threshold values or 

threshold CI reduction values.

[0070] General and specific aspects of the present disclosure may be implemented using a

device, system or method, or any combinations of devices, systems, or methods, including 

computer-implemented methods. For example, a system of one or more computers can be 

configured to perform particular actions by virtue of having software, firmware, hardware, or a 

combination of them installed on the system that in operation causes or cause the system to perform 

the actions. One or more computer programs can be configured to perform particular actions by 

virtue of including instructions that, when executed by data processing apparatus, cause the 

apparatus to perform the actions. The details of one or more implementations are set forth in the 

accompanying drawings and the description below. Other features, objects, and advantages will
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be apparent from the description and drawings, and from the claims.

[0071] FIG. 1 illustrates an example embodiment of a system 100 for producing

hydrocarbons with low life cycle greenhouse gas emissions. As illustrated, system 100 includes a 

wellbore 110 formed from a terranean surface 105 for producing a production fluid 130 from one 

or more subterranean zones 135, 140, and/or 145. Typically, production fluid 130 is a raw 

hydrocarbon, such as oil, natural gas, or other hydrocarbon that may need further refinement and/or 

processing to form a hydrocarbon product, for example, a hydrocarbon transportation fuel (e.g., a 

hydrocarbon-based product used as a fuel for transporting living creatures and/or product on a 

terranean surface). For instance, production fluid 130 maybe oil that is further refined to gasoline 

used as a fuel for automobiles. Alternatively, production fluid 130 may be a low CI hydrocarbon, 

such as, for example, a raw hydrocarbon that need not be further refined to have a low CI.

[0072] As illustrated, the system 100 also includes a tubing 120 extending from at or near

the terranean surface 105 into the wellbore 110 to form an annulus 115 between the tubing 120 

and a wall of the wellbore 110. The tubing 120 may be any appropriate tubular, such as threaded 

pipe or other tubular designed to be inserted into a wellbore, including vertical, near-vertical, 

horizontal, articulated, radiussed, directional, or other type of wellbore. Indeed, although FIG. 1 

illustrates the wellbore 110 as a vertical bore, wellbore 110 may be directional, horizontal, 

articulated, or otherwise. For simplicity, drilling and/or production equipment known in the art to 

form wellbores and/or produce fluids from wellbores are omitted from FIG. 1. However, those of 

skill in the drilling and/or production arts will recognize the necessary equipment, apparatus, and 

processes to form wellbore 110 and produce production fluid 130 from the wellbore 110 to the 

terranean surface 105 that may not be shown in FIG. 1.

[0073] As illustrated, an injection fluid 125 is provided into the wellbore 110 (or the tubing

120) from the terranean surface 105. According to the present disclosure, the injection fluid 125 

may be, for example, a greenhouse gas (in gaseous form, liquid form, or as a multiphase fluid). 

For example, in one embodiment, injection fluid 125 may be carbon dioxide and, more particularly, 

atmospheric carbon dioxide captured directly via an industrial process (e.g., capturing from an 

industrial process output, such as a fossil fuel power plant, capturing via atmospheric “scrubbing,” 

and/or otherwise), captured indirectly via biological fixation of atmospheric carbon dioxide by 

photosynthesis followed by other industrial processes (e.g., oxidation of associated biomass carbon 

and capture of resulting carbon dioxide), a combination thereof, or any other process in which
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carbon dioxide is captured from the atmosphere and/or from processes that would emit GHGs to 

the atmosphere and/or stored for later use. For instance, some specific examples of carbon dioxide 

captured via an atmospheric process (or processes) are described with reference to FIGS. 2A-2C. 

[0074] In some embodiments, “atmospheric carbon dioxide” may refer to carbon dioxide

in which the carbon content was resident in the atmosphere within the last century. For example, 

“atmospheric carbon dioxide” may refer to carbon dioxide resident in the atmosphere due to fossil 

fuel combustion plus carbon dioxide from biogenic sources may be resident in the atmosphere for 

approximately a century. Alternatively, “atmospheric carbon dioxide” may refer to carbon dioxide 

captured from the atmosphere using industrial processes; carbon dioxide captured from the 

atmosphere via a biological process (e.g., photosynthesis) and followed by an industrial process; 

and/or carbon dioxide produced from fossil fuels through industrial processes that is captured 

specifically to avoid it’s emission to the atmosphere.

[0075] The injection fluid 125 may be provided into the subterranean zones 135 and/or

145 for a variety of purposes through one or more pathways 150 and/or 155. The pathways 150 

and/or 155 may be, for example, perforations made in the wellbore 110 (e.g., through casing(s), 

tubulars, and/or geologic formations) and/or fractures (e.g., through casing(s), tubulars, and/or 

geologic formations). Further, the production fluid 130 may be produced into the annulus 115 (or 

a tubular) through the pathways 150 and/or 155.

[0076] In some aspects of the system 100, the injection fluid 125 (e.g., carbon dioxide)

may be used in an enhanced oil recovery operation (or other tertiary recovery technique) to further 

produce the production fluids 130 from the subterranean zones 135, 140, and/or 145, For instance, 

in some aspects, the enhanced oil recovery may be a gas reinjection in which carbon dioxide is 

injected into one or more of the subterranean zones 135, 140, and/or 145 in order to, for example, 

increase a pressure within the zones and/or reduce a viscosity of the production fluid 130 contained 

in the zones. In some embodiments, hydrocarbon displacement by carbon dioxide injection may 

cause oil swelling and/or viscosity reduction (e.g., depending on, for instance, zone temperature, 

pressure, and hydrocarbon composition).

[0077] In some aspects of the system 100, a system of wellbores may be used in which the

wcllborc(s) from which hydrocarbons arc produced may be different from the wcllborc(s) into 

which the injection fluid is injected. Is these aspects, the fluid injection wellbores and hydrocarbon 

producing wellbores would be connected by subterranean zones (e.g., zones 135, 140, and/or 145)
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or systems of subterranean zones containing the hydrocarbons to be produced.

[0078] While carbon dioxide injection (e.g., carbon dioxide flooding) may provide for a

use for captured carbon dioxide as the injection fluid 125 (thereby decreasing greenhouse gases in 

the atmosphere), the carbon dioxide injected into the zones 135, 140, and 145 may return with the 

production fluid 130. For instance, between 50-75% of the injected carbon dioxide may return 

with the production fluid 130. However, the returned carbon dioxide may be separated from the 

production fluid 130 and reinjected in some aspects of system 100. The remaining 25-50% of the 

injected carbon dioxide may remain in at least one of the subterranean zones 135, 140, and/or 145. 

[0079] In some aspects of system 100, all or most of the injection fluid 125 may remain

trapped in one or more of the subterranean zones 135, 140, and/or 145 (or other geologic 

formation). For example, in some aspects, the injection fluid 125 may be carbon dioxide, which 

is sequestered in a subterranean zone 135, 140, and/or 145 so as to remove greenhouse gasses from 

the atmosphere. In some aspects, providing carbon dioxide into the illustrated zones 135, 140, 

and/or 145 may include processes for: removing carbon from the atmosphere, either directly via 

industrial processes or indirectly via photosynthesis followed by other industrial processes, and 

depositing it in a geologic formation; capturing carbon dioxide from an industrial process (e.g,, 

such as flue gases from power stations) that may otherwise be emitted to the atmosphere and 

injecting the captured carbon dioxide into the one or more subterranean zones 135, 140, and/or 

145; and natural biogeochemical cycling of carbon between the atmosphere and the one or more 

subterranean zones 135, 140, and/or 145.

[0080] Although described as a “system,” system 100 may also be a sub-system of a larger

system for producing and/or supplying low life cycle hydrocarbons that further includes, for 

example, transportation sub-systems (e.g,, pipelines, land-based transportation, water-based 

transportation, air-based transportation, and other techniques), refining and/or processing sub

systems (e.g., to refine a raw hydrocarbon, such as production fluid 130, into a transportation fuel), 

dispensing sub-systems (e.g., transportation fuel dispensing stations for commercial and private 

consumers), and other sub-systems.

[0081 ] In some embodiments of the system 100, using carbon dioxide (or other greenhouse

gas, for example) as the injection fluid 125 may reduce a carbon dioxide emission intensity of the 

production fluid 130 or other transportation fuel derived (e.g., refined) from the production fluid 

130. For example, by using carbon dioxide as the injection fluid 125, a life cycle analysis of carbon
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content of a transportation fuel derived from the production fluid 130 may be reduced due to, for 

instance, including a lifecycle accounting credit for the net removal of the injected carbon dioxide 

from the atmosphere. In some instances, inclusion of such an accounting credit may enable the 

transportation fuel derived from the production fluid 130 to be classified as a low-carbon fuel. In 

particular, a hydrocarbon fuel produced from the production fluid 130 and having a lifecycle 

carbon dioxide emissions accounting credit reflecting injection of atmospheric carbon dioxide 

within the injection fluid 125 may define a new hydrocarbon fuel pathway and/or be assigned a 

lifecycle CI value lower than that other hydrocarbon fuels and/or lower than the value required 

under certain regulatory frameworks. In the case that the lifecycle Cl value for such a fuel pathway 

is lower than the regulatory value required, supply of hydrocarbon fuels so produced may enable 

generation of tradable emissions credits, which can be used for the fuel supplier’s own compliance 

purposes or traded to other regulated parties.

[0082] In some cases, obtaining a credit for a transportation fuel requires a nexus between

the raw hydrocarbons used to produce the transportation fuel and the transportation fuel itself. For 

instance, referring to FIG. 1, for example, any transportation fuel(s) refined from the production 

fluid 130 may only qualify as low-carbon fucl(s) if the injection fluid 125 was provided to the 

wellbore or system of wellbores from which the production fluid 130 is produced, as opposed to 

independent wellbores owned and/or operating by the same entity.

[0083] Thus, a transportation fuel provider that provides a low-carbon fuel according to

the above-description of FIG. 1. The transportation fuel provider may include, for example, any 

entity which owns title to a fuel when it is produced from, or enters into, a particular legal 

jurisdiction (e.g., a country, region, state, municipality, economic union, other otherwise). The 

transportation fuel provider that provides a low-carbon fuel may thus be able to access markets 

designated for low CI hydrocarbon products (e.g., fuels) and/or generate tradable emissions 

credits, thus becoming a carbon “creditor” in a regulatory scheme that includes one or more 

standards or thresholds for a maximum or average CI for a transportation fuel.

[0084] In conventional systems for producing and/or supplying a transportation fuel, a

transportation fuel may be assigned a Cl based on a standard value. The standard value may be 

determined according to, for example, a location of a production site for raw hydrocarbons that arc 

refined into the transportation fuel (e.g., Texas, Canada, Saudi Arabia, etc.); a particular geologic 

formation from which such raw hydrocarbons are produced (e.g., shale, sandstone, etc.); and/or a
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delivery path between the production site and final deliver (e.g., pipeline, ground transportation, 

ocean transportation etc.).

[0085] FIGS. 2A-2C illustrate an example embodiment of a system for capturing

atmospheric carbon dioxide for use in a system for producing and/or supplying a tow-carbon 

transportation fuel. For example, in some embodiments, the system(s) described with reference to 

FIGS. 2A-2C may capture carbon dioxide, which is used as the injection fluid 125 in system 100. 

For example, with reference to FIG. 2A in particular, a carbon dioxide capture facility 10 is 

illustrated including packing 12 formed as a slab 15, the slab 15 having opposed dominant faces 

14, the opposed dominant faces 14 being at least partially wind penetrable to allow wind to flow 

through the packing 12. At least one liquid source 16 is oriented to direct carbon dioxide absorbent 

liquid into the packing 12 to flow through the slab 15. The slab 15 is disposed in a wind flow 18 

that has a non-zero incident angle with one of the opposed dominant faces 14. The packing 12 

may be oriented to direct the flow of carbon dioxide absorbent liquid through the slab 15 in a mean 

flow direction 20 that is parallel to a plane 22 defined by the opposed dominant faces 14. It should 

be understood that opposed dominant faces 14 don't have to be exactly parallel. In one 

embodiment, the faces 14 may be converging, diverging, or curved for example. Packing 12 may 

be oriented to allow the carbon dioxide liquid absorbent to flow through the packing 12 by gravity, 

as illustrated. In some embodiments, packing dimensions can be about 200m by about 20m by 

about 3m contained in a structure measuring about 200m by 25m by 7m. In some embodiments, 

dimensions can range from about 10m by about 7m by about 2m to about 1000m by about 50m 

about 15 m.

[0086] The non-zero incident angle refers to the fact that wind flow 18 strikes the face 14

at an angle greater than zero. This may be contrasted with traditional packing arrangements, where 

gas is flowed through a tower of packing starting from the very bottom. In some embodiments, 

the non-zero incident angle is orthogonal with the one of the opposed dominant faces. It should 

be understood that the non-zero incident angle may be within 10% of exactly orthogonal. The 

non-zero incident angle may also refer to the mean angle of flow of the wind. The mean angle of 

flow of the wind may be averaged over a period of time,

[0087] In some embodiments, the packing 12 further includes structured packing. The

packing 12 may be, for example, 1-2 meters thick between the opposed dominant faces 14. In 

other embodiments, the packing 12 may be thicker or thinner. The term structured packing may
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refer to a range of specially designed materials for use in absorption and distillation columns and 

chemical reactors. Structured packings typically consist of thin corrugated material 24, such as 

metal plates or gauzes arranged in a way that they force fluids to take complicated paths through 

the column, thereby creating a large face area for contact between different phases. Structured 

packings may be made out of corrugated sheets arranged in a crisscrossing relationship to create 

flow channels for the vapor phase. The intersections of the corrugated sheets create mixing points 

for the liquid and vapor phases. Wall wipers are utilized to prevent liquid and/or vapor bypassing 

along the column wall. Rotating each structured packing layer about the column axis provides 

cross mixing and spreading of the vapor and liquid streams in all directions.

[0088] The opposed dominant faces 14 may be oriented vertical. The orientation of faces

14 may be determined relative to, for example, the ground. In other embodiments, faces 14 may 

be oriented at an angle to the ground, e.g., slanted. The opposed dominant faces 14 may be oriented 

horizontal in some embodiments. These embodiment tends to have a larger footprint than the 

vertical slab embodiment. The packing 12 may be formed as plural slabs 15. Plural slabs may 

also be, for example, by plural slabs arranged end-to-end, as opposed to the stacked orientation 

illustrated in FIG. 2C. In some embodiments, the slab might be vertically scctionalizcd, effectively 

providing plural slabs end to end on top of one another. Tins may be required in order to get 

sufficiently good distribution of liquid in such a narrow aspect ratio (e.g., 20m high by 1.5m wide). 

Between the vertical sections there may be a collector/distributor system that collects fluid flowing 

from above and redistributes it evenly to the packing slab below. In some embodiments, such a 

collector/distributor system may be present in any slab as disclosed herein.

[0089] The at least one liquid source 16 may further include at least one pump 26. Pump

26 may have several distribution pipes 28, controlled by a valve (not shown), in order to selectively 

apply liquid into various sections of packing 12. The at least one pump 26 may be configured to 

supply the carbon dioxide absorbent liquid in a series of pulses.

[0090] At least one fan 30 may be oriented to influence wind flow through at least a section

of one of the opposed dominant faces 14 of the packing 12. Fan 30 may be reversible. In some 

embodiments, fan 30 may prevent the wind flow that has already flowed through the packing 12 

from circulating back into the packing 12. In some embodiments, at least one fan 30 may drive 

the wind flow into packing 12. Referring to FIG. 2A, the fan 30 may further include plural fans, 

each of the fans being oriented to influence wind flow through at least a respective portion of the
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packing 12. In some embodiments, the respective portion is understood as being the portion of the 

packing 12 that air flow through fan 30 would have the greatest influence over, for example the 

packing 12 most adjacent or closest to fan 30. The at least one fan 30 may be provided as part of 

a fan wall 32 adjacent at least one of the opposed dominant faces 14. It should be understood that 

fan walls (not shown) may be located adjacent each of faces 14. Adjacent, in this document, is 

understood to mean next to, and can include embodiments (such as the one illustrated in the 

figures) where the fan wall 32 is spaced from, but adjacent to, face 14.

[0091 ] The fan wall 32 may be adjacent the one of the opposed dominant faces 14 through

which the wind flow 18 is exiting the packing 12. In fan wall 32, the individual fans may be 

separated by impermeable material. The fans 30 create a pressure drop across the wall 32, which 

drives flow through the packing 12. In some embodiments, fan wall 32 is designed such that, in 

the event that a fan fails, and ultimately blocks of its respective flow, flow through the packing 12 

would be almost, if not completely, unaffected. This may be accomplished by closely spacing 

adjacent fans, and by spacing the fan wall 32 from the packing 12, for example.

[0092] Facility 10 may further include wind guides 34 oriented to direct the flow of wind

18 into the packing 12. Facility 10 may further include wind guides 36 oriented to direct the flow 

of wind 18 out of the packing 12. Wind guides 34 and 36 may be, for example, louvers. The wind 

guides 34 and 36 may be independently controllable. In this embodiment, wind flow 18 is directed 

from the right to the left. Thus, the upper wind guides 34 are open, with the lower wind guides 34 

closed. Similarly, upper wind guides 36 arc closed, while lower wind guides 36 are open. Thus, 

wind flow 18 has a net flow from upper wind guides 24 to lower wind guides 36, passing through 

packing 12 in the process.

[0093] The facility 10 may be part of an at least partially enclosed structure 38. Because

of the nature of the embodiments disclosed herein, that being that they may involve the processing 

of great deals of wind, it may be important to shield facility 10 from the elements, including 

animals and insects. Wind guides 36 and 34 may aid in this, along with a surrounding structure 

adapted to selectively let in and process wind flow. In some embodiments, a protective covering 

(not shown) may be provided over packing 12 to prevent animal intrusion but allow wind flow to 

pass through. A cleaning device 40 for cleaning the walls of the at least partially enclosed structure 

38 may be provided. Cleaning device 40 may be, as illustrated for example, a wiper that rotates 

about an axis to clean the exterior of fan wall 32, for example. Wind guides 34 and 36 may be
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horizontally oriented, for example.

[0094] The facility 10 may further include at least one wind passage 42 extended through

the opposed dominant faces 14 to deliver wind flow selectively to one of the opposed dominant 

faces 14. Wind passage 42 may have fan 30 attached to influence air flow through wind passage 

42. Wind passage 42 allows wind to travel through faces 14, where it is released into basin 44, 

where the wind is free to pass into packing 12 through face 14A, exiting the packing 12 through 

face 14B. This way, wind flow may be induced to flow through the horizontal faces 14 of a 

horizontal slab of packing 12. Wind passages 42 may be, for example, air ducts that arc 10 m in 

height. In the embodiment illustrated, wind passages 42 are vertical ducts in which carbon dioxide 

rich inlet air is moving down. These ducts may cover .about. 1/5 of the surface area (e.g., about 

1.2m diameter tube arranged in a grid with 5 meter spacings).

[0095] A sink 46 may be provided for collecting carbon dioxide absorbent liquid that has

flowed through the packing 12. The sink is illustrated as basin 44. Basin 44 may be, for example 

a concrete-lined basin that catches the hydroxide and contains supports to hold the packing. In 

some aspects, there may be a gap as illustrated between the packing 12 and the base 44 that can be 

about! to 3,5m for example. In some embodiments (not shown), sink 46 may be a pipe or a scries 

of conduits for example, that transport the liquid directly from packing 12. This type of system 

may involve a funneling or drainage apparatus designed to focus the drainage of the liquid into a 

single, or a network of pipes. The contacted liquid may then be recirculated through the packing, 

or it may be recycled and then recirculated.

[0096] In some embodiments, facility 10 further includes a recycling system 48 for

regenerating spent carbon dioxide absorbent liquid. The recycling system may be, for example, 

any system for recycling spent carbon dioxide liquid absorbent. For example, the carbon dioxide 

absorbent liquid may include a hydroxide solution, for example a sodium hydroxide solution. The 

source of liquid 16 preferably supplies recycled carbon dioxide absorbent liquid.

[0097] Referring to FIGS. 2A-2B, a method of carbon dioxide capture is illustrated.

Carbon dioxide absorbing liquid is applied into packing 12 in a series of pulses. Referring to FIG. 

2C, each pulse 50 may involve, for example, a short period during which the liquid is supplied into 

packing 12 by source of liquid 16. Each pulse doesn't have to be a sharp transient application, but 

can be a period of time during which liquid is being supplied. A gas containing carbon dioxide, 

for example air illustrated by flow of wind 18, is flowed through the packing 12 to at least partially
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absorb the carbon dioxide from the gas into the carbon dioxide absorbing liquid. Applying may 

further include pumping. Flowing may further include flowing the gas containing carbon dioxide 

through the packing at least when the carbon dioxide absorbing liquid is not being applied. The 

flow of gas may be controlled using fans 30, for example. The flow of gas may be controlled using 

fans 30 and wind guides 34 and 36. The flowing of the gas may be at least restricted when the 

carbon dioxide absorbing liquid is being applied. This may be envisioned by the fans 30 of fan 

wall 32 ceasing to spin and draw the flow of wind through packing 12 when the pulse of liquid is 

being supplied to packing 12.

[0098] In some embodiments, the series of pulses has a duty cycle of 1-50%. In other

embodiments, the duty cycle may be 5% for example. The duty cycle refers to the ratio of the time 

duration of a pulse of applied liquid to the overall time duration of a cycle. For example, a 50% 

duty cycle implies the fluid is only flowing half the time the facility is operational. This means 

the pulse runs from 1 to 50% of the time the system is operational, and therefore a 1% duty cycle 

means that for every second that fluid is flowing is off for 100 seconds. In more realistic values, 

it is on for 30 seconds and off for 3000 seconds and a 50% duty cycle means the pump would run 

for 30 seconds and be off for the next 30 seconds. In some embodiments, the series of pulses has 

an off-time of 10-1000 seconds. In other embodiments, the series of pulses has an off-time of 100- 

10000 seconds.

[0099] The step of applying may further include applying the carbon dioxide absorbing

liquid into a first portion of the packing 12 in a first series of pulses, and applying the carbon 

dioxide absorbing liquid into a second portion of the packing 12 in a second scries of pulses. This 

may be envisioned by selectively applying liquid via distribution tubes 28A and 28B to packing

12. Because tubes 28A and 28B only feed a portion (e.g., the left-most portion) of packing 12, 

only that portion will have liquid applied to it. Liquid may then be selectively applied to the right 

hand portion of packing 12 by applying liquid via tubes 28C and 28D. The first and second series 

of pulses may be synchronized, asynchronized, completely different, or synchronized out of phase 

with one another, for example, allowing fluids to be supplied intermittently from a continuously 

operating pump. In these embodiments, flowing the gas may further include at least restricting the 

flow of the gas containing carbon dioxide through the first portion of the packing when the carbon 

dioxide absorbing liquid is not being applied, and at least restricting the flow of the gas containing 

carbon dioxide through the second portion of the packing when the carbon dioxide absorbing liquid
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is not being applied. Thus, while the first portion has liquid being applied to it, for example the 

left hand portion of face 14 when liquid is being applied via tubes 28A and 28B, the flow of gas 

may be restricted or stopped altogether through the left hand portion of face 14. This may be 

accomplished by reducing, stopping, or even reversing fans 30A and 30B, for example. Similarly, 

while the second portion has liquid being applied to it, for example the right hand portion of face 

14 when liquid is being applied via tubes 28C and 28D, the flow of gas may be restricted or stopped 

altogether through the right hand portion of face 14, This may be accomplished by reducing, 

stopping, or even reversing fans 30D and 30E, for example.

[0100] In some embodiments, the first series of pulses and the second series of pulses are

staggered. This may be advantageous, as when the left portion of face 14 has liquid being applied 

to it as described above, the right hand portion and center portions do not. Similarly, when the 

supply of liquid to the left hand portion is ceased, the source of liquid 16 may then apply liquid to 

the center or right hand portion, for example. This way, source of liquid 16 may cyclically feed 

liquid to the entire volume of packing 12 in a more efficient manner, instead of continuously 

feeding liquid to the entire volume of packing 12. In some aspects, an example of this may be 

further envisioned, with a horizontal slab of packing 12. In such aspects, the flow of wind through 

any of the various wind tubes 42 may be controlled, in order to achieve the same effect as that 

achieved above with the vertical slab embodiment. Referring to FIG. 2B, an embodiment is 

illustrated where only one wind tube 42A has wind being driven down it. This may be achieved 

by the selective actuation of fan 30A, for example. Thus, the packing 12 that is nearest the outlet 

of wind tube 42A may have a flow of gas fed to it.

[0101] In some embodiments, the off-cycle of the series of pulses may be less than or equal

to the time it takes for carbon dioxide absorbing liquid to stop draining from the packing after a 

pulse. It should be understood that this is not the time required for the entire pulse to be removed 

from the packing 12, since some liquid will always be left over as residue inside the packing 12. 

In other embodiments, the off-cycle of the series of pulses may be less than or equal to the time it 

takes for a pulse of carbon dioxide absorbing liquid to lose 70-80% of the pulses carbon dioxide 

absorption capacity.

[0102] The packing may be oriented to flow the carbon dioxide absorbing liquid through

the packing 12 in a mean liquid flow direction 20. Flowing may further include flowing the gas 

through the packing 12 obliquely or perpendicularly to the mean liquid flow direction 20. As
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disclosed above, this is advantageous as the flow of gas may have a different flow direction than, 

and one that is not counter current to, the mean liquid flow direction 20 of the liquid. Thus, a 

larger surface area of the packing may be used to full advantage, greatly increasing the quantity of 

wind or gas that may contact liquid in packing 12 over a course of time while still allowing the 

liquid to pass through and drain from packing 12. In these embodiments, a slab is not entirely 

necessary, in fact other shapes of packing 12 are envisioned, including but not limited to a cube, a 

cylindrical, and other various shapes. Referring to FIG. 2A, in some embodiments flowing the gas 

further includes flowing the gas through the packing 12 perpendicularly to the mean liquid flow 

direction 20. It should be understood that exact perpendicularity is not a requirement. Flowing 

may further include flowing the gas through at least one of the opposed dominant faces 14, for 

example through both of faces 14 as indicated.

[0103] These methods may involve recycling the carbon dioxide absorbing liquid. Also,

the methods may involve influencing the flowing of the gas through the packing. Influencing may 

include, for example, preventing the gas that has already flowed through the packing 12 from 

circulating back into the packing 12. Influencing may further include driving the flowing of the 

gas in a drive direction that is at least partially oriented with an ambient wind flow direction. This 

may be carried out using fans 30, which may be reversible in order to carry out this function. 

Further, these methods may involve directing the flow of gas at least one of into and out of the 

packing, using, for example louvers as already disclosed.

[0104] In some embodiments, fans 30 may be reversible in order to enable the flow to be

driven in the direction of the ambient wind field, which is more efficient than inducing a flow that 

is counter to the prevailing wind direction. In some aspects, the orientation of slabs 15 may be 

such that prevailing wind 18 is perpendicular to the slab 15, and is in the direction at which the fan 

wall (not shown) works most efficiently. The packing design may use vertically oriented plates. 

This would be a modification of conventional structured packing designed to enable, for example, 

orthogonal liquid and gas flow directions. Packing may be for intermittent fluid flow so as to 

maximize the hold up of liquid absorbent inside the packing material. Referring to FIG. 2A, as 

disclosed above, the fan wall 32 may be sectionalizcd, so that flow speed can be reduced or stopped 

when fluid is flowing to minimize fluid loss. The sections may be operated asynchronously so 

that only one section at a time is receiving the fluid flow enabling fluid pumps to operate 

continuously. For example, if fluid flow was needed for 100 seconds out of 1000 one may have
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11 sections and would direct the fluid into one of them at a time.

[0105] Compared to the horizontal slab geometry, the vertical slab may: minimize the

footprint and the total structure size per unit of capacity to reduce the capital cost, reduce peak 

velocity, improve efficiency, and enables the packing to be operated at higher peak velocities 

further reducing capital costs.

[0106] Some embodiments may invoke the use of louvers to enable the flow to be driven

in the direction of the ambient wind without altering the operation of the fans. For instance, the 

packing design may using coaxial flow or counter current flow, while still benefiting from the 

larger surface area of the slab to increase the amount of wind flow through the slab. The flow 

geometry allows one to get even flow though a large horizontal slab mounted just above a fluid 

reservoir while maintaining air speeds below about 5msec. The air speed constraint determines 

the ratio of the structures height to its width. Specifically, height/width is approximately equal to 

airspeed-at-packing/air-speed-at-exit. Compared to the vertical slab geometry, the horizontal slab 

has a larger footprint, and may have higher costs, but it has the advantage that it may use more 

conventional packing and fluid distribution

[0107] Referring to FIG, 1, another method of carbon dioxide capture is illustrated. Carbon

dioxide absorbing liquid is flowed through packing 12 in a mean liquid flow direction 20, a gas 

containing carbon dioxide is flowed through the packing 12 obliquely or perpendicularly to the 

mean liquid flow direction 20 to at least partially absorb the carbon dioxide from the gas into the 

carbon dioxide absorbing liquid. Flowing carbon dioxide absorbing liquid through packing 12 may 

further include applying the carbon dioxide absorbing liquid into the packing 12 in a series of 

pulses. The series of pulses has been disclosed in detail throughout this document, and need not 

be built upon here. As disclosed above, flowing the gas further may include flowing the gas 

through the packing 12 perpendicularly to the mean liquid flow direction 20.

[0108] A method of contacting a liquid with a gas is also disclosed including applying the

liquid into packing 12 in a series of pulses and flowing the gas through the packing 12. While this 

method is also envisioned for some of the embodiments herein, it may not be as efficient as the 

pulsed method, as it requires far greater pumping action. Thus, the pulsed method may be applied 

to any gas-liquid contactor, because it has been proven herein to afford sufficient gas-liquid contact 

despite a lack of continuous pumping. An exemplary application of this may be provided as a 

scrubbing unit at a refinery, for example. It should be understood that the gas-liquid contactor may
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have all of the same characteristics as the carbon dioxide capture facility as disclosed herein, 

[0109] Further disclosed is a method of contacting a liquid with a gas including flowing

the liquid through packing in a mean liquid flow direction, and flowing the gas through the packing 

obliquely or perpendicularly to the mean liquid flow direction. Similar to the gas-liquid contactor, 

this method may be applied to any gas-liquid contact system. By having the gas flowed through 

the packing at an angle, the structure of such a contactor employing this method would be greatly 

simplified, since the gas inlet and outlet will be at different locations in the packing then the liquid 

source and sink. This method may have most or all of the same characteristics as the carbon 

dioxide capture methods disclosed herein. For example, flowing the liquid through the packing 

may further include applying the liquid into the packing in a series of pulses. Furthermore, flowing 

the gas may further include flowing the gas through the packing perpendicularly to the mean liquid 

flow direction.

[0110] Referring to FIG. 2A, a gas-liquid contactor (illustrated by facility 10) is also

disclosed. The contactor (illustrated as facility 10) includes packing 12 formed as a stab 15, the 

slab 15 having opposed dominant faces 14, the opposed dominant faces 14 being at least partially 

wind penetrable to allow wind to flow through the packing 12, At least one liquid source 16 is 

oriented to direct the liquid into the packing 12 to flow through the slab 15. The slab is disposed 

in a wind flow 18 that has a non-zero incident angle with one of the opposed dominant faces 14. 

It should be understood that this gas-liquid contactor may have all of the same characteristics as 

the carbon dioxide capture facility and contactor disclosed herein,

[0111] Referring to FIG. 2A, a gas-liquid contactor (illustrated by facility 10) is also

disclosed, including a slab 15 structure including packing 12 and a liquid source 16 oriented to 

direct the liquid into the packing 12 to flow in a mean liquid flow direction 20. The slab structure 

is disposed in a wind flow 18 that flows obliquely or perpendicularly to the mean liquid flow 

direction 20. It should be understood that this gas-liquid contactor may have all of the same 

characteristics as the carbon dioxide capture facility and contactor disclosed herein.

[0112] A method of contacting a liquid with a moving gas (illustrated as wind flow 18) is

also disclosed. The method includes flowing the liquid through packing 12, and driving the 

moving gas through the packing 12 in a drive direction (illustrated as 18B, which is the same as 

wind direction 18 in this embodiment) that is at least partially oriented with an ambient flow 

direction 18 of the moving gas. In the embodiment shown, the flowing gas is wind, and the
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ambient flow direction is the ambient wind direction 18. This method may further include 

reversing the drive direction 18B when the ambient flow direction 18 reverses. Reversing the fan 

direction (or more generally, reversing the forced flow of air through the packing) in such a way 

as to drive the air with a vector direction that is at least partially oriented with the ambient wind 

18 reduces the required fan power. Further, this reduces the amount of low-carbon dioxide air that 

is recycled back into the inlet of the system, thus improving its efficiency. It is thus advantageous 

to align the packing such that one of opposed dominant face 14 is roughly perpendicular to the 

prevailing wind, in order to maximize the efficiency of the fans.

[0113] Under some regulatory systems generically referred to as “cap-and-trade,” tradable

emission rights are created, and it may be possible for parties to create additional rights from 

“offsets” derived from reductions in emissions that occur outside the set of emitters that are directly 

regulated under the cap-and-trade system. The system disclosed here may be used to generate 

tradable emissions rights or reduce the number of tradable emissions rights that a regulated entity 

must acquire to achieve compliance under cap-and-trade regulatory systems.

[0114] The production of low CI hydrocarbon products is distinct from the types of offsets

often used within cap-and-trade regulatory systems, as the use of the methods described herein 

allows the production of hydrocarbon products (e.g., transportation fuels and other products) 

having reduced Cl values without the use of offsets from outside the production process. This may 

be an advantage in regulatory systems that limit or exclude the use of economic offsets or that 

otherwise restrict emissions accounting to the production processes and supply chains used to 

provide particular products or fuels.

[0115] Other systems for atmospheric carbon dioxide capture may also be used in the

disclosed system. These include, but arc not limited to: direct capture of atmospheric carbon 

dioxide using solid sorbents that are regenerated using changes in temperature, moisture, and/or 

pressure to produce a concentrated carbon dioxide gas. These systems may use, for example, solid 

amines as or ion-exchange media as a solid sorbent media for carbon dioxide.

[0116] For example, capture of carbon dioxide can be applied to large point sources, such

as fossil ftiel or biomass energy facilities, major carbon dioxide-emitting industrial plants, natural 

gas production, petroleum production or refining facilities, synthetic fuel plants and fossil fuel- 

based hydrogen production plants. Turning in particular in FIGS. 5A-5B, these figures illustrate 

schematic representations 500 and 550, respectively, of example routes to capture systems,
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including industrial sources of carbon dioxide (such as natural gas processing facilities and steel 

and cement producers), oxyfuel combustion, pre-combustion (such as hydrogen and fertilizer 

production, and power plants using gaseous fuels and/or solid fuels that are gasified prior to 

combustion), and post-combustion facilities (such as heat and power plants). For instance, the 

schematic representation 500 shown in FIG. 5A illustrates four different example routes to carbon 

dioxide capture systems.

[0117] The first example route 505 is an industrial separation route in which a raw material

and a fuel (e.g., a fossil fuel or biomass) is provided to an industrial process, which outputs a 

product containing carbon dioxide. The carbon dioxide is separated from the product output and 

then compressed through a compression process. Several industrial applications involve process 

streams from which carbon dioxide can be separated and captured. The industrial applications 

include for example iron, steel, cement and chemical manufacturers including ammonia, alcohol, 

synthetic liquid fuels and fermentation processes for food and drink.

[0118] The second example route 510 is a post-combustion separation route in which the

fuel and air is provided to a combustion process, which outputs heat, power, and a product 

containing carbon dioxide. The carbon dioxide is separated from the product output and then 

compressed through a compression process. Capture of carbon dioxide from flue gases produced 

by combustion of fossil fuels (e.g., coal, natural gas, and/or petroleum fuels) and biomass in air is 

referred to as post-combustion capture. Instead of being discharged directly to the atmosphere, 

flue gas is passed through equipment which separates most of the carbon dioxide from the balance 

of flue gases. The carbon dioxide may be compressed for transport and fed to a storage reservoir 

and the remaining flue gas is discharged to the atmosphere. A chemical sorbent process, including 

amine based sorbents, for example, is typically used for carbon dioxide separation in post 

combustion carbon dioxide capture (PCC).

[0119] The third example route 515 is a pre-combustion separation route in which the fuel

and, for instance, air or oxygen and steam, is provided to a gasification process, which outputs 

hydrogen and carbon dioxide. The output is separated so that the carbon dioxide is then 

compressed through a compression process, and heat, power, and other products arc extracted from 

the hydrogen. Pre-combustion capture may involve reacting a fuel with oxygen or air and/or steam 

to give mainly a “synthesis gas (syngas)” or “fuel gas” composed of carbon monoxide and 

hydrogen among other compounds. The carbon monoxide may be reacted with steam in a catalytic
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reactor, called a shift reactor, to give a syngas rich in carbon dioxide and hydrogen. Carbon dioxide 

may be separated, usually by a physical or chemical absorption process, including glycol based 

solvents, for example, resulting in a hydrogen-rich fuel gas which can be used in many 

applications, such as boilers, furnaces, gas turbines, engines, fuel cells, and chemical applications. 

Other common compounds in syngas include, for example, carbon dioxide, methane, and higher 

hydrocarbons, which may be “cracked,” “reformed,” or otherwise processed to yield a desirable 

syngas composition, including, for example high concentrations of hydrogen, carbon monoxide, 

and carbon dioxide.

[0120] The fourth example route 520 is an oxyfuel separation route in which the fuel and

oxygen (e.g., separated from air) is provided to a combustion process, which outputs heat, power, 

and carbon dioxide that is then compressed through a compression process. In oxy-fuet 

combustion, nearly pure oxygen is used for combustion instead of air, resulting in a flue gas that 

is mainly carbon dioxide and water. If fuel is burnt in pure oxygen, the flame temperature may be 

excessively high, but carbon dioxide and/or water-rich flue gas can be recycled to the combustor 

to moderate the temperature. Oxygen is usually produced by low temperature (cryogenic) air 

separation or other techniques that supply oxygen to the fuel, such as membranes and chemical 

looping cycles. The combustion systems of reference for oxy-fuel combustion capture systems 

are the same as those noted above for post-combustion capture systems, including power 

generation and/or heat production for industrial processes.

[0121] As another example, with reference to FIG. 6, a schematic representation 600 is

shown that illustrates routes to biomass with capture systems. For instance, schematic 

representation 600 illustrates a variety of processes (e.g., biological processing such as 

fermentation, gasification such as oxygen blown or water blown, combustion with PCC, or oxyfuel 

combustion) to which biomass is provided. The resultant output(s) of the example processes in 

representation 600, as shown, is carbon dioxide, liquid fuels and chemical products, hydrogen, and 

electricity. Other outputs may include heat that can be used for a variety of purposes (e.g., 

electrical generation, industrial processes, comfort cooling processes, and others),

[0122] Separation techniques include separation with sorbents or solvents, membrane

separation, and separation by cryogenic distillation. Separation with sorbcnts/solvents may be 

achieved by passing the passing the carbon dioxide-containing gas in intimate contact with a liquid 

absorbent or solid sorbent that is capable of capturing the carbon dioxide. For example, FIG. 7A
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shows an example sorbent separation process 700 in which sorbent loaded with the captured 

carbon dioxide can be transported to a different vessel, where it releases the carbon dioxide 

(regeneration) after, for example, being heated, after a pressure decrease, or after any other change 

in the conditions around the sorbent. The sorbent resulting after the regeneration step can be sent 

back to capture more carbon dioxide in a cyclic process. The sorbent can be a solid and does not 

need to circulate between vessels because the sorption and regeneration are achieved by cyclic 

changes (in pressure or temperature) in the vessel where the sorbent is contained. A make-up flow 

of fresh sorbent can be introduced to compensate for the natural decay of activity and/or sorbent 

losses. The sorbent can be a solid oxide which reacts in a vessel with fossil fuel or biomass 

producing heat and mainly carbon dioxide. The spent sorbent can be circulated to a second vessel 

where it is re-oxidized in air for reuse with some loss and make up of fresh sorbent.

[0123] An example membrane separation process 725, as shown in FIG. 7B, may utilize

membranes (e.g., of specially manufactured materials) that allow the selective permeation of a gas 

therethrough. The selectivity of the membrane to different gases is intimately related to the nature 

of the material, but the flow of gas through the membrane is usually driven by the pressure 

difference across the membrane. Therefore, high-pressure streams may be used for membrane 

separation. There are many different types of membrane materials (e.g., polymeric, metallic, 

ceramic) that may find application in carbon dioxide capture systems to preferentially separate 

hydrogen from a fuel gas stream, carbon dioxide from a range of process streams or oxygen from 

air with the separated oxygen subsequently aiding the production of a highly concentrated carbon 

dioxide stream.

[0124] FIG. 7C illustrates an example separation process 750 by cryogenic distillation. A

gas can be made liquid by a series of compression, cooling and expansion steps. Once in liquid 

form, the components of the gas can be separated in a distillation column. Oxygen can be separated 

from air following the scheme of FIG. 7C and be used in a range of carbon dioxide capture systems 

(oxy-fuel combustion and pre-combustion capture).

[0125] Turning now to FIGS. 3A-3B, these figures illustrate example methods for

accounting for carbon flows and determining a regulatory value of a low CI hydrocarbon fuel. For 

example, some embodiments of producing and/or supplying a low CI fuel operate within the 

context of various regulatory systems, enabling the environmental benefits to be quantified and 

associated with a raw hydrocarbon, hydrocarbon fuel, or a tradable credit. Thus, these
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embodiments also can provide an economic incentive, which would not have existed prior to the 

implementation of such regulatory systems, for affecting environmental objectives.

[0126] In one aspect, systems disclosed here for producing and/or supplying a low CI

product (e.g., fuel) provide a computerized method of using a data processor having a memory to 

account for carbon flows and determine a regulatory value for a hydrocarbon fuel. The method 

includes (i) storing, in memory, a set of one or more values characterizing carbon flows associated 

with the production and use of hydrocarbon fucl(s), wherein one or more of the values represent 

injection of a fluid containing atmospheric carbon dioxide—captured cither directly via industrial 

processes or indirectly via photosynthesis and industrial processing of resultant biomass and/or 

carbon dioxide captured from industrial processes that may otherwise be emitted to the 

atmosphere—into the geologic formation(s) from which raw hydrocarbons are produced such that 

the injected atmospheric carbon dioxide is sequestered in the geologic formation(s) and mitigates 

anthropogenic GHG emission, including but not limited to other emissions resulting from 

production and use of the hydrocarbon fuel; and (ii) calculating, using the data processor, a 

regulatory value for the hydrocarbons from the stored carbon flow values.

[0127] In another aspect, systems disclosed here for producing and/or supplying a low Cl

fuel provide a method of engineering a carbon cycle for hydrocarbon production and use. The 

method includes: (i) arranging the production of hydrocarbon fuel(s), wherein a fluid containing 

atmospheric carbon dioxide—captured either directly via industrial processes or indirectly via 

photosynthesis and industrial processing of resultant biomass and/or carbon dioxide captured from 

industrial processes that may otherwise be emitted to the atmosphere — is injected into the 

geologic formation(s) from which raw hydrocarbons arc produced such that the injected 

atmospheric carbon dioxide is sequestered in the geologic formation(s) and mitigates 

anthropogenic GHG emission, including but not limited to other emissions resulting from 

production and use of the hydrocarbon fuel; and (ii) assigning a regulatory value to the biofuel 

from a set of one or more carbon intensity values characterizing the production and use of the 

hydrocarbon, including one or more values characterizing the sequestration of atmospheric carbon 

dioxide in the geologic formation from which raw hydrocarbons are produced.

[0128] In yet another aspect, systems disclosed here for producing and/or supplying a low

CI fuel provide a method of manufacturing a hydrocarbon fuel. The method includes (i) injecting 

a fluid containing atmospheric carbon dioxide into hydrocarbon containing geologic formation(s)
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such that a portion of atmospheric carbon dioxide is sequestered in the geologic formation(s) and 

mitigates anthropogenic GHG emission, (ii) producing raw hydrocarbons from geologic 

formation(s) into which the atmospheric carbon dioxide containing fluid was injected and refining 

raw hydrocarbons into finished hydrocarbon product fuels, and (hi) assigning a regulatory value 

to the hydrocarbon fuel based upon a one or more carbon intensity values characterizing the 

production and use of the hydrocarbon, including one or more values characterizing the 

sequestration of atmospheric carbon dioxide in the geologic formation(s).

[0129] In still another aspect, systems for producing and/or supplying a low CI fuel

disclosed here provide a computerized method of using a data processor having a memory to 

account for carbon flows and determine a regulatory value for a hydrocarbon fuel. The method 

includes: (i) storing, in memory, a set of one or more values characterizing carbon flows associated 

with the production and use of hydrocarbon fuel(s), wherein one or more of the values represent 

injection of a fluid containing atmospheric carbon dioxide—captured either directly via industrial 

processes or indirectly via photosynthesis and industrial processing of resultant biomass and/or 

carbon dioxide captured from industrial processes that may otherwise be emitted to the atmosphere 

—into the geologic formation(s) from which raw hydrocarbons are produced such that the injected 

atmospheric carbon dioxide is sequestered in the geologic formation(s) and mitigates 

anthropogenic GHG emission, including but not limited to other emissions resulting from 

production and use of the hydrocarbon fuel; (ii) calculating, using the data processor, a regulatory 

value for the hydrocarbons from the stored carbon flow values; and (iii) trading the hydrocarbon 

fuel having the regulatory value, a credit generated as a function of the regulatory value, or both 

the hydrocarbon fuel and the credit.

[0130] In still another aspect, systems for producing and/or supplying a low CI fuel provide

a method of engineering a carbon cycle for hydrocarbon fuel production and use. The method 

includes: (i) arranging the production of hydrocarbon fuel(s), wherein a fluid containing 

atmospheric carbon dioxide — captured either directly via industrial processes or indirectly via 

photosynthesis and industrial processing of resultant biomass and/or carbon dioxide captured from 

industrial processes that may otherwise be emitted to the atmosphere — is injected into the 

geologic formation(s) from which raw hydrocarbons arc produced such that the injected 

atmospheric carbon dioxide is sequestered in the geologic formation(s) and mitigates 

anthropogenic GHG emission, including but not limited to other emissions resulting from
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production and use of the hydrocarbon fuel; (ii) assigning a regulatory value to the biofuel from a 

set of one or more carbon intensity values characterizing the production and use of the 

hydrocarbon, including one or more values characterizing the sequestration of atmospheric carbon 

dioxide in the geologic formation from which raw hydrocarbons are produced; and (iii) trading the 

hydrocarbon fuel having the regulatory value, a credit generated as a function of the regulatory 

value, or both the hydrocarbon fuel and the credit.

[0131] In still another aspect, systems for producing and/or supplying a low CI fuel provide

a method of manufacturing a hydrocarbon fuel. The method includes: (i) injecting a fluid 

containing atmospheric carbon dioxide into hydrocarbon containing geologic formation(s) such 

that a portion of atmospheric carbon dioxide is sequestered in the geologic formation(s) and 

mitigates anthropogenic GHG emission; (ii) producing raw hydrocarbons from geologic 

formation(s) into which the atmospheric carbon dioxide containing fluid was injected and refining 

raw hydrocarbons into finished hydrocarbon fuels; (iii) assigning a regulatory value to the 

hydrocarbon fuel based upon a one or more carbon intensity values characterizing the production 

and use of the hydrocarbon, including one or more values characterizing the sequestration of 

atmospheric carbon dioxide in the geologic formation(s); and (iv) trading the biofuel having the 

regulatory value, a credit generated as a function of the regulatory value, or both the hydrocarbon 

fuel and the credit.

[0132] Turning to FIG. 3A (and also with reference to Table 1, in FIG. 9A), an example

scheme for accounting for carbon flows and determining a regulatory value of a low CI 

hydrocarbon fuel using Cl values (e.g., in gCChe/MJ) is illustrated. More specifically, FIG. 3A 

illustrates an example “wcll-to-wheel” accounting of CI values included with a well-to-tank path 

and tank-to-wheel path. Table 1, moreover, may illustrate an example accounting of Cl values for 

low Cl hydrocarbon fuel production and/or supply using a natural gas fueled industrial air capture 

of atmospheric carbon dioxide.

[0133] In some aspects, the CI value for the atmospheric capture of carbon dioxide may be

a negative value, e.g., a “credit,” relative to the CI values for other aspects of the illustrated well- 

to-tank path. For instance, the CI value for the atmospheric capture of carbon dioxide may be 

determined according to the amount of atmospheric carbon dioxide sequestered per barrel of crude 

produced (in gCCbc/bbl) minus a sum of Cl values for (1) emissions from natural gas combustion 

in atmospheric carbon dioxide capture and (2) emissions associated with transport of such natural
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gas. In one example accounting, a total amount of atmospheric carbon dioxide sequestered per 

megajoules of crude produced is about 60,6. A CI value of emissions from natural gas combustion 

in atmospheric carbon dioxide capture is about 3.37. A CI value of emissions associated with 

transport of such natural gas is about 1 (as an estimated value). Thus, the CI value for the 

atmospheric capture of carbon dioxide is about 56.2 (as a credit or negative value).

[0134] The CI value for carbon dioxide transportation may be determined on the basis of,

for example, scale, distance, and mode of transport. In this example, that value may be 1 

gCChc/MJ as an estimate. The CI values for crude recovery, crude transport, crude refining, and 

refined fuel transportation and storage may be substantially similar to the values provided above 

in a conventional scheme: 6.9 for crude recovery, 1.1 for crude transport, 13.7 for crude refining, 

and 0.4 for refined fuel transport (in gCChe/MJ).

[0135] As illustrated, therefore, the total Cl value for the well-to-tank path is determined

by subtracting the CI value of atmospheric capture of carbon dioxide from the sum of the CI values 

for carbon dioxide transportation, crude recovery, crude transport, crude refining, and transport 

and/or storage of refined fuel. The well-to-tank value, according to the above example accounting, 

therefore, is about 33.1 gCChe/MJ in credit (e.g., a negative value). As noted above, the Cl value 

for the tank-to-wheel CI value is about 72.9 gCChe/MJ, thereby giving a well-to-wheel CI value 

in this example of about 39.8. Accordingly, the total estimated well-to-wheel CI value for low CI 

hydrocarbon fuel production and/or supply using a natural gas fueled industrial air capture of 

atmospheric carbon dioxide is 39.8 compared to a total estimated well-to-wheel Cl value for 

conventional schemes for producing and/or supplying hydrocarbon fuel of 95.1.

[0136] As another example of a scheme for accounting for carbon flows and determining

a regulatory value of a low Cl hydrocarbon fuel using Cl values using FIG. 3A (and now with 

reference to Table 2, in FIG. 9B), an example accounting of Cl values for low Cl hydrocarbon fuel 

production and/or supply using a biomass fueled industrial air capture of atmospheric carbon 

dioxide is illustrated.

[0137] As noted above, the CI value for the atmospheric capture of carbon dioxide is a

negative value, e.g., a “credit,” relative to the CI values for other aspects of the illustrated well-to- 

tank path. For instance, the CI value for the atmospheric capture of carbon dioxide may be 

determined according to the amount of atmospheric carbon dioxide sequestered per barrel of crude 

produced (in gCChc/bbl) plus a fuel combustion carbon dioxide from biogenic sources emissions
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minus the emissions associated with fuel combustion and an upstream fuel supply. In one example 

accounting, a total amount of atmospheric carbon dioxide sequestered per mega joules of crude 

produced is about 60.6. A CI value of a fuel combustion carbon dioxide sequestered from biogenic 

sources emissions is about 30.3. A Cl value of emissions associated with fuel combustion and an 

upstream fuel supply is about 1 (as an estimated value). Because biogenic carbon dioxide was 

recently captured from the atmosphere (e.g., via photosynthesis, the Cl value for the atmospheric 

capture of carbon dioxide is about 89.9 gCCke/MJ (as a credit or negative value).

[0138] The CI value for carbon dioxide transportation may be determined on the basis of,

for example, scale, distance, and mode of transport. In this example, that value may be about 0.1 

gCCfrc/MJ as an estimate. The CI values for crude recovery, crude transport, crude refining, and 

refined fuel transportation and storage may be substantially similar to the values provided above 

in a conventional scheme: 6.9 for crude recovery, 1.1 for crude transport, 13.7 for crude refining, 

and 0.4 for refined fuel transport (in gCChe/MJ).

[0139] As illustrated, therefore, the total Cl value for the well-to-tank path is determined

by subtracting the CI value of atmospheric capture of carbon dioxide from the sum of the CI values 

for carbon dioxide transportation, crude recovery, crude transport, crude refining, and transport 

and/or storage of refined fuel. The well-to-tank value, according to the above example accounting, 

therefore, is about 67.7 gCChe/MJ in credit (e.g., a negative value). As noted above, the CI value 

for the tank-to-wheel CI value is about 72.9 gCChe/MJ, thereby giving a well-to-wheel CI value 

of about 5.2. Accordingly, the total estimated well-to-whccl Cl value for low CI hydrocarbon fuel 

production and/or supply using a biomass fueled industrial air capture of atmospheric carbon 

dioxide is 5.2 compared to a total estimated well-to-wheel Cl value for conventional schemes for 

producing and/or supplying hydrocarbon fuel of 95.1.

[0140] Turning to FIG. 3B (and with reference to Table 3, in FIG. 9C), another example

scheme for accounting for carbon flows and determining a regulatory value of a tow CI 

hydrocarbon fuel using CI values (e.g., in gCOze/MJ) is illustrated. More specifically, FIG. 3B 

illustrates an example “well-to-wheel” accounting of CI values included with a well-to-tank path 

and tank-to-wheel path. Table 3, moreover, may illustrate an example accounting of Cl values for 

low CI hydrocarbon fuel production and/or supply using a biomass carbon capture and storage 

(“CCS”) with electricity as a co-product.

[0141] For instance, electricity produced in the supply of carbon dioxide for carbon capture
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and storage may be considered a co-product of the hydrocarbon fuels. In this ease, the emissions 

consequence of substituting resulting electricity for conventionally produced electricity may be 

attributed to the hydrocarbon using, for example, system expansion and/or displacement LCA 

methodologies. Use of allocation LCA methodologies is also possible, though not discussed in 

this example. This is computed as the product of electricity produced per unit hydrocarbon fuels 

and the difference in emissions intensity (e.g., CI value) of the produced electricity and a 

conventional source of electricity (such as, for example, a coal-fired power plant). If the electricity 

is produced using biomass fuel, then the carbon dioxide sequestered constitutes atmospheric 

carbon dioxide, which was fixed in the biomass via photosynthesis. Residual emissions from 

electricity production (e.g., carbon dioxide not captured) may be assigned a net emissions value of 

zero in certain contexts. An appropriate baseline source of electricity might be determined, as 

explained in the example of FIG. 3B below.

[0142] A wide variety of technologies are available for using biomass to supply carbon

dioxide for hydrocarbon production with an electricity co-product. Further, it is possible to 

produce a wide variety of co-products other than electricity in the process of using biomass to 

supply carbon dioxide for hydrocarbon production including but not limited to: liquid fuels using 

thermochemical (e.g., Fischer-Tropsche synthesis) or biochemical (e.g., fermentation) processes; 

chemicals; solid fuels (e.g., charcoal); sod amendments (e.g., bio-char); or the co-products noted 

below in the context of supplying carbon dioxide from fossil carbon sources. Many types of 

biomass could be used for supplying carbon dioxide for hydrocarbon production including but not 

limited to: agricultural residues; forestry residues; mill wastes; urban wastes; municipal solid 

wastes; clippings, trimmings, or other “green wastes”; or landfill deposits, with associated landfill 

gas production. Multiple types of biomass, technologies, and co-products may be used 

simultaneously or in other combinations for supplying carbon dioxide for hydrocarbon production. 

[0143] If the electricity is produced using coal fuel, then the carbon dioxide sequestered

does not constitute atmospheric carbon dioxide, and so no negative CI value can be granted for 

atmospheric carbon dioxide sequestration. However, an emissions accounting credit (e.g., a 

negative CI value) may be granted for displacing conventional electricity generation with the 

reduced CI electricity co-product of hydrocarbon production. The emissions intensity of the 

produced electricity can be computed as the combustion emissions to the atmosphere plus the 

emissions associated with fuel supply divided by the associated electricity produced. If the coat
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fired power plant with CCS supplying the coal is displacing electricity that would be provided by 

a conventional coal fired power plant without CCS, then the difference in these Cis may be the 

appropriate basis for computing net emissions effects from using the electricity co-product. This 

can yield a significant co-product credit.

[0144] A wide variety of technologies are available for using fossil carbon sources, such

as coal in the present discussion, to supply carbon dioxide for hydrocarbon production with an 

electricity co-product. Further, it is possible to produce a wide variety of co-products other than 

electricity in the process of using fossil carbon sources to supply carbon dioxide for hydrocarbon 

production including but not limited to: liquid fuels (e.g., via Fischcr-Tropsche synthesis); 

hydrocarbon products (including refined fuels and upgraded raw hydrocarbons); fertilizers; 

cement; mineral products (e.g., lime and soda ash) metals (e.g., iron and steel, aluminum, zinc, or 

lead); other chemicals (e.g., hydrogen production, including hydrogen production for hydrocarbon 

upgrading or refining, ammonia, petrochemicals and titanium dioxide); or steam for a variety of 

processes, including for thermally enhanced oil recovery, steam injection bitumen production, 

and/or bitumen upgrading. Many types of fossil carbon sources could be used for supplying carbon 

dioxide for hydrocarbon production including but not limited to: coal, natural gas, and petroleum. 

Multiple types of fossil carbon sources, technologies, and co-products may be used simultaneously 

or in other combinations for supplying carbon dioxide for hydrocarbon production.

[0145] Turning to FIG. 3B again, the CI value for the atmospheric capture of carbon

dioxide may be substantially the same Cl value (e.g., 89.9 gCChc/MJ) as that determined above 

with reference to FIG. 3A and the example accounting of Cl values for low CI hydrocarbon fuel 

production and/or supply using a biomass fueled industrial air capture of atmospheric carbon 

dioxide. As described above, there is also a Cl value credit for electricity generated as a co-product 

from atmospheric carbon dioxide capture. This CI value may be determined by first determining 

an amount of electricity generated (in kWh/MJ) as a co-product, which can be determined 

according to the biomass burned (in g/MJ crude) and the biomass heating value (in kJ/g). More 

specifically, the electricity generated as a co-product is equal to the biomass burned times the 

biomass heating value times a biomass to electricity conversion efficiency with CSS divided by a 

kJ to kWh conversion factor. Assuming that the biomass burned is equal to the total carbon dioxide 

sequestered from biogenic sources plus the biomass combustion emissions to the atmosphere 

(taking into account the mass ratio of carbon to carbon dioxide and the carbon content of biomass),
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then the biomass burned is about 101 g/MJ. Also assuming a HHV of biomass as 15 kj/g, then the 

electricity generated is about 0.05 kWh/MJ crude,

[0146] In order to determine the CI value (credit) of the electricity co-product, the CI value

of conventional electricity generation must be approximated —■ in this example, it is about 660 

gCChe/kWh. Thus, the Cl value credit is equal to the CI value of conventional electricity 

generation times the amount of co-produced electricity (e.g., 0.05 kWh/MJ crude), or about 30.3 

gCChe/MJ crude.

[0147] The total Cl credit value is thus the sum of the CI value due to the atmospheric

capture of carbon dioxide (e.g,, 89,9 gCChe/MJ) and the Cl value of conventional electricity 

generation times the amount of co-produced electricity (e.g., 0.05 kWh/MJ crude), or about 30.3 

gCChe/MJ crude. This sum is about 120.2 gCChe/MJ.

[0148] The CI value for carbon dioxide transportation may be determined relative to, for

example, scale, distance, and mode of transport. In this example, that value may be I gCChe/MJ 

as an estimate. The CI values for crude recovery, crude transport, crude refining, and refined fuel 

transportation and storage may be substantially similar to the values provided above in a 

conventional scheme: 6.9 for crude recovery, 1.1 for crude transport, 13.7 for crude refining, and 

0.4 for refined fuel transport (in gCChe/MJ),

[0149] As illustrated, therefore, the total CI value for the well-to-tank path is determined

by subtracting the sum of the Cl values of atmospheric capture of carbon dioxide and the 

atmospheric carbon dioxide capture co-products from the sum of the CI values for carbon dioxide 

transportation, crude recovery, crude transport, crude refining, and transport and/or storage of 

refined fuel (values shown above). The well-to-tank value, according to the above example 

accounting, therefore, is about 97.1 gCChe/MJ in credit (e.g,, a negative value). As noted above, 

the CI value for the tank-to-wheel CI value is about 72.9 gCChe/MJ. Accordingly, the total 

estimated well-to-wheel CI value for low Cl hydrocarbon fuel production and/or supply using a 

biomass CSS with electricity as a co-product is 24.2 gCChe/MJ in credit (negative value) compared 

to a total estimated well-to-wheel CI value for conventional schemes for producing and/or 

supplying hydrocarbon fuel of 95.1 gCChe/MJ (positive value).

[0150] In a related example to that described above with reference to FIG. 3B (and now

with reference to Table 4, in FIG. 9C), this figure and table may also illustrate an example 

accounting of CI values for low CI hydrocarbon fuel production and/or supply using a coal
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electricity with CCS (e.g., with electricity as a co-product). In this related example, however, there 

is no capture of atmospheric carbon dioxide. Thus there is no credit for capturing atmospheric 

carbon dioxide and there is no sequestration of captured atmospheric carbon dioxide. Instead, 

there is a co-product credit for the electricity generated by a coal plant from which emitted carbon 

dioxide is sequestered. For instance, the CI value of the total carbon dioxide sequestered (e.g., all 

from fossil sources) is about 90.9 gCChe/MJ hydrocarbons produced. The coal combustion 

emissions to the atmosphere is assumed to be ~11% more than the sequestered carbon dioxide, for 

the case that there is an assumed 90% fuel combustion carbon dioxide capture rate in this example. 

[0151] The Cl value of the electricity generated, therefore, is the sum of the Cl value of

the coal combustion emissions to the atmosphere (in this example, about 10.1 gCChe/MJ) plus an 

assumed Cl value for upstream fuel supply emissions (in this example, assumed to be about 10 

gCChe/MJ) divided by the electricity generated per barrel of produced hydrocarbons (in this 

example, about 0.5 kWh/bbl). Thus, the CI of the electricity generated is about 252 gCChe/MJ. 

[0152] In order to determine the CI value (credit) of the electricity co-product, the CI value

of conventional electricity generation must be approximated — in this example, it is about 1200 

gCChc/kWh (assuming an approximate value for a coal steam plant). The total CI credit value is 

thus the difference between the CI of the electricity generated (e.g., 252 gCChe/MJ) and the CI 

value of conventional electricity generation (e.g., 1200 gCOze/kWh) times the amount of co

produced electricity (e.g., 0.05 kWh/MJ crude), or about 75.8 gCChe/MJ.

[0153] The CI value for carbon dioxide transportation may be determined relative to, for

example, scale, distance, and mode of transport. In this example, that value may be 1 gCChe/MJ 

as an estimate. The Cl values for crude recovery, crude transport, crude refining, and refined fuel 

transportation and storage may be substantially similar to the values provided above in a 

conventional scheme: 6.9 for crude recovery, 1.1 for crude transport, 13.7 for crude refining, and 

0.4 for refined fuel transport (in gCChe/MJ).

[0154] As illustrated, therefore, the total CI value for the well-to-tank path is determined

by subtracting the CI value (credit) of the electricity co-product from the sum of the Cl values for 

carbon dioxide transportation, crude recovery, crude transport, crude refining, and transport and/or 

storage of refined fuel (values shown above). The well-to-tank value, according to this related 

example accounting, therefore, is about 52.6 gCChc/MJ in credit (e.g., a negative value). As noted 

above, the Cl value for the tank-to-whecl Cl value is about 72.9 gCChc/MJ. Accordingly, the total
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estimated well-to-whecl CI value for low Cl hydrocarbon fuel production and/or supply using a 

coal electricity with CCS is 20.3 gCOze/MJ, which is about 75 gCChe/MJ less than the total 

estimated well-to-wheel CI value for conventional schemes for producing and/or supplying 

hydrocarbon fuel of 95.1 gCChe/MJ (positive value).

[0155] As another example illustrated by FIG. 3B (and now with reference to Table 5, in

FIG. 9E), this figure and table may illustrate an example accounting of CI value for low CI 

hydrocarbon fuel production and/or supply using ethanol fermentation offgas. In this example, the 

atmospheric carbon dioxide capture co-product may be assumed to be zero, as ethanol plant 

operations may not be affected other than a plant power load increased for carbon dioxide 

compression and sequestration, which arc accounted for in the Cl value of the atmospheric capture 

of carbon dioxide,

[0156] In this example, the CI value for the atmospheric capture of carbon dioxide may be

determined by, for instance, subtracting an amount of carbon dioxide emissions (in gCCbe/MJ) for 

carbon dioxide compression from a CI value representing the total carbon dioxide sequestered. 

The CI value representing the total carbon dioxide sequestered is approximately equal to the 

amount of carbon dioxide sequestered per barrel of hydrocarbon produced (in this example, 0.5 

tCChe/bbl) divided by the hydrocarbon’s lower heating value (in this example, about 5.5 gJ/bbl) 

and then multiplied by a conversion factor to convert the units into gCChe/MJ hydrocarbons 

produced. In this example, therefore, the total atmospheric carbon dioxide sequestered is about 

90.9 gCChe/MJ. Thus, the CI value for the atmospheric capture of carbon dioxide is 90.9 minus 

7.5 gCOic/MJ, which represents (in this example) the CI value for carbon dioxide compression, 

or about 83.4 gCChe/MJ in credit (e.g., a negative value).

[0157] The CI value for carbon dioxide transportation may be determined relative to, for

example, scale, distance, and mode of transport. In this example, that value may be I gCChe/MJ 

as an estimate. The CI values for crude recovery, crude transport, crude refining, and refined fuel 

transportation and storage may be substantially similar to the values provided above in a 

conventional scheme: 6.9 for crude recovery, 1.1 for crude transport, 13.7 for crude refining, and 

0.4 for refined fuel transport (in gCChc/MJ).

[0158] As illustrated, therefore, the total CI value for the well-to-tank path is determined

by subtracting the CI value of atmospheric capture of carbon dioxide from the sum of the Cl values 

for carbon dioxide transportation, crude recovery, crude transport, crude refining, and transport
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and/or storage of refined fuel (values shown above). The wcll-to-tank value, according to the 

above example accounting, therefore, is about 60.3 gCChe/MJ in credit (e.g., a negative value). 

As noted above, the CI value for the tank-to-wheel CI value is about 72.9 gCChe/MJ. Accordingly, 

the total estimated well-to-wheel CI value for low CI hydrocarbon fuel production and/or supply 

using ethanol fermentation offgas is 12.7 gCCbe/MJ (positive value) compared to a total estimated 

well-to-wheel CI value for conventional schemes for producing and/or supplying hydrocarbon fuel 

of 95.1 gCChe/MJ (positive value).

[0159] FIG. 4 illustrates an example process 400 for producing and/or supplying a low-

carbon transportation fuel. In some aspects, the process 400 may be implemented, at least in part, 

by all or portions of the system 100 and the system(s) described with reference to FIGS. 2A-2C. 

Alternatively, or additionally, the process 400 may be implemented by and/or with a system for 

producing and/or supplying a low-earbon transportation fuel in accordance with the present 

disclosure.

[0160] At step 402, atmospheric carbon dioxide is captured through biogenic fixation (e.g.,

photosynthesis). In step 404, atmospheric carbon dioxide is captured through an industrial process. 

At step 406, an industrial process occurs that takes biogenic material (e.g., biomass) as input and 

produces carbon dioxide as output. In step 414, an industrial process may have reduced carbon 

dioxide emissions. As illustrated, each of steps 402, 404, and 414 describe a distinct step in 

capturing atmospheric carbon dioxide. For example, in step 402, atmospheric carbon dioxide is 

captured through biological fixation via photosynthesis. In step 404, atmospheric carbon dioxide 

is captured through an industrial process. For example, step 404 may include the capture of 

atmospheric carbon dioxide through one or more processes described with reference to FIGS. 2A- 

2C. Further, in step 414, fossil-generated carbon dioxide may be captured from an industrial 

application (e.g., coal powered electricity generation using a biomass CCS).

[0161] For example, in some embodiments, step 402 may include capturing atmospheric

carbon dioxide through fermentation off-gases from ethanol production. Step 402 may also 

include biomass combustion with CCS, either via oxyfuel or post-combustion capture with amine 

solvents. Step 402 may also include biomass co-combustion with fossil fuels (e.g., coal) with CCS 

such that a fraction of resultant carbon dioxide is from biomass.

[0162] More specifically, in some embodiments, biomass may have important similarities

with fossil fuels (particularly coal), including conversion technologies and the range of energy
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products that can be generated, including dispatchable, base-load electricity as well as liquid and 

gaseous fuels. As a result, the technological routes for CCS applications with fossil fuel systems 

could be applied to biomass energy systems, and biological processes, such as bio-ethanol 

fermentation, provide additional CCS opportunities for biomass.

[0163] In some embodiments, carbon dioxide can be separated from other combustion

products, for example by using amine based solvents or burning the fuels with concentrated carbon 

dioxide so that resulting combustion products arc primarily carbon dioxide and water, which can 

be separated by condensing the water. These technological routes to CCS could be integrated with 

new biomass boiler technologies or retrofitted to existing plants. Alternatively, fossil fueled 

facilities (e.g., coal-fired power plants) could be retrofitted to co-fire biomass and incorporate CCS 

such that a portion of the carbon dioxide captured would be from biogenic sources and a portion 

would be from fossil sources. With sufficiently stringent emissions controls, such a plant could be 

retrofitted to burn only biomass.

[0164] In some embodiments, combustion could be preceded by gasification and/or syngas

conditioning with carbon dioxide separation. Technological routes using these basic processes 

could be integrated with modern and advanced biomass gasification technologies, including for 

example, indirectly heated, steam-blown systems or oxygen blown systems. Alternatively, 

technological routes using these basic technologies could be integrated with facilities that co-fire 

or co-gasify coal and biomass. .

[0165] Further, carbon dioxide is produced as a byproduct of fermentation in equal molar

proportions to ethanol. This nearly pure carbon dioxide stream is normally vented to the 

atmosphere, but could be captured and compressed for geologic storage. For example, nearly 35 

metric tons of carbon dioxide is available for capture (at potentially very low costs) from 

fermentation of approximately 46 gigaliters ethanol produced annually. Further, bio-ethanol 

production — particularly in ligno-cellulosic systems — generally also includes combustion, or 

gasification and combustion, of waste biomass, providing further carbon capture opportunities. 

[0166] Carbon dioxide may be produced as a byproduct of other biological or

thermochemical processes including but not limited to anaerobic digestion, landfill gas production, 

fermentation into alcohols other than ethanol, hydrothermal treatments / upgrading, liquefaction, 

pyrolysis, refining, gas conditioning, and many others.

[0167] Steps 402 and 404 may be performed simultaneously, sequentially, in varying order,
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or independently. Further, only one of steps 402 and 404 may be performed to capture atmospheric 

carbon dioxide. In other instances, the steps 402 and 404 may be performed together or 

independently. In addition, other steps and/or processes for capturing atmospheric carbon dioxide 

(not shown here) may be implemented in place of or together with one or more of steps 402 and 

404.

[0168] In step 408, the captured carbon dioxide is provided into a subterranean zone

through a wellbore (or other technique). For example, as shown in FIG. 1, an injection fluid 125 

such as carbon dioxide may be used in an enhanced oil recovery operation (or other secondary or 

tertiary operation) or in a sequestration operation. In any event, at least some of the captured 

atmospheric carbon dioxide is used in a production and/or sequestration operation.

[0169] In step 410, hydrocarbons (e.g., oil, gas, etc.) are produced from the wellbore. For

example, as described above with respect to FIG. 1, a production fluid 130 is produced from the 

same wellbore into which the injection fluid 125 (e.g., captured atmospheric carbon dioxide) is 

provided. In other instances, an injection fluid may be provided into one or more injection wells 

in a secondary and/or tertiary production process to help produce hydrocarbons from a production 

well.

[0170] In step 412, a low-carbon hydrocarbon product (e.g., transportation fuel) is

produced from the raw hydrocarbon produced from the wetlbore. As described above, in some 

embodiments, using carbon dioxide as an injection fluid may reduce a CI of a transportation fuel 

refined from a production fluid. For example, the life cycle CI of such a transportation fuel may 

be reduced due to, for instance, accounting for the removal of the in jected carbon dioxide from the 

atmosphere. In some instances, the transportation fuel is a low-carbon fuel, e.g., a hydrocarbon 

fuel with a carbon emissions accounting credit that reflects injection of atmospheric carbon dioxide 

during hydrocarbon production.

[0171] Referring now to FIGS. 8A-8D, a number of methods and systems are described

for practicing enhanced oil recovery (EOR) including, for instance thermally enhanced oil 

recovery (T-EOR) and CO2 enhanced oil recovery (CO2-EOR). Both of these methods entail 

injecting a fluid into hydrocarbon-containing geologic formations in order to improve or enhance 

hydrocarbon production by, among other things, increasing the pressure in the geologic formation 

and/or reducing the viscosity of hydrocarbons in place. In the case of T-EOR, the fluid injected is 

generally a heated fluid, such as steam, which heats the hydrocarbons in place and thereby reduces
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their viscosity. In the case of CO2-EOR, the fluid injected is generally (or generally contains) 

carbon dioxide, which may dissolve into the hydrocarbons and thereby reduce their viscosity. In 

some cases, multiple fluids may be mixed prior to injection, or injection of multiple fluids may be 

alternated to optimize hydrocarbon recovery and/or other operational parameters.

[0172] T-EOR projects may include a network of widely distributed boilers that bum a fuel

(e.g., natural gas or a portion of hydrocarbons produced at the production wells) to provide a heated 

fluid (e.g., steam) for injection. These boilers may also generate electricity (e.g,, operating as co

gen plants) in order to supply power for operations and, in some eases, to export electricity to the 

power grid.

[0173] CO2-EOR projects may also include a network of widely distributed injection sites.

CO2 for injection may be supplied by pipelines connected to a large, centralized CO2 source, for 

example. The source of CO2 may comprise naturally occurring fossil CO2 produced from a 

geologic formation through separate wellhead or may comprise an industrial process from which 

CO2 is captured for use in CO2-EOR (e.g., such as direct air capture, one or more industrial sources 

described above, or other industrial processes). CO2 that is injected during CO2-EOR may be 

effectively sequestered away from the atmosphere. Where CO2 is supplied from an industrial 

process for CO2-EOR, it can result in reduced greenhouse gas emissions. These reduced 

greenhouse gas emissions may be credited to the source of CO2, the crude oil production process, 

both the source and the crude oil production process, or in part to the source of COz and in part to 

the crude oil production process. The reduced greenhouse gas emissions can further represent a 

reduction in the emissions intensity of either the industrial process supplying the CO2 or the crude 

oil production process or both.

[0174] In many cases, identification of a suitable CO2 source may help facilitate

deployment of CO2-EOR systems. Known sources of “natural” or fossil CO2 may be limited by 

geology and geography. Industrial sources of CO2 may be limited by the relative locations of 

industrial facilities and the availability and deployment of technologies capable of separating or 

capturing CO2 from the industrial process. CO2 separation, or capture, in such industrial processes 

is generally conceived according one of several example technological approaches: post 

combustion capture; pre-combustion separation; and oxy-fuel combustion. Products other than 

CO2 produced by such industrial processes may include electricity. Other products include liquid 

fuels (e.g., via Fischer-Tropschc synthesis, hydrocarbon upgrading, and hydrocarbon refining);
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fertilizers; cement; mineral products (e.g., lime and soda ash) metals (e.g., iron and steel, 

aluminum, zinc, or lead); other chemicals (e.g., hydrogen, including hydrogen for hydrocarbon 

upgrading and refining, ammonia, petrochemicals and titanium dioxide); or steam for a variety of 

processes, including for thermally enhanced oil recovery, steam injection bitumen production, 

and/or bitumen upgrading.

[0175] A characteristic of injectant supplies for enhanced oil recovery is the consistency

of supply. This is generally not a problem for T-EOR systems, which generally have dedicated 

steam generation units; however, it can be problematic for industrial CO2 sources with operation 

schedules that depend on demand for other products or services (e.g., electricity supply). The 

demand for consistent CO2 supplies for CO2-EOR may imply that the industrial processes 

supplying CO2 must operate with high utilization rates, where utilization rate refers to the fraction 

of the year that the facility is operating. As a result, the potential for CO2 supply disruptions due 

to low utilization rates and/or inconsistent operations of industrial processes supplying CO2 can 

compromise the suitability of the process for supplying CO2-EOR operations. In the case of a 

power plant implementing CO2 capture systems to supply CO2-EOR operations, the power plant 

would generally need to generate a “base-load” power supply to ensure utilization rates sufficiently 

high to meet the CO2 demand of CO2-EOR operators. In contrast, high utilization rates may not 

be problematic to achieve at chemicals facilities that capture CO2 for COz-EOR, for example. 

[0176] The suitability of industrial processes for supplying CO2 to CO2-EOR operations

may depend on other criteria as well. One of these is their scale. This dependence results from 

economics of scale inherent to most CO2 separation or capture technologies, which may favor 

large scale deployments and typically compromise the economic viability of implementation with 

smaller scale processes. For example, post combustion capture technologies typically involve 

industrial scrubbers and solvent regeneration processes with economies of scale that favor large 

deployments; pre-combustion CO2 separation technologies typically involve pre-combustion fuel 

processing systems with economies of scale favoring large deployments in order to convert fuel 

carbon into CO2 and to separate or concentrate the CO2 from the commingled fuel gas (typically a 

hydrogen-rich fuel gas); and oxy-fuel technologies typically involve processes to produce oxygen, 

often by isolating it from the ambient air using so called air separation units, which have economics 

of scale favoring large scale deployments.

[0177] While boilers used to supply steam for T-EOR may meet the high utilization rate
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requirement of industrial CO2 sources, their relatively small scale and distributed nature, combined 

with the economics of scale inherent to CO2 capture technologies, can make integration of T-EOR 

with CO2-EOR (e.g., by capturing CO2 produced at boilers supplying steam to T-EOR operations) 

less feasible.

[0178] However, the aggregate scale of T-EOR boiler capacity distributed across an oil

field using T-EOR for production can be very large. As a result, the scale limitation for integrating 

CO2 capture with T-EOR boilers might be overcome if the industrial processes for CO2 separation 

or capture that are subject to strong economies of scale could be centralized or otherwise 

aggregated in some way. For example, with reference to FIG. 8C, a fuel is supplied to a number 

of systems (e.g., including boilers) that supply a heated fluid for T-EOR across a number of 

wellbores. The CO2 may be captured from the boilers and injected into such wellbores (or other 

wellbores) in COz-EOR operations, as illustrated. This configuration might be achieved using post 

combustion capture technologies, or other COz capture technologies, applied at T-EOR boilers. 

Challenges associated with economies of scale may be problematic for such deployments and may 

need to be overcome to support widespread adoption. CO2 capture could also be integrated with 

T-EOR using other technological approaches for CO2 separation or capture discussed above, 

including particularly pre-combustion separation (“PCS”), and oxy-fuel combustion.

[0179] In the case of pre-combustion separation, and with reference to FIG. 8B, a fuel

could be processed at a large scale, centralized facility to produce a hydrogen-rich fuel gas and 

CO2. The hydrogen-rich fuel gas could be distributed (e.g., via pipeline) to the relatively small- 

scale boilers used for T-EOR operations, while the CO2 could be distributed for use in CO2-EOR 

operations. Water resulting from combustion of hydrogen-rich fuel gas at T-EOR boilers could be 

(but wouldn’t need to be) recycled for steam injection, for example by condensing water from the 

combustion products and feeding the condensed water into the water intake for steam generation. 

[0180] Deployments involving pre-combustion separation and hydrogen-rich fuel gas

could include one or more of the following components (and in some cases more components or 

other components): a hydrogen production facility with CO2 capture, including for example a 

steam methane reformer with pre-combustion COz separation using glycol solvents; one or more 

thermal conversion facilities (e.g., boilers) capable of using hydrogen-rich fuel gas to provide 

thermal inputs for T-EOR; one or more injection sites / boreholes for delivering heat inputs (e.g., 

via steam injection) for T-EOR; one or more injection sites / boreholes for delivering CO2 inputs
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for CO2-EOR; one or more boreholes producing hydrocarbons from the geologic formations into 

which thermal and/or CO2 inputs are delivered; a distribution system capable of transporting 

hydrogen-rich fuel gas from the hydrogen production facility to one or more T-EOR systems and 

capable of transporting CO2 from the hydrogen production facility to one or more CO2 injection 

sites for CO2-EOR; a hydrocarbon collection and distribution system capable of delivering 

produced hydrocarbons to a refinery / processing facility capable of producing transportation fuels 

and other refined products.

[0181] In the case of oxy-fuel combustion, and with reference to FIG. 8A, a centralized

facility could produce oxygen, which could be distributed (e.g., via pipeline) to the T-EOR boilers 

along with a fuel (e.g., natural gas). Boiler combustion products (e.g., flue gas containing primarily 

CO2 and water) could be cooled to condense water vapor and yield a CO2-rich stream, which could 

be collected and re-distributed for CO2-EOR operations. Water from oxy-fuel combustion could 

be (but wouldn’t need to be) recycled for steam injection, for example by condensing water from 

the combustion products and feeding the condensed water into the water intake for steam 

generation. In some cases, such as illustrated in FIG. 8D, enhanced oil recovery could provide for 

co-injection of steam and CO2, in which case the products of oxy-fuel combustion (primarily 

comprised of water vapor and CO2) could be blended with the heat carrier for T-EOR (e.g., steam) 

and co-injected at the same sites / boreholes. Such co-injection may yield additional benefits for 

hydrocarbon production and/or may result in sequestration of the injected CO2 within the geologic 

reservoir.

[0182] Deployments employing oxy-fuel combustion within T-EOR boilers could include

several system components, including; a facility to generate oxygen rich gas, a common system 

for which is referred to as an air separation unit (“ASU”) where the ASU may or may not 

incorporate CO2 capture for its energy source; one or more thermal conversion facilities (e.g., 

boilers) capable of burning hydrocarbon fuels using oxygen rather than ambient air to provide 

thermal inputs for T-EOR (e.g., via steam) and capable of collecting CO2 from its combustion 

products (e.g., by condensing water vapor from the combustion products to yield a CO2-rich gas 

stream); one or more injection sites / boreholes for delivering heat inputs (e.g., via steam injection) 

for T-EOR; one or more injection sites I boreholes for delivering CO2 inputs for CO2-EOR; one or 

more boreholes producing hydrocarbons from the geologic formations into which thermal and/or 

CO2 inputs arc delivered; a distribution system capable of transporting oxygen-rich gas from the
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oxygen production facility to one or more T-EOR systems and capable of transporting COa-rich 

gas from one or more T-EOR thermal conversion facilities (and/or from the oxy-fuel facility, if 

COz capture is applied there) to one or more CO2 injection sites for CO2-EOR; a hydrocarbon 

collection and distribution system capable of delivering produced hydrocarbons to a refinery / 

processing facility capable of producing transportation fuels and other refined products.

[0183] Deployments employing post-combustion capture technologies at T-EOR boilers

could include the following components: conversion facilities supplying thermal inputs for T-EOR 

(e.g., via steam) capable of capturing resulting CO2, for example using amine-based solvents to 

scrub CO2 from the combustion products; one or more injection sites / boreholes for delivering 

thermal inputs (e.g., via steam) for T-EOR operations; one or more injection sites / boreholes for 

delivering CO2 inputs for CO2-EOR operations; one or more boreholes producing hydrocarbons 

from the geologic formations into which thermal and/or CO? inputs are delivered (e.g., one or more 

for T-EOR and one or more for CO2-EOR); a distribution system capable of transporting CXh-rich 

gas from one or more T-EOR conversion facilities with CO2 capture to one or more CO2 injection 

sites for CO2-EOR; and/or a hydrocarbon collection and distribution system capable of delivering 

produced hydrocarbons to a refinery / processing facility capable of producing transportation fuels 

and other refined products.

[0184] These systems described above and illustrated in Figures 8A-8D may enable at least

three distinct methods of producing hydrocarbons via integrated enhanced oil recovery, for 

reducing greenhouse gas emission from enhanced oil recovery, and for reducing the emissions 

intensity of crude oil production via enhanced oil recovery: one method employing pre-combustion 

separation; one method employing oxy-fuel combustion; and one method employing post

combustion capture. They may also illustrate at least three distinct systems for producing 

hydrocarbons via integrated enhanced oil recovery, for reducing greenhouse gas emissions from 

enhanced oil recovery, and for reducing the emissions intensity of crude oil production via 

enhanced oil recovery: one system incorporating pre-combustion separation; one system 

incorporating oxy-fuel combustion; and one system incorporating post-combustion capture. 

[0185] Methods are also illustrated for determining the emissions reduction and the

reduction in emissions intensity provided by the systems and methods discussed above. One 

example method focuses primarily on the hydrocarbons produced and the emissions reduction 

provided by preventing atmospheric emissions from T-EOR operations and treats the CO2-EOR
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operations primarily as a process for sequestering CO2 from T-EOR away from the atmosphere. 

Another example method focuses primarily on the hydrocarbons produced and the emissions 

reduction provided through CO2-EOR by using CO2 supplied from an industrial source with a 

thermal energy co-product (e.g., steam for T-EOR) rather than CO2 supplied from a source with 

no co-produets (e.g., natural CO2 from geologic sources or produced from a fuel without producing 

another co-product) or with a different co-product (e.g., a power plant with CCS that produces an 

electricity co-product). Another example method considers the hydrocarbons produced emissions 

profile of the integrated production system, both T-EOR and CO2-EOR, and distributes emissions 

impacts across hydrocarbons produced by both methods of enhanced oil recovery.

[0186] The first example of determining the emissions reduction and reduction in

emissions intensity might be referred to as T-EOR-CCS. In this method, the emissions profile of 

CO2-EOR is assumed to be identical to any other CO2-EOR production system (e.g., one using 

“natural CO2” produced from another geologic formation) and the emissions of T-EOR is viewed 

as being reduced by incorporating CO2 capture and storage (“CCS”). The emissions reduction 

provided by incorporating CCS with T-EOR might be quantified by comparing the emissions of 

T-EOR-CCS with the emissions of conventional T-EOR that docs not include CCS or to one or 

more other hydrocarbon production methods. The emissions profile of integrating CCS may be 

viewed as a function of T-EOR practices and the resulting emissions benefit may be allocated 

exclusively to the hydrocarbon products thereof. One example reason for adopting this method of 

determining the emissions benefit might be that it reflects the change in physical emissions sources 

to the atmosphere: T-EOR energy conversion facilities no longer emit CO2 to the atmosphere 

because the CO? is captured and delivered elsewhere.

[0187] The second example method of determining the emissions reduction and reduction

in emissions intensity might be referred to as CO2-EOR with thermal energy co-products. In this 

method, the emissions profile of CO2-EOR is assumed to be reduced by adopting a CO2 source 

that provides a thermal energy co-product instead of some other CO2 source (e.g., “natural CO2” 

produced from another geologic formation, CO2 from a combustion process that does not provide 

any co-products, or from industrial processes that provides different co-products). Using this 

method the emissions benefit may be quantified by comparing the emissions profile of CO2-EOR 

with thermal energy co-products to CO2-EOR using another source of CO2 (e.g., “natural CO2” 

produced from another geologic formation, CO2 from a combustion process that does not provide
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any co-products or from industrial processes that provides different co-products). With this 

method the emissions of T-EOR is viewed as being reduced exclusively as a function of the CO2- 

EOR operations. The emissions impacts of integrating CCS with T-EOR are therefore viewed 

primarily as a function of the CO2-EOR operations and are allocated to the hydrocarbon products 

thereof. A principled reason for adopting this method of determining the emissions benefit might 

be that it allocates benefits to the process that actually avoids the atmospheric emissions (e.g., the 

point of CO2 injection) and it reflects the fundamental driver for CO2 reductions: CO2 demand for 

CO2-EOR and an operational decision to use CO2 supplied from a source producing a thermal 

energy co-product.

[0188] The third example method of determining the emissions reduction and reduction in

emissions intensity might be referred to as integrated T-EOR/CO2-EOR. In this method the 

emissions profile of the two methods of enhanced oil recovery (e.g., T-EOR and CO2-EOR) are 

viewed as completely integrated and the emissions impacts are distributed to both production 

methods and to all associated hydrocarbons produced. Allocation of emissions across 

hydrocarbons produced at multiple sites / boreholes might be specified in proportion to the quantity 

(e.g., ban-els of oil equivalent), energy content (e.g., in megajoules) or economic value (e.g., in 

dollars) of hydrocarbons produced, for example. The emissions reduction and reduction in 

emissions intensity may be quantified by comparing the emissions profile of this integrated system 

with the emissions of either T-EOR without CCS, CO2-EOR using CO2 supplied from another 

type of source (e.g., one without thermal energy co-products), or some combination of other 

hydrocarbon production methods (e.g,, the “average” or “marginal” production method used in, or 

used to supply, a particular market or jurisdiction). A principled reason for adopting this method 

of determining the emissions benefit might be that it reflects the complete production system. 

[0189] The descriptions above relate to T-EOR systems generally, which include a variety

of types of deployments, technologies, locations, geography’s, geologies, and resource types. One 

example is T-EOR deployments for crude production in California. Another example is steam 

injection extra-heavy oil production in Venezuela. Another example is steam injection for bitumen 

production from oil sands in Canada. T-EOR may include a variety of technologies and/or 

processes, including for example cyclical steam stimulation, steam assisted gravity drainage, or 

steam flooding.

[0190] Similarly, the methods and systems disclosed here in the context of T-EOR may
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also be applied to other energy-intensive processes associated with petroleum and hydrocarbon 

production. For example, bitumen production from oil sands is generally accomplished cither 

using steam injection (e.g., T-EOR) or surface mining methods. Surface mining methods generally 

use energy-intensive processing to separate bitumen from sand and/or other solids. It can also 

involve heating excavated oil sands and mixing with other inputs to form a slurry suitable for pump 

transport to a processing facility. Bitumen produce by either method generally involves further 

processes to upgrade it into a synthetic crude oil suitable for pipeline transport and subsequent 

refining.

[0191] CO2 for CO2-EOR may be captured from any of the processes associated with

bitumen production or upgrading. CO2 for CO2-EOR may be captured from other processes 

associated with hydrocarbon production, upgrading, refining, or processing, including from 

processes that supply key inputs to hydrocarbon production, upgrading, refining, or processing. 

For example, CO2 for COz-EOR may be captured from combustion processes in hydrocarbon 

refineries. Jn another example, CO2 for CO2-EOR may be captured from hydrogen production 

processes that provide hydrogen for hydrocarbon refining. Further, CO2 for CO2-EOR may be 

captured from processes that produce or process other types of fuels, fuel blcndstock, and/or fuel 

feedstock, including processes that produce ethanol, butanol, biodiesel, renewable diesel, 

hydrogen, biomethane, natural gas, fuels from coal or biomass gasification processes, fuels from 

coal or biomass to liquids processes, fuels from gas-to-liquids processes, and other types fuel types. 

[0192] The methods and systems disclosed here in the context of T-EOR may be applied

to any of these processes. In these various cases emissions benefits of sequestering CO2 via CO2- 

EOR may be attributed to, assigned to, credited to, and/or reduce the carbon intensity of either: (i) 

the hydrocarbon or fuel product resulting from the process from which CO2 is captured; (ii) the 

hydrocarbon or fuel product resulting from COz-EOR processes; or (iff) a combination of both 

hydrocarbon or fuel products—-e.g., both the product(s) resulting from the process with CO? 

capture and the product(s) resulting from CO2-EOR.

[0193] For example, with reference to FIGS, 8A-8D, the system and process described and

shown in FIG. 8A might have fuel supplied to a bitumen production and/or processing (BP/P) 

facility with a bitumen product being produced. The system and process described and shown in 

FIG. 8B might have fuel supplied to a BP/P facility with post combustion CO2 capture producing 

a bitumen product and CO2, which is directed to CO2-EOR. The system and process described
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and shown in FIG. 8C might have fuel supplied to an air separation unit producing oxygen and 

then have fuel plus oxygen supplied to a BP/P facility with oxy-fuel combustion equipment 

producing a bitumen product and CO2, which is directed to CO2-EOR. The system and process 

described and shown in FIG. 8D might have fuel supplied to a hydrogen production facility with 

CO2 capture, which delivers a hydrogen-rich fuel stream to the BP/P facility and delivers CO2 to 

the CO2-EOR facility.

[0194] CO2 capture for enhanced oil recovery can be implemented with any of these (and

potentially other) energy intensive processes associated with bitumen or synthetic crude oil 

production. In steam injection operations, CO2 capture can be implemented with steam 

production, as discussed above with respect to T-EOR. In surface mining operations, it can be 

implemented with heat inputs used to produce a slurry from the excavated oil sands suitable for 

pumping to the processing facility, or it can be implemented with the energy supplied for 

processing oil sands to separate the petroleum from the sands. It can be implemented with 

upgrading operations to produce synthetic crude oil. It can also be implemented with refinery 

operations that produce refined production from the synthetic crude—as it can be implemented 

with other petroleum refining operations. Similarly, it can also be implemented with other 

synthetic crude and/or synthetic fuel production facilities, as discussed above, including those 

producing liquid fuels from coal, biomass, natural gas, or other types of feedstock. The 

technologies required to capture CO2 from these various activities, utilize the captured CO2 in 

CO2-EOR, and account for the fuel carbon intensity impacts in such cases are similar to those 

indicated in the context of T-EOR and elsewhere in this disclosure.

[0195] CO2 captured from any of these activities can be injected into geologic formations

for sequestration, or can be injected for sequestration and hydrocarbon production, thereby 

reducing the carbon intensity of the hydrocarbons produced and reducing the carbon intensity of 

associated hydrocarbon fuels and/or products. For example, the hydrocarbons with reduced carbon 

intensities may be those resulting from T-EOR, those resulting from CO2-EOR, or a combination 

of both of these hydrocarbon products. Integrating CO2-EOR with CO2 captured from the various 

processes associated with production of hydrocarbons, hydrocarbon fuels, or intermediate products 

(e.g., synthetic crude), including those discussed above with respect to bitumen production from 

oil sands, is similar in many ways to the integrated production via T-EOR/CO2-EOR.

[0196] For example, bitumen production and/or processing facilities with post combustion
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capture equipment can be supplied with a fuel (e.g., natural gas) to produce and/or process bitumen 

and to produce CO2 by separating CO2 from the other combustion products. Alternatively, 

bitumen production and/or processing facilities with oxy-fuel combustion equipment can be 

supplied with both a fuel (e.g., natural gas) and oxygen to produce and/or process bitumen and 

produce a CCh-rich stream by condensing water from the combustion products. Alternatively, a 

hydrogen-rich fuel gas can be supplied to bitumen production and/or processing facilities from a 

hydrogen production facility with CO2 capture. CO2 generated in any of these ways can then be 

used for CO2-EOR.

[0197] Methods for determining the emissions benefits of such integrated production

systems arc also similar to those suitable for T-EOR. One example method focuses primarily on 

the hydrocarbons produced and the emissions reduction provided by preventing atmospheric 

emissions from bitumen production and/or processing and treats the CO2-EOR operations 

primarily as a process for sequestering CO2 from bitumen production and/or processing away from 

the atmosphere. Another example method focuses primarily on the hydrocarbons produced and 

the emissions reduction provided through CO2-EOR by using CO2 supplied from an industrial 

source with either a thermal energy co-product (e.g., heat for bitumen production and/or 

processing) or with a bitumen-related co-product rather than CO2 supplied from a source with no 

co-products (e.g., natural CO2 from geologic sources or produced from a fuel without producing 

another co-product) or with a different co-product (e.g., a power plant with CCS that produces an 

electricity co-product). Another example method considers the hydrocarbons produced and 

emissions profile of the integrated production system (e.g., hydrocarbon products from both 

bitumen-related processes and from CO2-EOR operations), and distributes emissions impacts 

across hydrocarbons produced by both methods of production.

[0198] The first example of determining the emissions reduction and reduction in

emissions intensity might be referred to as Bitumen-CCS. In this method, the emissions profile of 

COz-EOR is assumed to be identical to any other CO2-EOR production system (e.g., one using 

“natural CO2” produced from another geologic formation) and the emissions of bitumen 

production and/or processing is viewed as being reduced by incorporating CO2 capture and storage 

(“CCS”). The emissions reduction provided by incorporating CCS with bitumen production and/or 

processing might he quantified by comparing the emissions of Bitumen-CCS with the emissions 

of conventional bitumen production and/or processing that does not include CCS or to one or more
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other hydrocarbon production methods. The emissions profile of integrating CCS is viewed as a 

function of bitumen production and/or processing practices and the resulting emissions benefit 

may be allocated exclusively to the hydrocarbon products thereof (e.g., bitumen-related products). 

A principled reason for adopting this method of determining the emissions benefit might be that it 

reflects the change in physical emissions sources to the atmosphere: bitumen production and/or 

processing facilities no longer emit CO2 to the atmosphere because the CO2 is captured and 

delivered elsewhere.

[0199] The second example method of determining the emissions reduction and reduction

in emissions intensity might be referred to as CO2-EOR with bitumen-related co-products. In this 

method, the emissions profile of CO2-EOR is assumed to be reduced by adopting a CO2 source 

that provides a bitumen-related co-product instead of some other CO2 source (e.g,, “natural CO2” 

produced from another geologic formation, CO2 from a combustion process that does not provide 

any co-products, or from industrial processes that provides different co-products). Using this 

method the emissions benefit may be quantified by comparing the emissions profile of CO2-EOR 

with bitumen-related co-products to CO2-EOR using another source of CO? (e.g., “natural CO2” 

produced from another geologic formation, CO2 from a combustion process that docs not provide 

any co-products or from industrial processes that provides different co-products). With this 

method the emissions of bitumen production and/or production is viewed as being reduced 

exclusively as a function of the CO2-EOR operations. The emissions impacts of integrating CCS 

with bitumen production and/or processing arc therefore viewed primarily as a function of the 

CO2-EOR operations and are allocated to the hydrocarbon products thereof. A principled reason 

for adopting this method of determining the emissions benefit might be that it allocates benefits to 

the process that actually avoids the atmospheric emissions (e.g., the point of CO2 injection) and it 

reflects the fundamental driver for CO2 reductions: CO2 demand for CO2-EOR and an operational 

decision to use CO2 supplied from a source producing a bitumen-related co-product.

[0200] The third example method of determining the emissions reduction and reduction in

emissions intensity might be referred to as integrated bitumen/CCh-EOR. In this method the 

emissions profile of the two methods of hydrocarbon production and/or processing (e.g., CO2- 

EOR and bitumen production and/or processing) arc viewed as completely integrated and the 

emissions impacts arc distributed to both production methods and to all associated hydrocarbons 

produced. Allocation of emissions across hydrocarbons produced at multiple production sites,
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surface mines, and/or boreholes might be specified in proportion to the quantity (e.g., barrels of 

oil equivalent), energy content (e.g., in megajoules), or economic value (e.g., in dollars) of 

hydrocarbons produced, for example. The emissions reduction and reduction in emissions 

intensity may be quantified by comparing the emissions profile of this integrated system with the 

emissions of either bitumen production and/or processing without CCS, CO2-EOR using CO2 

supplied from another type of source (e.g., one without thermal energy co-products), or some 

combination of other hydrocarbon production methods (e.g., a “conventional” hydrocarbon 

production method, the “average” or “marginal” production method used in, or used to supply, a 

particular market or jurisdiction, or some other hydrocarbon production method). A principled 

reason for adopting this method of determining the emissions benefit might be that it reflects the 

complete production system, the integrated set of projects, and/or the hydrocarbon producing 

region.

[0201] The systems and methods disclosed here may be similarly applied to processes that

produce or process other types of hydrocarbon products, including hydrocarbon refining, hydrogen 

production for hydrocarbon processing, and processes that produce or process other types of fuels, 

fuel blcndstock, and/or fuel feedstock. Examples include processes that produce ethanol, butanol, 

biodiesel, renewable diesel, hydrogen, biomethane, natural gas, fuels from coal or biomass 

gasification processes, fuels from coal or biomass to liquids processes, fuels from gas-to-liquids 

processes, and other types fuel types.

[0202] To illustrate, consider the example of hydrogen production for petroleum refining.

Hydrogen for hydrocarbon refining may be produced in a variety of technologies. One such 

technology is referred to as steam-methane reforming (“SMR”). CO2 may be captured from SMR 

using any of the three general technological routes to CO2 capture—post combustion capture, pre- 

combustion separation, or oxyfuel combustion. For example, a hydrogen production facility 

supplying a refinety may implement CO2 capture using pre-combustion separation technologies. 

[0203] Oxyfuel and post combustion technologies could also be integrated with SMR.

Integrating any of these technologies with SMR can produce hydrogen for hydrocarbon refining 

and CO2 for CO2-EOR. The reduction in atmospheric CO2 emissions in hydrogen production, 

which results from CO2 capture and injection via CO2-EOR operations, may be applied to, 

allocated to, credited to, and/or reduce the carbon intensity of cither: (i) the hydrocarbon or 

hydrocarbon product resulting from refining using the hydrogen produced at the SMR facility with
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CO2 capture; (ii) the hydrocarbon or hydrocarbon product resulting from CO2-EOR; or (iii) a 

combination of both of these hydrocarbons or hydrocarbon products.

[0204] FIGS. 10A-10F illustrate example process flows that utilize CO2-EOR along with

one or more processes that produce a hydrocarbon or hydrocarbon fuel. For example, FIG. 10A 

illustrates an example process 1000 in which atmospheric CO2 is captured from a process (e.g., a 

process that produces or provides an input in producing a fuel, a fuel feedstock, a fuel blendstock, 

or otherwise). The captured CO2 can be injected into a subterranean zone through a wellbore, e.g., 

CO2-EOR, to reduce a viscosity of a hydrocarbon in the zone or otherwise enhance production of 

the hydrocarbon from the zone. The produced hydrocarbons can then be refined or otherwise 

processed into a fuel (e.g., a transportation fuel) that may have a reduced CI, e.g., based on the 

capture and/or injection of the CO2 during CO2-EOR. Furthermore, as shown in the process 1000, 

fuels produced by the initial process from which the CO2 is captured may also have a reduced CI, 

e.g., based on the capture and/or injection of the CO2 during CO2-EOR.

[0205] FIG. 10B illustrates an example process 1005 in which CO2 is captured from a

biofuel production or processing facility. The captured CO2 can be injected into a subterranean 

zone through a wellbore, e.g., CO2-EOR, to reduce a viscosity of a hydrocarbon in the zone or 

otherwise enhance production of the hydrocarbon from the zone. The produced hydrocarbons can 

then be refined or otherwise processed into a fuel (e.g., a transportation fuel) that may have a 

reduced Cl, e.g., based on the capture and/or injection of the CO2 during CCh-EOR. Furthermore, 

as shown in the process 1005, biofuels produced by the initial biofuel process/production from 

which the CO2 is captured may also have a reduced CI, e.g., based on the capture and/or injection 

of the CO2 during CO2-EOR.

[0206] FIG. 10C illustrates an example process 1010 in which CCh-EOR and T-EOR are

used to enhance production of a hydrocarbon. For example, as illustrated, steam or another heated 

fluid may be generated and CO2 may be captured from the steam generation process (e.g., from 

the boilers or other steam generation unit(s)). The generated heated fluid or steam may be used in 

a T-EOR process to produce a hydrocarbon from a subterranean zone, which in turn, is refined into 

a fuel. The captured CO2 may be used in a CO2-EOR operation to enhance production of a 

hydrocarbon (e.g., from the same wellbore as the T-EOR process or a different wellbore). The 

produced hydrocarbons — from the CO2-EOR and/or T-EOR processes — can then be refined or 

otherwise processed into a fuel (e.g., a transportation fuel) that may have a reduced Cl, e.g., based
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on the capture and/or injection of the CO2 during CO2-EOR.

[0207] FIG. 10D illustrates an example process 1015 in which CO2 is captured from a

bitumen (or heavy oil) production or processing facility. The captured CO2 can be injected into a 

subterranean zone through a wellbore, e.g., CO2-EOR, to reduce a viscosity of a hydrocarbon in 

the zone or otherwise enhance production of the hydrocarbon from the zone. The produced 

hydrocarbons can then be refined or otherwise processed into a fuel (e.g., a transportation fuel) 

that may have a reduced Cl, e.g., based on the capture and/or injection of the CO2 during CO2- 

EOR. Furthermore, as shown in the process 1015, fuels produced by the bitumen 

process/production from which the CO2 is captured may also have a reduced CI, e.g., based on the 

capture and/or injection of the CO2 during CO2-EOR.

[0208] FIG, 10E illustrates an example process 1020 in which CO2 is captured from a

solid- or gas-to-liquid production or processing facility. The captured CO2 can be injected into a 

subterranean zone through a wellbore, e.g., CO2-EOR, to reduce a viscosity of a hydrocarbon in 

the zone or otherwise enhance production of the hydrocarbon from the zone. The produced 

hydrocarbons can then be refined or otherwise processed into a fuel (e.g., a transportation fuel) 

that may have a reduced Cl, e.g., based on the capture and/or injection of the CO2 during CO2- 

EOR. Furthermore, as shown in the process 1020, fuels produced by the solid- or gas-to-liquid 

production or processing facility from which the CO2 is captured may also have a reduced CI, e.g., 

based on the capture and/or injection of the CO2 during CO2-EOR.

[0209] FIG. 10F illustrates an example process 1025 in which CO2 is captured from a

facility (e.g., an SMR facility) that also produces hydrogen for hydrocarbon refining. The CO2 

may be captured from SMR using any of the three general technological routes to CO2 capture — 

post combustion capture, pre-combustion separation, or oxyfuel combustion. The captured CO2 

can be injected into a subterranean zone through a wellbore, e.g., CO2-EOR, to reduce a viscosity 

of a hydrocarbon in the zone or otherwise enhance production of the hydrocarbon from the zone. 

The produced hydrocarbons can then be refined or otherwise processed into a fuel (e.g., a 

transportation fuel) that may have a reduced Cl, e.g., based on the capture and/or injection of the 

CO2 during CO2-EOR. Further, the hydrogen from the facility may be used in a hydrocarbon 

refining operation, from which a fuel is produced. As shown in the process 1025, fuels produced 

by the hydrogen refining process may also have a reduced Cl, e.g., based on the capture and/or 

injection of the CO2 during CO2-EOR.
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[0210] None, one, some, or all implementations of the subject matter and the functional

operations described in this disclosure can be implemented in digital electronic circuitry, in 

tangibly-embodied computer software or firmware, in computer hardware, including the structures 

disclosed in this specification and their structural equivalents, or in combinations of one or more 

of them. None, one, some, or all implementations of the subject matter described in this 

specification can be implemented in one or more computer programs, e.g., one or more modules 

of computer program instructions encoded on a tangible non-transitory program carrier for 

execution by, or to control the operation of, data processing apparatus. Alternatively or in addition, 

the program instructions can be encoded on an artificially-generated propagated signal, e.g., a 

machine-generated electrical, optical, or electromagnetic signal that is generated to encode 

information for transmission to suitable receiver apparatus for execution by a data processing 

apparatus. The computer storage medium can be a machine-readable storage device, a machine- 

readable storage substrate, a random or serial access memory device, or a combination of one or 

more of them.

[0211] The term “data processing apparatus” refers to data processing hardware and

encompasses all kinds of apparatus, devices, and machines for processing data, including by way 

of example a programmable processor, a computer, or multiple processors or computers. The 

apparatus can also be or further include special purpose logic circuitry, e.g., a central processing 

unit (CPU), a FPGA (field programmable gate array), or an ASIC (application-specific integrated 

circuit). In some implementations, the data processing apparatus and/or special purpose logic 

circuitry may be hardware-based and/or soft ware-based. The apparatus can optionally include 

code that creates an execution environment for computer programs, e.g., code that constitutes 

processor firmware, a protocol stack, a database management system, an operating system, or a 

combination of one or more of them. The present disclosure contemplates the use of data 

processing apparatuses with or without conventional operating systems, for example Linux, UNIX, 

Windows, Mac OS, Android, iOS or any other suitable conventional operating system.

[0212] A computer program, which may also be referred to or described as a program,

software, a software application, a module, a software module, a script, or code, can be written in 

any form of programming language, including compiled or interpreted languages, or declarative 

or procedural languages, and it can be deployed in any form, including as a stand-alone program 

or as a module, component, subroutine, or other unit suitable for use in a computing environment.
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A computer program may, but need not, correspond to a file in a file system. A program can be 

stored in a portion of a file that holds other programs or data, e.g., one or more scripts stored in a 

markup language document, in a single file dedicated to the program in question, or in multiple 

coordinated files, e.g., files that store one or more modules, sub-programs, or portions of code. A 

computer program can be deployed to be executed on one computer or on multiple computers that 

are located at one site or distributed across multiple sites and interconnected by a communication 

network. While portions of the programs illustrated in the various figures are shown as individual 

modules that implement the various features and functionality through various objects, methods, 

or other processes, the programs may instead include a number of sub-modules, third party 

services, components, libraries, and such, as appropriate. Conversely, the features and 

functionality of various components can be combined into single components as appropriate. 

[0213] All or portions of the processes and logic flows described in this specification can

be performed by one or more programmable computers executing one or more computer programs 

to perform functions by operating on input data and generating output. The processes and logic 

flows can also be performed by, and apparatus can also be implemented as, special purpose logic 

circuitry, e.g., a central processing unit (CPU), a FPGA (field programmable gate array), or an 

ASIC (application-specific integrated circuit).

[0214] Computers suitable for the execution of a computer program include, by way of

example, can be based on general or special purpose microprocessors or both, or any other kind of 

central processing unit. Generally, a central processing unit will receive instructions and data from 

a read-only memory or a random access memory or both. The essential elements of a computer 

are a central processing unit for performing or executing instructions and one or more memory 

devices for storing instructions and data. Generally, a computer will also include, or be operatively 

coupled to receive data from or transfer data to, or both, one or more mass storage devices for 

storing data, e.g., magnetic, magneto-optical disks, or optical disks. However, a computer need 

not have such devices. Moreover, a computer can be embedded in another device, e.g., a mobile 

telephone, a personal digital assistant (PDA), a mobile audio or video player, a game console, a 

Global Positioning System (GPS) receiver, or a portable storage device, e.g., a universal serial bus 

(USB) flash drive, to name just a few.

[0215] Computer-readable media (transitory or non-transitory, as appropriate) suitable for

storing computer program instructions and data include all forms of non-volatile memory, media
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and memory devices, including by way of example semiconductor memory devices, e.g., EPROM, 

EEPROM, and flash memory devices; magnetic disks, e.g., internal hard disks or removable disks; 

magneto-optical disks; and CD-ROM and DVD-ROM disks. The memory may store various 

objects or data, including caches, classes, frameworks, applications, backup data, jobs, web pages, 

web page templates, database tables, repositories storing business and/or dynamic information, 

and any other appropriate information including any parameters, variables, algorithms, 

instructions, rules, constraints, or references thereto. Additionally, the memory may include any 

other appropriate data, such as logs, policies, security or access data, reporting files, as well as 

others. The processor and the memory can be supplemented by, or incorporated in, special purpose 

logic circuitry.

[0216] To provide for interaction with a user, implementations of the subject matter

described in this specification can be implemented on a computer having a display device, e.g., a 

CRT (cathode ray tube), LCD (liquid crystal display), or plasma monitor, for displaying 

information to the user and a keyboard and a pointing device, e.g., a mouse or a trackball, by which 

the user can provide input to the computer. Other kinds of devices can be used to provide for 

interaction with a user as well; for example, feedback provided to the user can be any form of 

sensory feedback, e.g., visual feedback, auditory feedback, or tactile feedback; and input from the 

user can be received in any form, including acoustic, speech, or tactile input. In addition, a 

computer can interact with a user by sending documents to and receiving documents from a device 

that is used by the user; for example, by sending web pages to a web browser on a user’s client 

device in response to requests received from the web browser.

[0217] The term “graphical user interface,” or GUI, may be used in the singular or the

plural to describe one or more graphical user interfaces and each of the displays of a particular 

graphical user interface. Therefore, a GUI may represent any graphical user interface, including 

but not limited to, a web browser, a touch screen, or a command line interface (CLI) that processes 

information and efficiently presents the information results to the user. In general, a GUI may 

include a plurality of user interface (UI) elements, some or all associated with a web browser, such 

as interactive fields, pull-down lists, and buttons operable by the business suite user. These and 

other UI elements may be related to or represent the functions of the web browser,

[0218] Implementations of the subject matter described in this specification can be

implemented in a computing system that includes a back-end component, e.g., as a data server, or
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that includes a middleware component, e.g., an application server, or that includes a front-end 

component, e.g., a client computer having a graphical user interface or a Web browser through 

which a user can interact with an implementation of the subject matter described in this 

specification, or any combination of one or more such back-end, middleware, or front-end 

components. The components of the system can be interconnected by any form or medium of 

digital data communication, e.g., a communication network. Examples of communication 

networks include a local area network (LAN), a wide area network (WAN), e.g., the Internet, and 

a wireless local area network (WLAN).

[0219] The computing system can include clients and servers. A client and server are

generally remote from each other and typically interact through a communication network. The 

relationship of client and server arises by virtue of computer programs running on the respective 

computers and having a client-server relationship to each other.

[0220] While this specification contains many specific implementation details, these

should not be construed as limitations on the scope of any invention or on the scope of what may 

be claimed, but rather as descriptions of features that may be specific to particular implementations 

of particular inventions. Certain features that arc described in this specification in the context of 

separate implementations can also be implemented in combination in a single implementation. 

Conversely, various features that are described in the context of a single implementation can also 

be implemented in multiple implementations separately or in any suitable sub-combination. 

Moreover, although features may be described above as acting in certain combinations and even 

initially claimed as such, one or more features from a claimed combination can in some cases be 

excised from the combination, and the claimed combination may be directed to a sub-combination 

or variation of a sub-combination.

[0221] Similarly, while operations are depicted in the drawings in a particular order, this

should not be understood as requiring that such operations be performed in the particular order 

shown or in sequential order, or that all illustrated operations be performed, to achieve desirable 

results. In certain circumstances, multitasking and parallel processing may be advantageous. 

Moreover, the separation of various system modules and components in the implementations 

described above should not be understood as requiring such separation in all implementations, and 

it should be understood that the described program components and systems can generally be 

integrated together in a single software product or packaged into multiple software products.

60



WO 2015/042315 PCT/US2014/056396
20

19
20

03
67

 
18

 Ja
n 

20
19

[0222] A number of implementations have been described. Nevertheless, it wilt be

understood that various modifications may be made. For example, the steps of process 400 may 

be performed in a different order than that illustrated herein. Further, process 400 may include 

more or fewer steps than those illustrated herein.

[0223] In addition, there may be other techniques to capture atmospheric carbon that may

be utilized in production and/or supply of hydrocarbon fuels with low life-cycle emissions of 

greenhouse gases per unit fuel, referred to as low carbon intensity. For example, carbon dioxide 

may be all or part of a gaseous stream provided to a contactor through an inlet. The gaseous stream 

may be, for example, air, flue gas (e.g., from an industrial facility), exhaust gas (e.g., from a 

vehicle), or any gaseous stream including a target species such as carbon dioxide. The contactor 

facilitates absorption of carbon dioxide gas by an aqueous solution (e.g., transfer of the target 

species carbon dioxide from the gaseous stream to the aqueous solution) in the contactor. In some 

cases, the aqueous solution is an aqueous buffer solution including one or more buffer species. 

The aqueous solution may be basic, with a pH greater than 7, greater than 8, greater than 10, or 

greater than 12, while the buffer species in the aqueous solution can be ionic or neutral, organic or 

inorganic, or any combination thereof. An initial concentration of buffer species may be selected 

to achieve a desired equilibrium among species in aqueous solution, including the target species 

carbon dioxide.

[0224] Further, the aqueous solution may include a catalyst selected to increase the rate of

absorption of carbon dioxide by the aqueous solution. In an example, carbonic anhydrase is used 

as a catalyst in aqueous solution, at a concentration of 1 — 10 g/L, to increase the rate of absorption 

of carbon dioxide by (or transfer of carbon dioxide to) the aqueous solution.

[0225] In an example, a contactor as described above may be configured to achieve cross

current flow of the gaseous stream through the aqueous solution, thereby facilitating absorption of 

carbon dioxide by the aqueous solution.

[0226] A filter may also be part of a system for capturing atmospheric carbon dioxide as

described above. For example, an ultrafiltration device or other filtration unit selected to separate 

the catalyst from the aqueous solution before further processing the aqueous solution may be 

included. The filter mechanically separates the catalyst from the aqueous stream.

[0227] The aqueous stream, substantially free of catalyst, may then be provided (e.g., flows

or is pumped) to a membrane separation unit (as described above). In the membrane separation
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unit, the aqueous stream is processed to separate the buffer species from the dissolved carbon 

dioxide. This selective separation yields two aqueous stream, with one stream having a greater 

concentration of buffer species the other stream, which has a greater concentration of dissolved 

carbon dioxide.

[0228] The membrane may be an ion exchange membrane. In an example, the ion

exchange membrane is a monovalent anion exchange membrane. The membrane may be used in 

a process such as, for example, electrodialysis, reverse osmosis, ultrafiltration, microfiltration, 

nano-filtration, diffusion dialysis, Donnan dialysis, piczodialysis, pervaporation, or another 

appropriate process.

[0229] After the separation of the carbon dioxide from the buffer species, the aqueous

stream is provided to an optional mixer and returned to the contactor, or simply returned to the 

contactor directly. All or part of the aqueous stream may be optionally provided to a gas stripper 

and subjected to an increased temperature, a decreased pressure, or both, in a temperature swing 

regeneration process, pressure swing regeneration process, or combination thereof, to further shift 

the chemical equilibrium between the dissolved form of the carbon dioxide and the carbon dioxide. 

[0230] Such an atmospheric carbon dioxide capture system can be operated in a continuous

mode, in which multiple aqueous streams are combined and provided to the contactor at the same 

time a carbon dioxide-enriched-gas stream flows from the contactor to the filter. Air or other 

gaseous components may be vented through an outlet of the contactor to the atmosphere or 

collected as a gaseous stream. Accordingly, other implementations are within the scope of the 

following claims.
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WHAT IS CLAIMED IS:

1. A method for reducing a carbon emissions intensity of a fuel, comprising: 

producing a first hydrocarbon fluid;

capturing a carbon dioxide (COz) fluid from the first hydrocarbon fluid production; and 

injecting the captured carbon dioxide into a subterranean zone from one or more wellbores

to enhance a production of a second hydrocarbon fluid from the zone, at least one of the first or 

the second hydrocarbon fluids processeable into a hydrocarbon fuel that comprises a tow carbon 

intensity fuel based, at least in part, on the captured and injected CO2 fluid.

2. The method of claim 1, further comprising sequestering the CO2 in the subterranean

zone.

3. The method of claim 1, further comprising: 

combusting a fuel to heat a treatment fluid; and

injecting the heated treatment fluid from one or more wellbores to enhance the production 

of the first hydrocarbon fluid from the zone.

4. The method of claim 3, further comprising heating water as the treatment fluid in a 

steam generation unit.

5. The method of claim 4, further comprising supplying steam as the heated treatment 

fluid to the at least one of the one or more wellbores.

6. The method of claim 3, further comprising supplying both the heated treatment 

fluid and the captured CO2 into a particular one of the one or more wellbores.

7. The method of claim 3, further comprising processing the produced first 

hydrocarbon fluid into the hydrocarbon fuel that comprises the low carbon intensity fuel based, at 

least in part, on the captured and injected COz fluid,

8. The method of claim 3, wherein the fuel comprises a hydrogen-rich fuel gas.

63



WO 2015/042315 PCT/US2014/056396
20

19
20

03
67

 
18

 Ja
n 

20
19

9. The method of claim 8, wherein the hydrogen-rich fuel gas is produced at a facility 

remote from the one or more wellbores and transported to a combustion facility proximate to the 

one or more wellbores.

10. The method of claim 8, wherein the hydrogen-rich fuel gas is combusted in one or 

more steam generation units proximate to the one or more wellbores, and the treatment fluid 

comprises heated water or steam produced from the one or more steam generation units.

11. The method of claim 9, wherein the facility comprises a steam methane reformer.

12. The method of claim 9, wherein the hydrogen-rich fuel gas produces a byproduct / 

co-product comprising at least one of heat or power at the wellsite location.

13. The method of claim 3, further comprising combusting the fuel in oxygen to heat 

the treatment fluid.

14. The method of claim 13, further comprising receiving the oxygen from an oxygen 

production facility.

15. The method of claim 13, wherein the combustion occurs in one or more steam 

generation units that produce the captured CO2 and water.

16. The method of claim 15, wherein the treatment fluid comprises the water.

17. The method of claim 1, further comprising assigning an emissions credit to at least 

one of the first hydrocarbon fluid or the second hydrocarbon fluid based, at least in part, on the 

captured and injected CChfluid.

18. The method of claim 1, wherein the first hydrocarbon fluid comprises a biofuel.

19. The method of claim 1, wherein producing a first hydrocarbon fluid comprises at 

least one of extracting or upgrading bitumen or heavy oil.

20. The method of claim 19, further comprising producing, from the extracted bitumen 

or heavy oil, the hydrocarbon fuel that comprises the low carbon intensity fuel based on the 

captured and injected CO2 fluid.
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21. The method of claim 1, further comprising:

capturing hydrogen from the first hydrocarbon fluid processing; and

supplying the captured hydrogen to a refining process that produces the hydrocarbon fuel

that comprises the low carbon intensity fuel based, at least in part, on the captured and injected 

CO2 fluid.

22. The method of claim 21, wherein producing a first hydrocarbon fluid comprises a 

steam-methane reforming process.

23. The method of claim 1, further comprising: 

processing a hydrocarbon feedstock; and

producing the first hydrocarbon fluid based on the hydrocarbon feedstock.

24. The method of claim 23, wherein the produced first hydrocarbon fluid comprises 

the low carbon intensity fuel based, at least in part, on the captured and injected CO2 fluid.

25. The method of claim 1, further comprising refining the second hydrocarbon fluid 

into the hydrocarbon fuel that comprises the low carbon intensity fuel based, at least in part, on 

the captured and injected CO2 fluid.

26. A system for reducing a carbon emissions intensity of a fuel, comprising: 

a hydrocarbon production facility to produce a first hydrocarbon fluid;

a carbon dioxide (CO2) enhanced oil recovery system adapted to capture CO? fluid from 

the hydrocarbon production facility and inject the CO2 into one or more wellbores to enhance 

production of a second hydrocarbon fluid from a subterranean zone;

a hydrocarbon fluid production system adapted to produce the second hydrocarbon fluid to 

a surface; and

a hydrocarbon fuel production facility adapted to process at least one of the first or the 

second hydrocarbon fluids into a hydrocarbon fuel that comprises a low carbon intensity fuel 

based, at least in part, on the captured and injected CO2 fluid.

27. The system of claim 26, further comprising a thermal enhanced oil recovery system 

adapted to supply a heated fluid to at least one of the one or more wellbores to enhance production 

of the first hydrocarbon fluid from the subterranean zone.
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28. The system of claim 26, wherein the CO2 is sequestered in the subterranean zone.

29. The system of claim 28, wherein the thermal enhanced oil recovery system is 

adapted to combust fuel in oxygen to heat the treatment fluid, and the thermal enhanced oil 

recovery system comprises a steam generation unit adapted to heat water or supply steam as the 

treatment fluid/

30. The system of claim 29, wherein the thermal enhanced oil recovery system is 

adapted to receive the oxygen from an oxygen production facility.

31. The system of claim 26, wherein the heated treatment fluid and the captured CO2 

are both supplied into a particular wellbore of the one or more wellbores.

32. The system of claim 26, wherein the processing facility comprises a bitumen 

production, processing, or upgrading facility to process bitumen as the first hydrocarbon fluid from 

oil sands.

33. A computer-implemented method for determining a carbon intensity reduction for 

a hydrocarbon, comprising:

determining, with a computing system, a carbon intensity value of a first hydrocarbon 

produced from a process from which a carbon dioxide (CO2) fluid is captured:

determining, with the computing system, a carbon intensity value of a second hydrocarbon 

produced from a subterranean zone into which the captured CO2 fluid is injected;

selecting, with the computing system, one of the carbon intensity value of the first 

hydrocarbon or the carbon intensity value of the second hydrocarbon; and

using the selected carbon intensity value to detennine at least one of a reduced carbon 

intensity value or a carbon intensity reduction based, at least in part, on at least one of the captured 

or injected CO2 fluid, of at least one of the first or second hydrocarbons.

34. The computer-implemented method of claim of claim 33, further comprising 

determining, with the computing system, an estimate of a carbon intensity value of the second 

hydrocarbon produced from the subterranean zone independent of the injected CO2.
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35. The computer-implemented method of claim of claim 34, further comprising 

determining, with the computing system, a difference between the selected carbon intensity value 

and the estimated carbon intensity value.

36. The computer-implemented method of claim of claim 35, wherein using the 

selected carbon intensity value to determine at least one of a reduced carbon intensity value or a 

carbon intensity reduction based, at least in part, on at least one of the captured or injected CO2 

fluid, of at least one of the first or second hydrocarbons comprises determining, with the computing 

system, the reduced carbon intensity value or the carbon intensity reduction based on the 

determined carbon intensity value difference.

37. The computer-implemented method of claim 33, wherein the captured carbon 

dioxide fluid comprises an atmospheric carbon dioxide fluid.

38. The computer-implemented method of claim 33, wherein the injected CO2 and the 

second hydrocarbon are circulated in a particular wellbore of a plurality of wellbores.

39. The computer-implemented method of claim 33, wherein the injected CO2 fluid is 

sequestered in the subterranean zone.

40. The computer-implemented method of claim 33, wherein the injected CO2 fluid 

reduces a viscosity of the second hydrocarbon in the subterranean zone.

4b The computer-implemented method of claim 33, wherein the captured CO2 

comprises an output of a thermal energy source used in producing the first hydrocarbon from the 

subterranean zone.

42. The computer-implemented method of claim 41, wherein the thermal energy source 

comprises a combustion system that produces an injectable heated treatment fluid for reducing a 

viscosity of the first hydrocarbon in the subterranean zone.
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FIG. 9A

Emissions summary lor low Cl hydrocabon prodution using Natural Gas fueled industrial air capture

LCA emissions accounting component Emissions
(gCO2e/MJ)

Well to tank
Atmospheric CO2 capture -56.24 Computed beow, Assumes full 

benefit allocated to transporation 
fuel product

CO2 transportation 1.00 Placeholder value, but variable 
dependongori scale, distance, 
and mode of transport

Crude Recovery 6.93
Crude Transport 1,14
Crude Refining 13.72
Transport 0.36
Total well to tank -33.09
Tank to wheel
Total tank to wheel 72.91
Total well to wheel 39.82

Example of computational algorithm for defining emissions accounting 
credits produced via low Cl hydrocarbon production applied in the context of
a Regulatory Low Carbon Fuel Standard industrial air capture

Algorithm parameters
CO2 sequestered per barrel hydrocarbons produced [tC02e/bbl] 0.5
Hydrocarbon Lower Heating Value [GJ/bbl] 5.5
Conversion factor: MJ per GJ 1000
Total CO2 sequestered [gCO2e/MJ hydrocarbons] 90.91
Atmospheric CO2 sequestered [gCO2e/MJ hydrocarbons] 60.61 Assumes: 0.5 tCO2e captured

Fuel combustion CO2 sequestered [gCO2e/MJ hydrocarbons] 30.30

from NG for every 1 tCO2e 
captured from the atmosphere

Same as above
Fuel combustion emissions to atmosphere [gCO2e/MJ hydrocarbons] 3,37 Assumes 90% fuel combustion

Emissions from upstream fuel supply [gCO2e/MJ hydrocarbons] 1
CO2 capture rate
Placeholder value

Emissions accounting credit for Atmospheric CO2 sequestration 56.24 Computed as Atmospheric CO2
sequestered minus emissions 
from fuel combustion and 
upstream fuel supply
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Emissions summary for low Cl hydrocabon prodution using biomass fueled industrial air capture

Emissions
LCA emissions accounting component

Well to tank
(gCO2e/MJ)

Atmospheric CO2 capture -89.91 Computed below
CO 2 transportation 0.10 Placeholder value, but variable 

dependong on scale, distance, 
and mode of transport

Crude Recovery 6.93
Crude Transport 1.14
Crude Refining L3.72
Transport 0.36
Total well to tank -67.66
Tank to wheel
Total tank to wheel 72.91
Total well to wheel 5.25

Example of computational algorithm for defining emissions accounting credits 
produced via low Cl hydroca'bon production applied in the context of a Regulatory 
Low Carbon Fuel Standard - Biomass fueled industrial air capture

Algorithm parameters
CO? sequestered per barrel hydrocarbons produced [tCO?e/bbl]
Hydrocarbon Lower Heating Value [GJ/bbl]
Conversion factor: MJ per GJ
Total CO2 sequestered [gCO2e/MJ hydrocarbons]
Atmospheric CO2 sequestered from Air capture [gC02e/MJ hydrocarbons]

0.5
5.5

1000
90.91
60.61 Assumes: 0.5 tCO2e captured 

from NG for every 1 tCO2e 
captured from the atmosphere 
which includes energy required 
for CO2 compression

Fuel combustion CO2 from biogenic sources sequestered [gCO2e/MJ hydrocarbons] 30.30 Same as above

Fuel combustion emissions from biogenic sources to atmosphere [gCO2e/MJ 
hydrocarbons]

3.37 Assumes 90% fuel combustion 
CO2 capture rate-does not 
affect total CO2 emissions due 
to biogenic source

Emissions from upstream fuel supply [gC02e/MJ hydrocarbons] 
Emissions accounting credit tor Atmospheric CO2 sequestration

1 Placeholder
89.91 Computed as Atmospheric CO2

from industrial air capture plus 
fuel combustion CO2 from 
biogenic sources sequestered 
minus emissions from fuel 
combustion and upstream fuel 
supply
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Emissions summary For low O hydrocabon prodution using biomass CCS with electricity co-product

LCA emissions accounting component

Well to tank
Atmospheric COZ capture
Atmospheric COZ capture co-product credit
CO2 transportation

Emissions
(gCO2e/MJ)

-89.91 Computed below
-30.30 Computed below
l.CO Placeholder value, but variable

depending on scale, distance, 
and mode of transport

Crude Recovery 
Crude Iransport 
Crude Refining 
Transport 
Total well to tank 
Tank to wheel 
Total tank to wheel 
Total well to wheel

B.53
1.14
13.72
0.36

-97.06

72.91
-24.15

Example of computational algorithm For defining emissions accounting credits produced via low Cl 
hydrocarbon production applied in the context of a Regulatory Low Carbon Fuel Standard - Biomass- 
CCS with electricity co-product

Algorithm parameters
Atmospheric CO2 sequestered
CO2 sequestered per barrel hydrocarbons produced [tC02e/bbl|
Hydrocarbon Lower Heating Value [GJ/bbl|
Conversion factor: Ml per GJ
Total CO2 sequestered - all from biogenic sources [gCO2e/MJ hydrocarbons]
Biomass combustion emissions Io atmosphere [gCO2e/MJ hydrocarbons]

Value Motes

0.5
5.5

1000
90.91
10.10 Assumes 90% fuel combustion 

CO2 capture rate - does not 
affect total COZ emissions due 
to biogenic source

Emissions from upstream fuel supply [gCO2e/MJ hydrocarbons] 1 Assumed
Total credit for atmospheric CO2 sequestered 89.91
Co-product credit
Biomass CO2e produced [g/MJ hydrocarhons] 101.01
Biomass car bun content [mass fraction] 0.50
Biomass burned Ig/MJ hydrocarbons] 55.10 Computed as product of COZe

Biomass heating value (HHV) [kJ/g] 15.00

produced, mass ratio of C:CO2 
(12/44), and inverse of C 
content of biomass

Biomass to electricity conversion efficiency with CCS (HHV basis) 0.20 Includes parasitic loads for CO2

Conversion factor: kJ per kWh 3600.00

compression

Electricity generated [kwb/bbl] 0.05 Computed as the inverse of the

Carbon intensity of electricity generated [gCO2e/kWh] 0

conversion factor multiplied by 
the product of the preceeding 
three factors

Assumes all emissions are

Carbon intensity of conventional electricity displaced [gCO2e/kWh] 660

biogenic and upstream 
emissions of fuel supply are 
accounted for above
Approximate value for US

Total co-product credit [gCO2e/MJ hydrocarbons] 30.Ϊ0

average (in 2005) from an LCFS 
presentation on fuel electricity
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Emissionssummary for low Cl hydrocabon prodution using coal electricity with CCS

LCA emissions accounting component E missions

Well to tank
Atmospheric CO2 capture

jgCO2e/MJ)

0.00 Computed below
Atmospheric CO2 capture co-product credit -75.77 Computed below
CO2 transportation 1.00 Placeholder value, but

Crude Recovery 6,93

variable dependong on 
scale, distance, and 
mode of transport

Crude Transport 1.14
Crude Refini ng 13.72
Transport 0.36
Total well to tank -52.62
Tank to wheel
Total tank to wheel 72.91

Total well to wheel 20.29

Example of computational algorithm for defining emissions accounting credits produced via low Cl 
hydrocarbon production applied in the context of a Regulator Low Carbon Fuel Standard - Biomass- 
CCS with electricity co-product
Algorithm parameters Value Notes
Atmospheric CO2 sequestered
CO2 sequestered per barrel hydrocarbons produced [tCO2e/bbl] 0.5
Hydrocarbon Lower Heating Value [GJ/bbl] 5.5
Conversion factor: MJ perGJ 1000
Total CO2 sequestered - all from fossi1 sources [gCO2e/MJ hydrocarbons] 90.91

Coal combustion emissions to atmosphe-e [gCO2e/MJ nydrocarbons] 10.10 Assumes 90%fuel

Emissions from upstream fuel supply [gCO2e/MJ hydrocarbons] 10

combustion CO2 capture 
rare-does not affect 
total CO2 emissions due 
to biogenic source

Assumed
Total credit for atmospheric CO2 sequestered 0.00 None of the sequestered

Co-product credit
Coal CO2e produced [g/MJ hydrocarbons] 101.01

carbon is from the
atmosphere

Coal carbon content [mass fraction] 0.75
Coal burned [g/MJ hydrocarbons] 36.73 Computed as product of

Coal heating value (HHV) [kJ/g] 29.00

C02e produced, mass 
ratio of C:CO2 (12/44), 
and inverse of C content
of biomass

Coal to electricity conversion efficiency with CCS IHHV basis) 0.27
Conversion factor: kJ per kWh 3600.00
Electricity generated [kWh/bbl] 0.08 Computed as the inverse

Carbon intensity of electricity generated [gCO2e/kWhj 252

of the conversion factor 
multiplied by the 
product of the 
preceeding three factors

Assumes all emissions

Carbon intensity of conventional electricity displaced [gC02e/kWh] 1200

are biogenic and 
upstream emissions of 
fuel supply are 
accou nted for above
Approximate value for

Total co-product credit [gCO2e/MI hydrocarbons] 75.77

coal steam plant from 
an LCFS presentation on 
fuel electricity
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Emissions summary for low Cl hydrocabon pradution using ethanol fermentation offgas

LCA emissions accounting component

Well to tank
Atmospheric CO2 capture
Atmospheric CO2 capture co-product credit 
CO2 transportation

Crude Recovery 
Crude Transport 
Crude Refining 
Transport 
Total well to tank 
lank to wheel 
Total tank to wheel 
Total well to wheel

Emissions
(gCO2e/MJ)

-83.41 Computed below
0.00 Assumed to be zero
1.00 Placeholder value, but

6.93
1.14

13.72
0.36

-60.26

72.91
12.65

variable dependong on scale, 
distance, and mode of 
transport

Example of computational algorithm for defining emissions accounting credits produced via low Cl 
hydrocarbon production applied in the context of a Regulatory Low Carbon Fuel Standard - Ethanol 
fermentation offgas
Algorithm parameters
Atmospheric CO2 sequestered
C02 sequestered per barrel hydrocarbons produced [tCO2e/bbl]
Hydrocarbon Lower Heating Value [GJ/bbl]
Conversion factor: MJ per GJ
Total CO2 sequestered - all from ethanol offgases [gCO2e/MJ hydrocarbons]
Carbon intensity of electricity [gCO2e/kWh]
Electricity required for ethanol offgas compression [kWh/tCO2e]
Fossil C02 emissions from C02 compression [gCO2e/MJ hydrocarbons]

Marginal Emissions from upstream fuel supply [gCO2e/MJ hydrocarhons]

Total credit for atmospheric CO2 sequestered
Co.product credit
Total co-product credit [gCO2e/MJ hydrocarbons]

Value Notes

0.5
5.5

1000
90.91

660.00
125.00

7.50 Assumes zero energy required
for CO2 capture

0 Assumes upstream emissions
are allocated to the ethanol 
production / no change in 
upstream emissions from 
implementing C02 capture

83.41

0.00 Assumed to be zero, as
ethanol plant emissions are 
not affected other than power 
load forC02 compression and 
CO2 sequestration, both 
captured a hove.
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