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Executive Summary

This report is the second in a series of case studies designed to illustrate how a
model carbon accounting system can be put into practice. This case study focuses
on a sustainable aviation fuel (SAF) supply chain based on the alcohol-to-jet (At])
pathway, using a model SAF production facility sited in Great Falls, Montana. In
this scenario, during a specific calendar quarter, a SAF producer supplies an airline
with a blend of 50% conventional jet fuel and 50% SAF. The resulting blended fuel
achieves a net-negative CO, emissions intensity of -1.49 kg CO, per gallon—a 206%
reduction compared to the 1.41 kg CO, per gallon intensity of locally produced
commercial jet fuel. This low emissions intensity reflects the use of low-carbon
feedstocks (ethanol and blue hydrogen) and the purchase of carbon removal credits
to offset the CO2 emissions from electricity purchased from the grid.

In October 2025, the EFI Foundation (EFIF) published a paper titled /ntegrated
Product- and Entity-Level Carbon Accounting, proposing a model ledger-based
CO, emissions accounting system. The proposed system combines the engineering
fundamentals of carbon mass and energy balances with financial accounting
principles. In parallel, EFIF has been conducting a series of case studies to reduce
this model ledger-based system into practice.

The model ledger-based comprehensive CO, accounting system:

e Establishes a ledger-based accounting system, with a ledger for each entity
within a product supply chain that records data on CO, emissions and removals
only once, and transfers the data across ledgers along with materials, fuels,
and products;

® Builds from engineering fundamentals of carbon mass and energy balances
within defined organizational (gate-to-gate) boundaries;

® Records all time-based carbon-related transactions in a dual-sided ledger
of stocks (accumulated within the entity) and flows (entering or leaving the
entity’s boundary) of all forms of carbon (e.g., carbon dioxide, methane,
physical carbon content) following principles derived from generally accepted
accounting principles;

® Allocates CO, emissions among final products, yielding product-level CO,
emissions intensity measures that can be fully integrated into a report of entity-
wide total CO, and other greenhouse gas emissions; and

® Enables a wide variety of reports such as CO, emissions statements and
balance sheets.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)
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The basic concepts of a carbon accounting system have been advanced in a
number of academic studies, with several different variations on how such a
system should be organized. The system described in the October 2025 EFIF report
is based on a dual-sided ledger of stocks and flows. A pioneering study of carbon
accounting by the E-Ledgers Institute, for example, utilizes a ledger organized on
the basis of carbon assets and liabilities. All of these studies, however, have been
largely conceptual with relatively few real-world examples of detailed “reductions
to practice” outside of conceptual illustrations.?*#5:¢ The October 2025 EFIF
report described how a model carbon accounting system could be reduced to
practice, using the production of SAF via the hydroprocessed esters and fatty acids
(HEFA) process. This report provides a description of a case study examining an
alternative pathway to SAF based on the use of ethanol feedstocks converted to SAF
(alcohol to jet, or At]).

This SAF-At] case study is more complex than the SAF-HEFA case study. The SAF-At]
pathway includes a supply chain that incorporates several additional decarbonization
strategies, namely hydrogen production with carbon capture and sequestration
(CCS) and the purchase of verified carbon removal credits from a third party.

Case Study Description

The case study is based on a SAF production facility in Great Falls, Montana.
The SAF product is combined with conventional jet fuel refined in the same
region from Bakken crude oil to create a 50-50 SAF blend that is sold to a
commercial airline customer.

The case study draws data from Sesame One, an industrial decarbonization
platform from Sesame Sustainability that combines emissions modeling, techno-
economic analysis, and system optimization. This study produces detailed mass
and energy balances for an illustrative SAF supply chain. The study assumes five
primary upstream suppliers: a natural gas supplier, an electric utility, an ethanol
producer, a hydrogen producer using autothermal reforming (ATR) with CCS, and a
provider of verified carbon removal credits.

The hydrogen producer receives natural gas and electricity to produce low-carbon
“blue” hydrogen while capturing CO, for permanent storage. The SAF production
facility receives ethanol, blue hydrogen, natural gas, and electricity, converting
these inputs into multiple hydrocarbon products—namely, jet fuel, diesel fuel,
and gasoline—through the At] process. The SAF producer also purchases carbon
removal credits' to offset CO, emissions attributed to the supply of grid electricity.
The produced jet fuel is transported by truck to a blending terminal, where it is
blended with conventional jet fuel before being delivered via pipeline to a nearby
airport and used in flight operations.

i For purposes of the case study, it is assumed that the SAF producer purchases carbon removal
credits that have been verified for additionality and permanence.
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Figure ES-1.

The case study covers an accounting period of one calendar quarter. Over this
period, the SAF producer produces 9 million gallons of SAF, 3 million gallons of
diesel fuel, and 10 million gallons of gasoline, using 37 million gallons of ethanol,
12.33 million cubic feet of natural gas, 1,100 tons of hydrogen, and 7,900 megawatt-
hours of electricity. All of the SAF production is sold for blending with conventional
jet fuel to produce 18 million gallons of a 50-50 SAF blend fuel. It is assumed that
93.3% of the diesel fuel and 94.6% of the gasoline is sold by the end of the calendar
quarter, with the remainder held in product inventory within the SAF producer’s
boundary gate.

Case Study Results

The results of the case study modeling are presented from three perspectives:

1) the carbon mass and energy balances that provide the foundational data for the
accounting ledger; 2) the CO, emissions accounting ledger itself; and 3) reports of
product CO, emissions intensity and total CO, emissions derived from the ledger data.

Carbon Mass and Energy Balances and CO, Emissions:

The Engineer’s Perspective

The process flow diagram, the mass and energy balances, and the resulting CO,
emissions flows are illustrated in Figures ES-1 and ES-2, respectively. Figure ES-1

illustrates the basic steps in the production of conventional jet fuel and SAF from
At], and their blending into a 50-50 mixture.

FULL SUPPLY CHAIN FOR A 50-50 BLEND OF CONVENTIONAL JET AND SAF-ATJ

Feedstock provider

(e.g., oil)

’—> Natural gas —

Oil supplied Conventional jet fuel
to refinery provided to airline

Conventional jet

production (refinery)

Blue H, Diesel, naphtha, LPG

production (50-50 blend)

Airline

Feedstock provider SAF production
(e.g-, natural gas, ethanol) (AtJ plant)
Ethanol supplied SAF provided
to AtJd plant I—» Diesel, gasoline to airline
STEP 1 STEP 2 STEP 3
Attributed emissions Attributed emissions Attributed emissions
+ Direct emissions + Direct emissions

+ Combustion emissions
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Figure ES-2. TOTAL CARBON MASS BALANCE FOR THE SAF-ATJ SUPPLY CHAIN

(DATA FOR ONE OPERATING QUARTER)

O Attributed emissions (tCO,) [0 carbon content (tC) A Direct emissions (tCO,)

) Transported carbon (tCO,)

CARBON SOURCE Ethanol Hydrogen [ Natural gas Electricity [l Carbon removal
SUPPLIERS’ LEDGERS SAF PRODUCER’S LEDGER AIRLINE’S LEDGER
Carbon in supply Carbon transferred Production and E Allocation to Carbon transferred in |
chain provided in from suppliers’ direct emissions 1 product inventory from the producer’s ledger |
to SAF producer ledgers along with : along with purchased jet fuels |
purchased inputs i !
P D i N : ]
I ——— : : (42,997) " 22,366 (42,907) [ 22366 |
j| ranorsupRIer 5 1913 @ 20 1913 @29 5
'| ©(100516) = 57,610 > ©(100,516) | 57,610 (100,516) || 56,472 ! 1,234 @ (1,234) . 1,234 : (1,234)
! : | 1,549 35
; | A 2862 || A 1540 - |
| : i Jet fuel !
\| Hydrogen supplier I Ly PR 4
: : L Carbon in jet fuel
E s o [T @ 4,473 o ! LRI o (14,609) 8,804 provided to airline
! l 650 10
! | 419 -~ 419 (4.38) kgCO,/gal =
''| Natural gas supplier ; ® (419) (39,471) tCO,/9M gallon
! | A 526 SAF product CO,
| @ 69 W 207 — ©® 69 W 207 . ® 69 mo Diesel emissions intensity
! 1
| ' A 758
| : . .
'| Electricity supplier : 42,909 25,302 tDlestehl and gtasollne ar edsff:d
) ! o other customers, and the
. 2885 0 |, - 2885 0 i 2885 0 1,909 ® 29 related transactions are not
! ’ ’ | ’ 1,232 @ (1,232) presented here
. : A 1,545
'| Carbon removal | eERElE
'| @ (2,885) > @ (2,885) @ (2,885)
! ! Part of 31,615 tC (11,581 tC)
""""""""""""""""""""""""" ’ moved to the airline’s ledger
along with jet fuels sold, and
CARBON MASS BALANCE the rest (20,234 tC(?z) moved
to other customers’ ledgers
along with gasoline and
31,615 tC transferred out 31,615 tC transferred into 31,615 tC used 31,615 tC allocated diesel sold. Transportation
of the supplier’s ledgers  of the SAF producer’s ledgers for production to product inventory adds an additional 85 tCO,,
of which 35 tCO, is allocated
O (26,201) [] 57,816 — (O (26,201) [] 57,816 0O(24,857) (156,472 —— (O (24,857) []56,472 —— to SAF tra%sport

Note: kgCO,/gal = kilogram of CO, per gallon; CH, = methane; gCH,/gal = gram of methane per gallon; tC = ton of carbon. Source: EFI Foundation.

Figure ES-2 focuses in detail on the SAF production process. It presents the

complete carbon mass balance, including carbon content and CO, emissions, over

the three-month period of operations.

The CO, emissions data provide a comprehensive picture of CO, emissions

attributed to incoming materials, direct CO, emissions from the SAF production

process, CO, emissions allocated among the final product slate (on the basis

of product energy content), and CO, emissions and product carbon content

transferred from the SAF producer’s ledger to the airline customer’s ledger.
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Note especially that:

e Total flows into and out of the SAF producer are equal. Total carbon (in all
forms) is tracked at each step to a total of 31,615 tons of carbon (tC). This mass
balance is a built-in error-checking step in process engineering that helps
ensure accuracy.

e FEthanol feedstock has a net-negative CO, emissions value based on its biogenic
production cycle. For the purpose of this analysis, it is assumed that the growth
of the corn to produce ethanol removes 213,411 tons of carbon dioxide (tCO,)
from the atmosphere. Processing the corn into 110,600 tons of ethanol and
transporting the ethanol to the SAF producer results in CO, emissions of 112,895
tCO,, leaving a net-negative value of attributed CO, emissions of -100,516 tCO,.

Electricity flows do not contain carbon per se, but electricity does carry with it the
CO, emissions attributed from its generation.”

Ledger-Based Emissions Accounting:
The Accountant’s and Auditor’s Perspective

The carbon mass and energy balance data provide the inputs for the transactions
to be recorded in the SAF producer’s accounting ledger. Tables ES-1 and ES-2
summarize two possible approaches for how the ledger is organized from the
underlying transactions in a manner similar to financial accounting. There are
others in the academic literature as well.

Stocks and flows ledger accounting: The October 2025 EFIF Report described

a two-sided ledger design based on the stocks and flows of all forms of carbon,
including carbon content of materials as well as CO, emissions. This ledger
organizational model aligns the carbon mass and energy balance data to
transactions on the chart of accounts in the ledger. Individual transactions are
recorded on the ledger in double-entry bookkeeping format of debits and credits to
the two sides of the ledger. One side records transactions affecting stocks (i.e., the
level of attributed CO, emissions and carbon content held within the entity) and
the other records transactions affecting flows (i.e., attributed CO, emissions, direct
CO, emissions, and carbon content entering and exiting the entity boundaries).
The ledger then records the allocation of all incoming attributed CO, emissions
and all direct emissions to the slate of the three products. This in turn supports

the calculation of the product CO, emissions intensity for each product that is sold
to customers. A sample CO, ledger, with a high-level summary of transactions, is
shown in Table ES-1 (on next page; the complete ledger is shown in Appendix A).

i For this case study, the CO, emissions attributed to the electricity supply are based on Montana-
specific grid emissions factors projected by the National Renewable Energy Laboratory: 40%
hydroelectric, 34% coal, 22% wind, 4% solar photovoltaic, and 1% natural gas.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)



Table ES-1.

DOUBLE-ENTRY BOOKKEEPING

SUMMARY OF TRANSACTIONS IN STOCKS AND FLOWS FORMAT: CO2 EMISSIONS LEDGER IN

Flows of CO2 emissions (entering and exiting entity

CO, stocks (CO, held within entity) (1CO,) boundaries) (tCO,)

Beginning stocks balance (A) 0 | Beginning flows balance (A) (0]
Stocks added (before production) Flows added (before production)

Attributed CO2 emissions to ethanol supply -100,516 | Attributed CO, emissions transferred in -93,089
Attributed CO, emissions to natural gas supply 69 | Carbon removal credits -2,885
Attributed CO, emissions to electricity supply 2,885

Attributed CO, emissions to hydrogen 4,473

Carbon removal credits -2,885

Subtotal (B) -95,974 | Subtotal (B) -95,974
Stocks added (via production) Flows added (via production)

Attributed, direct CO, emissions and carbon -39,506 | Direct CO, emissions 3,620
removal credits allocated to SAF

Attributed, direct CO, emissions and carbon -13,423 | CO, emissions from transporting products sold 85
removal offsets allocated to diesel fuel (SAF, diesel fuel and gasoline)

Attributed, direct CO, emissions and carbon -39,425

removal offsets allocated to gasoline

CO, emissions from transporting SAF sold to 35

customer

CO, emissions from transporting diesel sold to 13

customer

CO, emissions from transporting gasoline sold to 37

customer

Subtotal (C) -92,269 | Subtotal (C) 3,705
Stocks subtracted Flows subtracted

Attributed CO, emissions to ethanol oil used for -100,516 | SAF sold to customer (100% of production -39,471
production inventory)

Attributed CO, emissions to natural gas used for 69 | Diesel fuel sold to customer (93.3% of production -12,517
production inventory)

Attributed CO, emissions to electricity used for 2,885 | Gasoline sold to customer (94.6% of production -37,278
production inventory)

Attributed CO, emissions to hydrogen used for 4,473

production

Carbon removal offsets allocated to products -2,885

SAF sold to customer (100% of production -39,471

inventory)

Continued on next page
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Flows of CO2 emissions (entering and exiting entity

CO, stocks (CO, held within entity) (1CO,) boundaries) (tCO,)

Diesel fuel sold to customer (93.3% of production -12,517

inventory)

Gasoline sold to customer (94.6% of production -37,278

inventory)

Subtotal (D) -185,240 | Subtotal (D) -89,266
Ending stocks balance (A+B+C-D) -3,003 | Ending net flows (A+B+C-D) -3,003

Note: This case study assumes free on delivery (FOD) terms between the SAF producer and the airline, under which the SAF producer retains ownership and
responsibility for all carbon emissions associated with transporting the product. Accordingly, the emissions from SAF transportation are recorded in the SAF
producer’s ledger.

For each accounting period, such as the three-month period of the case study, the
ledger is kept in balance because changes in the balance of CO, emissions stocks are
equal to the net flow of CO, emissions entering and existing the entity’s boundaries.
Confirming all stock changes equal the net change in flows at the end of a period is a
built-in error-checking step in accounting that helps ensure accuracy.

Note that in the table, the ending balance of -3,003 tCO, represents the total CO,
emissions (attributed and direct) allocated to the diesel and gasoline products
remaining in inventory within the SAF producer’s boundaries at the end of the
accounting period. (This study assumes that 93.3% of the diesel inventory and
94.6% of the gasoline inventory are sold during the accounting period). The
entire production of SAF during this period was sold and thus the CO, emissions
(attributed and direct) allocated to these products are transferred from the SAF
producer’s ledger to the customer’s ledger. A complete listing of each individual
transaction supporting the summary data is provided in Appendix A.

E-asset and E-liability ledger accounting: The October 2025 EFIF report

also described another way to record transactions derived from the E-Ledgers
accounting concept, organized on the basis of E-assets and E-liabilities. In
E-Ledgers, all transactions affecting CO, emissions are recorded as liabilities,

with CO, removals recorded as assets. Transactions are recorded in single-entry
bookkeeping to either the asset or liability side of the ledger. In this system, the
acquisition of ethanol is recorded as an E-asset, since its net-negative attributed CO,
emissions result from net CO, removals from the atmosphere in the corn-growing
process. Attributed CO, emissions associated with incoming natural gas, electricity,
and hydrogen supplies are recorded as E-liabilities. The direct CO, emissions

from SAF production are then added to the E-liability column. The balance of CO,
emissions assets is reduced with the transfer of products and associated CO, to the
ledgers of customers. The ledger transactions are summarized in Table ES-2 (next
page), with a complete ledger provided in Appendix B.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet) xii



Table ES-2.

SUMMARY OF TRANSACTIONS IN FORMAT DERIVED FROM E-LEDGERS INSTITUTE’S

ORGANIZATION OF ASSETS AND LIABILITIES: CO2 EMISSIONS LEDGER WITH SINGLE-ENTRY

BOOKKEEPING

CO, removals (E-assets) (tCO,) CO, E-liabilities (tCO,)

Net CO, removals attributed to ethanol transferred in 100,516 | Attributed CO, emissions to electricity transferred in 2,885
Carbon removal offsets 2,885 | Attributed CO, emissions to natural gas transferred 69
in
Attributed CO, emissions to hydrogen transferred in 4,473
Direct CO, emissions 3,620
Subtotal 103,401 | Subtotal 11,047
CO, allocated to SAF sold 39,506 | CO, emissions from transporting SAF sold to 35
(assuming 42.777%o allocation factor) customer
Net CO, emissions assets transferred to SAF 39,471 | CO, emissions liabilities 11,082
customer
CO, emissions assets allocated to diesel fuel 12,517 | CO, emissions from transport of diesel fuel and 50
transferred to customer ledger gasoline to customers
CO, emissions assets allocated to gasoline 37,278
transferred to customer ledger
Subtotal CO, emissions assets transferred out 89,266
CO, emissions assets balance 14,135 | CO, emissions liabilities balance 11,132
Net CO, emissions asset balance 3,003

Note: This case study assumes free on delivery (FOD) terms between the SAF producer and the airline, under which the SAF producer retains ownership and
responsibility for all carbon emissions associated with transporting the product. Accordingly, the emissions from SAF transportation are recorded in the SAF

producer’s ledger.

The ledger shows a net total of 39,506 tons of CO, removals allocated to the SAF
product. After adjustment of CO, emissions from product transportation, a net total

of 39,471 tons of CO, removals are transferred from the SAF producer’s ledger to

the airline customer’s ledger. A summary of the E-asset and E-liability accounting

for the complete supply chains for SAF and conventional jet fuel, as well as final

transfers to the airline customer, is provided in Appendix B.

Key comparisons: Both ledgers illustrate the transfers of CO, emissions (including

the net CO, emissions resulting from CO, removals) from the ledgers of suppliers

to the SAF producer. Both ledgers also show the allocation of emissions to the SAF

product and the transfer of the resulting total of 39,471 tons of net-negative CO,

emissions from the SAF producer’s ledger to the customer’s ledger. The stocks and

flows ledger records additional detailed transactions, drawing from the detailed

data from the carbon mass balances on the individual sources of attributed CO,

emissions and the conversion of carbon content to CO, emissions. The net balance

of -3,003 tons CO, represents the CO, associated with the unsold inventory of

diesel fuel and gasoline. The stock and flows ledger also provides information on

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)
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carbon content transferred to the airline customer’s ledger with the SAF product
to enable estimation of future CO, emissions product usage. By comparison, the
E-Ledgers accounting shows the net-negative CO, emissions value of 3,003 tons of
CO, is associated with unsold inventory of diesel fuel and gasoline as a net-positive
E-asset. Only CO, emissions are included in the E-liability records. Data on carbon
content of fuels, materials, and products that would allow for reconciliation of the
mass and energy balances are separate.

Flow diagram of all CO, emissions: Figure ES-3 illustrates all sources of CO,
emissions at each stage of the SAF production process. In the figure below, the CO,
emissions data is extracted from the detailed carbon mass and energy balances
displayed in Figure ES-2.

i i SAF production
Electric production 2,885 tCO, } P! sk vl ceniEien 163,850 tCO,

Figure ES-3. ALL STREAMS OF CO2 EMISSIONS DERIVED FROM LEDGER TRANSACTIONS
'd Y
Crude oil Refinery production
. . Conventional
Bakken crude producer transactions Refinery Transactions jet fuel CO, intensity
Crude production 219,032 tCO, Transferred feedstock 226,186 tCO, Total emissions:
~[”| emissions 12,741tCO,
Direct 250,220 tCO Quantity: Airline
irect company , 5 : o
Gas utility amissions 9,000,000 gallons 50% SAF blend
Total emissions 476,406 tCO
Gas utility transactions 2 Pr;c:gﬁiitcyqz Airline transactions
Gas production 7154 1CO, fooons allocation - 1274T1C0z | | 141kaCO/ga1 | | Purchase 9M gal 12,7411CO,
conventional jet fuel GRS 34 e
{ L 5| Purchase 9M gal -39,471tCO,
] Electric utility SAF
| - . Total transferred -26,730 tCO,
: Electric utility transactions emissions
1
1
1

SAF CO; intensity
SAF producer transactions

Total emissions: BALANCE 137,120 tCO,
Gas utiIity Transf_erred feedstock  -95,974 tCO, -39,471tCO,
emissions
- . Quantity:
Gas utility transactions Direct company 3,620 tCO, 9,000,000 gallons
Gas production emissions
o Product CO, Blended SAF CO, intensity
Total emissions -92,354 tCO, intensity: (pre-combu;tion)

-4.39 kgCO,/gal
____________ 4 Conventional jet fuel 12,741 tCO,
SAF -39,471tCO,

Emissions allocation -39,471tCO,

Ethanol to the sold SAF

Ethanol producer transactions
Total pre-combustion -26,730 tCO,

Ethanol production -100,516 tCO, emissions
Quantity 18,000,000 gallons
Product CO, -1.49 kgCO,/gal
Hydrogen intensity
Hydrogen producer transactions
A\ J

Hydrogen production 4,473 tCO,

- -- CO, emissions transferred

Source: Sesame Sustainability.
Carbon removal offsets Y

Offset supplier transactions

Ethanol production -2,885 tCO,
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The figure provides a complete picture of the CO, emissions and removals

attributed to and transferred from suppliers along with supply chain materials,

direct CO, emissions from SAF production, allocation of CO, emissions among

products, and CO, emissions transferred to the ledgers of customers along with final

products. This data provides the basis for all reports on entity-level total emissions

and product CO, emissions intensity metrics described in the next section.

Product CO, Emissions Intensity and Entity Total Emissions
Reports: Management and Policymaker Perspectives

The ledger is technology neutral and agnostic with respect to its application. It

provides a dataset that is universal to a variety of reporting formats and is agnostic

with respect to management or policy applications. Figure ES-3 and Table ES-2,

described below, illustrate several different reporting formats for the CO, emissions

accounting data.

Figure ES-4 illustrates a sample report on product CO, emissions intensities that

could be provided to management and to customers. The product CO, emissions

intensity reports include total CO, emissions as well as a disaggregation of the total

among attributed CO, emissions from the supply chain and direct CO, emissions

Figure ES-4.

PRODUCT CO, EMISSIONS INTENSITY REPORTS DERIVED FROM THE LEDGER

Jet fuel producer

Conventional jet fuel CO, intensity

Direct, entity-specific CO, emissions: 0.55 kgCO,/gal

Feedstock CO,
ledgers:

ferred from suppliers’

Raw materials:
Energy (gas +electricity)

0.84 kgCO,/gal
0.02 kgCO,/gal

Product CO, emissions intensity: 1.41 kgCO,/gal

* Emissions intensity reports on other refinery
products (gasoline, diesel etc.) are not shown

Note: kgCO,/gal = kilogram
of carbon dioxide per gallon

Source: Sesame Sustainability.

SAF producer 100%

SAF CO; intensity

Direct, entity-specific CO, emissions: 0.17 kgCO,/gal

Feedstock CO, ferred from iers’

ledgers:

Raw materials: -4.56 kgCO,/gal
Energy (gas +electricity) 0.147 kgCO,/gal
Offsets -0.14 kgCO,/gal

Product CO, emissions intensity: -4.38 kgCO,/gal

Diesel CO, intensity

Direct, entity-specific CO, emissions: 0.16 kgCO,/gal

Feedstock CO,
ledgers:

red from iers’

PP

Raw materials: -4.34 kgCO,/gal
Energy (gas +electricity) 0.137 kgCO,/gal
Offsets -0.13 kgCO,/gal

Product CO, emissions intensity: -4.17 kgCO,/gal

Gasiline CO, intensity

Direct, entity-specific CO, emissions: 0.15 kgCO,/gal

Feedstock CO,
ledgers:

ferred from iers’

Raw materials:
Energy (gas +electricity)
Energy (gas +electricity)

-3.88 kgCO,/gal
0124 kgCO,/gal
-0.12 kgCO,/gal

-3.73 kgCO,/gal

Product CO, emissions intensity:
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SAF producer (blend)
SAF blend (50:50) CO, intensity

Direct, entity-specific CO, emissions: 0.36 kgCO,/gal

Feedstock CO, emissions transferred from suppliers’
ledgers:

Raw materials: -1.86 kgCO,/gal
Energy (gas +electricity) 0.084 kgCO,/gal
Offsets -0.07 kgCO,/gal

Product CO, emissions intensity: -1.49 kgCO,/gal
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intensities from production of final products—conventional jet fuel, SAF (and its

byproducts), and the resulting SAF blend. The resulting product CO, emission

intensities show that a 50-50 SAF blend reduces the CO, emissions intensity by 206%

relative to conventional jet fuel.

Complete and transparent reports of CO, emissions intensity provide important

information to both the SAF producer as well as the airline customer. For the

airline customer, the product CO, emissions intensity report provides the data

needed to support its own strategic planning and marketing objectives, including its

willingness to pay for lower-carbon differentiated products. For the SAF producer,

the product CO, emissions intensity provides a key performance indicator to

identify and assess opportunities to reduce product CO, emissions intensity through

the implementation of additional decarbonization strategies. These could include,

for example, purchase of lower CO, emissions intensity feedstocks or electricity, or

abatement of CO, emissions generated from the SAF production process.

Table ES-3 provides a sample comprehensive CO, emissions statement of direct CO,

emissions by the SAF producer, CO, emissions attributed to energy and materials

supply chains (and transferred from supplier ledgers), as well as the allocation of

the entity-level totals to products.

Table ES-3. SAF PRODUCER’S ENTITY-LEVEL AND PRODUCT-LEVEL TOTAL CO, EMISSIONS REPORT
Emissions category Value Allocation rate
Direct CO, Direct CO, emissions allocated to SAF product 1,549 tCO, 42.8%
emissions
Direct CO, emissions allocated to diesel product 526 tCO, 14.5%
Direct CO, emissions allocated to gasoline product 1,545 tCO, 42.7%
Total entity-level direct CO, emissions 3,620 tCO, 100%
Attributed CO, Attributed CO, emissions allocated to SAF product -41,055 tCO, 42.8%
emissions
Attributed CO, emissions allocated to diesel product -13,949 tCO, 14.5%
Attributed CO, emissions allocated to gasoline product -40,970 tCO, 42.7%
Total entity-level attributed CO, emissions -95,974 tCO, 100%
Transport CO, CO, emissions from transporting SAF to customer 35tCO,
emissions
CO, emissions from transporting diesel to customer 13 tCO,
Actual value
CO, emissions from transporting gasoline to customer 37 tCO,
Total entity-level transport CO, emissions 85tCO,
Total CO, Total CO, emissions allocated to SAF product -39,471tCO, N/A
emissions
(direct CO,, Total CO, emissions allocated to diesel product -13,410 tCO, N/A
attributed CO,, . .
and transport CO, Total CO, emissions allocated to gasoline product -39,388 tCO, N/A
emissions) Total entity-level CO, emissions -92,269 tCO, N/A
Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet) xvi



The sample comprehensive CO, emissions report provides a complete record of
total emissions, with no gaps in coverage, along with complete and transparent
allocation of CO, emissions among products. The ability to record CO, emissions
only once and transfer the CO, emissions from the ledgers of the suppliers to

the SAF producer, and ultimately to the customer, avoids any inadvertent double
counting of CO, emissions. It also includes built-in error checking to support
accuracy and provides a complete and transparent record to facilitate third-party
verification to ensure completeness of the report and protect against gaps or errors
in the allocation of entity-level CO, emissions among individual products.

Comparison of Product-Level CO, Emissions
Intensities Among Alternative SAF Pathways

Table ES-4 compares the product carbon emissions intensity of SAF via AtJ
(developed in this case study), SAF via HEFA (from the initial EFIF case study), and
conventional jet fuel (also from the initial case study). Users of this information—
including investors, policymakers, and customers—can readily compare product CO,
emissions intensity data across the supply chains and production processes for the
two SAF products, how they compare with conventional jet fuel, and the resulting
CO, emissions intensity for 50-50 SAF fuel blends. For instance, the data captures
the impact of CCS: Applying CCS reduces the CO, intensity of SAF via At] from
-3.96 kilograms of CO, per gallon (kgCO,/gal) to -4.38 kgCO,/gal, bringing it close to
the level of SAF via HEFA. Because all carbon intensities are calculated using the
same ledger-based accounting methodology, the results are directly comparable.

Table ES-4. PRODUCT CO, EMISSIONS INTENSITY FOR SAF, CONVENTIONAL JET FUEL, AND SAF BLEND
Conventional SAF-AtJ SAF-HEFA
jet fuel SAF-ATJ SAF-HEFA 50-50 blend 50-50 blend
(kgCO,/gal) (kgCO,/gal) (kgCO_/gal) (kgCO /gal) (kgCO /gal)
Emissions from raw material 0.84 (4.56) (7.01) (1.86) (3.08)
production and transport
Emissions from electricity use - 0.14 0.06 0.07 0.03
Emissions from fuel combustion 0.55 0.59 2.28 0.57 1.41
Emissions from fuel production and 0.02 0.003 0.16 0.01 0.09
transport
Emissions from transport of products 0.004 0.004 0.004 0.004 0.004
Emissions abated via CCS - (0.42) - (0.21) 0
Carbon offsets used - (0.14) - (0.07) 0
Product CO, emissions intensity 1.41 (4.38) (4.50) (1.49) (1.54)
(cradle to gate)
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I. Introduction

This case study illustrates how a comprehensive product- and entity-level, ledger-
based carbon accounting system operates in practice, using a hypothetical
sustainable aviation fuel (SAF) supply chain centered around a model alcohol-to-jet
(AtJ) production facility. The system represents a fundamental shift from current
carbon reporting methods by applying established financial accounting principles
already used by entities today to achieve rigorous carbon accounting.

SAF is one of the most viable near-term options to decarbonize the aviation sector, as
alternative technologies—such as hydrogen- or electricity-powered planes—are not
yet technologically mature. In the United States, aviation accounts for about 3% of
total greenhouse gas (GHG) emissions. With U.S. air travel growing at an annual rate
of 2%-3%, aviation-related emissions are projected to nearly double by 2050 without
significant decarbonization efforts.” Globally, emissions from international aviation
are expected to more than double by 2050 without additional policies or actions.®

SAF is not scaling rapidly because of a range of challenges, including high
production costs, limited infrastructure, and uncertain long-term demand for
this lower-emission alternative. The United States has supported SAF production
through federal tax credits, the Renewable Fuel Standard (RFS), and state-level
incentives. However, these efforts have been hampered by the absence of a unified
carbon accounting standard to accurately measure the carbon intensity (CI) of
different SAF pathways. For example, efforts to determine SAF CI values under
the clean fuel production credit (Section 45Z) have revealed differing stakeholder
opinions on the appropriate models and methodologies to use. In addition, airline
customers need reliable CI data to justify paying a premium for SAF-fueled flights.
For these reasons, establishing a standardized carbon accounting framework for
SAF is essential to unlocking demand, ensuring policy consistency, and enabling
market growth.

At its core, ledger-based carbon accounting treats carbon like financial
accounting treats money—every transaction is recorded, transfers between
entities are tracked, and complete balances are maintained. Carbon ledgers track
carbon flows through emissions by species—carbon dioxide (CO,), methane (CH,),
carbon monoxide (CO), volatile organic compounds (VOCs)—and carbon content
(future emissions potential).

The key innovation in this new model is the carbon ledger itself: a systematic,
transaction-based record that captures all carbon movements within defined entity
boundaries and time periods. Unlike current GHG inventories, the ledger approach
requires actual tracking of carbon as it is transferred from supplier to producer to

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)




customer. This creates an unbroken chain of custody and accountability throughout
the supply chain. The elegance of this ledger-based innovation is that it parallels
how businesses record financial transactions today, and can therefore scale by
building on existing enterprise systems for recording transactions.

This case study demonstrates these concepts, showing how:

e Each entity in the AtJ-SAF supply chain maintains its own carbon ledger with a
chart of accounts

® Carbon is “transferred” between entities at delivery points under free on
delivery (FOD) terms'

® Both physical carbon content and attributed carbon emissions by species
(CO,, CH,, CO, VOCs) are tracked in parallel

® Mass balance and ledger-based accounting principles ensure all carbon is
accounted for without gaps or double counting

® Product-level carbon intensities and entity-level emissions emerge directly from
the ledger entries

The implementation follows the eight core principles of carbon accounting,
outlined in the EFI Foundation report Framework for a Comprehensive New
Product- and Entity-Level, Ledger-Based Carbon Accounting System.

The principals are: accuracy (using verified emissions factors), completeness
(tracking all carbon sources), transparency (providing detailed documentation),
comparability (applying consistent methods), relevance (including all material
flows), materiality (focusing on significant impacts), unbiasedness (using neutral
data sources), and verifiability (creating transparent and accurate records).?

By walking through actual ledger entries, carbon transfers, and allocation
methods, this case study bridges the gap between the theoretical framework and
practical implementation, demonstrating how ledger-based carbon accounting can
provide the foundation required for emerging carbon-differentiated commodities
and products.

iii Under FOD terms, the selling entity retains ownership and responsibility for all carbon emissions
associated with a product—including production, processing, and transportation—until physical
delivery at the buyer’s location. This ensures clear carbon accountability boundaries: The seller
owns all upstream emissions until the moment of delivery, at which point both the physical product
and its accumulated carbon footprint transfer to the buyer.
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II. Production Pathway Overview
and Supply Chain

This case study examines an SAF supply chain centered on a hypothetical alcohol-
to-jet (At]) production facility in Great Falls, Montana—a location representative of
regions where SAF production naturally emerges at the intersection of agricultural
feedstock supplies, natural gas resources, and existing energy infrastructure.
While the facility configuration is hypothetical, all technical parameters,
conversion efficiencies, and carbon intensity values are derived from authoritative
sources including Argonne National Laboratory’s GREET model pathways,"

U.S. Environmental Protection Agency (EPA) Emissions & Generation Resource
Integrated Database (eGRID) data for regional electricity emissions, and peer-
reviewed literature on At]J process performance. The supply chain encompasses
multiple entities across the value chain, from agricultural feedstock producers

to utilities to a dedicated hydrogen production facility with carbon capture. The
system demonstrates the flow of carbon emissions and physical materials through a
multi-entity network under FOD accounting terms.

The case study sources carbon intensity values for primary feedstocks and energy
inputs from established life cycle assessment databases to ensure consistency with
standard industry practices. In actual implementation, carbon intensities would be
obtained directly from supplier-specific product carbon footprint data or supplier
environmental product declarations. This case study uses literature-based values
from established databases for demonstration purposes.

The case study assumes five primary upstream suppliers providing essential
inputs from distinct geographic locations (see Figure 1). Natural gas is assumed
to originate from the Williston Basin in northeastern Montana, the region’s
primary extraction hub, and travel via pipeline to both the hydrogen production
facility and the SAF facility. Ethanol feedstock is sourced from a corn ethanol
plant in the Midwest and transported by rail to the production site. A regional
electric utility supplies grid power to both the hydrogen producer and SAF
facility operations. The hydrogen producer operates an autothermal reforming
(ATR) facility with carbon capture, converting natural gas into low-carbon “blue”
hydrogen while capturing CO, for transfer to a CO, injection facility (e.g., Class
VI well). The blue hydrogen is delivered via dedicated pipeline to the SAF facility.
Additionally, the SAF producer purchases carbon removals to offset emissions
associated with grid electricity consumption. The materials flow to the central
SAF production facility, which converts raw inputs into multiple hydrocarbon

iv Greenhouse gases, Regulated Emissions, and Energy use in Technologies (GREET) is a life cycle
analysis to assess the environmental impacts of technologies, fuels, products, and energy systems.
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products through the AtJ process, producing jet fuel, diesel, and gasoline as
primary outputs. The jet fuel is transported by truck to a blending terminal
before being sold to airline customers.

The integrated supply chain structure creates multiple emissions transfer points
where responsibility shifts between entities. Each supplier maintains its own gate-
to-gate accountability (including cradle-to-gate coverage from its sub-tier suppliers)
for its products before transfer to downstream customers, with carbon emissions
tracked by individual species throughout. The hydrogen producer receives natural
gas and electricity, as well as their associated carbon footprints by species, then
transfers blue hydrogen, with its significantly reduced carbon intensity, to the SAF
producer. The SAF producer receives both physical materials and their associated
carbon footprints by species from all upstream suppliers, accounting for these
inherited emissions plus its own gate-to-gate operational emissions. The airline
customer represents the final link in the chain, receiving jet fuel with its full cradle-
to-gate carbon footprint by species and managing final distribution and combustion
emissions during flight operations.

Figure 1. OVERVIEW OF FUEL SUPPLY CHAINS AND ENTITY LEDGER RELATIONSHIPS

A Direct emissions

Carbon removals

Jet fuel
Ethanol
c 4O SAF production Diesel
Electric utility ,—> apture 2
Blue H, H, to other
production customers
Gasoline

Natural gas

utility

Source: Sesame Sustainability.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)



System Boundaries and Accounting Entity Structure

The carbon accounting framework recognizes six distinct entities with specific
responsibilities, with the exact number depending on supply chain configuration.
In this case study, feedstock suppliers (ethanol producers, natural gas suppliers, and
electric utilities) own carbon associated with their respective production processes,
including captured and stored biogenic carbon, upstream extraction/processing
emissions, and direct land use change emissions'. The hydrogen producer
accounts for natural gas reforming emissions, electricity consumption, and CO,
capture operations by species, with captured carbon creating negative emissions
transfers. The SAF production facility accounts for direct processing emissions

by species plus transferred upstream emissions from all feedstock suppliers. The
carbon removals provider transfers credits that offset grid emissions by species.
Distribution operations from the SAF facility gate onward are excluded from this
case study’s scope. Airline blending operations and conventional jet fuel production
pathways are not detailed here, as these components are comprehensively
addressed in the companion HEFA case study.

Emissions transfers occur at delivery points, consistent with financial transactions,
with the free on delivery structure ensuring transportation emissions remain

with the supplying entity until transfer of custody. Under FOD terms, the seller
retains ownership and responsibility for goods—including associated emissions

by species—until delivery at the buyer’s location. This means transportation
emissions are attributed to the upstream entity delivering the product. Key
transportation segments include natural gas pipeline transport to both the SAF and
blue hydrogen facilities (gas utility is responsible), ethanol rail transport to the At]
facility (ethanol producer is responsible), hydrogen pipeline transport from the
ATR facility to the SAF plant (hydrogen producer is responsible), and jet fuel truck
transport to the blending terminal (SAF producer is responsible).

SAF Producer Feedstock and Supplier Relationships

The SAF producer has established supply agreements with multiple upstream entities
to secure the critical inputs required for AtJ processing. Each upstream entity reports
full cradle-to-gate emissions by species (CO,, CH,, CO, VOCs) for its delivered products:

Ethanol supplier: The facility sources ethanol feedstock from agricultural
commodity suppliers. The ethanol supplier reports comprehensive cradle-to-gate
emissions by consolidating carbon data received from its upstream suppliers,

v The ethanol carbon intensity value includes direct land use change (DLUC) emissions but excludes
indirect land use change (ILUC) effects. While ILUC is not included in this analysis—consistent
with the gate-to-gate boundary principle where each entity accounts only for emissions within
its operational control—we acknowledge that some SAF emissions quantification schemes (e.g.,
Carbon Offsetting and Reduction Scheme for International Aviation, R&D GREET) do incorporate
ILUC factors. However, under carbon accounting—following an attributional approach with a gate-
to-gate boundary—ILUC emissions are excluded because they lie outside the boundaries of any
individual entity in the supply chain and are consequential emissions—indirect impact evaluated
against a counterfactual baseline. Since the comprehensive carbon accounting system follows an
attributional approach with a gate-to-gate boundary, ILUC emissions—being outside the boundaries
of any individual entity in the supply chain,as well as consequential emissions—are excluded.
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including farmers and agricultural input providers. The reported carbon intensity
for ethanol includes biogenic carbon sequestration during crop growth, where
growing plants remove CO, from the atmosphere. This cradle-to-gate assessment
encompasses all agricultural operations, fermentation, distillation, and rail
transportation to the facility gate.

Natural gas supplier: The Natural natural gas provider delivers fuel via pipeline
infrastructure to the SAF facility. The suppliers report supplier reports full
cradle-to-gate emissions by species, covering upstream extraction, processing,
pipeline transportation, and delivery to the facility. Natural gas serves as the
primary energy source for process heat and steam generation required for the AtJ
conversion process.

Electricity supplier: The regional utility provides grid electricity to power facility
operations. The reported carbon intensity by species reflects the full cradle-to-
gate emissions from the utility’s generation portfolio, including fuel extraction,
processing, transportation, power generation, and transmission and distribution.

Blue hydrogen producer: The hydrogen producer operates an ATR facility with
carbon capture and sequestration (CCS), converting natural gas into low-carbon
blue hydrogen while capturing CO, for transfer to a CO, injection facility for
permanent sequestration. The blue hydrogen is delivered via dedicated pipeline to
the SAF facility. The reported carbon intensity by species reflects the net process
emissions after accounting for permanent CO, sequestration, including natural
gas reforming and electricity consumption for compression and capture systems.
The emissions reduction benefits from CCS are only recognized in the hydrogen’s
carbon intensity after sequestration verification at the injection facility.

Carbon removal provider: The SAF producer purchases carbon removals to offset
operational emissions by species. These removals refer to legacy carbon emissions
removed from the environment (atmosphere, fresh water, oceans, and fixed in soils
and biological systems), either within or outside the reporting entity’s boundaries,
through a hybrid of technological/natural processes that can be substantiated
through measurement, monitoring, reporting, and verification (MMRV) techniques.

SAF Production Process

The alcohol-to-jet (At]) process converts ethanol into aviation fuel and other
valuable hydrocarbons through three main chemical processes: dehydration,
oligomerization, and hydrogenation. In the dehydration stage, ethanol is heated
in the presence of a catalyst to remove water molecules, converting it to ethylene
(C2H4). The dehydration reaction is endothermic, requiring significant heat input
from natural gas combustion.

Following dehydration, the ethylene undergoes oligomerization, where molecules

are combined in the presence of a catalyst to produce a wide distribution of larger
hydrocarbon molecules ranging from C4 to C18. This step builds the carbon chain
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lengths necessary for transportation fuels. The oligomerization process yields various

hydrocarbon fractions that will ultimately be separated into distinct fuel products.

The oligomerized products then undergo hydrogenation, where they are treated with
hydrogen gas in the presence of a catalyst. This step saturates any remaining double
bonds and removes trace oxygenates, ensuring the final products meet stringent fuel
specifications. The blue hydrogen supplied via pipeline from the producer provides
the necessary hydrogen for these hydroprocessing reactions. The fully processed
stream is then separated through fractionation into three primary products: jet fuel
(C,-C,, fraction), diesel (C -C, fraction), and gasoline (C,-C , fraction).

Natural gas combustion provides the process heat required throughout the

SAF facility, particularly for the energy-intensive dehydration step and product
separation systems. Upstream and direct emissions are allocated among the three
co-products via energy-based allocation.” The same allocation factors apply to each
emissions species (CO,, CH,, CO, VOCs) separately, ensuring consistent treatment
across the carbon ledger.

For this quarterly accounting period, the SAF producer sells all its jet fuel output
to a single airline customer, while also selling portions of its sustainable diesel and
gasoline to other customers not detailed here. The remaining unsold products and
their attributed carbon emissions stay on the SAF producer’s ledger as inventory
until future sale. This demonstrates how the ledger framework tracks both product
transfers to customers and retained inventory positions.

vi Energy-based allocation assigns emissions proportionally based on the energy content (lower
heating value) of each co-product. This approach is appropriate for fuel products where the primary
value derives from combustion energy. For AtJ processing, jet fuel, diesel, and gasoline each receive
emissions proportional to their share of total energy output. Alternative allocation methods include
mass-based allocation (appropriate for non-energy commodities where physical quantity drives
value) or economic allocation (based on market prices). The chosen allocation method significantly
impacts calculated carbon intensities and must be clearly documented for accounting transparency.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet) 7



Blue Hydrogen Producer Operations

The hydrogen producer operates as a critical intermediate entity in the supply
chain, transforming natural gas into low-carbon hydrogen through autothermal
reforming (ATR) with carbon capture and sequestration. The facility in this case
study receives natural gas via pipeline from the Williston Basin and grid electricity
from the regional utility. The ATR process produces hydrogen while capturing
approximately 95% of the CO, generated during reforming operations.

For this case study, all captured CO, is compressed, liquefied, and transported

via pipeline to a CO, injection facility for permanent sequestration. The ledger-
based accounting framework tracks this CCS process in three distinct steps: (1)
captured CO, is recorded as direct emissions alongside released emissions; (2) when
the captured CO, is transferred to the injection facility, it is recorded as carbon
transferred out for sequestration, and the direct emissions are reduced accordingly;
and (3) only after sequestration is verified at the injection facility are the net direct
emissions (gross emissions minus sequestered emissions) allocated to the hydrogen
product. This sequential approach ensures that the carbon abatement benefits of CCS
are recognized in the product’s carbon intensity only once sequestration is verified.

The facility delivers blue hydrogen via dedicated pipeline infrastructure to multiple
customers. Only a small fraction of the hydrogen production is sold to the SAF
facility tracked in this case study, with the majority sold to other customers and

a small portion remaining in inventory. Section V will present complete carbon
accounting entries showing how carbon capture creates negative emissions flows
and how these benefits transfer downstream to the SAF producer.
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III. Sesame Modeling Engine

Sesame Sustainability’s Sesame One industrial decarbonization platform combines
emissions modeling based on life cycle analysis, techno-economic analysis, and
system optimization into a single, consistent platform. The technology integrates
plant-level information with rich databases and flexible first-principles models

to capture key technical, economic, and regulatory considerations across energy
transition investments.

Sesame employs a comprehensive bottom-up molecular accounting approach to resolve
mass and energy balances across the At] pathway, transport systems, and emissions
tracking. This modeling framework provides the analytical foundation for the carbon
accounting demonstrated in this case study through two integrated components:

Mass and Energy Balance Resolution

The primary balance calculations resolve fundamental process relationships

across the SAF production system. For the At] facility, the model calculates

feed and product rates based on reaction stoichiometry and thermal efficiency
parameters, with reaction yield and product recovery parameters dictating net
process conversion from ethanol feedstock to jet fuel, diesel, and gasoline products.
The system tracks hydrogen consumption requirements from the blue hydrogen
supplier and natural gas utilization for process heat generation.

For the hydrogen production facility, the model resolves natural gas feed rates,
steam requirements, and hydrogen yields through the ATR process, while tracking
CO, generation and capture rates. The mass balance accounts for the 95% capture
efficiency, with captured CO, routed to sequestration and the remaining 5% released
as facility emissions.

Transport models incorporate the spatial logistics demonstrated in this case
study, including natural gas pipeline transport to the SAF and blue hydrogen
facilities, ethanol rail transport, hydrogen pipeline delivery, and downstream fuel
distribution. The framework includes energy intensity calculations and process
combustion tracking for each transport mode, ensuring comprehensive coverage
of transport-related emissions. The models account for product loss and recovery
balances across these transport segments, ensuring mass balance closure from
feedstock origins to final delivery points.

Closed mass balances are critical for entity-level carbon accounting, ensuring
a majority of carbon atoms are tracked throughout the process and preventing
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discrepancies or double counting between input and output streams. This first-
principles approach enables confident emissions calculations and accurate carbon
allocation across co-products, precisely tracking how ethanol carbon is distributed
among jet fuel, diesel, and gasoline outputs, and how hydrogen production
emissions are allocated across multiple customers.

Greenhouse Gas Emissions Tracking

Sesame One tracks multiple emissions species throughout the supply chain,
including carbon dioxide (CO,), methane (CH,), carbon monoxide (CO), nitrous
oxide (N,0), sulfur oxides (SO,), and volatile organic compounds (VOCs). For this
carbon accounting case study, we focus specifically on carbon-containing species,
calculating direct emissions from the production of sustainable jet fuel and natural
gas combustion in process heating and ATR processes, with carbon balances closed
via carbon mass accounting for all hydrocarbon fuels. The system applies emissions
factors based on specific technologies, drawing from authoritative sources
including Argonne National Laboratory data.

Carbon-containing emissions species are tracked individually by species (CO,,

CH,, CO, VOGs) with their carbon mass equivalents calculated—using carbon mass
ratios, not global warming potentials—enabling the mass balance closure approach
demonstrated in the physical carbon content calculations. This ensures that
constituent emissions from sources like methane leakage are properly accounted
for by species in carbon mass-equivalent terms for comprehensive emissions
reporting and consistent accounting framework application. The framework tracks
carbon whether emitted as CO,, leaked as methane, or embedded in products,
maintaining carbon atom accountability throughout the system.

Carbon Accounting Framework: Sustainable Aviation Fuel (Alcohol to Jet)




IV. Case Study Inputs
and Assumptions

This section presents the key parameters, data sources, and methodological
assumptions used in the life cycle carbon assessment model.

Feedstock Carbon Intensities

The following table presents attributed emissions by species (well-to-gate emissions
already released during production) for each feedstock. Diesel carbon intensity
utilizes the GREET 2024 well-to-pump standard pathway result reported in CO, mass
equivalent terms, applied for both locomotive and truck transportation modes.
Natural gas carbon intensity follows the GREET 2024 well-to-gate pathway for
conventional natural gas up to the pipeline delivery point, also reported in CO, mass
equivalent terms (CO,e). Electricity carbon intensity is based on Montana-specific
grid emissions factors, derived from National Renewable Energy Laboratory (NREL)
projections. This value is assumed for all processes using electricity throughout the
supply chain. Ethanol upstream emissions include the emissions from fertilizer
use, farming and harvesting equipment for corn cultivation, and fermentation and
distillation processes, while also accounting for biogenic carbon sequestration
during corn growth, where atmospheric CO, is captured and stored in plant biomass.

Table 1. CARBON EMISSIONS INTENSITY BY INPUT

Product carbon emissions intensity

Feedstock/fuel (cradle to gate) Source(s) Details
Electricity ® 363.81grams (g) of CO,/ Argonne GREET 2024 “wall outlet,” or point of use,
kilowatt-hour (kWh) GREET emissions at user site. Montana grid mix
model, derived from NREL Standard Scenarios
¢ 0.59gCH,/kWh 20241 2023 Mid-case for 2024: 40% hydroelectric,
e 0.12 gCO/kWh 34% coal, 22% wind, 4% solar

photovoltaic, and 1% natural gas. Includes

¢ 0.03gvOC/kWh upstream and direct emissions.

Natural gas ® 4.53 gCO,/megajoule (MJ) Argonne Standard North American natural
GREET gas pathway (75% shale gas,
¢ 0.11gCH/MJ model, 259%0 conventional). Well-to-gate emissions
e (0.01gCO/MJ 2024 include extraction and processing. Combined

methane leakage rate of 0.48% across

¢ 0.01gvOC/MJ recovery/processing.

Continued on next page



Product carbon emissions intensity

Feedstock/fuel (cradle to gate) Source(s) Details
Ethanol ® -921gCO,/kilogram (kg) Argonne Includes farming, ethanol extraction, and
e (-1,930 g/kg for biogenic carbon, GREET DLUQ of 0.1345 kgCO,e/kg ethanol. ILUC not
; model, considered.
1,009 g/kg for farming, DLUC,
. 2024
and processing)
e 217 gCH,/kg
e 1.08 gCO/kg
e 1.04 gVOC/kg
Diesel e 12.01gCO,/MJ Argonne Standard pathway of well to distribution gate.
GREET
e 0.10 gCH,/MJ modal;
e 0.01gCO/MJ 2024
e 0.01gvOC/MJ

Transportation Parameters and Modeled Carbon
Intensities

Transportation carbon intensities are calculated using energy consumption and
operational characteristics of each transport mode. For the At] pathway, ethanol
rail transport uses a diesel-powered locomotive with an energy intensity of

273 British thermal units per ton per mile (Btu/ton-mile), or 179 kilojoules per

ton per kilometer (kJ/ton-km), over a 500-mile distance from ethanol production
facilities to the AtJ facility. Heavy-duty truck transport for all At] product deliveries
(jet fuel, diesel, and gasoline) employs diesel fuel with a fuel economy of miles
per gallon, carrying a 25-ton payload over a 20-mile distance from the At] facility
to customer delivery points, with back-haul trip emissions excluded. Natural gas
(NG) pipeline transport operates over a 300-mile distance to both the hydrogen
producer and At] facility with an energy intensity of 1.64 Btu/kgNG-mile, utilizing
98% natural gas fuel share (balanced by electricity) with methane leakage rates of
0.26% per 680 miles. Hydrogen pipeline transport from the ATR facility to the AtJ
facility covers 200 miles with an energy intensity of 4.59 Btu/kgH,-mile, using 100%
electricity for pipeline delivery and compression to bring hydrogen up to a 70-bar
transport pressure, with 95% electric motor efficiency. The same distance and
parameters are assumed for hydrogen deliveries to other customers. All transport
carbon intensities include well-to-pump emissions for diesel fuel and well-to-

gate emissions for natural gas, consistent with the lifecycle boundary definitions
applied to feedstock carbon intensity calculations.
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Table 2. CARBON EMISSIONS INTENSITY BY TRANSPORT MODE

Transport mode

Distance

Product carbon emissions intensity

(cradle-to-gate)

I ET

Natural gas pipeline 300 miles ® 276 kgCO,/ton Pipeline energy intensity and leakage rate
(mi) consistent with GREET default (Argonne
rE2E ¢ 1.3kgCH,/ton GREET model, 2024)
- ® 348 gCO/ton
kilometers
(km) ® 65 gVOC/ton
Hydrogen gas pipeline 200 mi ® 98.4 kgCO,/ton Pipeline energy intensity consistent with
GREET default (Argonne GREET model,
321.9 km ® 159 gCH,/ton 2024)
® 32 gCO/ton
® 9 gVOC/ton
Ethanol rail transport 500 mi e 12.4 kgCO,/ton Railcar energy intensity consistent with
GREET default (Argonne GREET model,
804.7 km ® 16 gCH,/ton 2024)
e 8gCO/ton
® 5 gVOC/ton
AtJ products to 20 mi ® 1.3 kgCO,/ton Payload and fuel economy consistent with
customers 329 km e 1.6 gCH,/ton GREET pathways (Argonne GREET model,

2.6 gCO/ton
0.2 gvVOC/ton

2024)

Blue Hydrogen Production Models

The autothermal reforming (ATR) process produces low-carbon hydrogen with

integrated carbon capture, with all process parameters based on the National

Energy Technology Laboratory report Comparison of Commercial, State-of-the-Art,

Fossil-Based Hydrogen Production Technologies." Operating at a baseline cold gas

efficiency of 0.72 megajoules of hydrogen per megajoule of natural gas, the ATR

process achieves a 95% CO, capture rate. The captured CO, stream undergoes

compression, liquefaction, and storage, and is transported by pipeline to a CO,

injection facility, for permanent sequestration in a Class VI well. For simplicity

of this exercise and ledger clarity, the liquefied CO, is assumed to be immediately

transported via pipeline, and any intermediate storage losses along with pipeline

transport losses are neglected.

The energy requirements and emissions associated with CO, capture, compression,

liquefaction, and injection are fully allocated to the hydrogen product rather than

treated as a co-product allocation. This approach reflects that carbon capture

is integral to producing blue hydrogen—without capture, the product would

be conventional “gray” hydrogen. All electricity consumed to compress CO, to

supercritical conditions and for subsequent liquefaction (estimated at 104.2 kWh/

ton CO, captured) is therefore included in the hydrogen production energy balance.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)
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This conservative allocation ensures the hydrogen product carries the complete
environmental burden of its low-carbon production pathway. The allocation of
downstream transport and sequestration emissions is detailed in Section V.

The ATR reactor operates at 22.8-bar outlet pressure, producing hydrogen that
requires further compression to 70 bar for pipeline delivery to downstream
customers. Net electricity consumption for the ATR unit is 3.49 kWh/kgH2, covering
air separation unit operations, process compression, CO, capture systems, and
control equipment. Hydrogen compression from reactor outlet conditions to

the 70-bar delivery pressure uses electric reciprocating compressors operating

at 80% adiabatic efficiency with 95% motor efficiency, with compression power
requirements calculated per Perry’s Chemical Engineers’ Handbook, Sixth Edition,
using the Dranchuk and Abou-Kassem correlation for gas compressibility.'?

SAF Production Models

The alcohol-to-jet process converts ethanol into aviation fuel and other
hydrocarbon co-products through catalytic dehydration, oligomerization, and
hydrogenation reactions, with process parameters based on Teixeira et al.”®
Operating with 98% net carbon conversion efficiency, the At] process transforms
ethanol feedstock into a product slate comprising jet fuel (40% by mass), diesel
(15.4%), and gasoline (44.6%). This high carbon efficiency reflects the effective
conversion of ethanol’s carbon content into valuable hydrocarbon products with
minimal carbon loss to CO, during processing.

The integrated At] process requires hydrogen feed at 0.01 kgH,/kg ethanol to
support hydrogenation reactions in the final processing step. Water is produced as
a byproduct at 0.088 kgH,0/kg ethanol from the dehydration reactions. Electricity
consumption for the At] unit is 300 kWh/ton jet fuel, supporting process operations
including pumping, compression, product separation, and control systems.

Process heat requirements are 438.9 MJ/ton jet fuel, with a gas boiler

operating at 86% efficiency providing the necessary steam generation for the
endothermic dehydration step and other process heating requirements. Natural
gas combustion in the boiler represents the primary source of direct facility
emissions for the At] process.

Physical Properties and Calculations of Physical
Carbon Content

Physical carbon content calculations form the foundation for mass balance
closure and emissions allocation across the production system. Building on
the attributed carbon emissions by species presented in the Feedstock Carbon
Intensities section, this section addresses the physical carbon atoms contained
within feedstocks and products.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)
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Table 3.

In ledger-based carbon accounting, we track carbon in two distinct ways:

e Attributed emissions by species (CO,, CH,, CO, VOCs): Emissions already
released to the atmosphere during production, tracked separately for each
emissions species (negative for bio-oil due to biogenic sequestration).

e Physical carbon content: Carbon atoms still contained within products that will
become emissions upon combustion.

This dual tracking ensures complete accountability—like financial accounting
tracks expenses already paid and liabilities that will come due. The attributed
emissions by species provide detailed visibility into the emissions profile of
upstream processes, while carbon content represents the future emissions
potential embedded in products.

Carbon mass ratios are determined from molecular composition analysis, and all
species are converted to carbon mass-equivalent terms using the molecular carbon
content of each species: CO, (carbon mass ratio = 0.273, meaning 1 ton CO, contains
0.273 tons carbon), CH, (carbon mass ratio = 0.750, meaning 1 ton CH, contains
0.750 tons carbon), CO (carbon mass ratio = 0.429, meaning 1 ton CO contains 0.429
tons carbon), and VOCs (carbon mass ratio taken to be 0.85, consistent with the
GREET model). This standardized approach allows us to compare carbon flows
across different emissions species while maintaining mass balance closure where
total carbon input equals total carbon output (products plus emissions across all
species).

Co-product allocation uses lower heating values to distribute both attributed carbon
by species and carbon content across jet fuel, diesel, and gasoline based on their
relative energy contributions to total product output. Physical carbon content is an
intrinsic property of each product based on its molecular structure and transfers
with the product regardless of the allocation methodology.

CARBON MASS RATIO AND ENERGY CONTENT BY SPECIES

Species Carbon mass ratio Energy content CO, mass-equivalent factor

Ethanol 0.521 26.8 MJ/kg 1.91
Natural gas 0.722 4714 MJ/kg 2.64
Jet fuel 0.846 142.43 MJ/gal 3.10
Diesel 0.865 126.13 MJ/gal 317
Gasoline 0.860 121.08 MJ/gal 315
co, 0.273 - 1.00
Carbon 1 - -

Note: CO, mass-equivalent factor = (carbon mass ratio) x (44/12), representing the CO, mass formed from complete carbon combustion.
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Accounting Ledger Assumptions

This case study employs key simplifying assumptions to highlight core emissions
transfer principles:

o Inventory boundaries: Steady-state operations without beginning inventory, or
end-of-period work-in-process considerations

e Capital equipment: Property, plant, and equipment (PP&E) embedded
emissions excluded to focus on operational carbon flows

e Temporal scope: Single quarterly production period without seasonal variation
considerations

These assumptions allow focus on the essential carbon accounting framework
while maintaining analytical clarity for transaction-based emissions transfers.

Carbon Accounting Case Study: Sustainable Aviation Fuel (Alcohol to Jet)
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V. Results and
Carbon Impact Analysis

Mass and Energy Balance Overview

The Sesame carbon accounting model generates comprehensive mass and energy
balances that form the foundation for emissions allocation and carbon tracking
across the integrated At] supply chain. The quarterly production scenario processes
110,600 tons of ethanol feedstock at the At] facility, supported by 1,100 tons of

blue hydrogen from the dedicated ATR facility. The hydrogen producer processes
172,700 tons (8.1 million gigajoules) of natural gas and uses 243.9 GWh of electricity
to produce 50,000 tons of hydrogen while capturing 434,000 tons of CO, for transfer
to the injection facility. The At]J facility additionally consumes 286 tons (13,500 GJ)
of natural gas and 7.9 GWh of electricity for its operations. These mass flows
provide the basis for both physical carbon content calculations and energy-based
allocation factors used throughout the carbon accounting framework.

Figure 2. QUARTERLY MASS AND ENERGY FLOWS BETWEEN ENTITIES FOR BLUE HYDROGEN AND SAF
PRODUCTION PROCESSES

. Remaining material inventory . Direct emissions

3,620 tCO,

Carbon removals

Jet fuel
— 9.0Mgal —

110.6k tons SAF production

Diesel

7.9 GWh 200k gal —— 3.0Mgal —>

390.5k tons ——> Captured CO,
I

243.9 GWh — 66,223 tcoz 45k tons
Blue I-!2 H, to other Gasoline
production customers m ——10.0M gal —>
1727k tons —>  (aibaboi —— 1,100 tons —>

Natural gas
utility (7,717k MMBtu)
286 tons

(12.8k MMBtu)

Note: Values shown include material inputs (black) and direct facility emissions (orange). Only CO, emissions are shown in the figure for clarity.
Source: Sesame Sustainability
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Table 4.

Blue Hydrogen Producer Ledger Records and Reporting

Recording Hydrogen Feedstock Carbon Transfers

The quarterly production scenario demonstrates how the hydrogen producer
receives feedstocks and their associated carbon footprints from upstream suppliers
under the FOD accounting framework. Each feedstock arrives with two carbon
components: attributed emissions (already released from upstream production

and transport) and carbon content. For clarity and given that CO and VOCs are
typically small relative to CO, and CH, in this case study, these species are combined
in a single column. The ledger framework is fully scalable to track any number

of individual emissions species as needed for specific applications. In the carbon
ledger, all transactions are recorded using a common base unit—ton of carbon (tC)—
to ensure that the carbon mass balance is consistently maintained.

SUMMARY OF CARBON TRANSFERRED TO THE BLUE HYDROGEN PRODUCER

Total
attributed Physical
Attributed Attributed Attributed CO | emissions carbon
Feedstock Quantity CO, (tC) CH, (tC) and VOC (tC) | (tC) content (iC)
Electricity 243.9 GWh 24,219.7 1077 18.8 24,346.2 -
Natural gas 7,434 MMcf 11,373.2 829.5 132.4 12,3351 124,682.3
Total - 35,592.9 937.2 151.2 36,681.3 124,682.3

Note: Values shown are carbon mass equivalents for each emissions species, calculated using their carbon mass ratios (CO,: 0.273, CH,: 0.750, CO: 0.429, VOC:
0.85). Total attributed carbon represents the sum across all emissions species tracked separately in the ledger system.

The ledger entries in Figure 3 (next page) demonstrate the systematic recording of
carbon transfers under the FOD framework. Corresponding mirror transactions
appear on each supplier’s ledger, with reverse debits and credits to reflect the transfer
from their perspective. Each purchase generates distinct entries in the hydrogen
producer’s ledger that maintain carbon accounting integrity:

e Carbon content transferred in: The physical carbon atoms embedded in each
purchase of materials (124,682.3 tC for natural gas) are debited to respective stock
accounts and are credited to the Carbon Content Transferred In account.

o Emissions transferred in: The attributed emissions associated with each material
are debited separately for CO,, CH,, and combined CO and VOCs as to respective
stock accounts and are credited to the Emissions Transferred In account.

The balanced ledger entries ensure complete carbon accountability—the sum of
debits equals credits for each transaction, while individual species tracking provides
detailed visibility into the emissions profile of each feedstock. Total attributed
emissions of 36,681.3 tC equivalent reflect the sum of well-to-gate feedstock
emissions, while 124,682 tons of physical carbon content represents the carbon
physically contained within the inputs delivered.
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Figure 3. DETAILED ENTRIES FROM THE BLUE HYDROGEN PRODUCER’S CARBON LEDGER SHOWING THE
PURCHASE OF NATURAL GAS AND ELECTRICITY

_ Sum of Detailed Columns Debit (tons carbon) Credit (tons carbon)
co co

Account Credit Carbon Carbon

Purchase Carbon Content in Fuels 124,682.3 - 124,682.3
7,716k MMBtu
NG Attributed Emissions in Fuels 12,335.2 - 11,373.2 829.5 132.4

Carbon Content Transferred In - 124,682.3 124,682.3

Emissions Transferred In - 12,335.2 11,373.2 829.5 132.4

Total 137,017.5 137,017.5 11,373.2 829.5 132.4 | 124,682.3 11,373.2 829.5 132.4 | 124,682.3
Purchase Attributed Emissions in 24,346.2 - 24,219.7 107.7 18.8
243.9 GWh Electricity
electricity

Emissions Transferred In - 24,346.2 24,219.7 107.7 18.8

Total 24,346.2 24,346.2 24,219.7 107.7 18.8 24,219.7 107.7 18.8 -

Note: Each transaction records debits and credits to appropriate carbon accounts by species, maintaining double-entry accounting principles.
Source: Sesame Sustainability.

Recording Blue Hydrogen Production and Allocation

The ATR process converts natural gas into hydrogen while capturing 95% of the
point-source CO,, maintaining complete carbon accountability through parallel
tracking of emissions by species and physical carbon content. The facility receives
and combusts 124,682.3 tons of physical carbon content (carbon atoms in feedstock
molecules, in the form of natural gas) and attributed emissions by species from
upstream suppliers (CO,: 35,592.9 tC, CH,: 937.2 tC, CO and VOCs: 151.2 tC).

The ledger-based accounting system tracks the CCS process through a three-step
sequence that ensures mass-balance-consistent carbon abatement. First, gross
direct emissions (124,682 tC) are recorded, including both emissions released

to the atmosphere (6,234 tC) and those physically captured (118,448 tC), with no
emissions reduction benefit claimed until permanent sequestration occurs. Next,
when the compressed CO, is transferred to the injection facility, this movement
is recorded as carbon transferred out for sequestration. Finally, an adjustment
accounts for downstream emissions associated with CO, transport, injection
operations, and potential leakage throughout the sequestration process. For this
case study, a 10% adjustment (11,845 tC) is applied as a representative estimate,
though in practice these downstream emissions would be measured and reported
by the pipeline and injection facility operator. This results in a net sequestration
rate of 85% rather than the 95% point-source capture rate. Only these net direct
emissions (18,079 tC) are allocated to the hydrogen product, ensuring the carbon
intensity reflects verified carbon abatement.
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Table 5. LEDGER ENTRIES FOR CARBON CAPTURE AND SEQUESTRATION

Transaction Account Debit (iC) Credit (1C)

Gross direct emissions Direct emissions 124,682
(both released and captured)

Direct emissions: work in process (WIP) 124,682
Captured emissions are transferred Direct emissions: WIP 118,448
out for sequestration

Carbon transferred out for sequestration 118,448
Adjusted emissions associated with Direct emissions: WIP 11,845
CO, transport and sequestration

Carbon transferred out for sequestration 11,845
Allocate net-direct emissions to Direct emissions: WIP 18,079
products

Direct emissions to hydrogen 18,079

Note: The statement provides a complete view of the hydrogen producer’s carbon balance, detailing carbon stock held within the entity’s boundaries and carbon
flows—carbon entering and leaving the company through material purchases and product sales.
Source: Sesame Sustainability.

All energy requirements for hydrogen production and carbon capture infrastructure
are allocated entirely to the hydrogen product, ensuring complete cost allocation
for the low-carbon production pathway. The quarterly production yields 49,800

tons of hydrogen, with 1,100 tons delivered to the AtJ facility, 45,000 tons to other
customers, and 3,700 tons remaining in inventory. The hydrogen product contains
zero physical carbon, as hydrogen molecules contain no carbon atoms.

Ending Ledger of Carbon Stocks and Flows

Figure 4 (next page) summarizes the balances of carbon stocks and flows in the blue
hydrogen producer’s ledger at the end of the reporting period.

The cumulative impact of the various transactions described above is reflected in
the ledger of carbon stocks and flows at the end of the reporting period. The ending
ledger presents a complete view of the blue hydrogen producer’s carbon balance by
detailing the carbon stock held within the entity’s boundaries (4,071.2 tC total), as
well as the corresponding carbon flows—carbon entering the company (162,602.2
tC transferred in, net) and carbon leaving the company through sold products
(51,927.6 tC transferred out with product sold, net) and abatement (106,603.4 tC
sequestration credit, net). The ledger entries demonstrate the comprehensive
tracking capability of the ledger-based system, including how physical carbon
content is transformed into direct emissions.

Drawing from the account balances, the blue hydrogen producer can issue both
product-level and entity-level reports: a Product Carbon Emissions Intensity
Statement and an Entity-Level Carbon Emissions Statement. Figure 5 (page 22) is
the hydrogen producer’s Product Carbon Emissions Intensity Statement for the first
quarter of operation.
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Figure 4:

BLUE HYDROGEN PRODUCER’S QUARTERLY SUMMARY OF ACCOUNT BALANCES

Carbon stock (ton of carbon)

Hydrogen Producer
Summary of Account Balances as of End of Q1 20XX

Carbon flow (ton of carbon)

Carbon in plant, property and equipment Carbon transferred in

Attributed emissions in PPE - | Attributed emissions transferred in 37,919.9
Carbon content in PPE - | Carbon content transferred in 124,682.3
Depreciation -

Carbon in raw materials inventory Carbon transferred out

Attributed emissions in raw materials - | Direct emissions transferred out with product sold (16,734.8)
Carbon content in raw materials - | Attributed emissions tranferred out with product sold (35,192.8)
Carbon in fuels inventory Carbon content transferred out with product sold -
Attributed emissions in fuels - | Carbon offsets transferred out with product sold -
Carbon content in raw materials -

Carbon in product inventory Carbon abatement

Direct emissions in product 1,3441 | Carbon transferred out for sequestrations (118,448.2)
Attributed emissions in product 2,7271 | Sequestration adjustment 11,844.8
Carbon content in product -

Carbon offsets in product -

Unallocated overhead

Direct emissions overhead -

Attributed emissions overhead -

Carbon offsets in product -

Total emissions 4,071.2 | Total emissions flow (14,007.7)
Total carbon content - | Total carbon content flow 124,682.29
Total offsets - | Total abatement flow (106,603.4)
Total carbon stock 4,071.2 Total carbon flow 4,071.2

Note: The statement provides a complete view of the hydrogen producer’s carbon balance, detailing carbon stock held within the entity’s boundaries and carbon
flows—carbon entering and leaving the company through material purchases and product sales. Source: Sesame Sustainability.
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Figure 5. BLUE HYDROGEN PRODUCER’S PRODUCT CARBON INTENSITY EMISSIONS STATEMENT FOR THE
FIRST QUARTER OF OPERATION

Blue Hydrogen Producer
Product Carbon Emissions Intensity Statement

Q1 20XX

CO, intensity | CH, intensity
Blue hydrogen (kgCO /gal) (9CH /gal)
Emissions from raw material production and transport 0.00 0.00
Emissions from electricity use 1.78 7.92
Emissions from fuel combustion 917 0.00
Emissions abated via CCS (7.84) 0.00
Emissions from fuel production and transport 0.84 61.01
Emissions from production of equipment used 0.00 0.00
Emissions from transport of products 0.10 0.44
Emissions offsets used 0.00 0.00
Product carbon emissions intensity in blue hydrogen 4.05 69.37

Note: The statement shows product carbon emissions intensity by species, compiled directly from ledger account balances and calculated per kg of hydrogen sold.
Source: Sesame Sustainability.

The product carbon emissions intensity statement demonstrates how the ledger-
based system generates comprehensive product-level carbon data directly from
recorded transactions. The statement distinguishes between product carbon
emissions intensity by species (cradle-to-gate emissions from the production cycle:
4.05 kgCO,/kg and 25.25 gCH,/gal)."" The detailed breakdown by emissions source
category enables transparent disclosure of the complete carbon profile across the
supply chain, while the species-level reporting provides stakeholders with granular
visibility into the emissions composition of the blue hydrogen product.

The ledger provides the necessary information for the hydrogen producer’s entity-
level carbon emissions reporting as well (Figure 6, next page). The statement
categorizes emissions into direct emissions from facility operations and attributed
emissions from purchased inputs (electricity, raw materials, and fuels), with

each category reported by emissions species. This entity-level view provides the
foundation for comprehensive carbon disclosure to stakeholders.

vii Product carbon emissions intensity is measured on a cradle-to-gate basis and differs from the
carbon intensity (Cl) score, which is calculated on a cradle-to-grave basis. The cradle-to-grave
approach includes future emissions that are estimated based on assumptions. The carbon ledger
separately reports cradle-to-gate emissions intensity and carbon content, the latter of which may
later become gate-to-grave emissions. This approach provides complete emissions accounting
without relying on forecasts.
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Figure 6. BLUE HYDROGEN PRODUCER’S ENTITY-LEVEL CARBON EMISSIONS STATEMENT FOR THE FIRST
QUARTER OF OPERATION

Hydrogen Producer
Entity-Level Carbon Emissions Statement
Q120XX

Direct emissions

Gross direct emissions 456,712

CCS abatement, net (390,488)

Total direct emissions, net 66,224

Attributed emissions

Emissions attributed to purchased electricity 88,717 144
Emissions attributed to purchased machinery 0 0
Emissions attributed to purchased raw materials 0 0
Emissions attributed to purchased fuels 41,660 1,106
Total attributed emissions 130,377 1,250
Total carbon emissions 196,601 1,250
Carbon offsets obtained

Carbon removal 0

Environmental attribute certificates o

Total carbon offsets obtained (0]

Net total carbon emissions 196,601

Note: The statement shows product carbon emissions intensity by species, compiled directly from ledger account balances and calculated per kg of hydrogen sold.
Source: Sesame Sustainability.

SAF Producer Ledger Records and Reporting

Recording SAF Feedstock Emissions Transfers

The At] facility operates as the central transformation point in the supply chain,
receiving multiple feedstock streams that each carry distinct carbon profiles. The
quarterly production scenario demonstrates how upstream suppliers transfer both
materials and their carbon footprints by species to the At] SAF producer under the
FOD accounting framework. Each feedstock arrives with two carbon components:
attributed carbon emissions by species (CO,, CH,, CO, and VOCs already released
from upstream production and transport) and physical carbon content. The facility
also purchases carbon removals equivalent to its electricity consumption emissions
to achieve net-zero grid electricity impact.
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Table 6.

SUMMARY OF CARBON TRANSFERRED IN

Total
Attributed attributed Physical
Attributed Attributed CO and VOC emissions carbon
Feedstock Quantity Co, (tC) CH, (iC) (9] (tC) content (iC)
Natural gas 286.2 tons 18.8 1.4 0.2 20.4 206.6
Hydrogen 1,106 tons 1,2211 20.9 3.4 1,245.4 -
Ethanol 110.6k tons -27,441.0 1811 150.0 -27109.9 57,610.0
Electricity 7.9 GWh 7877 85 0.6 791.8 -
Removals - 7877 -3.5 -0.6 -791.8 -
Total - -26,201.1 203.4 153.6 -25,844.1 57,816.6

Note: Values shown are carbon mass equivalents for each emissions species, calculated using their carbon mass ratios (CO,: 0.273, CH,: 0.750, CO: 0.429, VOC:
0.85). Total attributed carbon represents the sum across all emissions species tracked separately in the ledger system.

The ledger entries in Figure 7 (next page) demonstrate the systematic recording of
carbon transfers under the FOD framework. Corresponding mirror transactions
appear on each supplier’s ledger, with reverse debits and credits to reflect the
transfer from their perspective. Each purchase generates distinct entries in the SAF
producer’s ledger that maintain carbon accounting integrity:

e Carbon content transferred in: The physical carbon atoms embedded in each
purchase of materials (e.g., 57,610 tC for ethanol) are debited to respective stock
accounts and are credited to the Carbon Content Transferred In account.

e Emissions transferred in: The attributed emissions associated with each material
are debited separately for CO,, CH,, and combined CO and VOCs as to respective
stock accounts and are credited to Emissions Transferred In account. Notable is
the large negative CO, attribution for ethanol (-27,109.9 tC), reflecting net biogenic
carbon sequestration during crop growth that offsets processing emissions.

e Carbon removals: Purchased removals precisely offset electricity consumption
emissions (e.g., -787.7 tC of CO,),"" creating negative emissions transfers that
zero out grid electricity’s carbon impact.

The balanced ledger entries ensure complete carbon accountability—the sum

of debits equals credits for each transaction, while individual species tracking
provides detailed visibility into the emissions profile of each feedstock.
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Figure 7. DETAILED ENTRIES FROM THE SAF PRODUCER’S CARBON LEDGER SHOWING THE PURCHASE
OF ETHANOL, NATURAL GAS, HYDROGEN, ELECTRICITY, AND REMOVALS

Sum of Detailed Columns

co co
Credit & VOoC Carbon co, CH, &VoC Carbon

Purchase Carbon Content in Raw 57,609.9 57,609.9
110.6k tons | Materials
ethanol
Attributed Emissions in (27,109.9) - (27,441.0) 1811 150.0
Raw Materials
Carbon Content - 57,609.9 57,609.9
Transferred In
Emissions Transferred In - (27,109.9) (27,441.0) 1811 150.0
30,500.0 30,500.0 (27,441.0) 1811 150.0 57,609.9 181.1 150.0 57,609.9
Purchase Carbon Content in Fuels 206.6 - 206.6
12.8k
MMBtu NG Attributed Emissions in 20.4 - 18.8 1.4 0.2
Fuels
Carbon Content - 206.6 206.6
Transferred In
Emissions Transferred In - 20.4 18.8 1.4 0.2
Purchase Attributed Emissions in 791.8 - 7877 3.5 0.6
7.93 GWh Electricity
electricity
Emissions Transferred In - 791.8 7877 3.5 0.6
791.8 791.8 787.7 3.5 0.6 0.0 787.7 3.5 0.6 0.0
Purchase Attributed Emissions in 1,245.4 - 1,2211 20.9 3.4
1.1k tons Raw Materials
Blue H,
Emissions Transferred In - 1,245.4 1,2211 20.9 3.4
1,245.4 1,245.4 1,2211 20.9 3.4 0.0 1,221.1 20.9 3.4 0.0
Purchase Carbon Removals - - (791.8) (787.7) (3.5) (0.6)
of Carbon Offsets
Removals
Carbon Removals in WIP (791.8) (787.7) (3.5) (0.6)

I ) B e T R I A T

Note: Each transaction records debits and credits to appropriate carbon accounts by species, maintaining double-entry accounting principles. Source: Sesame
Sustainability.

Recording SAF Production and Allocation

The At] facility’s operations generate direct emissions (988.2 tC of CO,, 292.2 tC of
CH,, 64.2 tC of CO and VOCs, totaling 1,344.6 tC) through direct process emissions
and natural gas combustion for process heat. These direct emissions combine
with upstream attributed emissions for total emissions by species available for
allocation across products. Carbon removal credits purchased to offset electricity
consumption are allocated across products using the same energy-based
methodology, creating negative attributed emissions that reduce each product’s
net carbon footprint.
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Table 7.

The facility produces three hydrocarbon streams—jet fuel, diesel, and gasoline—
totaling 22.7 million gallons of products. Physical carbon content for each product
is determined by molecular composition, with jet fuel containing 22,366 tC,

diesel 8,804 tC, and gasoline 25,302 tC based on their respective carbon ratios.
The difference between input physical carbon (57,816.6 tC) and output physical
carbon (56,472 tC total) represents carbon released during the combustion and
At] conversion process (1,344.6 tC). Importantly, the ledger system maintains
conservation of both physical carbon and attributed emissions—no carbon atoms
are created or destroyed, only transformed from feedstock molecules to products
and process emissions, while all upstream attributed emissions are fully allocated
across products with no loss or double counting.

The ledger system performs species-level allocation for all inputs—raw materials,
fuels, and electricity—with each emissions species allocated separately using the
same energy-based factors. Appendix A accompanying this report presents the
detailed transaction flow:

e Carbon content and attributed emissions are first transferred from stock
accounts to work-in-process (WIP) accounts as the materials are used for
production

® When production processes are completed and products are moved to
inventory, carbon content and attributed emissions are systematically allocated
from WIP accounts to individual product inventory

Table 7 presents the total allocated emissions for each product after all allocations are
complete and prior to transport to customers.

SUMMARY OF ALLOCATION OF CARBON CONTENT AND EMISSIONS TO PRODUCTS

Energy allocation | Offset allocation Total allocated Physical carbon
Product Production share share emissions, net (tC) | content (tC)
Jet fuel 26.4k tons 42.8% 42.8% 10,4801 22,366
9.0M gal
214k barrels
Diesel 10.18k tons 14.5% 14.5% -3,560.8 8,804
3.2M gal
76.5k barrels
Gasoline 29.42k tons 42.7% 42.7% -10,458.5 25,302
10.5M gal
251k barrels
Total 100% 100% -24,499.4 56,472
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This allocation methodology ensures each product carries forward both its
complete production emissions history by individual species and its physical
carbon content determined by molecular structure. Transportation emissions to
customers (e.g., airlines, low-carbon fuel offtakers) are recorded when incurred
by the SAF producer and subsequently allocated to the delivered fuels product
using the same energy-based allocation methodology, ensuring complete cost and
emissions accountability through delivery.

During this quarter, the SAF producer completes several product transfers under
the FOD framework. All jet fuel production (9 million gallons) transfers to the
airline customer™ along with its allocated carbon footprint. The facility also sells
most of its co-products—3 million gallons of diesel (93.3% of production) and

10 million gallons of gasoline (94.6% of production)—with each sale transferring
the respective allocated carbon emissions and content to the buyers’ ledgers.
The remaining diesel (0.2 million gallons) and gasoline (0.5 million gallons)
inventory stays on the producer’s carbon ledger until future sales. Transportation
emissions for product deliveries are allocated across products based on delivery
volumes and included in their transferred carbon footprints, ensuring complete
accountability through the point of customer delivery. Transportation to delivery
points generates additional emissions of 23.4 tC (transport fuel production and
delivery and operation), allocated across products based on delivery volumes:
9.7 tC for jet fuel truck transport to the airline, 3.5 tC for diesel deliveries, and
10.2 tC for gasoline distribution.

Ending Ledger of Carbon Stocks and Flows

Figure 8 (next page) summarizes the balances of carbon stocks and flows in the SAF
producer’s ledger at the end of the reporting period.

The cumulative impact of the various transactions described is reflected in the
ledger of carbon stocks and flows at the end of the reporting period. The ending
ledger presents a complete view of the SAF producer’s carbon balance by detailing
the carbon stock held within the entity’s boundaries (1,349.6 tC total), as well as
the corresponding carbon flows—carbon and removals entering the company
(31,995.8 tC transferred in, net) and carbon and removals leaving the company
through sold products (30,646.2 tC transferred out with product sold, net).

The ledger entries demonstrate the comprehensive tracking capability of the
ledger-based system, showing how 32k tons of input carbon from feedstocks

and removals is transformed into 1.35k tC of finished product inventory, with

the difference representing carbon released as process emissions and carbon
transferred out with sold jet fuel. The negative attributed emissions balance
(-752.4 tC) reflects the substantial biogenic carbon credits from soybean feedstock
that remain embedded in unsold inventory.

ix Airline blending operations and conventional jet fuel comparisons are excluded from this case study
as they are comprehensively covered in the companion HEFA case study, allowing this study to
focus on the blue hydrogen and AtJ production ledger frameworks.
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Figure 8. SAF PRODUCER’S QUARTERLY SUMMARY OF ACCOUNT BALANCES

SAF Producer
Summary of Account Balances as of End of Q1 20XX

Carbon stock (ton of carbon) Carbon flow (ton of carbon)

Carbon in plant, property and equipment Carbon transferred in
Attributed emissions in PPE - | Attributed emissions transferred in (25,028.8)
Carbon content in PPE - | Carbon content transferred in 57,816.5

Depreciation -

Carbon in raw materials inventory Carbon transferred out

Attributed emissions in raw materials - | Direct emissions transferred out with product sold (1,156.9)
Carbon content in raw materials - | Attributed emissions tranferred out with product sold 24,360
Carbon in fuels inventory Carbon content transferred out with product sold (54,531.9)
Attributed emissions in fuels - | Carbon offsets transferred out with product sold 7661

Carbon content in raw materials -

Carbon in product inventory Carbon offsets

Direct emissions in product 187.7 | Carbon removals (791.8)
Attributed emissions in product (668.8) | EACs -
Carbon content in product 1,940

Carbon offsets in product (25.8)

Unallocated overhead

Direct emissions overhead -

Attributed emissions overhead -

Carbon offsets in product -

Total emissions (481) | Total emissions flow (1,825.6)
Total carbon content 1,940 | Total carbon content flow 3,284.6
Total offsets (25.8) | Total offsets flow (25.8)
Total carbon stock 1,433.2 Total carbon flow 1,433.2

Note: The statement provides a complete view of the SAF producer’s carbon balance, detailing carbon stock held within the entity’s boundaries and carbon flows—
carbon entering and leaving the company through material purchases and product sales. Source: Sesame Sustainability.
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Drawing from the account balances, the SAF producer can issue both product-level
and entity-level reports: a Product Carbon Emissions Intensity Statement and an
Entity-Level Carbon Emissions Statement. Figure 9 is the SAF producer’s Jet Fuel
Product Carbon Emissions Intensity Statement for the first quarter of operation.

Figure 9. SAF PRODUCER’S JET FUEL PRODUCT CARBON EMISSIONS INTENSITY STATEMENT FOR THE
FIRST QUARTER OF OPERATION

SAF Producer
Jet Fuel Product Carbon Emissions Intensity Statement
Q120XX

CO, intensity | CH, intensity

Sustainable jet fuel (kgCO /gal) (9CH /gal)

Emissions from raw material production and transport (4.56) 12.81
Emissions from electricity use 0.14 0.22
Emissions from fuel combustion 017 18.52
Emissions from fuel production and transport 0.003 0.09
Emissions from production of equipment used 0.00 0.00
Emissions from transport of products 0.004 0.005
Emissions offsets used (0.14) (0.22)
Product carbon emissions intensity in jet fuel (4.38) 31.43

Note: The statement shows product carbon emissions intensity by species and physical carbon content (based on jet fuel molecular composition), compiled directly
from ledger account balances and calculated per gallon of jet fuel sold. Source: Sesame Sustainability.

The product carbon intensity statement demonstrates how the ledger-based
system generates comprehensive product-level carbon data directly from

recorded transactions. The statement distinguishes between product carbon
emissions intensity by species (cradle-to-gate emissions from the production cycle:
-4.38 kgCO,/gal and 31.43 gCH /gal).* The detailed breakdown by emissions source
category enables transparent disclosure of the complete carbon profile across the
supply chain, while the species-level reporting provides stakeholders with granular
visibility into the emissions composition of the sustainable jet fuel product.
Figures 10 and 11 (next page) show the same statements prepared for the
sustainable diesel and sustainable gasoline sold to customers.

X Product carbon emissions intensity is measured on a cradle-to-gate basis and differs from the
carbon intensity (Cl) score, which is calculated on a cradle-to-grave basis. The cradle-to-grave
approach includes future emissions that are estimated based on assumptions. The carbon ledger
separately reports cradle-to-gate emissions intensity and carbon content, the latter of which may
later become gate-to-grave emissions. This approach provides complete emissions accounting
without relying on forecasts.
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Figure 10. SAF PRODUCER’S DIESEL PRODUCT CARBON EMISSIONS INTENSITY STATEMENT FOR THE
FIRST QUARTER OF OPERATION

SAF Producer
Diesel Product Carbon Emissions Intensity Statement
Q1 20XX

CO, intensity | CH, intensity
Sustainable diesel (kgCO,/gal) (9CH /gal)
Emissions from raw material production and transport (4.34) 1218
Emissions from electricity use 013 0.21
Emissions from fuel combustion 0.16 17.62
Emissions from fuel production and transport 0.003 0.08
Emissions from production of equipment used 0.00 0.00
Emissions from transport of products 0.004 0.005
Emissions offsets used (0.13) (0.21)
Product carbon emissions intensity in jet fuel (4.17) 29.89

Note: The statement shows product carbon emissions intensity by species compiled directly from ledger account balances and calculated per gallon of diesel sold.
Source: Sesame Sustainability.

Figure 11. SAF PRODUCER’S GASOLINE PRODUCT CARBON EMISSIONS INTENSITY STATEMENT FOR THE
FIRST QUARTER OF OPERATION

SAF Producer
Gasoline Product Carbon Emissions Intensity Statement
Q1 20XX

CO, intensity | CH, intensity
Sustainable gasoline (kgCO,/gal) (9CH /gal)
Emissions from raw material production and transport (3.88) 10.89
Emissions from electricity use 012 0.19
Emissions from fuel combustion 0.15 0.00
Emissions from fuel production and transport 0.003 0.074
Emissions from production of equipment used 0.00 0.00
Emissions from transport of products 0.004 0.004
Emissions offsets used (0.12) (0.19)
Product carbon emissions intensity in jet fuel (3.72) 10.97

Note: The statement shows product carbon emissions intensity by species compiled directly from ledger account balances and calculated per gallon of gasoline
sold. Source: Sesame Sustainability.
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The ledger provides the necessary information for the SAF producer’s entity-
level carbon emissions reporting as well (Figure 12). The statement categorizes
emissions into direct emissions from facility operations and attributed emissions
from purchased inputs (electricity, raw materials, and fuels), with each category
reported by emissions species. This entity-level view provides the foundation for
comprehensive carbon disclosure to stakeholders.

Figure 12. SAF PRODUCER’S ENTITY-LEVEL CARBON EMISSIONS STATEMENT FOR THE FIRST QUARTER OF
OPERATION
SAF Producer
Entity-Level Carbon Emissions Statement
Q120XX

Direct emissions

Emissions 3,619.7 389.6

Attributed emissions

Emissions attributed to purchased electricity 2,885.4 4.7

Emissions attributed to purchased machinery - -

Emissions attributed to purchased raw materials (96,043.6) 269.4
Emissions attributed to purchased fuels 69 1.8
Total attributed emissions (93,089.2) 275.9
Total carbon emissions (89,469.5) 665.5

Carbon offsets obtained

Carbon removal (2,885.4) (4.7)

Environmental attribute certificates - -

Total carbon offsets obtained (2,885.4) (4.7)

Net total carbon emissions ‘ (92,354.9) ‘ 660.8

Note: The statement shows direct facility emissions and attributed upstream emissions by species, with CO and VOCs excluded for presentation clarity as these
species are typically immaterial in the modeled pathways. Source: Sesame Sustainability.
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VI. Summary and Discussion

This study demonstrates the practical application of comprehensive carbon
accounting system in the supply chain with CCS and the purchase of carbon offsets
as decarbonization options, and how it is a scalable solution that builds on existing
financial accounting and engineering principles already widely used in industry.
Each entity in the supply chain quantifies a complete gate-to-gate carbon mass
balance and transfers the full carbon data to the next supplier. As a result, the SAF
producer can report comprehensive carbon information to stakeholders, including
the effects of CCS and carbon offsets.

The carbon accounting ledger’s support of detailed reporting of carbon product
emissions intensity and carbon product content significantly improves the
ability to compare carbon characteristics at the product level. Table 8 (next page)
compares the product carbon emissions intensity of SAF via AtJ (developed in
this case study), SAF via HEFA (from the initial EFI Foundation case study), and
conventional jet fuel (also from the initial case study). Users of this information—
including investors, policymakers, and customers—can easily compare different
jet fuel products based on disaggregated emissions data. For instance, the data
captures the impact of CCS: Applying CCS reduces the CO, intensity of SAF

via AtJ from -3.96 kg/gal to -4.39 kg/gal, bringing it close to the level of SAF via
HEFA. Because all carbon intensities are calculated using the same ledger-based
accounting methodology, the results are directly comparable.

This case study, together with the previous EFI Foundation case study of

SAF via HEFA, demonstrates both the feasibility and added value of applying
comprehensive carbon accounting. The results provide a more complete and
consistent picture relative to a life cycle analysis methodology that may not
include comprehensive mass and energy balance data that is compiled within a
fixed time window and within gate-to-gate boundaries. Life cycle emissions results
vary widely depending on the chosen model, methodology, system boundaries,
and data quality.

By comparison, adoption of a model comprehensive carbon accounting system

can substantially improve the completeness and comparability of product carbon
emissions intensity measures, instilling confidence among customers and investors
in market formation of carbon-differentiated products.
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Table 8. PRODUCT CARBON EMISSIONS INTENSITY FOR SAF AND CONVENTIONAL JET FUEL

Cco, CH, co, CH, Cco, CH,
(kgCO,/gal) (9CH /gal) (kgCO /gal) (9CH /gal) (kgCO,/gal) (9CH /gal)
Emissions from (4.56) 12.81 (7.01) 1.83 0.84 8.33
raw material
production and
transport
Emissions from 0.14 0.22 0.06 01 - -

electricity use

Emissions from 0.59 18.52 2.28 0.03 0.55 -
fuel combustion

Emissions from 0.003 0.09 0.16 4.32 0.02 0.09
fuel production
and transport

Emissions from 0.004 0.005 0.004 0.005 0.004 4.62
transport of

products

Emissions abated (0.42) - - - - -
via CCS

Carbon offsets (0.14) (0.22) - - - -
used

Product carbon (4.38) 31.43 (4.50) 6.28 1.41 13.04

emissions intensity
(cradle to gate)
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Appendix A. Description
of Detailed Ledger Entries

This appendix describes the detailed set of entries to the ledger supporting the
summary CO, ledger report described in Table ES-1. As described in the report, the
ledger is a dual-sided chart of accounts of all stocks and flows of all forms of carbon
entering, processed within, and exiting the entity’s boundaries.

For ease of discussion, the ledger entries are divided into two figures. Figure

Al (next page) shows the transfer of carbon accounting data from suppliers’
ledgers to the entity’s ledger and the carbon accounting associated with the SAF
production process. The second figure, A2 (on page 35), shows the allocation of the
entity’s production process to the three products—SAF, diesel, and gasoline—and
subsequent transfer of SAF from the entity’s ledger to the customer’s ledger.

Figure Al illustrates the set of transactions recorded in the SAF producer’s ledger
from the point of transfer of feedstocks from suppliers’ ledgers through the SAF
production process. The SAF producer’s ledger assumes that each supplier has its
own complete ledger for the feedstocks being supplied to the SAF producer, with
CO, transactions recorded only once, at the source, and then transferred from the
suppliers’ ledgers to the SAF producer’s ledger.

The first set of transactions in the ledger show the transfer of ledger data (CO,
emissions attributed to the development of the feedstocks as well as their physical
carbon content) of the feedstocks from the suppliers’ ledgers to the SAF producer’s
ledger. The next set of transactions recorded in the ledger show the processing of
the feedstock materials in the SAF conversion process, including the conversion of
the carbon content in fuels and feedstock to direct CO, emissions. All transactions
are recorded in double-entry bookkeeping.

The conversion process yields three products: SAF, diesel, and gasoline. The ledger
shows the total amount of CO, emissions attributed to the product slate prior to
allocation. Note that all data in the ledger (both emissions and carbon content) are
recorded as tons of carbon (tC) to facilitate conversions of carbon content to CO,
emissions in the same units.

Figure A2 (page 36) shows the allocation of CO, emissions among the products, and
transfer of the product-based CO, emissions to the airline customer ledger. Total
CO, emissions are allocated among the three products based on the energy content.
In this example, 42.8% of the combined total CO, emissions are allocated to SAF,
with 14.5% allocated to diesel and 42.7% allocated to gasoline. The ledger then
shows the CO, emissions accounting data for SAF product being transferred from
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the SAF producer’s ledger to the customer’s (the airline) ledger with the sale of the

SAF product. Finally, the transactions for transferred CO, emissions and carbon

content of SAF are shown along with CO, emissions attributed to conventional jet

fuel production transferred to the airline’s ledger.

Figure A-1.

SUPPLIERS FROM THEIR LEDGERS TO THE SAF PRODUCER’S LEDGER, AND CO, EMISSIONS
GENERATED BY THE CONVERSION OF FEEDSTOCKS TO PRODUCTS (SAF, DIESEL AND GASOLINE)

DETAILED LEDGER ENTRIES FOR TRANSFER OF FEEDSTOCK CO2 EMISSIONS ATTRIBUTED TO

Accounting period: one calendar quarter
All units in tons carbon (tC).

PHASE 1

Transfer emissions and supporting carbon content
from suppliers’ ledgers to the SAF producer’s ledger

PHASE 2
Conversion of feedstocks to products and direct emissions

ACCOUNT DEBIT CREDIT ACCOUNT DEBIT CREDIT
Carbon transferred in from ethanol supplier Moving feedstocks from inventory to production process
Feedstock emissions (ethanol) (27,109.9) - Feedstock emissions (ethanol) (27,109.9) o
X in- .
Feedstock emissions transferred in - (27,109.9) T RIABSHpIEES
Feedstock emissions (ethanol) - (27,109.9)
Feedstock carbon content (ethanol) (27,109.9) -
Feedstock emissions (hydrogen) 1,245.4 -
Feedstock c_arbon content - (27,109.9) in work-in-process
transferred in
Sum 30,500 30,500 Feedstock emissions (hydrogen) - 1,245.4
Feedstock fuels emissions 20.4 -
Carbon transferred in from hydrogen supplier (natural gas) in work-in-process
Feedstock emissions (hydrogen) 1,245.4 ) Feedstock fuels emissions (natural gas) - 204
Feedstock emissions transferred in N 1,245.4 Electricity emissions in work-in-process 791.8 -
Sum 1,245.4 1,245.4 Electricity emissions = 791.8
Feedstock carbon content (ethanol) 56,471.9 -
Carbon transferred in from natural gas supplier in work-in-process
Feedstock fuels emissions (natural gas) 204 - Feedstock carbon content (ethanol) ) 56,471.9
Feedstock emissions transferred in - 20.4 Sum 31,419.6 31,419.6
Feedstock fuels carbon content 206.6 . *Work-in-process refers to partially completed products. Carbon remains
(natural gas) in work-in-process account until production is complete.
Feedstock carbon content - 206.6 ) L. :
transferred in Direct emissions from production
Sum 2271 2271 Direct entity emissions 1,344.6 =
, . Feedstock fuels carbon content - 206.6
Carbon transferred in from hydrogen supplier (natural gas)
Electricity emissions 791.8 - Feedstock carbon content (ethanol) - 1,138
Feedstock emissions transferred in - 791.8 Sum 1,344.6 1,344.6
Sum 791.8 791.8
Carbon transferred in from hydrogen supplier
Feedstock emissions (hydrogen) (791.8) -
Feedstock emissions transferred in - (791.8)
Sum (791.8) (791.8)

SAF producer’s ledger

Note: Accounting period is one calendar quarter. Each value in this figure represents the total of all carbon forms—CO,, CH,, CO, VOCs, and carbon content. The
values are aggregated for presentation purposes, while the underlying ledger maintains disaggregated data for each carbon form. The ledger expresses all entries
in tons of carbon, serving as a common unit to balance all carbon forms. Source: EFI Foundation and Sesame Sustainability.
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Figure A-2. DETAILED LEDGER ENTRIES FOR THE ALLOCATION OF ATTRIBUTED AND DIRECT CO,
EMISSIONS TO PRODUCTS AND TRANSFER TO THE CUSTOMER’S LEDGER WITH PRODUCTS SOLD

Accounting period: one calendar quarter. All units in tons carbon (tC)

PHASE 3

Allocation of entity-level carbon to finished product inventory

ACCOUNT

Carbon allocated to SAF inventory

Direct entity emissions allocated to SAF
Direct entity emissions

Feedstock emissions allocated to SAF
Feedstock emissions (ethanol/hydrogen)
Feedstock fuels emissions allocated to SAF
Feedstock fuels emissions

Electricity emissions allocated to SAF
Electricity emissions

Carbon removals allocated to SAF

Carbon removals (pending allocation pool)
Feedstock carbon content allocated to SAF
Feedstock carbon content

Sum

Carbon allocated to diesel inventory

Direct entity emissions allocated to SAF
Direct entity emissions

Feedstock emissions allocated to SAF
Feedstock emissions (ethanol/hydrogen)
Feedstock fuels emissions allocated to SAF
Feedstock fuels emissions

Electricity emissions allocated to SAF
Electricity emissions

Carbon removals allocated to SAF

Carbon removals (pending allocation pool)
Feedstock carbon content allocated to SAF
Feedstock carbon content

Sum

Carbon allocated to gasoline inventory

Direct entity emissions allocated to SAF
Direct entity emissions

Feedstock emissions allocated to SAF
Feedstock emissions (ethanol/hydrogen)
Feedstock fuels emissions allocated to SAF
Feedstock fuels emissions

Electricity emissions allocated to SAF
Electricity emissions

Carbon removals allocated to SAF

Carbon removals (pending allocation pool)
Feedstock carbon content allocated to SAF
Feedstock carbon content

Sum

DEBIT

575.2

(11,064)

8.7

338.7

(338.7)

22,366

11,885.89

1954

(3,759.2)

3.0

1541

(115.1)

8,804.3

5,243.45

574.0

(11,041.2)

8.7

338.0

(338.0)

25,3017

14,843.14

CREDIT

575.2

(11,064)

8.7

338.7

(338.7)

22,366
11,885.89

195.4

(3,759.2)

3.0

1541

(115.1)

8,804.3
5,243.45

574.0

(11,041.2)

8.7

338.0

(338.0)

25,301.7
14,843.14

PHASE 4
Transfer emissions from SAF producer’s ledger to airline’s
ledger along with SAF sold

ACCOUNT DEBIT CREDIT

Carbon transferred out from SAF producer to airline

Emissions transferred out (10,480.1) -
Emissions/removals allocated to SAF** - (10,480.1)
Transport emissions transferred out 9.7 -
Transport emissions (from SAF producer to airline) - 9.7
Carbon content transferred out 22,366 -
Feedstock carbon content allocated to SAF - 22,366
Sum 11,895.6 11,895.6

** Multiple entries are summarized into one for simplicity. Including direct
emissions, feedstock emissions, and purchased carbon removal offsets.

ACCOUNT DEBIT CREDIT

Carbon transferred out from SAF producer to airline

Fuels emissions (SAF) (10,470.4) -
Fuels emissions tranferred in - (10,470.4)
Fuels carbon content (SAF) 22,366 -
Fuels carbon content transferred in - 22,366
Sum 11,895.6 11,895.6

Carbon transferred in from conventional jet fuel producer

Fuels emissions (conventional fuel) 3,548 -
Fuels emissions tranferred in - 3,548
Fuels carbon content (conventional fuel) 22,366 -
Fuels carbon content transferred in - 22,366
Sum 25,914 25,914

Diesel and gasoline are sold to other customers,
and the related transactions are not presented here

SAF producer’s ledger Airline’s ledger

Note: Each value in this figure represents the total of all carbon forms—CO,, CH,, CO, VOCs, and carbon content. The values are aggregated for presentation
purposes, while the underlying ledger maintains disaggregated data for each carbon form. The ledger expresses all entries in tons of carbon, serving as a common

unit to balance all carbon forms. Source: EFl Foundation and Sesame Sustainability.
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Table B-1.

Appendix B. Summary of
Transactions in Format Derived
from E-Ledgers Organization
of Assets and Liabilities: CO,
Emissions Ledger with Single-
Entry Bookkeeping

The E-Ledgers accounting system is organized on the basis of assets and liabilities
as compared to the stocks and flows organization discussed above. In the E-Ledgers
system, carbon removals are recorded as assets, and all transactions affecting

CO, emissions are recorded as liabilities. The system included double-entry
bookkeeping of transfers from one ledger to another across a supply chain, with
single-entry bookkeeping of transactions within each entity’s ledger. The ledger
does not include data on carbon content of materials, fuels or products.

A summary of the SAF production case study entity-level transactions, in the format

of assets and liabilities derived from E-ledger concepts, '* is shown in Table B1.

SUMMARY OF TRANSACTIONS IN FORMAT DERIVED FROM E-LEDGERS ORGANIZATION OF
ASSETS AND LIABILITIES: CO, EMISSIONS LEDGER WITH SINGLE-ENTRY BOOKKEEPING

a) Crude oil refiner ledger transactions in E-Ledger format

Transfer of raw materials and energy inputs

CO, emissions assets (1CO,) CO, emissions liabilities (CO,)

Attributed CO, emissions to natural gas transferred 7154

in

Attributed CO, emissions to Bakken Crude 219,032

transferred in

Subtotal 226,186
Net CO, balance 226,186

Continued on next page



Conventional jet fuel production

CO, emissions assets ({CO,) CO, emissions liabilities (CO,)
Attributed CO, emissions to natural gas transferred 7154
in
Attributed CO, emissions to Bakken Crude 219,032
transferred in
Direct CO, emissions generated 250,220
Subtotal 476,406
Net CO, balance 476,406
Jet fuel product allocation factor 2.67%
Net CO, allocated to jet fuel 12,741

b) SAF producer ledger transactions in E-Ledger format

Transfer of raw materials, energy inputs, and carbon removal offsets

CO, emissions assets ({CO,) CO, emissions liabilities (1CO,)

Net CO, removals attributed to ethanol transferred in 100,516 | Attributed CO, emissions to electricity transferred in 2,885
Carbon removal offsets 2,885 | Attributed CO, emissions to natural gas transferred 69
in
Attributed CO, emissions to hydrogen transferred in 4,473
Subtotal 103,401 | Subtotal 7,427
Net CO, balance 95,974
SAF Production
Net CO, removals attributed to ethanol transferred in 100,516 | Attributed CO, emissions to electricity transferred in 2,885
Carbon removal offsets 2,885 | Attributed CO, emissions to natural gas transferred 69
in
Attributed CO, emissions to hydrogen transferred in 4,473
Direct CO, emissions generated 3,620
Subtotal 103,401 | Subtotal 11,047
Net CO, balance 92,354
SAF product allocation factor 42.8%
Net CO, allocated to SAF 39,471*

* The value of 39,471 includes both allocated direct and attributed emissions (-39,506 tCO2) and the emissions from transporting SAF to airline customer (35 tCO,).

Continued on next page
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c) Airline customer ledger transactions in E-Ledger format
Transfer of jet fuels and use

CO, emissions assets (CO,) CO, emissions liabilities (tCO,)

Net CO, removals attributed to SAF transferred in 39,471 | Attributed CO, emissions to conventional jet fuel 12,741
transferred in

Net CO, balance 26,730

Jet fuel combustion 163,850

Net CO, balance 137,120

In the E-Ledgers format, the net-negative estimate of CO, emissions associated
with ethanol is recorded as an asset, reflecting that its value reflects the net effect
of atmospheric removal of CO, in the corn growing process. Table B1 also shows
the transfers of CO, emissions from the ledgers of the crude oil refiner and the SAF
producer to the ledger of the airline. In this instance, it is assumed that the SAF fuel
blend is combusted within the same accounting period. The ledger data is shown
for entity-level totals only. Derivation of product CO, emissions intensity values
would require matching the CO, emissions estimates with production estimates
over the same accounting period.
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