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Introduction CARBON LIMITS

With the delegated acts discussing a minimum threshold for greenhouse gas (GHG) savings from recycled carbon fuels and
specifying a methodology for evaluating GHG savings from renewable liquid and gaseous fuels of non-biological origin (RFNBOs)
in EU (2023) 1185, and the Delegated act establishing a Union methodology defining detailed rules for RFNBOs production (EU
(2023) 1184), in tandem with the Renewables Directive (RED), the European Union has laid out the prerequisites for classifying
hydrogen as renewable. Consequently, this framework also establishes criteria for the renewable hydrogen targets outlined in the
RED.

However, the picture is less clear when it comes to fossil based/mixed/biomass-based produced hydrogen. With the final
methodologies and production criteria for “low carbon hydrogen” imminent, this project aimed to receive analytical support to
inform on up-to date technological developments and readiness and economics around (partly) fossil-based hydrogen production
pathways.

Objectives of the project

To deliver a comprehensive slide deck with

Section  overview of methane (CH,) and carbon-dioxide (CO,) intensity for H, used in the EU, produced domestically or
1 imported using 5 case studies

Section  high level assessment of value chain actors and state of the art of Monitoring, Reporting and Verification (MRV)
2 for estimating CH4 and CO2 emissions along the natural gas value chain
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LCH Case studies assessed CARBON LIMITS
5 case studies covering different production modes




Task 1

Assessment of emission factors for 5 case studies.




Objectives of Task 1 CARBON LIMITS

This section focusses on Task 1 — its results, the methodology and assumptions applied for estimating the
emission factors (EF). Detailed methodology for EF estimations can be found in the Annex.

The EFs were estimated for 2 scenarios.

Scenario 1: Current emissions EF

Represents the current best understanding level of emissions. Scenario 1 presents the average emissions and
EF per country, and the EF is considered as flat through the study period until 2050

Scenario 2: EF with Best Available Technologies (BAT)

Represents the EF which could be achieved assuming BAT deployment by a certain year. A minimum of ten
years is assumed to reach this BAT scenario.

For more details on the methodology applied for each scenario in each case study, see the Annex.




Emission factors units CARBON LIMITS

* Emission factors for this task are provided in three forms:
*  kgCH,emitted/kgH, produced
*  kgCO,emitted/kgH, produced

© kgCOyemitted/kgH, produced (summary slide) — with GWP 20 and GWP 100°. These emission factors are compared to 3.38

kgCO,eqemitted/kgH, which corresponds to the greenhouse gas savings threshold at least 70% from January 2021, as stated
out in the RED II4.

* The following conversion steps were applied to obtain results in the aforementioned units.

A unique emission factor per value chain Two emission factors per value chain (ATR and SMR)

Oil & Gas

Emissions/bem of gas used in Germany Consumption of natural gas to produce
hydrogen'
SMR: 0.0043 bcm/kgH,
ATR: 0.0037 bem/kgH,

Biomethane .

Emissions/bcm of biomethane used in Emissions/kgH, produced by SMR

Germany '
Emissions/kgH, produced by ATR

: Direct CO, emissions during hydrogen '

C¢S production and capture rates? E

Emissions/kt CO, captured from SMR: 9 kgCO, captured /kgH,

hydrogen production ATR: 11 kgCO, captured /kgH, ?

'Based on data used in Deloitte’s HyPE model: 48 and 41 kWh of natural gas consumed/kgH, produced by SMR and ATR respectively

2Assuming a capture rate of 90% for SMR and 95% for ATR based on Deloitte’s HyPE model assumptions. For direct CO, emissions, see the methodology used for emissions from H, production.
3SGWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)

4 Renewable Energy — Recast to 2030 (RED II) - European Commission (europa.eu)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:OJ.L_.2018.328.01.0082.01.ENG
https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter08_FINAL.pdf
https://joint-research-centre.ec.europa.eu/welcome-jec-website/reference-regulatory-framework/renewable-energy-recast-2030-red-ii_en#:~:text=The%20share%20of%20high%20indirect%20land-%20use%20change-risk,bioliquids%20or%20biomass%20fuels%20pursuant%20to%20this%20paragraph.

Case 1

LNG imported from the US to Germany — production of blue H, with
imported LNG. CO, is transported to Norway for storage
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Case 1 EF summary for current scenario

In kg emissions / kg H, produced
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Case 1 EF summary for current scenario
In kg CO,, / kg H, produced — using GWP 20 and GWP 100
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GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:OJ.L_.2018.328.01.0082.01.ENG
https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter08_FINAL.pdf
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Case 1 EF summary for BAT scenario

In kg emissions / kg H, produced

Case 1 - CH, emissions Case 1 - CO, emissions
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SMR - ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by ship
SMR - pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by pipeline

ATR - ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by ship
ATR - pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by pipeline



Case 1 EF summary for current and BAT scenario — SMR productiort "

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
Total emissions for case 1 with GWP 20 and GWP 100 (CO,) - SMR
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Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050
SMR - ship SMR - pipeline

SMR - ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by ship
SMR - pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by pipeline

* The EF estimated in the current emissions scenario is higher than the 70% threshold (3.38kgCO,.,/kgH,) using both GWP 20 and GWP 100.

« For SMR production with both ship and pipeline transport of CO,, the value chain presented in Case 1 is within the 70% threshold (3.38kgCO,/kgH,) in the BAT scenario
within 2030, when using both GWP 20 and GWP 100.

* However emissions estimated using both GWP 20 and GWP 100 are within this threshold from 2040, if BAT technologies are applied for emissions reduction.

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:OJ.L_.2018.328.01.0082.01.ENG
https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter08_FINAL.pdf

Case 1 EF summary for current and BAT scenario — ATR production™ """ =

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
Total emissions for case 1 with GWP 20 and GWP 100 (CO,) - ATR
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Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050

ATR - ship ATR - pipeline
ATR - ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by ship
ATR - pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by pipeline

* The EF in the current emissions scenario is higher than the 70% threshold (3.38kgCO,.,/kgH,) using both GWP 20 and GWP 100.

« For ATR production with both ship and pipeline transport of CO,, the value chain presented in Case 1 is within the 70% threshold (3.38kgCO,,/kgH,) in the BAT scenario
within 2030.

* It should be noted that, depending on the GWP considered and the year of analysis, ATR has between 6% to 24% lower EF than SMR for case 1.

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:OJ.L_.2018.328.01.0082.01.ENG
https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter08_FINAL.pdf

Case ?

Gas imported from Algeria to Germany via pipeline — production of
blue H, in Germany. CO, is transported to Norway for storage.
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Case 2 EF summary for current scenario

In kg emissions / kg H, produced
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Case 2 - CO, Current scenario
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Case 2 EF summary for current scenario

In kg CO,,, / kg H, produced — using GWP 20 and GWP 100
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Case 2 EF summary for BAT scenario

In kg emissions / kg H, produced

Case 2 - CH, emissions Case 2 - CO, emissions
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SMR - ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by ship
SMR - pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by pipeline

ATR - ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by ship
ATR - pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by pipeline



Case 2 EF summary for current and BAT scenario — SMR productiort " -

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
Total emissions for case 2 with GWP 20 and GWP 100 (CO,) - SMR
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Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050
SMR - ship SMR - pipeline

SMR — ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by ship
SMR - pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by pipeline

* The EF in the current emissions scenario is higher than the 70% threshold (3.38kgCO,.,/kgH,) using both GWP 20 and GWP 100.
* Unlike Case 1, the value chain in Case 2 has an EF higher than the 70% threshold (3.38kgCO,/kgH,) in BAT scenario in 2030, a decrease below the threshold is only visible
from 2040 BAT scenario for both GWP values

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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Case 2 EF summary for current and BAT scenario — ATR production™ " =

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
Total emissions for case 2 with GWP 20 and GWP 100 (CO,) - ATR

10

3.38 kgCO0eq - cuip 100/kgH, (70%) 4 7.9
3 5.4
: : 4.9 5.2 4.9
2 " 3.4
. 25
1 19
1.9

GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP 20 GWP 100
Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050
ATR - ship ATR - pipeline

- kgCOyey/kgH, produced
(e}

Emissions
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ATR - ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by ship
ATR - pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by pipeline

The EF in the current emissions scenario is higher than the 70% threshold (3.38kgCO,,/kgH,) using both GWP 20 and GWP 100.

Unlike Case 1, the value chain in Case 2 has an EF higher than the 70% threshold (3.38kgCO,,/kgH,) in BAT scenario in 2030.

However emissions estimated using both GWP 20 and GWP 100 are below this threshold from 2040, if BAT technologies are applied for emissions reduction.
It should be noted that, depending on the GWP considered and the year of analysis, ATR has between 8% to 25% lower EF than SMR for case 2.

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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Case 3

Blue H, is produced in Norway (with domestic gas produced), with
CQO, stored in Norway and H, transported by offshore pipeline to
Germany.




Qil exploration
& Production

AL

& Production

Associated gas

Natural gas exploration Gas gathering

UPSTREAM EF

mﬂ

Gas processing

1. Value chain considered for the
gas producing country (Norway)

DOWNSTREAM EF

Gas transmission

Case 3

Storage Transport of CO,

24

Conditioning
Compression, liquefaction

CARBON

2. Value chain considered for

the H2-producin

g country

Carbon capture

SMR or ATR

HYDROGEN EF

| Hydrogen transmission
| (Exporting country)
DOWNSTREAM HYDROGEN EF

| (Norway)

EF = emission factor

SMR = Steam Methane Reforming

ATR = Autothermal Reforming

EF boundaries

Value chain boundaries

LIMITS



: CARBON LIMITS
Case 3 EF summary for current scenario

In kg emissions / kg H, produced
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Case 3 EF summary for current scenario

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
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GWRP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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Case 3 EF summary for BAT scenario

In kg emissions / kg H, produced

Case 3 - CH4 emissions Case 3 - CO2 emissions
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SMR - ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by ship
SMR - pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by pipeline

ATR - ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by ship
ATR - pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by pipeline



Case 3 EF summary for current and BAT scenario — SMR productiori 0" -7

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
Total emissions for case 3 with GWP 20 and GWP 100 (CO,,) - SMR

10

- kgCO,¢q/kgH, produced
(o)}

3.38 kgCOxeq _ wp 100/kgH, (70%)

______________________________________ 8_____________________________________________________________________________________________________________________________________
S 3
wn
k<)
5 2
1 1.70 - 14 1.5 1.5
- : 1.30 1.2 1.30 1.26 : 1.41 1.3 1.2 1.21 1.2 1.21
0
GWP 20 GWP 100 GWP20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100, GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100
Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050
SMR - ship SMR - pipeline

SMR - ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by ship
SMR - pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by pipeline

«  The estimated EF in Case 3 is much lower than the 70% threshold (3.38kgCO,./kgH,) in all the scenarios.
+ Therefore, it is possible today to obtain blue hydrogen within this threshold.

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 20158/2001 and AR5 (IPCC)
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Case 3 EF summary for current and BAT scenario — ATR production"®"" “™M'™

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
Total emissions for case 3 with GWP 20 and GWP 100 (CO,,,) - ATR

10

- kgCOyeq/kgH, produced

3.38 kgCOseq — gwp 100/kgH, (70%)

Emissions

@M@M@
0

GWP 20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100 GWP20 GWP 100
Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050
ATR - ship ATR - pipeline

ATR - ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by ship
ATR - pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by pipeline

* The estimated EF in Case 3 is much lower than the 70% threshold (3.38kgCO,/kgH,) in all the scenarios. Therefore, it is possible today to obtain blue hydrogen within this
threshold.

+ It should be noted that, depending on the GWP considered and the year of analysis, ATR has between 17% to 35% lower EF than SMR for case 3

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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Case 4

Biogas-based H, production in Germany, with CO, transported to
Norway for storage.
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Case 4

CARBON

Production and storage
(agriculture) On-site storage of digestate

r

L

LLt
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W .

C  Transport of Pre-treatment Anaerobic digestor  UPdrading and SMR or ATR Carbon capture Conditioning
raw materials pUrIfICﬂtlon HYDROGEN EF Liquefacﬁon

1. Value chain considered for the biogas 2. Value chain considered for the H2-

producing country (Germany) producing country (Germany)

Transport of CO, Conditioning Transport of CO,
Storage L . S ,
by pipeline or ship Compression, liquefaction by truck
EF boundaries EF = emission factor
SMR = Steam Methane Reforming
Value chain boundaries ATR = Autothermal Reforming
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Note on biogenic and non biogenic emission assumptions  CARBON LIMITS

General assumptions

+ Biogenic CO, emissions from the use of biofuels are not accounted for (part of the CO, cycle).

*  Only non-biogenic (or fossil) CO, emissions are accounted for.

« As per IPCC, biogenic CH, emissions from the production of biofuels (e.g., biomethane in case 4) are accounted for.

Case 4 — Biomethane production in Germany
* Pre-storage of manure: biomethane emissions from manure are accounted for

* Anaerobic digestion and upgrading plant:
* Heat and electricity consumption
*  Only biogenic emissions from the use of their own biogas, hence non-biogenic CO, emissions are zero — in the
current scenario. The biogenic CO, emissions are not accounted for, as explained in General Assumptions
above.
+ For the BAT scenario, the capture of the biogenic CO, emissions leads to negative emissions.
+ Leakage — only direct biogenic CH, emissions from the anaerobic digestor or upgrading plant are included.

* Hydrogen plant:
+ Leakage — only direct biogenic CH, emissions from the hydrogen plant are included.
+ No CO, biogenic emissions — since this would be linked to the use of biomethane (part of the CO, cycle).
*  However, the capture of these emissions leads to negative emissions in the current and BAT scenarios.

1 About non-fossil CO, from manure pre-storage: "This chapter provides guidance on methods to estimate emissions of methane from Enteric Fermentation in livestock, and methane and nitrous oxide emissions from Manure
Management. CO, emissions from livestock are not estimated because annual net CO, emissions are assumed to be zero — the CO, photosynthesized by plants is returned to the atmosphere as respired CO,. A portion of the C
is returned as CH, and for this reason CH, requires separate consideration." (CHAPTER 1 (iges.or.jp))



https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf
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Case 4 EF summary for current scenario

In kg emissions / kg H, produced

Case 4 - CH, Current scenario Case 4 - CO, Current scenario
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| |
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| |
0.00 : -12.0 :
SMR - truck + ship SMR - truck + pipeline | ATR - truck + ship ATR - truck + pipeline SMR - truck + ship  SMR - truck + pipeline | ATR -truck + ship  ATR - truck + pipeline
| |
CCS (conditioning before transport, transport, injection/storage, post-injection) CCS (conditioning before transport, transport, injection/storage, post-injection)
= Hydrogen (production and carbon capture) = Hydrogen (production and carbon capture)

m Biomethane production m Biomethane production
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Case 4 EF summary for current scenario

In kg CO,, / kg H, produced — using GWP 20 and GWP 100

8.0

6.0

3.38 KGCOeq/KGHy (70%) - - - - - oo oo

kg CO,q emitted / kg H, produced

-10.0

-12.0
SMR - ship SMR - pipeline ATR - ship ATR - pipeline

CO2eq - GWP 100

SMR - ship SMR - pipeline ATR - ship ATR - pipeline
CO2eq - GWP 20

CCS (conditioning before transport, transport, injection/storage, post-injection)
= Hydrogen (production and carbon capture)

= Biomethane production

GWRP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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: CARBON LIMITS
Case 4 EF summary for BAT scenario

In kg emissions / kg H, produced

Case 4 - CH, emissions Case 4 - CO, emissions

0.06 0.0
) °
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2 003 o 60
3 0.02 2 80
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> 0.01 ©.-100
x5 @)
o O
2 0.00 [ | 2120

-0.01 140

t i BAT - 2 BAT - 204 BAT -2 o
Current scenario 030 040 050 Current scenario BAT - 2030 BAT - 2040 BAT - 2050
B SMR - truck + ship SMR - truck + pipeline B ATR - truck + ship ATR - truck + pipeline

B SMR - truck + ship SMR - truck + pipeline W ATR - truck + ship ATR - truck + pipeline

SMR —truck + ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by truck then ship
SMR - truck + pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by truck then by pipeline

ATR —truck + ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by truck then by ship
ATR —truck + pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by truck then by pipeline

In Case 4, H, production using biomethane can lead to negative emissions. Two main reasons can explain these negative emissions:
(i) The capture of non-fossil CO, emissions at the anaerobic digestion, upgrading plants (biomethane production) and at the hydrogen plant.
(i) The avoided non-fossil CH, emissions when producing biomethane from manure instead of storing it.
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Case 4 — Sensitivity on feedstock use

IN kKtCO,eq_ wp 100 / OCM biomethane produced

500

-500

-1000

ktCO,eq / bcm biomethane produced

-1500

-2000
Current scenario

BAT 2050

CARBON LIMITS

To understand the impacts of biomass used
on the EF of biomethane, sensitivity analyses
were done using different shares of
feedstock. The sensitivity line (in black)
represent extreme cases where either only
maize or only manure is used.

All in all, the use of manure leads to less
emissions than the use of maize. Indeed, if
the manure is not used to produce
biomethane, it would have been stored and
have emitted a huge amount of methane.
Therefore, using 100% manure in the current
scenario would lead to negative emissions
compared to a reference scenario with
storage of manure.

Feedstock Min Max
Maize 0% 100%
Manure 100% 0%

Regulating the feedstock (e.g.,100% manure), in addition to implementing BAT, could lead to an additional 74% reduction in total CO,,, emissions by
2050. Reducing maize could be an effective measure if implemented alongside BAT: this measure alone would reduce emissions by 51% less than

the BAT considered in this assessment.
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Case 4 EF summary for current and BAT scenario — SMR production
In kg CO,, / kg H, produced — using GWP 20 and GWP 100

Total emissions for case 4 with GWP 20 and GWP 100 (CO,) - SMR
10.0
8.0
6.0

3.38 kgCOxeq _ wp 100/kgH, (70%)
4.0

2.0
0.0
-2.0
-4.0
-6.0

-8.0

11.2 -10.9
-13.3

-10.0

Emissions - kgCO,.,/kgH, produced

-12.0

-14.0

-16.0
GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100

Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050
SMR - truck/ship SMR - truck/pipeline

*To note tha N,O emissions are not considered here, only CH, and CO.,.

SMR —truck + ship: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by truck then ship
SMR - truck + pipeline: Hydrogen is produced by Steam Methane Reforming and the captured CO, is transported by truck then by pipeline

 Inall scenarios, Case 4, or H, production using biomethane can lead to negative emissions. Thus, the 70% threshold (3.38kgCO,.,/kgH,) is achieved.

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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Case 4 EF summary for current and BAT scenario — ATR production
In kg CO,, / kg H, produced — using GWP 20 and GWP 100

Total emissions for case 4 with GWP 20 and GWP 100 (CO,) - ATR

10.0
8.0
- 6.0 o
o 3.38 kgCOxeq _ awp 100/kgH, (70%)
S 40
1= e
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GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100
Current scenario BAT 2030 BAT 2040 BAT 2050 Current scenario BAT 2030 BAT 2040 BAT 2050
ATR - truck/ship ATR - truck/pipeline

To note tha N,O emissions are not considered here, only CH, and CO..

ATR —truck + ship: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by truck then by ship
ATR —truck + pipeline: Hydrogen is produced by Autothermal Reforming and the captured CO, is transported by truck then by pipeline

* Inall scenarios, Case 4, or H, production using biomethane can lead to negative emissions. Thus, the 70% threshold (3.38kgCO,,/kgH,) is achieved.
+ It should be noted that, depending on the GWP considered and the year of analysis, ATR has up to 25% lower EF than SMR for case 4.

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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Case 5

Green hydrogen is produced in the US and exported as green ammonia
by ship to Germany. Re-converted to hydrogen in Germany.
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1. Value chain considered to
produce green ammonia (USA)

Case 5

HYDROGENEF NH- EF -EC

Py
&

Green hydrogen Ammonia production ||| Transport of ' Import terminal &
production . ammonia by ship || Ammonia
| i cracking
EF = emission factor EF boundaries

EC = exporting country
|C = importing country Value chain boundaries
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Case 5 EF summary for current and BAT scenario

In kg CO,, / kg H, produced — using GWP 20 and GWP 100
Total emissions for case 2 with GWP 20 and GWP 100 (CO,,)

10.00
9.00
8.00

7.00

- kgCO,eq/kgH, produced
(o))
3

3.38 kgCO.eq_ cup 100/kGH, (70%) 4.00 3.39
------------------------------------ Y I 1
_5 3.00 2.45 2130
wn .
2 2.02
£ 200 1.73 1.59
L
100 l
0.00
GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100 GWP 20 GWP 100
Current scenario BAT 2030 BAT 2040 BAT 2050

*To note that NH; and H, emissions are not considered here, only CH, and CO,.

* The EF in the current emissions scenario is already lower than the 70% threshold (3.38kgCO,,/kgH,) using both GWP 20 and GWP 100.

GWP 100 = 25 and GWP 20 = 84 have been compared, respectively based on the assumption on the Directive (EU) 2018/2001 and AR5 (IPCC)
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Summary of EF from all case studies for current scenario and BAT - 2050
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The results from the 5 case
studies show the importance
of applying BAT abatement
options for reducing the EF of
fossil-based H,.

However, the production of
blue H, in Norway (Case 3),
the production of blue H,in
Germany using biomethane
(Case 4) and the green H,
produced in the USA and
transported in the form of
ammonia (Case 5) already
meets the 70% target of 3.38
kgCO,eq/kgH,.

In general, ATR technology
has a lower EF as compared
to SMR technology.

The transport of CO, also
plays a role in the overall EF
associated with fossil-based
Ho.

' It is to be noted that Case
5is green H, case, hence
there is no differenciation
between SMR and ATR. The
values have been added to all
the graphs for comparison, but
there is not differenciation
between the four graphs for
Case 5.



Task 2

High level assessment of value chain actors and state of the art MRV




Objectives of Task 2 CARBON LIMITS

The following sections provide an overview along the blue and green hydrogen value chain of:

« Stakeholders which could be involved in emissions abatement efforts. Many stakeholders exist along these
value chains, but the focus is placed on stakeholders which could have a significant influence (financially,
operationally, legally, etc.) on emissions mitigation.

« Available monitoring, reporting, and verification (MRV) frameworks, certification schemes, or other relevant
regulations and initiatives for emissions abatement. These can aid stakeholders in monitoring and reducing
value chain emissions.

« An overview of the primary abatement opportunities for methane and carbon dioxide at each segment of the
value chain. These lists are non-exhaustive and present only the most effective or common options for
emissions abatement.

The intent of identifying the most prominent value chain actors and outlining the best available methods by which

they could monitor and reduce greenhouse gas emissions is to understand the pathways for generating low-

carbon hydrogen and assess what gaps or obstacles exist in this area.




Value chain actor analysis




Value chain actors CARBON LIMITS

There is an extensive list of stakeholders involved along the oil and gas, biogas, hydrogen, and CCS value chains.
Many stakeholders are involved with only a portion of the value chain, while other actors are involved more
extensively. Stakeholders can be as broad as entire companies, institutions, or regulatory bodies, and as granular
as community members and company employees. For the purposes of this study, the following slides focus on three
general stakeholder groups:

- Direct emitters: These are companies who are typically directly responsible for the majority of greenhouse
gas emissions in their segment of the value chain (using an operators approach). They are releasing
emissions as an immediate result of their operations.

« Indirect emitters: These companies are responsible for a smaller volume of emissions in their segment of
the value chain. These emissions are typically an indirect result of value chain operations.

« Stakeholders that could influence emissions MRV: These stakeholders are not responsible for emissions
within this particular value chain. However, they could have a strong influence on the value chain emissions
in the sense that they could affect the development and usage of emissions MRV guidance and regulation.

The following slides present the most relevant stakeholders within each group and illustrate the extent of their
influence along the value chain. The “Oil and natural gas” slide presents stakeholders for Case Studies 1-3. The
“Biogas” slide presents stakeholders for Case Study 4, and the “Ammonia” slide corresponds to Case Study 5.
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Ammonia: value chain stakeholders
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HYDROGEN

AMMONIA
Import terminal and ammonia
cracking®

Transport of ammonia by ship

Ammonia production

Green hydrogen production

Tanker owners Hydrogen technology providers
Terminal operators

Hydrogen technology providers
Maritime service providers

***.e. land management, environmental, and energy agencies

** |.e. processing and liquefaction technology, storage tank and tanker providers

* In the respective country where the value chain segment is occurring.



State-of-the-art MRV




Monitoring, reporting, and verification (MRV) CARBON LIMITS

Various voluntary and mandatory monitoring, reporting, and verification (MRV) standards exist to facilitate emissions
accounting along the blue hydrogen value chain. These standards and frameworks vary in their requirements, value
chain coverage, granularity of detail, and participation rates, but serve a similar purpose: to facilitate emissions
monitoring and reduction practices.

Although some frameworks are more widely used or commonly recognized than others, there is no MRV framework
that serves as the singular industry standard for methane and carbon dioxide monitoring at any point along the value
chains considered in this study. And despite the abundance of frameworks, certain gaps exist — for example,
agriculture and biogas are not currently included in MRV standards for regulatory compliance.

In addition to these MRV standards, a number of certification mechanisms exist for different parts of the value
chains considered herein. Certifications indicate a company’s adherence to certain emissions intensity standards.
These mechanisms also sometimes consider other benchmarks such as biomass sustainability requirements.

Finally, there are many other regulations and initiatives which are not directly related to emissions quantification but
remain highly relevant for any entity looking to quantify and reduce emissions along the hydrogen value chain. These
regulations and initiatives are international (EU-wide or global) and are aimed at promoting large-scale emissions
reductions.

The following slides provide an overview of the most relevant standards, frameworks, regulations, and initiatives,
illustrating which section(s) of the value chain they apply to. Further details are subsequently provided on each item
to clarify their purpose and extent, as well as highlight any pertinent limitations.
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Natural gas, hydrogen, and CCS: value chain
benchmarking frameworks

Upstream O&G
(exploration/ Gas

Steam or Hydrogen Carbon

LNG:
Liquefaction
and export

LNG: Import
terminal and
regasification

Transport of
autothermal transmission capture and CO?2 Storage

reforming conditioning

LNG: LNG

production, gathering/ transmission Carrier

boosting, processing)

Oil and Gas Methane Partnership (CH4 only) ISO/TS 19870: 2023 ISO/TR 27915: 2017
Statement of Greenhouse Gas Emissions (LNG only) Verra CCS Methodology Framework
Voluntary
methodologies GIIGNL (International Group of Liquefied Natural Gas Importers) (LNG only) Puro.earth Geologically Stored Carbon
for emissions Methodology (only relevant for CCS in biogas
monitoring and  Veritas/GTI Energy (CH4 only) value chain)
reporting
American Petroleum Institute Compendium Drax/Stockholm Exergi Methodology

Greenhouse Gas Protocol

standard
methodologies
monitoring and

Note: Sources are listed on the MRV focus slides in the Annex
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Natural gas, hydrogen, and CCS: value chain
certification frameworks

Upstream O&G LNG: LNG: Import Steam or

(exploration/ (€ETS LNG: LNG
production, gathering/ transmission
boosting, processing)

Liquefaction . terminal and autothermal Hydrqggn
Carrier P : transmission
and export regasification reforming

Other relevant
regulations and
initiatives

Note: Sources are listed on the MRV focus slides in the Annex
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Hydrogen via biogas: value chain benchmarking frameworks CARBON LIMITS

Steam or
autothermal
reforming

Agricultural production and

Hydrogen

Anaerobic digestion and

on-site storage of digestate CIPEJEEIMg EInel Ui SEIeIn

storage, transport of raw Pre-treatment
materials

transmission*

Voluntary Drax/Stockholm Exergi Methodology ISO/TS 19870: 2023
methodologies

for emissions

monitoring and
reporting Greenhouse Gas Protocol

Compliance
standard
methodologies
for emissions
monitoring and
reporting

. ; : ; * Methodologies for the remainder of the value chain
Note: Sources are listed on the MRV focus slides in the Annex (carbon capture through storage) are provided on
54 the “Natural gas, hydrogen, and CCS” slides.



Hydrogen via biogas: value chain certification frameworks CARBON LIMITS

Steam or
autothermal
reforming

Agricultural production and
storage, transport of raw Pre-treatment
materials

Anaerobic digestion and

Hydrogen

Upgrading and purification transmission®

on-site storage of digestate

Other relevant
regulations and
initiatives

Note: Sources are listed on the MRV focus slides in the Annex * Certification schemes, regulations, and initiatives for the
remainder of the value chain (carbon capture through storage)

55 are provided on the “Natural gas, hydrogen, and CCS” slide.



Ammonia: MRV frameworks, certification CARBON LIMITS
schemes, and other initiatives

Green hydrogen production Ammonia production Transport via ship Import and cracking

Voluntary methodologies
for emissions monitoring
and reporting

Compliance standard
methodologies for
emissions monitoring
and reporting

Other relevant regulations
and initiatives

Note: Sources are listed on the MRV focus slides in the Annex
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A note on Guarantees of Origin CARBON LIMITS

Guarantees of origin (GOs) facilitate and incentivize the use of renewable and low-carbon energy. CEN-EN 16325, the European standard for GOs
for electricity, is currently being revised to include GOs for heating, cooling, and gaseous energy carriers (including hydrogen). However, Hydrogen
Europe highlights potential risks with the current approach, including the theoretical possibility of using biomethane GOs in place of low-carbon
hydrogen GOs and potentially “greenwashing” hydrogen produced with natural gas. They therefore recommend an entirely separate GO system for
hydrogen that can be tradeable between EU member states and ultimately established on a global level. GOs for low-carbon hydrogen should also
account for the location of the electricity or other energy source used to produce the hydrogen, as this can ultimately affect the carbon intensity of
the hydrogen.

Other challenges in the GO space currently include, but are not limited to:

«  Currently, there are various GO schemes which have been established to verify blue and green hydrogen but these have not yet been formally
recognized as compliant with RED. CertifHy is one such scheme which has applied for formal recognition under the EU system, but approval is
still pending. This poses a challenge to stakeholders looking to align with RED and related regulations but do not currently have a reliable method
for doing so.

» Different definitions of system boundaries (for example, certificates under Netherland’s hydrogen GO scheme are only valid within the country
whereas CertifHy applies across EEA countries and ultimately plans to expand internationally)

» Differing GHG accounting methodologies

« Varying definitions of what constitutes a “Renewable Fuel of Non-Biological Origin” (RFNBO) like hydrogen (i.e. Denmark’s green hydrogen GO
scheme does not perfectly align with EU rules)

To generate reliable and consistent GOs for green or blue hydrogen, the entire value chain — starting from energy production and transport through
to the delivery of low carbon hydrogen — should be verified in a standardized manner.

Sources

European Commission Association of Issuing Bodies
Hydrogen Insight Hydrogen Europe

Science Direct Fortum



https://energy.ec.europa.eu/topics/renewable-energy/bioenergy/voluntary-schemes_en#approved-voluntary-schemes-and-national-certification-schemes
https://www.aib-net.org/sites/default/files/assets/news-events/AIB%20Project-Consult/FaStGO/AIB-2020-FASTGO-02%20task%202%20part%202%20update%20FASTGO%20proposal_EN%2016325_revision_carrier-specific_20200708_after%20consultation_clean.pdf
https://www.hydrogeninsight.com/production/denmark-launches-green-hydrogen-guarantee-of-origin-scheme-but-where-is-the-eus-/2-1-1481667
https://hydrogeneurope.eu/wp-content/uploads/2021/11/2020.07_Hydrogen-Europe-GOs_paper.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0301421520300586
https://www.fortum.com/about-us/forthedoers-blog/hydrogen-legislation-needs-acknowledge-regional-differences

MRV —in conclusion (1) CARBON LIMITS

Due to the growing number of regulations surrounding emissions mitigation and reduction, as well as increasing
consumer and public interest in low-emission alternatives, a number of methodologies and standards for emissions
monitoring, reporting, and verification have materialized in recent years. Some of these frameworks are mandated by
governments and other regulatory bodies, such as the US Environmental Protection Agency’s Greenhouse Gas
Reporting Program or the EU Emissions Trading System. Others, like the Greenhouse Gas Protocol or the Oil and
Gas Methane Partnership (OGMP) 2.0 Framework, are voluntary. Many certification schemes also exist to verify that
companies, facilities, or products are in alignment with these mandatory or voluntary standards. These voluntary
frameworks and certification schemes allow companies to publicly signal their emission reduction efforts and
commitments.

In many cases, many frameworks exist for emissions monitoring within a value chain segment. This is especially true
for the oil and gas sector, which is a prominent focus in the emissions reduction arena. As such, there is often no
singular framework that can be broadly recornmended for monitoring these value chain segments. For example, the
OGMP 2.0 Framework is the best option for oil and gas companies looking to monitor their methane emissions.
OGMP is led by the United Nations Environment Programme (and therefore is well-recognized globally), aligns with
incoming EU methane regulations, and its participants represent nearly 40% of global oil and gas production.
However, OGMP only covers methane emissions, meaning that companies looking to monitor other GHG emissions
may require a separate framework such as the American Petroleum Institute’s Compendium of GHG Emissions
Methodologies. The Statement of Greenhouse Gas Emissions Methodology could also be used, but only for LNG
cargoes.




MRV —in conclusion (2) CARBON LIMITS

Although MRV frameworks are abundant in the oil and gas sector, there are fewer for biogas, hydrogen, and CCS.
For example, the ISO technical specification ISO/TS 19870:2023 may be the best available voluntary guideline for
emissions accounting for hydrogen production and transmission processes, although hydrogen production is also
monitored under the EU Emissions Trading System. Several certification systems exist for biogas, but there are a
limited number of voluntary MRV frameworks that can be used for this value chain, and biogas is generally
excluded from regulatory compliance frameworks as it is considered a “zero-emission” product.

There is also some remaining ambiguity around third-party verification. Many certification schemes require
verification by an independent third party, while others, like OGMP, are currently based on self-reporting without
requiring an external audit. Even among schemes that require third-party verification, the procedures and
standards around how the verification is done can vary. Third-party verification requirements should be evaluated
further to support the development of effective verification schemes. For example, better standardization of what
verification entails, how much it costs and who should pay, and how thorough the verification steps are (i.e., if a
certification is company-wide, what percentage of their sites should be verified) could facilitate more reliable
certification processes.

Overall, the ever-growing focus on emissions monitoring and reduction has led to an increasing number of
emission monitoring methodologies, regulations, technologies, and initiatives. The list presented here is not
exhaustive, and it is likely that more will continue to emerge. Many of these frameworks build on each other and
are compatible with one another, but there is currently no singular preferred choice for emissions MRV at any part
of the blue hydrogen value chain.




CH, and CO, abatement options

an overview




Abatement options - Introduction CARBON LIMITS

Abatement options for methane (CH,) and carbon dioxide (CO,) in the oil and gas sector, biogas, hydrogen (H,)
production, and carbon capture and storage (CCS) value chains are crucial for reducing the emission intensity of
blue H, and biomethane-based H, production. While the strategies for abatement depend on existing practices in
the field of operation, most sites can address emissions through technological advancements and behavioral
improvements.

Given the vast array of abatement options for CH, and CO,, this task focuses on identifying the main abatement
options rather than creating an exhaustive list. Developing a comprehensive list requires lower granularity (e.g., at
the site level, state level, etc.) based on existing regulations.

The slides in this section highlight key abatement options along the value chains of natural gas, H,, CCS, and
biogas. These options include:

« Technological Improvements: Implementing advanced technologies to reduce emissions at various stages of
production and processing.

«  Behavioural Improvements: Encouraging best practices and operational changes to minimize emissions.

By focusing on these key abatement strategies, we aim to provide a clear and practical approach to reducing CH,
and CO, emissions across these critical sectors.




CH, abatement: Gas value chain

Upstream (exploration/
production, gathering/
boosting, processing)

Mitigation option

Description

Gas

transmission

Liquefaction and LNG
export terminal carrier

CARBON LIMITS

Import Behaviour- or
terminal and technology-
regasification based?

Early replacement of
devices

Pump replacement

Compressor seal/rod
replacement

Replacement with
instrument air
systems

Replacement with
electric motors

Installation of vapour
recovery units

Blowdown capture

Flare installation

Plunger installation

Leak detection and
repair

Replacement of high-bleed devices with low-bleed.

Replacement of pumps which use fossil fuels to operate (i.e. pneumatic pumps) with electric
pumps or solar pumps.

Old, worn compressor parts can lead to increased emissions. Wet seals can also be
degassed or replaced with dry seals.

Pumps and controllers which use natural gas as an energy source can be replaced with
instrument air systems, which pressurize ambient air to perform the same functions without
emitting methane.

Even low-bleed devices are a source of emissions. Electric motors can instead be used in
pneumatic devices as well as in engines used for drilling and well completion operations.

Vapour recovery units (VRUs) capture emissions which accumulate in equipment.

Equipment is depressurized by performing gas blowdowns. Instead of venting/flaring excess
gas, it can be captured during blowdown events for onsite reuse or sale.

Flaring is not a zero-emissions solution but is preferrable to venting excess gas as it reduces
the amount of methane released to the atmosphere.

Plunger lifts improve the efficiency of liquid unloading events while reducing methane
emissions.

Fugitive leaks are identified and addressed in a process referred to as leak detection and
repair (LDAR). This can be done in several ways with a variety of technologies.

Behaviour
Technology

Technology
Technology

Technology

Technology

Behaviour and
technology

° Technology

Technology

Behaviour and
technology

Sources

Methane abatement options — Methane Tracker 2020 — Analysis - IEA
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https://www.iea.org/reports/methane-tracker-2020/methane-abatement-options

CARBON LIMITS

CO, abatement: Gas value chain

LIPEHTEE () Sz el Gas Liquefaction and : Import terminal and BTN O
LNG carrier technology-

transmission export terminal regasification
P 9 based?

Mitigation option Description production, gathering/
boosting, processing)

Although gas flaring reduces atmospheric methane emissions, it emits

less potent greenhouse gases including carbon dioxide. To reduce °
flaring emissions, excess gas should be utilized (onsite or sold to the

market) to the extent possible.

Flare mitigation Technology

Many processes (gas turbines, diesel engines, compressors, drivers,
etc.) throughout the oil and gas value chain use fuel to generate energy.
Energy efficiency Improving the energy efficiency of these processes (for example, via ° ° ° ° ° Technology
heat recovery) can mean less fuel is required to generate heat and
power, resulting in lower emissions.

Instead of generating heat and power onsite using combustion
P processes, companies can reduce reliance on fuel by switching to using
Electrification and e : . ; . .
electricity from the grid or renewable energy (including biogas). An issue Technology
renewable energy . ; . . : ; >
with this option is that it requires a reliable supply of electricity or
renewable energy.

Due to the relatively low volumes of CO2 produced in the value chain,
carbon capture and storage is generally not a preferred mitigation option
for oil and gas. However, CCS can be a viable option for the acid gas
Carbon capture and X
storage removal process (when CO2 is removed from gas to meet market Technology
9 specifications). Since CO2 separation is an inherent part of this

process, CCS on acid gas removal units can be feasible and low-cost.
This is occurring at the Sleipner field in Norway.

Sources

International Energy Agency
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https://www.iea.org/reports/methane-tracker-2020/methane-abatement-options

CH, abatement: H, and CCS

Mitigation option

Waste heat recovery

Energy efficiency

Renewable energy
use (including
bioenergy)

Leak detection and
repair

Route optimization

Description

Excess heat from different processes can be recovered and reused for
heat or electricity purposes, lowering the amount of fossil fuels required
to power these processes.

Improving the energy efficiency of various processes (for example, via
heat recovery) can mean less fuel is required to generate heat and
power, resulting in lower emissions.

Using renewable or low-carbon energy to power various processes can
reduce reliance on fossil fuels.

Fugitive leaks are identified and addressed in a process referred to as
leak detection and repair (LDAR). This can be done in several ways with
a variety of technologies.

Optimizing the route used for transporting CO2 from the capture site to
the storage site (for example, via source-sink matching) can reduce the
emissions associated with transportation.

Steam or
autothermal
reforming

transmission

Carbon capture
and conditioning

Transport of CO2

CARBON LIMITS

Behaviour- or

Storage technology-

based?

Technology

Technology

° Technology

Behaviour and
technology

Behaviour
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CO, abatement: H, and CCS

Steam or
autothermal
reforming

Mitigation option

Description

Hydrogen
transmission

Carbon capture and
conditioning

Transport of CO2

CARBON LIMITS

Behaviour- or
Storage technology-
based?

Waste heat recovery

Energy efficiency

Renewable energy
use (including
bioenergy)

Carbon capture and

storage

Emissions recovery

Leak detection and
repair

Electrification

Route optimization

Excess heat from different processes can be recovered and reused for
heat or electricity purposes, lowering the amount of fossil fuels required to
power these processes.

Improving the energy efficiency of various processes (for example, via
heat recovery) can mean less fuel is required to generate heat and
power, resulting in lower emissions.

Using renewable or low-carbon energy to power various processes can
reduce reliance on fossil fuels.

Carbon capture and storage (CCS) can be implemented on processes
that generate large amounts of point-source CO2. Carbon dioxide
emissions are captured and stored in underground geological formations.

Gaseous CO2 in transport vessels or temporary onshore storage vessels
can be reliquefied and piped to the CO2 storage site.

Fugitive leaks are identified and addressed in a process referred to as
leak detection and repair (LDAR). This can be done in several ways with
a variety of technologies.

Instead of generating heat and power onsite using combustion
processes, companies can reduce reliance on fuel by switching to using
electricity from the grid — but only applicable of grid EF is less than EF of
fuel used on site

Optimizing the route used for transporting CO2 from the capture site to
the storage site (for example, via source-sink matching) can reduce the
emissions associated with transportation.

(onboard CCS for ships)

Technology

Technology

° Technology

Technology

° Technology

(in case of intermediate
onshore storage)

° Behaviour and
technology
Technology

Behaviour
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CH, abatement: biogas

Mitigation option Description

Feedstock supply
management

Leak detection and repair

Installation of covers and methane recovery systems in manure storage pits to mitigate
methane emissions. Optimization storage time and conditions of feedstock to avoid the
feedstock to enter anaerobic decomposition before the digestion stage.

Fugitive leaks are identified and addressed in a process referred to as leak detection and
repair (LDAR). This can be done in several ways with a variety of technologies.

Flaring of vented biogas or biomethane, which turns into CO, emissions and lowers the

I short-term global warming effect of the released gas.
Recovery of heat generated during anaerobic digestion and storage of digestate to supply
Waste heat recovery the biodigester and biogas facilities with heat if natural gas or biogas/biomethane was
primarily used to generate heat.
Improvement of the combustion efficiency of different engines through optimization or
Energy efficiency replacement can reduce methane slip if those engines are running on natural
gas/biomethane (truck, excavator, compressor).
Electrification Substitution with electric machinery and equipment will reduce methane slip if the

Sustainable feedstock

production

machinery and equipment is running on natural gas or biomethane.

The use of sustainable feedstocks (such as residues and other waste products), as well
as adherence to sustainability requirements set forth in the EU Renewable Energy
Directive and other regulations (such as the Land Use, Land Use Change and Forestry
regulation) help to ensure that emissions have been minimized in the feedstock growth,
harvesting, and storage processes.

Agricultural
production and
storage, transport of
raw materials

Pre-treatment

Anaerobic digestion
and on-site storage of
digestate

CARBON LIMITS

Upgrading and Behaviour- or

purification

technology-based?

Behaviour and
technology

Behaviour and
technology

Technology

Technology

Technology

Technology

Behaviour and
technology

(X) — applies to value chain only if biogas or natural gas is used as the process fuel.

Sources

European Biogas Association

Ecohz

IEA Bioenergy



https://www.europeanbiogas.eu/wp-content/uploads/2022/10/Biogenic-CO2-from-the-biogas-industry_Sept2022-1.pdf
https://www.ecohz.com/blog/understanding-biogas-cut-scope-1-emissions
https://www.ieabioenergy.com/wp-content/uploads/2009/10/upgrading_rz_low_final.pdf

CARBON LIMITS

CO, abatement: biogas

Agricultural
production and
storage, transport of
raw materials

Anaerobic digestion
Pre-treatment and on-site storage
of digestate

Upgrading and Behaviour- or
purification technology-based?

Mitigation option Description

Carbon capture and CO, emissions from the upgrading process can be captured to be permanently stored T

storage (CCUS) in products or underground geological formations. 9y
Recovery of heat generated during anaerobic digestion and storage of digestate to

Waste heat recovery supply the biodigester and biogas facilities to reduce consumption of external energy ° ° Technology
input.

Electrification Substitution with electric machinery and equipment will reduce CO2 emissions if the Teeele
electricity grid has a lower CO, intensity than the fuel previously used. 9y

Renewable energy use Using renewable or low-carbon energy to power various processes can reduce CO,

) o S e : ; : Technology

(including bioenergy) emissions from fuel combustion in various processes (transport, heating, compression).

Energy efficiency Energy efficiency improvement of machinery of equipment to reduce the energy ° ° “ ° Technology
required.

. . Fugitive leaks are identified and addressed in a process referred to as leak detection Behaviour and

Leak detection and repair ) ) ; . ) )

and repair (LDAR). This can be done in several ways with a variety of technologies. technology

The use of sustainable feedstocks (such as residues and other waste products), as well

as adherence to sustainability requirements set forth in the EU Renewable Energy ° Behaviour and

technology

Sustainable feedstock

production Directive and other regulations (such as the Land Use, Land Use Change and Forestry

regulation) help to ensure that emissions have been minimized in the feedstock growth,
harvesting, and storage processes.

(X) — applicable under certain circumstances

Sources
European Biogas Association

Ecohz
IEA Bioenergy



https://www.europeanbiogas.eu/wp-content/uploads/2022/10/Biogenic-CO2-from-the-biogas-industry_Sept2022-1.pdf
https://www.ecohz.com/blog/understanding-biogas-cut-scope-1-emissions
https://www.ieabioenergy.com/wp-content/uploads/2009/10/upgrading_rz_low_final.pdf
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Ammonia: mitigation to prevent leakage

When ammonia is transported as a maritime cargo, ships should be designed in accordance with the International Maritime
Organization (IMO) International Code for Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code),
which is required under the International Convention for the Safety of Life at Sea (SOLAS). This code provides standards and
specifications for designing and constructing ships in a way that mitigates risks related to the liquefied gases (or certain other
substances) that it is transporting. These include risks to the ship, humans, and the environment. The following are design
aspects and situations that the IGC Code covers (this list is non-exhaustive):

Ship survival capability, and emergency situations such as collisions or strandings and subsequent uncontrolled releases
Ship arrangements

Cargo containment, pressure/temperature control, and atmosphere control

Material specifications

Filling limits

Similarly, the International Convention for the Prevention of Pollution from Ships (MARPOL) stipulates regulations that reduce
pollution of the sea and air by marine vessels. Vessel design, construction, and operation should be in compliance with these
conventions and codes in order to minimize as much as possible potential environmental harm.

Sources and links

International Maritime Organization (1, 2, 3)

American Bureau of Shipping

Bureau Veritas (1, 2)

Witherbys


https://www.imo.org/en/ourwork/safety/pages/igc-code.aspx#:~:text=The%20IGC%20Code%20applies%20to,chapter%2019%20of%20the%20Code.
https://www.imo.org/en/MediaCentre/PressBriefings/Pages/01-IGF.aspx
https://www.imo.org/en/about/Conventions/Pages/International-Convention-for-the-Prevention-of-Pollution-from-Ships-%28MARPOL%29.aspx
https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/325-requirements-for-ammonia-fueled-vessels_2023/325-ammonia-fueled-vessels-reqts-sep23.pdf
https://erules.veristar.com/dy/data/bv/pdf/671-NR_2022-07.pdf
https://marine-offshore.bureauveritas.com/shipping-decarbonization/future-fuels/ammonia
https://shop.witherbys.com/igc-code-international-code-for-the-construction-and-equipment-of-ships-carrying-liquefied-gases-in-bulk-2016-edition-ia104e/#:~:text=This%20includes%20containment%20of%20the,personnel%20protection%20and%20operating%20requirements.

Conclusions on the high-level value chain assessments CARBON LIMITS

When it comes to emissions monitoring and reduction along the blue and green hydrogen value chains, the picture
is not always crystal clear. The different value chain segments often have overlapping stakeholders — this might
dilute the responsibility of emissions mitigation, but it also presents the opportunity for synergy between value chain
actors. In terms of MRV frameworks and certification schemes, the situation varies. For some value chain
segments, like the production of oil and gas, there is an abundance of frameworks and schemes. This offers
extensive coverage, but it is not always clear which option is the best for a given situation. For other segments,
such as hydrogen production, the options are more limited. Emissions abatement is more straightforward: there is a
range of mature technologies available for minimizing emissions along the value chain. However, the feasibility of

each option must be assessed on a case-by-case basis to maximize the environmental and economic benefits.

Despite some uncertainties, the foundation for producing, monitoring, and verifying low-carbon hydrogen is already
strong, and it is likely that the sector will continue to experience technological advances and regulatory/voluntary

framework developments as global efforts to meet climate targets continue.




Annex




Deloitte’s HyPe model CARBON LIMITS

Results from Task 1 are also feeding into Deloitte’s HyPe model, including:

« CO, and CH,4 EF along the natural gas value chain
« CO, and CH,4 EF along the biomethane value chain

In this context, underlying assumptions were synchronized between Task 1 modeling and the
HyPe model:

« Capture rates considered
« Natural gas and electricity consumption to produce hydrogen using SMR or ATR
» Direct CO, emissions during hydrogen production using SMR or ATR




Brief note on enhanced oll recovery (EOR)




Direct effect of captured carbon used for EOR CARBON LIMITS

About 90% - 95% of the CO, injected for EOR could be trapped
within the formation, which leads to associated storage'

CCS goals: Can be incentivised using
Store as much CO, as possible — decarbonize! taxes, carbon markets...
However, the goals of EOR and #
CCS are quite different. Side effects
* Qil production increase
0&G goals: * Upstream and downstream methane

emissions increase (including emissions
—> from combustion of the final product)

* More potential emission sources are
added to the value chain (e.g.,gas
separation of gas to recover CO, that has
not been trapped and reuse it)

+ Buy as little CO, as possible, which leads to “store as
little CO,, as possible”
* Increase oil production, make money, produce more oil

/"\ Risk of double counting emission
reductions: either claimed by the hydrogen
plant OR by the O&G company

Sources and links

Frontiers



https://www.frontiersin.org/articles/10.3389/fclim.2019.00005/full

Direct effect of captured carbon used for EOR CARBON LIMITS

CO,-EOREF CCSEF

Based on our analysis, between 90% and 97% of all CO, captured
CO,-EOR generates additional emissions compared to a typical CCS project. through a typical CCS project is a net reduction in CO, emissions. In the
Northern Lights project, it corresponds to 97% [2].

Il DECREASE Il INCREASE Wl TOTAL

0.0 o s . o . . .

. On a life cycle basis, which includes global oil market m CO2 captured at the hydrogen plant ® CO2 emissions (conditioning, transport, injection, post-injection) ®mCO2 stored
e impacts, 63% OF ALL CO: STORED THROUGH EOR, 0.2 0.05 0.03 st 0.08
S s ARE A NET REDUCTION in CO: emissions. . 00 = — L -
w N O
oo O 02
g -0.5 1.6
- 08 »w -04
2 5
e = 06
s -08 8

-0.9 -2]_5 -0.8

1.0 = 1.0 -0.90

» -1.0 +0.10 b -0.95 p 0.97 b a p -0.92

CO: reduﬁ:ﬂo!\ Additiolﬁ\al. Globa.l emissions . Emissior‘w from Net CO: reduction —1 2
Bt ety Eof redussd o ol conpution phanlysy SHIP PIPELINE TRUCK + SHIP TRUCK + PIPELINE
Figure 1. Net CO, emissions per tonne of CO, stored through EOR [1] Figure 2. Net CO, emissions per tonne of CO,, stored through CCS

Sources and links

1] CATE. Does not include CH4 emissions. Included in the LCA: impacts of potential increase in oil consumption, injection, EOR operations

2] Northern Lights



https://cdn.catf.us/wp-content/uploads/2019/06/21093723/CATF_EOR_LCA_Factsheet_2019.pdf
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf

Detailed results for Case 1 — Case 5




Case 1

LNG imported from the US to Germany — production of blue H, with
imported LNG. CO, is transported to Norway for storage




CARBON LIMITS

Priority | - Emissions reported in any recent academic paper representative of the country (with
peer review)

1. USA CH, emissions

LNG exporter

Source
selection*

*See methodology slides in Annex
o _ Upstream and transmission EF

CH, emissions along the gas value chain « Different academic papers were considered, and the selection is based on the following criteria:

» Academic paper representative of the country based on a large measurement sample with peer review.

0035 » US specific — since the Permian basin behaved differently than other basins, academic papers only based on this region
£ 0.030 were eliminated.
2 ' 0.004 0.003 * Input emissions data less than 5 years old (from 2019).
53 0.025 0.003 « Emissions for the entire oil and gas value chain — not only production.
g 0020 Emissions within <5% of the IEA reported emissions and higher than UNFCCC emissions which is consistent with most
£33 0015 0.03 academic papers. Hence, Shen et al. (2022) is the chosen source.
X % 0010 : 0.02
O 0.005 + Shen et al. (2022) provides estimates based on measurement carried out between March 2018 and February 2020. Only total
2 0.000 emissions from the US oil and gas sector is provided.

SMR ATR + Alvarez et al. (2018, data for 2015) has thus been leveraged and use to split total oil and gas emissions into production,

gathering, processing, transmission and storage and local distribution categories.

Upst m Downst B ING-E . o L . . :
pstream US ownstream US GEC + Oil & gas emission are split using the energy ratio of oil & gas produced in the country

Unit: kg CHakg Ha  SMR ATR + CH, from Assomateq Gas (APG) was estimated as a share of the oil production emission using the relative energy
= - content of the associated gas.
Upstream 0.03 0.02
Downstream 0.004 0.003 Liquefaction EF
LNG-EC 0.003 0.003 + Roman-White et al. (2021), an academic paper based on Cheniere data for 2018 and data for most recent years published by
Total 0.033 0.028 Cheniere have been considered. No significant difference is noted; hence, the academic paper is the chosen source.
The unit of EF is per kg of blue hydrogen produced either by Steam Methane .
Reforming (SMR) or Auto-Thermal Reforming (ATR) LNG Carrier EF
« Paul Balcombe et al. (2022) is the only academic paper estimating CH, and CO, emissions from LNG carriers.
Information used Source and link
Volume of oil and gas produced, Volume of oil and gas imported, Same source was used to Eneray Institute 2023 - data for 2019
estimate the energy ratio of oil and gas produced 9
Sources considered: |EA Methane Tracker 2022, UNFCCC 2021/EPA GHGI 2022, Alvarez et al. (2018), Zhang et al. (2020), Rutherford et al. (2021), O’Rourke et
Upstream emissions, Transmission emissions al. (2020), Veefkind et al. (2022), Sherwin et al. (2024), Omara et al. (2022), Schneising et al. (2020).
Chosen source: Shen et al. (2022) - emissions data for 2019
Volume of APG produced in the country EIA report
Methane emissions from LNG Carrier and the corresponding quantity of LNG delivered Paul Balcombe et al. (2022)
Methane emissions from LNG Liquefaction and corresponding activity data (volume of gas Sources considered: Cheniere (2023) - data for 2019, Roman-White et al. (2021) — based on Cheniere data for 2018
liquefied) Chosen source: Roman-White et al. (2021) — based on Cheniere data for 2018
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https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.iea.org/articles/methane-tracker-data-explorer
https://unfccc.int/process-and-meetings/transparency-and-reporting/greenhouse-gas-data/ghg-data-unfccc/ghg-data-from-unfccc
https://www.epa.gov/system/files/documents/2022-02/us-ghg-inventory-2022-main-text.pdf
https://www.science.org/doi/10.1126/science.aar7204
https://www.researchgate.net/publication/340856071_Quantifying_methane_emissions_from_the_largest_oil-producing_basin_in_the_United_States_from_space
https://www.nature.com/articles/s41467-021-25017-4
https://zenodo.org/records/4025316
https://zenodo.org/records/4025316
https://www.researchgate.net/publication/367614002_Widespread_Frequent_Methane_Emissions_From_the_Oil_and_Gas_Industry_in_the_Permian_Basin
https://www.nature.com/articles/s41586-024-07117-5
https://www.nature.com/articles/s41467-022-29709-3#Fig2
https://acp.copernicus.org/articles/20/9169/2020/
https://acp.copernicus.org/articles/22/11203/2022/acp-22-11203-2022.pdf
../Associated%20gas%20contributes%20to%20growth%20in%20U.S.%20natural%20gas%20production%20-%20Today%20in%20Energy%20-%20U.S.%20Energy%20Information%20Administration%20(EIA)
https://pubs.acs.org/doi/epdf/10.1021/acs.est.2c01383
https://www.cheniere.com/our-responsibility/performance-data-table
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
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1. USA CO, emissions

LNG exporter

CO, emissions along the gas value chain

1.8

kg CO2 emitted / kg H2
produced

1.6

1.4

12 1.09

1.0 . 0.93
0.8

0.6

0.4
0.2
0.0
SMR ATR
Upstream & Downstream US B LNG-EC
Unit: kt CO2/kt Hy SMR ATR
Upstream & Downstream 0.56 0.48
LNG -EC 1.09 0.93
Total 1.65 1.40

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming
(SMR) or Auto-Thermal Reforming (ATR)

Information used

Volume of oil and gas produced, Volume of oil and gas imported, Same source was used to

estimate the energy ratio of oil and gas produced

Flaring emissions, CO, venting emissions, Energy use emissions

CARBON LIMITS

Priority | - Recent tier 2 or tier 3 reported emissions data by the country

Source
selection*

*See methodology slides in Annex

CO, emissions (flaring, CO, venting, energy use)

+ Different sources were considered. Since GHGRP provides tier 2 or 3 flaring emissions, this is the chosen source.

» Energy use - GHGRP was the only source providing carbon dioxide emissions from energy use in the upstream and
transmission segments of oil and gas production.

Liquefaction EF

» Roman-White et al. (2021), an academic paper based on Cheniere data for 2018 and data for most recent years
published by Cheniere have been considered. No significant difference is noted; hence, the academic paper is the
chosen source.

LNG Carrier EF

» Paul Balcombe et al. (2022) is the only academic paper estimating CH4 and CO2 emissions from LNG carriers,
hence, the chosen source.

Source and link

Energy Institute 2023 - data for 2019

Sources considered: GHGRP EPA, VIIRS data, UNFCCC
Chosen source: GHGRP EPA — data for 2019

Volume of APG produced in the country EIA report
Carbon dioxide emissions from LNG Carrier and the corresponding quantity of LNG delivered Paul Balcombe et al. (2022)
Carbon dioxide emissions from LNG Liquefaction and corresponding activity data (volume of Sources considered: Cheniere (2023) - data for 2019, Roman-White et al. (2021)

gas liquefied)

Chosen source: Roman-White et al. (2021)



https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.epa.gov/ghgreporting/ghgrp-petroleum-and-natural-gas-systems-sector-profile
https://www.worldbank.org/en/programs/gasflaringreduction/global-flaring-data
https://www.epa.gov/ghgreporting/ghgrp-petroleum-and-natural-gas-systems-sector-profile
../Associated%20gas%20contributes%20to%20growth%20in%20U.S.%20natural%20gas%20production%20-%20Today%20in%20Energy%20-%20U.S.%20Energy%20Information%20Administration%20(EIA)
https://pubs.acs.org/doi/epdf/10.1021/acs.est.2c01383
https://www.cheniere.com/our-responsibility/performance-data-table
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307

2. Germany CH, emissions
LNG importer

79

CARBON LIMITS

Priority Il - Recent tier 2 or tier 3 reported emissions data by the country (NIR and
UNFCCC)

selection*

)
O
=
2
@)
w

*See methodology slides in Annex

CH, emissions along the gas value chain o
Transmission EF

0.0045 « For transmission, the national inventory report (UNFCCC) was prioritized over IEA.
% 0.0035
<5 - LNG Regasification EF
O O .
% %’ » For regasification, Marcogas and Roman-White’s academic papers are the considered sources. Marcogas
o
< S 0.0075 provides European specific estimate whereas Roman-White et al. consider an LNG trip from the US to China
T
% 0.0005 where the regasification might be different than in Germany. Hence, Marcogas is the chosen source.
~0.0005 SMR ATR » A proportional relationship has been assumed between the LNG-related emissions and LNG imported into the
ELNG-IC mDownstream Germany region.
Unit: kg CHa/kg H2 SMR ATR
LNG - IC 5E-4 AE-4
Downstream 0.004 4E-4
Total 0.0043 0.0037

The unit of EF is per kg of blue hydrogen produced either by Steam Methane
Reforming(SMR) or Auto-Thermal Reforming (ATR)

Information used Source and link

Volume of gas produced, Volume of gas imported (pipeline, LNG) Energy Institute 2023 - data for 2021

Transmission emissions UNFCCC 2021 — data for 2021

LNG terminal and regasification Source considered: Marcogas LNG Terminals report 2018, Roman-White et al. (2021)

Chosen source: Marcogas LNG Terminals report 2018



https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://unfccc.int/process-and-meetings/transparency-and-reporting/greenhouse-gas-data/ghg-data-unfccc/ghg-data-from-unfccc
https://www.marcogaz.org/publications/survey-methane-emissions-for-lng-terminals-in-europe/
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
https://www.marcogaz.org/publications/survey-methane-emissions-for-lng-terminals-in-europe/

2. Germany CO, emissions
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LNG importer

CO, emissions along the gas value chain

0.002
0.001
SMR ATR

B NG-IC mDownstream Germany

0.0016
0.0014
0.0012
0.0010
0.0008
0.0006
0.0004
0.0002
0.0000

kg CO2 emitted / kg H2
produced

kg COx/kg H> SMR ATR
LNG - IC 2.2E-8 1.87E-8
Downstream 0.002 0.001

Total 0.002 0.001

The unit of EF is per kg of blue hydrogen produced either by Steam Methane
Reforming(SMR) or Auto-Thermal Reforming (ATR)

Information used

Volume of gas produced, Volume of gas imported (pipeline, LNG)

Transmission emissions

LNG terminal and regasification

CARBON LIMITS

Priority | - Recent tier 2 or tier 3 reported emissions data by the country

Source
selection

Transmission EF

For transmission, the national inventory reports (UNFCCC) were prioritized.

LNG Regasification EF

For regasification, Roman-White’s academic papers is the only relevant source available, hence the chosen source.

Source and link

Energy Institute 2023 - data for 2021

UNFCCC 2021 — data for 2021

Roman-White et al. (2021)



https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://unfccc.int/process-and-meetings/transparency-and-reporting/greenhouse-gas-data/ghg-data-unfccc/ghg-data-from-unfccc
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307

3. Germany — CH, emissions

Hydrogen production

81

CH, emissions during H, production & CO, capture

0.0014
0.0012
0.0010
0.0008
0.0006 0.0012
0.0004

0.0006
0.0002

kg CH4 emitted / kg H2 produced

0.0000
SMR ATR

Hydrogen (production and carbon capture)

Unit: kg CH4/kg H> SMR ATR
Total 6E-4 1.2E-3

The unit of EF is per kt of blue hydrogen produced either by Steam Methane
Reforming (SMR) or Auto-Thermal Reforming (ATR)

Information used

CO, emissions during hydrogen production with CCS, Electricity consumption

Emission factor for the production of electricity based on the production mix in Germany

CARBON LIMITS

Direct emissions (hydrogen production + CO, capture)

Given the limited data available for SMR and ATR with CCS, the Ecolnvent emission factor for SMR without CCS
is extrapolated.

Electricity consumption

CH,/CO, split, Electricity intensity of the Norwegian production mix, Methane emissions during

hydrogen production with SMR without CCS

Energy use for the compression of hydrogen

Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS and ATR with
CCS.

The GHG Delegated Act is used for the electricity intensity of generated electricity in Germany. Ecolnvent is used
to split the intensity between methane and carbon dioxide.

Source and link
Deloitte

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
Ecolnvent database

Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k

CARBON LIMITS

3. Germany — CO, emissions

82

Hydrogen production

CO, emissions during H, production & CO, capture

1.6
1.4
1.2
1.0
0.8
0.6 1.35 1.34
0.4

0.2

kg CO2 emitted / kg H2 produced

0.0
SMR ATR

Hydrogen (production and carbon capture)

Unit: kg CO/kg Ha SMR ATR
Total 1.35 1.34

The unit of EF is per kt of blue hydrogen produced either by Steam Methane
Reforming (SMR) or Auto-Thermal Reforming (ATR)

Information used

CO, emissions during hydrogen production with CCS, Electricity consumption

Emission factor for the production of electricity based on the production mix in Germany
CH,/CO, split, Electricity intensity of the Norwegian production mix

Energy use for the compression of hydrogen

Direct emissions (hydrogen production + CO, capture)
* Direct CO, emissions provided by Deloitte’s HyPE model assumptions for both SMR with CCS and ATR with CCS
* 90% capture rate for SMR and 95% capture rate for ATR

Electricity consumption

« Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS and ATR with
CCS.

+ The GHG Delegated Act is used for the electricity intensity of generated electricity in Germany. Ecolnvent is used
to split the intensity between methane and carbon dioxide.

Source and link
Deloitte’s HyPE model assumptions

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

Ecolnvent database

Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k

CARBON LIMITS

4. Germany / Norway — CH, emissions

CCS - CO, conditioning, transport and storage

83

CH, emissions along the CCS value chain

3 0.0018
© 0.0016
8 0.0014
S  0.0012
< 0.0010
o 0.002
= 0.0008 0.0014
5 0.0006
L 0.0004
= : 0.001
E 00002 ORN6
0.0000
<
6 SMR - ship SMR - ATR - ship ATR - pipeline
o pipeline

Total (conditioning before transport, transport, injection/storage,
post-injection)

o SMR - SMR - . ATR -
Unit: kg CHokgHz gy pipeline  ATR=ship pipeline
Total 0.0014 0.0006 0.0017 0.0007

The unit of EF is per kg of blue hydrogen produced either by Steam Methane
Reforming (SMR) or Auto-Thermal Reforming (ATR)

Information used

Emission factor for the production of electricity based on the production mix in Germany
CH,/CO, split

Energy consumption of compression

Energy consumption of liquefaction

Emission from transportation by ship, storage, injection and post-injection

Conditioning of CO, before transport (liquefaction, compression)

* The electricity intensity for Germany from the GHG Delegated Act (CO,.,/MJ) is used and Ecolnvent is used
to split the total intensity between methane and carbon dioxide.

» Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson et al, 2019 for
liquefaction (ship, truck)

Transport of CO,

« Ship - Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to split the
emissions between methane and carbon dioxide.

» Pipeline - Zero emissions assumed for the transport by pipeline

Storage/Injection and post-injection
« Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to split the
emissions between methane and carbon dioxide.

Source and link

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

Ecolnvent database
Jackson et al, 2018

Jackson et al., 2019

Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf

CARBON LIMITS

4. Germany / Norway — CO,, emissions

84

CCS - CO, conditioning, transport and storage

CO, emissions along the CCS value chain Conditioning of CO,, before transport (liquefaction, compression)
0.7 * The electricity intensity for Germany from the GHG Delegated Act (gCO,,,/MJ) is used and Ecolnvent is used to split
3 the total intensity between methane and carbon dioxide.
é 0.6 » Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson et al, 2019 for
o liquefaction (ship, truck)
@ 05
%
> 04 Transport of CO,
= * Ship - Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to split the
B 03 0.64 emissions between methane and carbon dioxide.
= 0.53 0.44 * Pipeline - Zero emissions assumed for the transport by pipeline
o 02 037 .
N .
S o1 Storage/Injection and post-injection
o + Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to split the emissions
0.0 between methane and carbon dioxide.
SMR - ship SMR - pipeline ATR - ship ATR - pipeline
Total (conditioning before transport, transport, injection/storage, post-injection)
Unit: kg CO2/kgH2 SMR - ship SMR - pipeline ATR-—ship ATR - pipeline
Total 0.53 0.37 0.64 0.44
The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming(SMR) or
Auto-Thermal Reforming (ATR)
Information used Source and link
Emission factor for the production of electricity based on the production mix in Germany GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
CH,/CO, split Ecolnvent database
Energy consumption of compression Jackson et al, 2018
Energy consumption of liquefaction Jackson et al., 2019
Emission from transportation by ship, storage, injection and post-injection Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf

CARBON LIMITS

+  For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

» The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Natural gas production in the USA
» Upstream - OGCI industry target used
* Transmission
* |EA downstream potential abatement reduction used
»  Downstream abatement potential split between transmission and distribution based on the share of emissions from Alvarez et al 2018.

LNG export (liquefaction and shipping) in the USA

» LNG liguefaction — comparison between Cheniere (USA) (Roman-White et al, 2021) and Hammerfest (Norway). Lower emissions are observed at the Norwegian plant which is considered as our Best
Available Technology.

* LNG Carrier — Carbon Limits internal LNG Carrier model is used based on BAT assumptions (e.g., low emissions from engine, low BOG, no BOK leakage)

LNG import (unloading and regasification) in Germany
» Already very little emissions — BAT scenario already reached in the current scenario.

—
)
N
©

@)

Transmission in Germany
» The average EF used for Europe is compared to the German EF. The lowest is assumed to be reached by 2030 and the median European EF is assumed to be reached by 2040.

Hydrogen production and CO, capture

* No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is observed in Sweden which does
not apply to Germany due to the high share of hydro in the electricity production mix.

» Capture rates: same as current scenario

CCS

+ Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is
observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

» Transport — use of bioLNG + bioCCS on the ship

» Storage and injection — already very little emissions — same as current scenario

Information used Source and link

OGCI methane intensity targets Learn about Reducing methane emissions - OGCI
|IEA methane abatement potential Methane Tracker — Data Tools — IEA, data for 2021
Mitigation potential for energy use and CO2 venting Carbon Limits for CATF/CAELP done for US

LNG liquefaction Roman-White et al. (2021) / Feltspesifikke utslippsrapporter for 2021 - Offshore Norge



https://www.ogci.com/methane-emissions/methane-intensity-target
https://www.iea.org/data-and-statistics/data-tools/methane-tracker
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
https://www.offshorenorge.no/temaer/klima-og-miljo/miljorapporter/miljorapport-2022/feltspesifikke-utslippsrapporter/

CARBON LIMITS

+  For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

» The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Natural gas production in the USA

» Flaring — assumed that the best practices for flaring were not implemented everywhere. Hence, the minimum EF between the assessed countries (i.e., Norway) is considered as the BAT.
+ Energy use — assumed that CCS or electrification can be applied. Hence, an 80% reduction is applied (see methodology)

* CO, venting — assumed that CCS on AGR units is not applied everywhere. Hence, an 87% reduction is applied (see methodology)

LNG export (liquefaction and shipping) in the USA

» LNG liguefaction — comparison between Cheniere (USA) (Roman-White et al, 2021) and Hammerfest (Norway). Lower emissions are observed at the Norwegian plant which is considered as our Best
Available Technology.

* LNG Carrier — Carbon Limits internal LNG Carrier model is used based on BAT assumptions (e.g., low emissions from engine, low BOG, no BOK leakage)

LNG import (unloading and regasification) in Germany
» Already very little emissions — BAT scenario already reached in the current scenario.

Transmission in Germany
» The average EF used for Europe is compared to the German EF. The lowest is assumed to be reached by 2030 and the median European EF is assumed to be reached by 2040.

Hydrogen production and CO, capture

* No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is observed in Sweden which does
not apply to Germany due to the high share of hydro in the electricity production mix.

» Capture rates: same as current scenario

CCS

+ Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is
observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

» Transport — bioCCS on the ship and bioLNG

» Storage and injection — already very little emissions — same as current scenario

Information used Source and link

IEA methane abatement potential Methane Tracker — Data Tools — I[EA, data for 2021

Mitigation potential for energy use and CO2 venting Carbon Limits for CATF/CAELP done for US

LNG liquefaction Roman-White et al. (2021) / Feltspesifikke utslippsrapporter for 2021 - Offshore Norge

Emission factor for the production of electricity based on the production mix in Germany and France GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)



https://www.iea.org/data-and-statistics/data-tools/methane-tracker
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
https://www.offshorenorge.no/temaer/klima-og-miljo/miljorapporter/miljorapport-2022/feltspesifikke-utslippsrapporter/
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC

Case ?

Gas imported from Algeria to Germany via pipeline — production of
blue H, in Germany. CO, is transported to Norway for storage.




1. Algeria - CH, emissions

Gas exporter via pipeline

88

CH, emissions along the gas value chain

0.060
o
(O]
S 0.050
o
< 0.040
T
2 0.030
5 0.020
g 7 0.038 0.032
® 0010
S
& 0.000
= SMR ATR
Upstream ® Downstream
Unit: kg CH4/kg H> SMR ATR
Upstream 0.038 0.032
Downstream 0.014 0.012
Total 0.051 0.044

The unit of EF is per kt of blue hydrogen produced either by Steam Methane
Reforming(SMR) or Auto-Thermal Reforming (ATR)

Information used

CARBON LIMITS

Priority Il - Emissions reported by the IEA Methane Tracker 2022

Source
selection*

*See methodology slides in Annex

Upstream EF
* In the absence of an academic paper with local measurement on a representative sample, and in the absence of
a tier 2 or 3 inventory, IEA was selected as the source of information.

Transmission EF

» Since |IEA do not split downstream emissions between transmission and distribution and that, based on Carbon
Limits expertise and in a comparison with other countries, the distribution estimate may be on the low side, the
National Inventory Report (NIR) of Algeria was used for the transmission EF.

» When only combined data is available on CH, emissions along the oil & gas value chain, they are split using the
energy ratio of oil & gas produced in the country

+ CH, from Associated Gas (APG) was estimated as a share of the oil production emission using the relative
energy content of the associated gas.

Source and link

Volume of oil and gas produced, Volume of oil and gas consumed, Same source was used to Energy Institute 2023 - data for 2021

estimate the energy ratio of oil and gas produced
Upstream emissions

Transmission emissions

Volume of APG produced in the region (Africa)

|[EA Methane Tracker 2022 — data for 2021

NIR of Algeria (2023) — data for 2020

|[EA Report, 2020 — data for 2019


https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.iea.org/articles/methane-tracker-data-explorer
https://unfccc.int/sites/default/files/resource/NIR_Algeria_Final%20VF%2022102023%20rev%206.pdf
https://www.iea.org/commentaries/putting-gas-flaring-in-the-spotlight
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1. Algeria — CO, emissions

Gas exporter via pipeline

CO, emissions along the gas value chain

CARBON LIMITS

Priority Il
Emissions reported by OCl+

Source
selection™®

*See methodology slides in Annex

- 3.0
8 Total EF
g 25 * In the absence of national data regarding carbon dioxide emissions from energy use, total CO, emissions from
20 the OCI+ database have been used.
= » OCI+ provides emissions of CO, per MJ of natural gas per field. A weighted average by production of gas per
< 15 field is performed.
S 2.66
E=| 2.26
g 1.0
(]
O 05
O
(@)
< 00
SMR ATR
Upstream & Downstream

Unit: kg CHa/kg H2 SMR ATR

Upstream & Downstream 2.66 2.26

The unit of EF is per kg of blue hydrogen produced either by Steam Methane

Reforming (SMR) or Auto-Thermal Reforming (ATR)

Information used

Source and link

Volume of oil and gas produced, Volume of oil and gas consumed, Same source was used to Energy Institute 2023 - data for 2021 and 2020

estimate the energy ratio of oil and gas produced
Flaring emissions

Energy use emissions
CO, venting emissions
Total CO, emissions from natural gas activities

Volume of APG produced in the region (Africa)

Source considered: IEA Methane Tracker 2022 — data for 2021

Source considered; Initial National Communication to the UNFCCC from Qatar

Source considered; NIR of Algeria (2023) — data for 2020

Source used: QOil Climate Index plus Gas (rmi.org)

IEA Report, 2020 — data for 2019


https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.iea.org/articles/methane-tracker-data-explorer
https://www.iea.org/articles/methane-tracker-data-explorer
https://www.iea.org/articles/methane-tracker-data-explorer
https://unfccc.int/sites/default/files/resource/final%20climate%20change.pdf
https://www.iea.org/articles/methane-tracker-data-explorer
https://unfccc.int/sites/default/files/resource/NIR_Algeria_Final%20VF%2022102023%20rev%206.pdf
https://ociplus.rmi.org/supply-chain
https://www.iea.org/commentaries/putting-gas-flaring-in-the-spotlight
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2. Europe — CH, and CO, emissions

Gas importer

90

CH, emissions along the gas value chain

. 0.0010
T
o 0.0008
X
5 g 0.0006
L O
fé 8 0.0004
o 2

> 5 0.0002
T
O 0.0000
2 SMR ATR

B Downstream
Unit: kg CH4/kg H> SMR ATR
Downstream 0.0009 0.0008

The unit of EF is per kg of blue hydrogen produced either by Steam Methane
Reforming (SMR) or Auto-Thermal Reforming (ATR)

CO, emissions along the gas value chain

0.0030
0.0025
0.0020
0.0015
0.0010
0.0005
0.0000

kg CO, emitted / kg H,
produced

SMR ATR

® Downstream

Unit: kg CO2/kg Hz SMR ATR
Downstream 0.003 0.002

The unit of EF is per kg of blue hydrogen produced either by Steam Methane
Reforming (SMR) or Auto-Thermal Reforming (ATR)

Priority Il - Recent tier 2 or tier 3 reported emissions data by the country (NIR and
UNFCCC)

Source
selection*®

*See methodology slides in Annex
Transmission EF
» For transmission, the national inventory report (UNFCCC) was prioritized over IEA for each European country.

+ Since the pipeline from Algeria to Germany goes through different European countries, an average EF is

calculated.

Information used Source and link

Volume of gas produced, Volume of gas imported (pipeline, LNG) Energy Institute 2023 - data for 2021

1) Transmission emissions UNECCC 2021
(

Priority | - Recent tier 2 or tier 3 reported emissions data by the country

Source
selection*

*See methodology slides in Annex
Transmission EF
» For transmission, the national inventory reports (UNFCCC) were prioritized.

» Since the pipeline from Algeria to Germany goes through different European countries, an average EF is

calculated.

Information used Source and link

Volume of gas produced, Volume of gas imported (pipeline, LNG) Energy Institute 2023 - data for 2021

Transmission emissions UNFCCC 2021


https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://unfccc.int/process-and-meetings/transparency-and-reporting/greenhouse-gas-data/ghg-data-unfccc/ghg-data-from-unfccc
https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://unfccc.int/process-and-meetings/transparency-and-reporting/greenhouse-gas-data/ghg-data-unfccc/ghg-data-from-unfccc

3. Germany — CH, emissions

Hydrogen production
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CH, emissions from H, production and CO, capture

0.0014

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

kg CH, emitted / kg H, produced

0.0000

0.0006

SMR

0.001

ATR

Hydrogen (production and carbon capture)

CARBON LIMITS

Direct emissions (hydrogen production + CO, capture)

Given the limited data available for SMR and ATR with CCS, the Ecolnvent emission factor for SMR without
CCS is extrapolated.

Electricity consumption

2

Unit: kg CH4/kg H2
Total

SMR
0.0006

ATR
0.0012

The unit of EF is per kg of blue hydrogen produced either by Steam Methane

Reforming (SMR) or Auto-Thermal Reforming (ATR)

Information used

CO, emissions during hydrogen production with CCS, Electricity consumption

Emission factor for the production of electricity based on the production mix in Germany

CH,/CO, split, Electricity intensity of the Norwegian production mix, Methane emissions during
hydrogen production with SMR without CCS

Energy use for the compression of hydrogen

Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS and ATR with
CCS.

The GHG Delegated Act is used for the electricity intensity of generated electricity in Germany. Ecolnvent is
used to split the intensity between methane and carbon dioxide.

Source and link
Deloitte’s HyPE model assumptions

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

Ecolnvent database

Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k

CARBON LIMITS

3. Germany — CO, emissions
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Hydrogen production

CO, emissions from H, production and CO, capture

N
N

N
N

N
o

o
o

1.35 1.34

kg CO, emitted / kg H, produced
o o o
N B (&)}

o
o

SMR ATR

Hydrogen (production and carbon capture)

Unit: kg CHa/kg Hz SMR ATR
Total 1.35 1.34

The unit of EF is per kt of blue hydrogen produced either by Steam Methane
Reforming (SMR) or Auto-Thermal Reforming (ATR)

Information used

CO, emissions during hydrogen production with CCS, Electricity consumption

Emission factor for the production of electricity based on the production mix in Germany
CH,/CO, split, Electricity intensity of the Norwegian production mix

Energy use for the compression of hydrogen

Direct emissions (hydrogen production + CO, capture)

» Direct CO, emissions provided by Deloitte’s HyPE model assumptions for both SMR with CCS and ATR with
cCe

* 90% capture rate for SMR and 95% capture rate for ATR

Electricity consumption

* Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS and ATR with
CCS.

» The GHG Delegated Act is used for the electricity intensity of generated electricity in Germany. Ecolnvent is
used to split the intensity between methane and carbon dioxide.

Source and link
Deloitte’s HyPE model assumptions

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

Ecolnvent database

Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k

CARBON LIMITS

4. Germany / Norway — CH, emissions
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CCS - CO, conditioning, transport and storage

CH, emissions along the CCS value chain

0.0018

kS

S 0.0016
© 0.0014

o

S 0.0012
T 0.0010
2 0.0008 0.002
~ 0.0014
3 0.0006
=  0.0004

0.001

qE) 0.0002 S0

<t
6 0.0000
o SMR - ship SMR - pipeline ATR - ship ATR - pipeline

Total (conditioning before transport, transport, injection/storage, post-
injection)

Unit: kg CH4a/kgH2 SMR - ship SMR - pipeline ATR—ship ATR - pipeline
Total 0.0014 0.0006 0.0017 0.0007

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming (SMR)
or Auto-Thermal Reforming (ATR)

Information used

Emission factor for the production of electricity based on the production mix in Germany
CH,/CO, split

Energy consumption of compression

Energy consumption of liquefaction

Emission from transportation by ship, storage, injection and post-injection

Conditioning of CO,, before transport (liquefaction, compression)

* The electricity intensity for Germany from the GHG Delegated Act (gCO,,,/MJ) is used and Ecolnvent is
used to split the total intensity between methane and carbon dioxide.

» Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson et al, 2019
for liquefaction (ship, truck)

Transport of CO,

* Ship - Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to
split the emissions between methane and carbon dioxide.

* Pipeline - Zero emissions assumed for the transport by pipeline

Storage/Injection and post-injection
* Northern Light carbon footprint is used to estimate CO,, and the Ecolnvent database is used to split the
emissions between methane and carbon dioxide.

Source and link

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

Ecolnvent database
Jackson et al, 2018
Jackson et al., 2019

Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf

CARBON LIMITS

4. Germany / Norway — CO,, emissions

CCS - CO, conditioning, transport and storage

CO, emissions along the CCS value chain

0.7
0.6
0.5
0.4
0.3
0.53
0.2

0.1

kg CO, emitted / kg H, produced

0.0
SMR - ship

0.37

SMR - pipeline

0.64

ATR - ship

0.44

ATR - pipeline

Total (conditioning before transport, transport, injection/storage, post-

injection)

Unit: kg CHa/kgH2 SMR - ship SMR - pipeline ATR-ship ATR - pipeline

Total

0.53

0.37

0.64

0.44

94

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming(SMR) or

Auto-Thermal Reforming (ATR)

Information used

Emission factor for the production of electricity based on the production mix in Germany

CH,/CO, split

Energy consumption of compression
Energy consumption of liquefaction

Emission from transportation by ship, storage, injection and post-injection

Conditioning of CO, before transport (liquefaction, compression)

* The electricity intensity for Germany from the GHG Delegated Act (CO,,/MJ) is used and
Ecolnvent is used to split the total intensity between methane and carbon dioxide.

+ Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson et al,
2019 for liquefaction (ship, truck)

Transport of CO,

* Ship - Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is
used to split the emissions between methane and carbon dioxide.

* Pipeline - Zero emissions assumed for the transport by pipeline

Storage/Injection and post-injection
* Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to
split the emissions between methane and carbon dioxide.

Source and link

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

Ecolnvent database
Jackson et al, 2018
Jackson et al., 2019

Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf
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CARBON LIMITS

+  For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

» The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Natural gas production in Algeria
» Upstream — emissions based on the IEA abatement potential are higher than the OGCI target. Conservative assumption that the BAT scenario in Algeria corresponds to the
highest EF between IEA and OGCI. Hence, IEA is the chosen source, assumed achieved by 2030 and OGCI intensity target achieved by 2040 and 2050.
* Transmission
» |EA downstream potential abatement reduction used
» Downstream abatement potential split between transmission and distribution based on the share of emissions from the national inventory report (Tier 1).

Transmission in Europe
» The average EF used for Europe is compared to the German EF. The lowest is assumed to be reached by 2030 and the median European EF is reached by 2040.

Hydrogen production and CO,, capture

» No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is
observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

« Same capture rates as in the current scenario

CCS

+ Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used
(France): the lowest intensity is observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

» Transport —bioLNG use + bioCCS on the ship

« Storage and injection — already very little emissions — same as current scenario

Information used Source and link

OGCl targets Learn about Reducing methane emissions - OGCI

IEA abatement potential Methane Tracker — Data Tools — [EA, data for 2021

Emission factor for the production of electricity based on the production mix in Germany and France GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
Mitigation potential for energy use and CO2 venting Carbon Limits for CATF/CAELP done for US

LNG liquefaction Roman-White et al. (2021) / Feltspesifikke utslippsrapporter for 2021 - Offshore Norge


https://www.ogci.com/methane-emissions/methane-intensity-target
https://www.iea.org/data-and-statistics/data-tools/methane-tracker
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
https://www.offshorenorge.no/temaer/klima-og-miljo/miljorapporter/miljorapport-2022/feltspesifikke-utslippsrapporter/

CARBON LIMITS

+  For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

» The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Natural gas production in Algeria

 Flaring — since OCI+ uses VIIRS data to estimate CO, emissions from flaring, this dataset has been used to extract flare emissions from total CO, emissions, assuming 10%
of CO, emissions are attributable to the gas value chain and 90% to the oil value chain. Then, it is assumed that the best practices for flaring were not implemented.
Hence, the minimum EF between the assessed countries (i.e., Norway) is considered the BAT.

« For the rest (energy use and CO, venting), it is assumed that CCS, electrification can be applied. Hence, an 80% reduction is applied (see methodology).

Transmission in Europe
» The average EF used for Europe is compared to the German EF. The lowest is assumed to be reached by 2030 and the median European EF is reached by 2040.

Hydrogen production and CO, capture

» No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is
observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

« Same capture rates as in the current scenario
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CCS

+ Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used
(France): the lowest intensity is observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

» Transport — bioCCS on the ship and bioLNG

» Storage and injection — already very little emissions — same as current scenario

Information used Source and link

OGCl targets Learn about Reducing methane emissions - OGCI

IEA abatement potential Methane Tracker — Data Tools — [EA, data for 2021

Emission factor for the production of electricity based on the production mix in Germany and France GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
Mitigation potential for energy use and CO2 venting Carbon Limits for CATF/CAELP done for US

LNG liquefaction Roman-White et al. (2021) / Feltspesifikke utslippsrapporter for 2021 - Offshore Norge



https://www.ogci.com/methane-emissions/methane-intensity-target
https://www.iea.org/data-and-statistics/data-tools/methane-tracker
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.acs.org/doi/epdf/10.1021/acssuschemeng.1c03307
https://www.offshorenorge.no/temaer/klima-og-miljo/miljorapporter/miljorapport-2022/feltspesifikke-utslippsrapporter/

Case 3

Blue H, is produced in Norway (with domestic gas produced), with
CQO, stored in Norway and H, transported by offshore pipeline to
Germany.




1. Norway — CH, emissions

Gas producer

98

CH, emissions along the gas value chain

0.00016
2
S 0.00014
8 0.00012
o
«~ 0.00010
T
(@)
g 0.00008 s
9 0.00006 0.00013
S 0.00004
(0]
- 0.00002
O
o 0.00000
= SMR ATR
Upstream & Downstream
Unit: kg CHa/kg H2 SMR ATR
Upstream & Downstream 1.5E-4 1.3E-4

The unit of EF is per kg of blue hydrogen produced either by Steam Methane
Reforming (SMR) or Auto-Thermal Reforming (ATR)

Information used

Volume of oil and gas produced

Upstream emissions, Transmission emissions

Volume of APG produced in the country

Source
selection™*

CARBON LIMITS

Priority Il - Recent tier 2 or tier 3 reported emissions data by the country (e.g., NIR, UNFCCC)

*See methodology slides in Annex

Upstream and transmission EF

The inventory from the Norwegian Petroleum Directorate (NPD) has been chosen as the main source as they
follow a transparent and country-specific methodology based on a source-by-source assessment.

Emissions from gas production include “fugitive emissions and cold venting” and “combustion”. Emissions
attributable to the oil production include “Loading” and “Storage”.

CH, from Associated Gas (APG) was estimated as a share of the oil production emission using the relative
energy content of the associated gas. For the calculation, we use oil and gas production by facility,
assuming that when oil production was negligible gas production was only non-associated gas.

Source and link

Energy Institute 2023 - data for 2021

Sources considered: UNFCCC 2021 (2022, data for 2021), |[EA Methane Tracker (2022, data for 2021)_, Norsk Olje og Gass (2022, data for 2021)_/ Source-by-

source methodology
Chosen source: Norsk Olje og Gass (2022, data for 2021) / Source-by-source methodology

Norwegian Petroleum, data for 2021



https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://unfccc.int/process-and-meetings/transparency-and-reporting/greenhouse-gas-data/ghg-data-unfccc/ghg-data-from-unfccc
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://www.iea.org/articles/methane-tracker-data-explorer
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://www.offshorenorge.no/contentassets/cd872e74e25a4aadac1a6e820e7f5f95/rev.22/attachment-b---handbook-voc-emissions---english-version--ver22.pdf
https://www.offshorenorge.no/contentassets/cd872e74e25a4aadac1a6e820e7f5f95/rev.22/attachment-b---handbook-voc-emissions---english-version--ver22.pdf
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://www.offshorenorge.no/contentassets/cd872e74e25a4aadac1a6e820e7f5f95/rev.22/attachment-b---handbook-voc-emissions---english-version--ver22.pdf
https://www.norskpetroleum.no/en/facts/historical-production/#per-field-in-2023
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1. Norway — CO,, emissions

Gas producer

CO, emissions along the gas value chain

0.14
3
o 0.12
>
©
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T 0.08
2
= 0.06 0.12
o 0.10
£ 004
-
T 0.02
@)
O 0.00
2 SMR ATR

Upstream & Downstream
Unit: kg CHa/kg H2 SMR ATR
Upstream & Downstream 0.12 0.10

The unit of EF is per kg of blue hydrogen produced either by Steam Methane
Reforming(SMR) or Auto-Thermal Reforming (ATR)

Information used

Volume of oil and gas produced

Upstream emissions, Transmission emissions

CARBON LIMITS

Priority |
Recent tier 2 or tier 3 reported emissions data by the country

Source
selection™*

Upstream and transmission EF

* The inventory from the Norwegian Petroleum Directorate (NPD) has been chosen as the main sources
as they follow a transparent and country specific methodology based on a source-by-source
assessment.

» Emissions are split between oil and gas using the gas-to-oil energy ratio.

Source and link

Energy Institute 2023 - data for 2021

Sources considered: UNFCCC 2021 (2022, data for 2021), Norsk Olje og Gass (2022, data for 2021) / Source-by-source methodolog

Chosen source: Norsk Olje og Gass (2022, data for 2021) / Source-by-source methodology

*See methodology slides in Annex


https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://unfccc.int/process-and-meetings/transparency-and-reporting/greenhouse-gas-data/ghg-data-unfccc/ghg-data-from-unfccc
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022/6-klimagassutslipp-og-andre-utslipp-til-luft/6-3-utslipp-av-klimagasser/6-3-2-utslipp-av-co2
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://www.offshorenorge.no/contentassets/cd872e74e25a4aadac1a6e820e7f5f95/rev.22/attachment-b---handbook-voc-emissions---english-version--ver22.pdf
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022/6-klimagassutslipp-og-andre-utslipp-til-luft/6-3-utslipp-av-klimagasser/6-3-2-utslipp-av-co2
https://klimamiljorapport.offshorenorge.no/klima-og-milj%c3%b8rapport-2022
https://www.offshorenorge.no/contentassets/cd872e74e25a4aadac1a6e820e7f5f95/rev.22/attachment-b---handbook-voc-emissions---english-version--ver22.pdf

2. Norway — CH, emissions

H

100

ydrogen production

CH, emissions during H, production and CO, capture

0.000
0.000

0.000 - -
0.000
0.000
0.000
0.000
0.000
0.000

0.00005 0.00006

kg CH, emitted / kg H, produced

SMR ATR

Hydrogen (production and carbon capture) ® Hydrogen (transmission)

Unit: kg CHa/kg H2 SMR ATR
Hydrogen production and carbon 5 5E-5 5 9E-5
capture
Hydrogen transmission 8.7E-6 8.7E-6
Total 6.4E-5 6.7E-5

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming (SMR)
or Auto-Thermal Reforming (ATR)

Information used
CO, emissions during hydrogen production with CCS, Electricity consumption
CH,/CO, split, Electricity intensity of the Norwegian production mix

Energy use for the compression of hydrogen

CARBON LIMITS

Direct emissions (hydrogen production + CO, capture)
* Given the limited data available for SMR and ATR with CCS, the Ecolnvent emission factor for
SMR without CCS is extrapolated.

Electricity consumption

* Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS
and ATR with CCS.

* The electricity intensity of generated electricity in Norway from Ecolnvent is used.

Conditioning of hydrogen for transportation (compression)

+ Kanz O. et al, 2023 provide the consumption of electricity to compress hydrogen for pipeline
transport. We assume it applies to the transport between Norway and Germany, assuming a 100-
km-length offshore pipeline. Ecolnvent is used to estimate the electricity intensity based on the
Norwegian production mix.

Transport of hydrogen by pipeline
« Zero emissions assumed during the transport by pipeline.

Source and link
Deloitte’s HyPE model assumptions
Ecolnvent database

Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)



https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k

2. Norway — CO,, emissions

101

Hydrogen production

CO, emissions along H, production and CO, capture
1.2
1.0 —0:6+—
0.8

0.6 —6:04+—
1.01
0.4
0.59
0.2

0.0

kg CO, emitted / kg H, produced

SMR ATR

Hydrogen (production and carbon capture) ® Hydrogen (transmission)

Unit: kg CHa/kg H2 SMR ATR

Hydrogen production and carbon 101 0.59
capture

Hydrogen transmission 0.01 0.01

Total 1.02 0.60

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming
(SMR) or Auto-Thermal Reforming (ATR)

Information used

CO, emissions during hydrogen production with CCS, Electricity consumption
Total emissions during hydrogen production with CCS

CH,/CO, split, Electricity intensity of the Norwegian production mix

Energy use for the compression of hydrogen

CARBON LIMITS

Direct emissions (hydrogen production + CO, capture)

+ Direct CO, emissions provided by Deloitte’s HyPE model assumptions for both SMR with CCS and ATR
with CCS

* 90% capture rate for SMR and 95% capture rate for ATR

Electricity consumption

* Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS and
ATR with CCS.

» The electricity intensity of generated electricity in Norway from Ecolnvent is used.

Conditioning of hydrogen for transportation (compression)

+ Kanz O. et al, 2023 provide the consumption of electricity to compress hydrogen for pipeline transport.
We assume it applies to the transport between Norway and Germany, assuming a 100-km-length
offshore pipeline. Ecolnvent is used to estimate the electricity intensity based on the Norwegian
production mix.

Transport of hydrogen by pipeline
« Zero emissions assumed during the transport by pipeline.

Source and link
Deloitte’s HyPE model assumptions

Oni et al, 2022: Comparative assessment of blue hydrogen from steam methane reforming, autothermal reforming, and natural gas decomposition technologies
for natural gas-producing regions - ScienceDirect

Ecolnvent database

Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)



https://www.sciencedirect.com/science/article/pii/S0196890422000413?ref=pdf_download&fr=RR-2&rr=88adffc7e86e712a
https://www.sciencedirect.com/science/article/pii/S0196890422000413?ref=pdf_download&fr=RR-2&rr=88adffc7e86e712a
https://www.sciencedirect.com/science/article/pii/S0196890422000413?ref=pdf_download&fr=RR-2&rr=88adffc7e86e712a
https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k

CARBON LIMITS

3. Germany / Norway — CH, emissions
CCS - CO, conditioning, transport and storage

CH, emissions along the CCS value chain
Conditioning of CO, before transport (liquefaction, compression)

T 0.0018 * The electricity intensity for Germany from the GHG Delegated Act (CO,,/MJ) is used and

é 0.0016 Ecolnvent is used to split the total intensity between methane and carbon dioxide.

e 0.0014 » Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson et al,
o 00012 2019 for liquefaction (ship, truck)

o 00010

5 0ooos 0.0014 B Transport of CO,

£ 00000 * Ship - Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used
“Ei 8'8883 0.0006 0.001 to split the emissions between methane and carbon dioxide.

5 o:oooo * Pipeline - Zero emissions assumed for the transport by pipeline

2 SMR - ship SMR - pipeline ATR - ship ATR - pipeline

Storage/Injection and post-injection
* Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to split
the emissions between methane and carbon dioxide.

Total (conditioning before transport, transport, injection/storage, post-
injection)

Unit: kg CH4a/kgH2 SMR - ship SMR - pipeline  ATR—ship ATR - pipeline
Total 0.0014 0.0006 0.0017 0.0007

The unit of EF is per kt of blue hydrogen produced either by Steam Methane Reforming (SMR)
or Auto-Thermal Reforming (ATR)

Information used Source and link

Emission factor for the production of electricity based on the production mix in Germany GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

CH,/CO, split Ecolnvent database

Energy consumption of compression Jackson et al, 2018

Energy consumption of liquefaction Jackson et al., 2019

Emission from transportation by ship, storage, injection and post-injection Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf

CARBON LIMITS

3. Germany / Norway — CO,, emissions

CCS - CO, conditioning, transport and storage

CH, emissions along the CCS value chain
Conditioning of CO, before transport (liquefaction, compression)

9 o * The electricity intensity for Germany from the GHG Delegated Act (JCO,.,/MJ) is used and
é 0.6 Ecolnvent is used to split the total intensity between methane and carbon dioxide.
S 05 » Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson et al,
= 2019 for liquefaction (ship, truck)
o 0.4
803 0.64 Transport of CO,
= o= 0.44 » Ship - Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used
o 02 0.37 to split the emissions between methane and carbon dioxide.
S 0.1 * Pipeline - Zero emissions assumed for the transport by pipeline
(@]
~ 0.0 L L
SMR-ship  SMR-pipelne  ATR-ship  ATR- pipeline Storage/Injection and post-injection

* Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used to split

Total (conditioning before transport, transport, injection/storage, post- the emissions between methane and carbon dioxide

injection)

Unit: kg CHa/kgH2  SMR - ship SMR - pipeline  ATR—ship ATR - pipeline
Total 0.53 0.37 0.64 0.44

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming (SMR) or
Auto-Thermal Reforming (ATR)

Information used Source and link

Emission factor for the production of electricity based on the production mix in Germany GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

CH,/CO, split Ecolnvent database

Energy consumption of compression Jackson et al, 2018

Energy consumption of liquefaction Jackson et al., 2019

Emission from transportation by ship, storage, injection and post-injection Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf
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CARBON LIMITS

+  For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

» The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Natural gas production and transmission in Norway
+ The OGCI target is higher than the current methane intensity in Norway. Same as the current scenario.

Hydrogen production and CO, capture
« Same as the current scenario

CCS

« Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used
(France): the lowest intensity is observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

» Transport —bioLNG use + bioCCS on the ship

» Storage and injection — already very little emissions — same as current scenario

Information used Source and link
OGCl targets Learn about Reducing methane emissions - OGCI

Emission factor for the production of electricity based on the production mix in Germany and

France GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)



https://www.ogci.com/methane-emissions/methane-intensity-target
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
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CARBON LIMITS

+  For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

» The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Natural gas production and transmission in Norway
» Assumed that the best practices for flaring are already implemented and that the best available technologies are already implemented. Same as the current scenario.

Hydrogen production and CO, capture
« Same as current scenario

CCS

+ Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used
(France): the lowest intensity is observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

» Transport — bioCCS on the ship and bioLNG

« Storage and injection — already very little emissions — same as current scenario

Information used Source and link
OGCl targets Learn about Reducing methane emissions - OGCI

Emission factor for the production of electricity based on the production mix in Germany and

France GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)



https://www.ogci.com/methane-emissions/methane-intensity-target
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC

Case 4

Biogas-based H, production in Germany, with CO, transported to
Norway for storage.




1. Germany — CH, emissions

Biomethane production

CH, emissions during biomethane production

0.05
o
()
O
=)
g 0.04
o
T
- 0.03
v
5 0.05
& 0.02 0.04
IS
o)
= 0.01
O
(@)
~ 0.00

SMR ATR
Biomethane production
Unit: kg CHa/kg H> SMR ATR
Total 0.05 0.04
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The unit of EF is per kt of blue hydrogen produced either by Steam Methane Reforming SMR) or

Auto-Thermal Reforming (ATR)

Information used
Reference scenario — storage of manure

Fuel consumption in the transport sector, Feedstock to produce biomethane,
Biogas yield per feedstock and its methane content

Methane loss during upgrading

Methane emission factor for a freight transport in Europe, Emission factor of
biogas purification to biomethane by swing adsorption or amino washing

Storage period of manure before utilization for biogas production in Germany

MCEF value of 0.017 m3/m3, B0 in pre-storage emissions

Methane leakage from digestor (1%)

Source and link

pdf (europa.eu)

CARBON LIMITS

General assumptions

« Based on the FNR report, it was assumed that the two main feedstocks to produce biomethane in Germany are maize (50%)
and cattle slurry (50%).

» Emissions related to the production of biomethane (from the transport of raw materials to the upgrading) are compared to a
reference scenario in which we only consider emissions related to the storage of manure (for more than 7 days) (only methane
emissions).

Transport of raw materials

» The raw materials were assumed to be transported over 25 km between the farm and the biogas plant with an EURO6 20-ton
truck.

» Based on the FNR report, 5% of fuels consumed in the transport sector in 2018 were biofuels. It was assumed that it is still the
case in 2021 and emissions related to the consumption of biofuels are not considered.

+ Emissions from Ecolnvent were used.

Pre-storage

* No emissions related to the storage of maize.

+ Based on DBFZ (2021), emissions related to the storage of manure before utilization for biogas production are estimated for
manure stored for less than 7 days.

*  Roésemann et al., 2019 paper on emissions from German agriculture between 1990 and 2019 is used to estimate non-fossil
methane emissions.

Anaerobic digestion
» No fossil emissions — assuming that anaerobic digestion plants directly use their biogas/biomethane, no fossil fuels
+ Many sources agree on 1% methane leakage from the digestor; hence, this methane intensity is used.

Upgrading

» No fossil emissions — assuming that anaerobic digestion plants directly use their biogas/biomethane, no fossil fuels.

» Based on the FNR report and emission data available in academic papers, amino washing, and swing adsorption are the two
main upgrading processes considered. The FNR report is used to estimate non-fossil methane emissions using a weighted
average of the two main upgrading processes considered.

FNR - Bioenergy in Germany Facts and Figures 2020 (fnr.de), data for 2018

Sources considered: LCA-gas-EU-white-paper-A4-v5.pdf (theicct.org). Chosen source: FNR - Bioenergy in Germany Facts and Figures 2020 (fnr.de)

Ecolnvent

DBFZ (2021) - Schumacher _2021.pdf (dbfz.de)

Roésemann et al., 2019 - https://literatur.thuenen.de/digbib_extern/dn063510.pdf

“KTBL (2016), BACHMAIER and GRONAUER (2007), BORJESSON and BERGLUND (2007), GARTNER et al. (2008) and ROTH et al. (2011). In 2016 the Federal Environment
Agency pulished a study that, too, is based on a leakage rate of 1 % (UBA, 2016a).” - Résemann et al., 2019 - htips://literatur.thuenen.de/digbib_extern/dn063510.pdf
Zhou Y. et al, 2021 - LCA-gas-EU-white-paper-A4-v5.pdf (theicct.org)



https://data.consilium.europa.eu/doc/document/ST-10308-2018-INIT/en/pdf
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://theicct.org/wp-content/uploads/2021/10/LCA-gas-EU-white-paper-A4-v5.pdf
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://www.dbfz.de/fileadmin/chinares/docs/Schumacher_2021.pdf
https://literatur.thuenen.de/digbib_extern/dn063510.pdf
https://literatur.thuenen.de/digbib_extern/dn063510.pdf
https://theicct.org/wp-content/uploads/2021/10/LCA-gas-EU-white-paper-A4-v5.pdf

1. Germany — CO, emissions

108

kg CO,emitted / kg H, produced

Biomethane production

CO, emissions during biomethane production

0.07

0.06

0.05

0.04

0-03 o 0.055
0.02

0.01

0.00
SMR ATR

Biomethane production

Unit: kg CHa/kg Hz SMR ATR

Total 0.065 0.055

The unit of EF is per kt of blue hydrogen produced either by Steam Methane Reforming (SMR)
or Auto-Thermal Reforming (ATR)

Information used
Reference scenario — storage of manure
Carbon dioxide emission factor for a freight transport in Europe

Non-fossil CO, emissions

CARBON LIMITS

General assumptions

+ Based on FNR report, it was assumed that the two main feedstocks to produce biomethane in Germany are maize
(50%) and cattle slurry (50%).

+ Emissions related to the production of biomethane (from the transport of raw materials to the upgrading) are
compared to a reference scenario in which we only consider emissions related to the storage of manure (for more
than 7 days) (only methane emissions).

Transport of raw materials

» The raw materials were assumed to be transported over 25 km between the farm and the biogas plant with an
EUROG6 20-ton truck.

* Based on the FNR report, 5% of fuels consumed in the transport sector in 2018 were biofuels. It was assumed that it
is still the case in 2021 and emissions related to the consumption of biofuels are not considered.

» Emissions from Ecolnvent were used.

Pre-storage
* No CO, emissions

Anaerobic digestion

* No fossil emissions — assuming that anaerobic digestion plants directly use their biogas/biomethane, no fossil fuels

» Non-fossil CO, emissions (from biogas leakages from agricultural feedstocks) are not included — “CO, emissions
from livestock are not estimated because annual net CO, emissions are assumed to be zero — the CO,
photosynthesized by plants is returned to the atmosphere as respired CO,. A portion of the C is returned as CH, and
for this reason, CH, requires separate consideration.” (IPCC 2006)

Upgrading

» Fossil CO, emissions — no emission considered, assuming that anaerobic digestion plants directly use their
biogas/biomethane, no fossil fuels

» Non-fossil CO, emissions (from biogas leakages from agricultural feedstocks) are not included — “CO, emissions
from livestock are not estimated because annual net CO, emissions are assumed to be zero — the CO,
photosynthesized by plants is returned to the atmosphere as respired CO,. A portion of the C is returned as CH, and
for this reason, CH, requires separate consideration.” (IPCC 2006)

Source and link

pdf (europa.eu)
Ecolnvent

IPCC 2006 — Volume 4, Chapter 10 - CHAPTER 1 (iges.or.|p)



https://data.consilium.europa.eu/doc/document/ST-10308-2018-INIT/en/pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf

CARBON LIMITS

2. Germany — CH, emissions

Hydrogen production

CH, emissions during H, production and CO, capture

0.0012
Direct emissions (hydrogen production + CO, capture)

Ecolnvent is used to split the intensity between methane and carbon dioxide.

°

(]

(@]

3 noote + Given the limited data available for SMR and ATR with CCS, the Ecolnvent emission factor for
3(51“ 0.0008 SMR without CCS is extrapolated.

(@)

= 0000 00010 Electricity consumption

£ 5.0004 * Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS
£ 0.0006 and ATR with CCS.

g 0.0002 » The GHG Delegated Act is used for the electricity intensity of generated electricity in Germany.
(@)

0.0000
SMR ATR

Hydrogen (production and carbon capture)

Unit: kg CHa/kg Ha SMR ATR
Total 0.0006 0.0010

The unit of EF is per kt of blue hydrogen produced either by Steam Methane Reforming(SMR) or
Auto-Thermal Reforming (ATR)

Information used Source and link
CO, emissions during hydrogen production with CCS, Electricity consumption Deloitte’s HyPE model assumptions
Emission factor for the production of electricity based on the production mix in Germany GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

CH,/CO, split, Electricity intensity of the Norwegian production mix, Methane emissions during hydrogen

production with SMR without CCS Ecolnvent database

Energy use for the compression of hydrogen Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k

CARBON LIMITS

2. Germany — CO, emissions

Hydrogen production

CO, emissions during H, production and CO, capture

5 70 Direct emissions (hydrogen production + CO, capture)
S &0 P + Direct CO, emissions provided by Deloitte’s HyPE model assumptions for both SMR with CCS
3 ' and ATR with CCS
< -85 * 90% capture rate for SMR and 95% capture rate for ATR
i -10.00
< -9.0
3 Electricity consumption
2 95 + Electricity consumption provided by Deloitte’s HyPE model assumptions for both SMR with CCS
5 100 and ATR with CCS.
o * The GHG Delegated Act is used for the electricity intensity of generated electricity in Germany.
% -10.5 Ecolnvent is used to split the intensity between methane and carbon dioxide.
SMR ATR
Hydrogen (production and carbon capture)
Unit: kg CHa/kg Hz SMR ATR

Total -8.60 -10.00

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming (SMR) or
Auto-Thermal Reforming (ATR)

Information used Source and link

CO, emissions during hydrogen production with CCS, Electricity consumption Deloitte’s HyPE model assumptions

Emission factor for the production of electricity based on the production mix in Germany GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
CH,/CO, split, Electricity intensity of the Norwegian production mix Ecolnvent database

Energy use for the compression of hydrogen Kanz O. et al, 2023 : Life-cycle global warming impact of hydrogen transport through pipelines from Africa to Germany (rsc.org)
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://pubs.rsc.org/en/content/articlepdf/2023/se/d3se00281k
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3. Germany / Norway — CH, emissions

CCS - CO, conditioning, transport and storage

111

CH, emissions along the CCS value chain

Conditioning of CO, before transport (liquefaction, compression)
* The electricity intensity for Germany from the GHG Delegated Act (JCO,./MJ) is used and

T 0-0025 Ecolnvent is used to split the total intensity between methane and carbon dioxide.
S » Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson et
‘g 0.0020 al, 2019 for liquefaction (ship, truck)
E 0.0015 Transport of CO,
5 0.0024 » Truck — Based on the FNR report, 5% of fuels consumed in the transport sector in 2018 were
£ 00010 0.0020 biofuels. It was assumed that it is still the case in 2021 and emissions related to the
= ] consumption of biofuels are not considered. Emissions from Ecolnvent were used.
T 0.0005 0.0011 ' * Ship - Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is
% used to split the emissions between methane and carbon dioxide.
. 0.0000 * Pipeline - Zero emissions assumed for the transport by pipeline
SMR - truck + SMR - truck + ATR - truck + ship  ATR - truck +
ship pipeline pipeline Storage/Injection and post-injection
Total (conditioning before transport, transport, injection/storage, post-injection) * Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is used

to split the emissions between methane and carbon dioxide.

Unit: kg CHsa/kgH>  SMR -ship SMR - pipeline ATR-—ship  ATR - pipeline

Total 2E-3 1.1E-3 2.4E-3

1.4E-3

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming (SM
Thermal Reforming (ATR)

Information used

Emission factor for the production of electricity based on the production mix in Germany
CH,/CO, split, Truck emissions

Fuel consumption in the transport sector

Energy consumption of compression

Energy consumption of liquefaction

Emission from transportation by ship, storage, injection and post-injection

R) or Auto-

Source and link

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
Ecolnvent database

FNR - Bioenergy in Germany Facts and Figures 2020 (fnr.de), data for 2018

Jackson et al, 2018

Jackson et al., 2019

Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf
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3. Germany / Norway — CO,, emissions

CCS - CO, conditioning, transport and storage

Conditioning of CO, before transport (liquefaction, compression)

CO, emissions along the CCS value chain i : _
* The electricity intensity for Germany from the GHG Delegated Act (CO,./MJ) is used and

is used to split the emissions between methane and carbon dioxide.
* Pipeline - Zero emissions assumed for the transport by pipeline

5 12 Ecolnvent is used to split the total intensity between methane and carbon dioxide.

§ » Jackson et al, 2018 provide the energy consumption for compression (pipeline), and Jackson
g 1o et al, 2019 for liquefaction (ship, truck)

o

T, 08 Transport of CO,

= * Truck — Based on the FNR report, 5% of fuels consumed in the transport sector in 2018 were
g 06 12 biofuels. It was assumed that it is still the case in 2021 and emissions related to the

'% (Y 0.9 consumption of biofuels are not considered. Emissions from Ecolnvent were used.

g 04 0.7 » Ship - Northern Light carbon footprint is used to estimate CO,, and the Ecolnvent database
(@)

0.2

0.0 - o
SMR-truck +ship  SMR-truck+  ATR-truck +ship  ATR- truck + Storage/Injection and post-injection

- oipeline - pipeline * Northern Light carbon footprint is used to estimate CO,,, and the Ecolnvent database is
Total (conditioning before transport, transport, injection/storage, post-injection) used to Sp|it the emissions between methane and carbon dioxide.

Unit: kg CHa/kgH>  SMR -ship SMR - pipeline ATR-ship ATR - pipeline
Total 1.0 0.7 1.2 0.9

The unit of EF is per kg of blue hydrogen produced either by Steam Methane Reforming (SMR) or Auto-
Thermal Reforming (ATR)

Information used Source and link

Emission factor for the production of electricity based on the production mix in Germany GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

CH,/CO, split, Truck emissions Ecolnvent database

Fuel consumption in the transport sector FNR - Bioenergy in Germany Facts and Figures 2020 (fnr.de), data for 2018

Energy consumption of compression Jackson et al, 2018

Energy consumption of liquefaction Jackson et al., 2019

Emission from transportation by ship, storage, injection and post-injection Northern Light: Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain. pdf (norlights.com)
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf
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CARBON LIMITS

+  For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

» The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Biogas production

» The reference scenario is still the same.

 Transport of raw materials — GHG reduction based on CO, emission standards for trucks.

» Pre-storage — the manure stored is covered and the gas is captured with a 90% capture rate.

* Anaerobic digestion and upgrading — the lowest value in the literature is assumed to be reached by 2040.

Hydrogen production and CO, capture

» No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is
observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

« Same capture rates as in the current scenario

CCS

« Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used
(France): the lowest intensity is observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

» Transport by ship — bioLNG use + bioCCS on the ship

+ Transport by truck - GHG reduction based on CO, emission standards for trucks

» Storage and injection — already very little emissions — same as current scenario

Information used Source and link
CO, emission standards for trucks Heavy-duty vehicles: Council and Parliament reach a deal to lower CO2 emissions from trucks, buses and trailers - Consilium (europa.eu)
Fuel consumption in the transport sector FNR - Bioenergy in Germany Facts and Figures 2020 (fnr.de), data for 2018

Emission factor for the production of electricity based on the production

L GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
mix in Germany and France

Source considered: Lantz, Ecolnvent

Anaerobic digestion Chosen source: Lantz, M. (2017). Hallbarhetskriterier for biogas: En 6versyn av data och metoder. Milj6- och energisystem, LTH, Lunds universitet. Uppsatsmall (lu.se

Sources considered: Lantz 2017 and LCA-gas-EU-white-paper-A4-v5.pdf (theicct.org) and Ecolnvent
Chosen source: Lantz, M. (2017). Hallbarhetskriterier for biogas: En 6versyn av data och metoder. Milj6- och energisystem, LTH, Lunds universitet. Uppsatsmall (lu.se

Upgrading


https://www.consilium.europa.eu/en/press/press-releases/2024/01/18/heavy-duty-vehicles-council-and-parliament-reach-a-deal-to-lower-co2-emissions-from-trucks-buses-and-trailers/
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://lucris.lub.lu.se/ws/portalfiles/portal/26150298/Rapport_100_H_llbarhetskriterier_SLUT.pdf
https://theicct.org/wp-content/uploads/2021/10/LCA-gas-EU-white-paper-A4-v5.pdf
https://lucris.lub.lu.se/ws/portalfiles/portal/26150298/Rapport_100_H_llbarhetskriterier_SLUT.pdf
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CARBON LIMITS

For estimating the emissions from the BAT scenario, EF from the current scenario is used as the baseline, followed by applying some emission reduction
trajectories along the different parts to the value chain.

The solutions applied are country specific — all solutions are based on existing abatement potentials, and employ realistic assumptions on the year of
implementation.

Biogas production

The reference scenario is still the same.

Transport of raw materials — GHG reduction based on CO, emission standards for trucks

Pre-storage — still no emissions

Anaerobic digestion and upgrading — non-fossil CO, emissions are not included in the current scenario. It was assumed that in the BAT scenario, these emissions were captured with a
90% capture rate by 2050 and used (e.qg., in greenhouses near the biogas plant) which led to negative emissions compared to the reference scenario in which no CO, emissions were
released.

Hydrogen production and CO, capture

No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the lowest intensity is observed in
Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.
Same capture rates as in the current scenario

CCS

Conditioning before transport — No more coal in the German electricity production mix. The second lowest electricity intensity provided by the GHG Delegated Act is used (France): the
lowest intensity is observed in Sweden which does not apply to Germany due to the high share of hydro in the electricity production mix.

Transport by ship — bioCCS on the ship and bioLNG

Transport by truck - GHG reduction based on CO, emission standards for trucks

Storage and injection — already very little emissions — same as current scenario

Information used Source and link
CO, emission standards for trucks Heavy-duty vehicles: Council and Parliament reach a deal to lower CO2 emissions from trucks, buses and trailers - Consilium (europa.eu)
Fuel consumption in the transport sector FNR - Bioenergy in Germany Facts and Figures 2020 (fnr.de), data for 2018

Emission factor for the production of electricity based on the production
mix in Germany and France

Anaerobic digestion

Upgrading

GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)

Source considered: Lantz, Ecolnvent
Chosen source: Lantz, M. (2017). Hallbarhetskriterier for biogas: En 6versyn av data och metoder. Milj6- och energisystem, LTH, Lunds universitet. Uppsatsmall (lu.se

Sources considered: Lantz 2017 and LCA-gas-EU-white-paper-A4-v5.pdf (theicct.org) and Ecolnvent
Chosen source: Lantz, M. (2017). Hallbarhetskriterier for biogas: En 6versyn av data och metoder. Milj6- och energisystem, LTH, Lunds universitet. Uppsatsmall (lu.se



https://www.consilium.europa.eu/en/press/press-releases/2024/01/18/heavy-duty-vehicles-council-and-parliament-reach-a-deal-to-lower-co2-emissions-from-trucks-buses-and-trailers/
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://lucris.lub.lu.se/ws/portalfiles/portal/26150298/Rapport_100_H_llbarhetskriterier_SLUT.pdf
https://theicct.org/wp-content/uploads/2021/10/LCA-gas-EU-white-paper-A4-v5.pdf
https://lucris.lub.lu.se/ws/portalfiles/portal/26150298/Rapport_100_H_llbarhetskriterier_SLUT.pdf

Case 5

Green hydrogen is produced in the US and exported as green ammonia
by ship to Germany. Re-converted to hydrogen in Germany.




CARBON LIMITS

Case 5 - C H4 a nd C02 em iSSionS Direct ammonia and hydrogen emissions are not considered in this analysis.

Green hydrogen production
CH, emissions along the hydrogen value chain » Based on the Delegated Acts of RENBO, zero emissions are assumed.

Ammonia production in the USA

* Included: emissions from Haber Bosch production and nitrogen separation from air.

0.008 » Current scenario: Ecolnvent is used for the electricity intensity generated in the US.

» BAT scenario: 0% of the electricity used is lost by heat (e.g., used to pre-heat the feed). The lowest value of electricity
consumption in the literature is used.

0.010

0.006
0.004

Transport of ammonia by ship
0.002 . . . « Transport of ammonia by ship is assumed similar to the transport of LNG by ship (boil-off rates, fuel used) in the current
0.000 scenario. In the BAT scenario, biofuels are used (non-fossil CO, and CH, emissions are not accounted in this analysis) and the

Current ~ BAT2030 BAT2040  BAT 2050 boil-off is captured and reliquefied.
scenario

kg CH, emiited / kg H,
produced from ammonia

Ammonia cracking in Germany

* Heat is produced from the imported green ammonia.

» Current scenario: the heat is produced from natural gas. The GHG Delegated Act is used for the electricity intensity of
generated electricity in Germany. Ecolnvent is used to split the intensity between methane and carbon dioxide.

» BAT scenario: No more coal in the German electricity production mix. The second lowest electricity intensity provided by the
GHG Delegated Act is used (France): the lowest intensity is observed in Sweden which does not apply to Germany due to the
high share of hydro in the electricity production mix.

B Ammonia production Ship transport Ammonia cracking

CO, emissions along the hydrogen value chain

3.00 Assumed that 0.18 kg H, produced per kg NHs.
o
8
5 2.50
'8 © Information used Source and link
S g 2.00 Emission factor for the production of electricity based on
N ) o GHG Delegated Act, Table A: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
T € the production mix in Germany or France
o> € 1.50
~x © i icity i i i
S Cll—|4/CO2 split, Electricity intensity of the US production Ecolnvent database
- 8 1.00 mix
[0}
= o Sources considered: 2023.03 H2Europe Clean Ammonia Report DIGITAL FINAL.pdf (hydrogeneurope.eu), IEAGHRassumptions final.pdf,
e = 0.50 o S pa— Blue and green ammonia production: A techno-economic and life cycle assessment perspective - ScienceDirect
O] o Chosen source: (current scenario) JRC Publications Repository - Environmental life cycle assessment (LCA) comparison of hydrogen delivery
@) “= 0.00 options within Europe (europa.eu : obal Trade Hydrogen .p
N hin E ( ) (BAT): IRENA Global Trade Hyd 2022.pdf
O
o Currerjt BAT 2030 BAT 2040 BAT 2050 Renewable energies production in the USA EIA projects that renewable generation will supply 44% of U.S. electricity by 2050 - U.S. Energy Information Administration (EIA)
< scenario
Production of hydrogen from ammonia 2023.03 H2Europe Clean Ammonia Report DIGITAL FINAL.pdf (hydrogeneurope.eu)

B Ammonia production Ship transport Ammonia cracking
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://hydrogeneurope.eu/wp-content/uploads/2023/03/2023.03_H2Europe_Clean_Ammonia_Report_DIGITAL_FINAL.pdf
https://iea.blob.core.windows.net/assets/2ceb17b8-474f-4154-aab5-4d898f735c17/IEAGHRassumptions_final.pdf
https://www.sciencedirect.com/science/article/pii/S2589004223014669?ref=pdf_download&fr=RR-2&rr=891926f70cfe2d98
https://publications.jrc.ec.europa.eu/repository/handle/JRC137953
https://publications.jrc.ec.europa.eu/repository/handle/JRC137953
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Apr/IRENA_Global_Trade_Hydrogen_2022.pdf?rev=3d707c37462842ac89246f48add670ba
https://www.eia.gov/todayinenergy/detail.php?id=51698#:~:text=EIA%20projects%20that%20renewable%20generation%20will,supply%2044%25%20of%20U.S.%20electricity%20by%202050
https://hydrogeneurope.eu/wp-content/uploads/2023/03/2023.03_H2Europe_Clean_Ammonia_Report_DIGITAL_FINAL.pdf

Methodology for emission factor
estimations




Methodology — Current scenario

1. Gas value chain




CARBON LIMITS

Algeria, Norway

________________________________________________________________________________________________

UPSTREAM EF!

Oil exploration Associated gas
& Production

..\H'Iﬂ

iNaturaI gas exploration Gas gathering
] & Production & Boosting

Value chain considered for gas exporting countries (via pipelines) USA

Value chain considered for LNG exporting countries

LNG EF - EC

Overview of the natural gas value chain
considered

EF = emission factor
EC = exporting country
IC = importing country
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~.

Value chain con3|dered for

. S Additional value chain emissions for LNG import
gas import via pipelines Germany

Germany, Europe




A. Formula for emission factor (EF) CARBON LIMITS

« An EF is essentially the total emissions from a particular process divided by the associated activity data. As
such, emissions and activity data are estimated for calculating the EF for each step along the value chain.

« EFs for methane (CH,) and carbon dioxide (CO,) are estimated separately, before converting to CO,,

o Emissions from the process

B Activity Data for the process

TGWP 100 = 28 and GWP 20 = 84 have been compared, based on the AR5 (IPCC)


https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter08_FINAL.pdf

B. Estimation of activity data for gas value chain CARBON LIMITS

« Different activity data are used for estimating EF in exporting and importing countries.
« Activity data for upstream = total gas volume produced

» Activity data for downstream would be the sum of the total volume of gas imported and of the volume of gas produced in the country

Activity data Source of information

For exporting countries description for the activity data

Calculations™

Volume of associated gas Calculations™

produced (bcm) Volume of total gas Used as activity data for

produced (bcm) EF for upstream

Volume of non-associated
gas produced (bcm)

For importing countries

Energy Institute

Volume of total gas imported Volume of total gas Used as activity data for
(bcm) produced (bcm) EF for transmission

Energy Institute

Energy Institute — Statistical Review of World Energy: Resources and data downloads | Statistical Review of World Energy (energyinst.org)
*See next slide



https://www.energyinst.org/statistical-review/resources-and-data-downloads

B. Estimation of activity data for gas value chain CARBON LIMITS

» Both associated gas and non-associated gas are considered in the assessment of EF.
Total natural gas production = Non-associated gas production + Associated gas production

* Non-associated gas is natural gas produced in dedicated gas wells, with little liquid production. Associated gas is natural gas
produced from oil wells.

» Associated gas can be used locally, reinjected into the well, vented, flared or exported as marketable natural gas and thus
joins the natural gas value chain. Hence. methane emissions related to associated gas production must be considered.

Volume of non-associated gas produced (bcm) - V, oapc

» The volume of associated gas produced for each country is provided directly by the Energy Institute.

Volume of associated gas (APG) produced (bcm) - Vpg
« The following equation is used to estimate Vapg : Vapg = Vaonarg * APGy, / (1- APGy,)

« APG,, corresponds to the APG to total gas ratio Vognaps / (Vapst Vaonars) @nd is estimated by country based as follows:
Ex: USA

— Data on the production from different wells in Norway is used to estimate V,pg, assuming that facilities producing
less than 5 Mm3 of oil are gas wells and that the gas production from other wells (i.e., oil wells) is associated gas.

Ex: Norway

. . Priority Il . APG. -1 _ VnonAPG norway(MmM3 oil equivalent)
Estimation based on national data JONORWAY V0naPG vorwar T VAPG vorway (MM3 0il equivalent)
Ex: Algeria
Priority I APG. - APG used in the African region (bcm)
Estimation based on regional data HALGERIA™ ApG used in the African region(bcm)+Non associated gas produced in the African region(bcm)

Vionare: Energy Institute — Statistical Review of World Energy: Resources and data downloads | Statistical Review of World Energy (energyinst.org)

Vpe: (for the USA) Associated gas contributes to growth in U.S. natural gas production - Today in Energy - U.S. Energy Information Administration (EIA) (for Norway) Historical production on the NCS -
Norwegianpetroleum.no (norskpetroleum.no) (for Algeria/Africa) APG used: https://www.iea.org/commentaries/putting-gas-flaring-in-the-spotlight / Non associated gas produced in the region: Energy Institute —
Statistical Review of World Energy



https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.eia.gov/todayinenergy/detail.php?id=41873
https://www.norskpetroleum.no/en/facts/historical-production/#annually
https://www.norskpetroleum.no/en/facts/historical-production/#annually
https://www.iea.org/commentaries/putting-gas-flaring-in-the-spotlight
https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.energyinst.org/statistical-review/resources-and-data-downloads

C.1.a. Estimating methane emissions (upstream)

CARBON LIMITS

Estimating emissions from the gas value chain have similar steps in all countries, with a few variations depending on the type of
information obtained from the different sources. Case specific differences have been highlighted in the results section of Task 1; this

methodology section provides an overall methodology applied for estimations.
The total upstream emissions is the sum of emissions from associated and non-associated gas production. Estimation of these
emissions are presented below.

1. Estimation of upstream methane emissions

1.1. Estimating upstream non-associated gas emissions

*

For the selected source, all methane emissions linked to the production, gathering, boosting and processing of natural gas
have been added together.

1.2. Estimating upstream associated gas emissions

For the selected source, all methane emissions linked to the production of oil* have been added together (Emissions,;). Then,
the emissions are split between oil and associated gas based on the APG to oil ratio (APG-to-oily,):

Emissionspg = Emissions,; * APG-t0-0il,,

i APG produced (EJ)
APG-to-0ily, = 755 produced (EJ) + Oil produced (EJ)

Where APG produced is estimated similarly — same formula, same sources - to Vpg Used for the activity data and Oil produced is provided
directly by the Energy Institute.

Energy Institute — Statistical Review of World Energy: Resources and data downloads | Statistical Review of World Energy (energyinst.org)

*In the case where oil and gas emissions are not split (e.g., Examples: “Other — oil and gas”/”Ultra-emitters” |EA categories , some UNFCCC categories, academic paper where emissions from oil and gas are not split),
the gas-to-oil energy ratio is used: Total natural gas produced (EJ)/(Total natural gas produced (EJ) + Oil produced (EJ)) using the Energy Institute data.


https://www.energyinst.org/statistical-review/resources-and-data-downloads

C.1.b. Estimating methane emissions (downstream) CARBON LIMITS

» Pipeline - The total downstream emissions is a sum of emissions during transmission in the exporting country and in the
importing country.

* LNG - The total downstream emissions is a sum of emissions during transmission and liquefaction in the exporting country, LNG
shipping, LNG unloading and regasification and transmission in the importing country.

2. Estimation of downstream methane emissions

2.1. Estimating transmission emissions

For the selected source, it corresponds to emissions reported under the category “Transmission and storage emissions”.

2.2. Estimating LNG related emissions (liquefaction, shipping, unloading and regasification)

LNG related data are directly provided separately for “liquefaction”, “shipping” and “unloading and regasification” by three
different sources. It can be provided directly in the form of an emission factor or in the form of emissions along with the
corresponding activity data.




C.1.c. Selecting sources for methane emissions data

CARBON LIMITS

Country specific academic papers, national inventories and IEA methane tracker data are assessed to estimate the methane emissions

along gas value chain.

While some countries have extensive research on methane emissions, others have very limited data available.

Different priorities were established for selecting the sources, along with a decision tree to make the final decision on source choice.

Ex: USA
Priority |

Emissions reported in any recent academic paper
representative of the country (with peer review)

Ex: Norway, Germany, Europe, Algeria (transmission)

Priority Il

Recent tier 2 or tier 3 reported emissions data by
the country (NIR and UNFCCC)

Ex: Algeria (upstream)
Priority Il

Emissions reported by the IEA Methane
Tracker 2022

Assessment of academic papers:

Measurement performed on local facilities?
Data been published in the past 5 years?

Data established based on a large sample size
(representative of the full population)?

Were there top-down measurements applied to
validate the data?

Level of granularity:

Are the oil and gas emissions split?

Are the upstream emissions separated from
downstream emissions?

Are the transmission emissions separated from
distribution emissions?

Compare sources based on above questions, and
identify the best source, on a case-by-case basis.

Note: (i) for the LNG part of the value chain, emissions reported by industry representatives of the country/region have also been
considered (i) data from company reports to OGMP are not considered because the granularity level doesn’'t match



C.2.a. Estimating carbon dioxide emissions CARBON LIMITS

« Estimating emissions from the gas value chain have similar steps in all countries, with a few variations
depending on the type of information obtained from the different sources. Case-specific differences have
been highlighted in the results section of Task 1; this methodology sections provides an overall methodology
applied for estimations.

» For carbon dioxide emissions, data can be split between upstream and downstream emissions or between
flaring, energy use and venting (from acid gas removal units).

» Thus, for the selected sources, carbon dioxide emissions from natural gas production and transmission are
added up.

» If the emissions are not split between oil and gas, similarly to methane emissions, the gas-to-oil ratio is used
except for flares for which only 10% is attributable to the total gas and 90% to oil.

» LNG carbon dioxide emissions estimation are following the same methodology as methane emissions.

Energy Institute — Statistical Review of World Energy: Resources and data downloads | Statistical Review of World Energy (energyinst.org)

In the case where oil and gas emissions are not split the gas-to-oil energy ratio is used: Total natural gas produced (EJ)/(Total natural gas produced (EJ) + Oil produced (EJ)) using the Energy Institute data.


https://www.energyinst.org/statistical-review/resources-and-data-downloads

C.2.b. Selecting sources for carbon dioxide emissions data “ARBON LIMITS

: CO, venting (e.g., acid gas recover

Ex: Norway, USA, Germany, Europe Ex: Norway, USA, Germany, Europe Ex: Norway, USA, Germany, Europe
Priority | Priority | Priority |
Recent tier 2 or tier 3 reported Recent tier 2 or tier 3 reported Recent tier 2 or tier 3 reported
emissions data by the country emissions data by the country emissions data by the country
L Priority Il Priority Il
Priority |l : R o 1 .
VIIRS flaring data Regeqt tier 1 reported ecent tier 1 reported emissions
emissions data by the country data by the country
Ex: Algeria
Priority |l

Emissions reported by OCI+

Note: For the LNG part of the value chain, emissions reported by industry representatives of the country/region have also been
considered.




Methodology — Current scenario

2. Blogas production




CARBON LIMITS

Production and storage _ _
(agriculture) On-site storage of digestate

A

—>  Production of blue hydrogen

Upgrading and
raw materials purification

Transport of Pre-treatment Anaerobic digestor

Value chain considered for the biogas

producing country
Germany

Overview of biogas value chain considered




Biogas production — general assumptions

Feedstock

Upgrading process

Reference scenario

CARBON LIMITS

Maize (energy crop) and cattle slurry (livestock manure) as the main feedstocks (assumed 50% each)
Bioenergy in Germany Facts and Figures 2020 (fnr.de)
To note that the Land Use Change is not taken into account here.

Pressure swing adsorption and amine scrubbing are considered here — based on the availability of
emission data and the type of biomethane upgrading processes in Germany
Bioenergy in Germany Facts and Figures 2020 (fnr.de)

The biogas production scenario is compared to a reference scenario (only storage of manure which is
not used) — if the biomethane production process (from transport of raw materials to upgrading)
generates less emissions than the reference scenario, it leads to negative emissions.

The reference scenario is determined as mentioned in european regulation and correspond to
54 kgCO,, emitted per ton of manure
pdf (europa.eu)



https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/broschuere_basisdaten_bioenergie_2020_engl_web.pdf
https://data.consilium.europa.eu/doc/document/ST-10308-2018-INIT/en/pdf

Biogas production - emissions

Pre-treatment and :
Upgrading

Transport of raw materials Pre-storage

anaerobic digestion

CO, fossil
2
_ Ecolnvent No fossil emissions — anaerobic digestion and upgrading plants usually use

Assuming a distance of 25 km between No fossil emissions their broduced biomethane
the farm and the biogas production plant P :

C02 non-fossil | | o No CO, non-fossil emissions No non-fossil CO, emissions (IPCC 2006)
5% biofuels — non-fossil emissions
related to the burning of biofuels are Weiahted f meth |
not included 1% methane loss- based on eighiec average ol methane 10ss per

upgrading process considered (see
assumptions)

See below: (2)/ (1) several sources

(1) Production of biomethane from cattle slurry (bcm biomethane/kg cattle slurry) = Biogas yield from catlle slurry (obcm biogas/kg cattle slurry) * Methane content (%)
2) Emissions of methane from cattle slurry storage (kgCH, emitted/kg cattle slurry) = Emissions of methane from cattle slurry storage (kgCH, emitted/kg VS) * A
ry g

Where:
» Emissions of methane from cattle slurry storage (kgCH, emitted/kg VS) = B, * MCF, with:
* B, (maximum methane production capacity of manure)= 0.23 m3 CH,/kgVS (Résemann et al., 2019)
» MCF (methane conversion factor) = 0.017 m3/m3 (Résemann et al., 2019)
* Methane density: 667 kt/bcm
* Alis a conversion factor based on the % of VS in dry matter (70-80%, Cardenas et al., 2021) and the % dry matter in slurry (14%, Alan Rotz, 2017)

IPCC 2006 — Volume 4, Chapter 10 - “CO, emissions from livestock are not estimated because annual net CO, emissions are assumed to be zero — the CO, photosynthesized by plants is returned to the atmosphere as respired CO,. A portion of the C is returned as CH, and for this reason, CH, requires
separate consideration.” (IPCC 2006. Volume 4, Chapter 10)

Résemann et al., 2019 - https://literatur.thuenen.de/digbib_extern/dn063510.pdf

Cérdenas et al., 2021 - https://doi.org/10.1016/j.wasman.2020.12.026

Alan Rotz, 2017 - https:/doi.org/10.3168/jds.2017-13272
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https://literatur.thuenen.de/digbib_extern/dn063510.pdf
https://doi.org/10.1016/j.wasman.2020.12.026
https://doi.org/10.3168/jds.2017-13272

Methodology — Current scenario

3. RHydrogen and CCS value chain




Value chain considered for the H2-producing country Germany or

Norway

&0

Transport of CO2

Conditioning
Compression, liquefaction

Carbon capture

Steam reforming

HYDROGEN EF

Storage

Value chain
considered for CO,

storage
Norway

CARBON LIMITS

Natural gas value chain

Overview of H, production and
CCS value chain considered




Hydrogen related emissions CARBOUN LIMITS

CO, emissions CH, emissions

From Deloitte’s HyPE model

assumptions.
; - For Case 4, since biomethane is Ecolnvent for SMR without CCS —
i D/Lreot emISS|O/nS used, CO, emissions are biogenic extrapolated to SMR with CCS and ATR with
eakage, natura gas and are not accounted for. CCS based on the natural gas used (kWh) for
consumption However, the capture of these each process
emissions leads to negative
emissions.

Electricity consumption: from Deloitte’s HyPE model assumptions

1. Production in Germany:
Emissions (CO,e,): GHG Delegated Act for Germany-split between CH, and CO,
using Ecolnvent

Electricity production

2. Production in Norway:
Emissions (CH,, CO,): Ecolnvent for Norway



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC

CCS related emissions

Conditioning before
transportation

Transport

Injection/Storage

Emissions from electricity production
kgCO, and CH,/kWh of electricity - German production mix

Liquefaction Compression
Electricity need in kWh/tCO, compressed Electricity need in kWh/tCO, compressed

Northern Light emission in
ECOInvent COZeq — split based on Ecolnvent NO emiSSionS

Assuming 85 km Included: operation (ship fuel consumption, process
emissions, grid electricity)

Northern Light emission in Northern Light emission in
NOt relevant CO — split based on Ecolnvent
~~2eq . o COZe — split based on Ecolnvent
Included: injection (use of vessel, grid electricity, other Included: injectioﬂ e Sy s o—

process emissions) and post injection (use of vessel)

Conditioning before transport: Jackson et Brodal (2018), Jackson and Brodal (2019)
Emissions from transport and injection/storage:_Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf (norlights.com)

GHG Delegated Act: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
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GHG Delegated Act

Academic papers

Ecolnvent

Ecolnvent


https://iopscience.iop.org/article/10.1088/1755-1315/167/1/012031/pdf
https://www.researchgate.net/publication/336760869_Optimization_of_the_CO2_Liquefaction_Process-Performance_Study_with_Varying_Ambient_Temperature
https://norlights.com/wp-content/uploads/2023/11/Report-Carbon-footprint-of-the-Northern-Lights-JV-co2-transport-and-storage-value-chain.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC

Methodology — BAT scenario

1. Gas value chain




A.1. Calculation of methane emission factors for BAT scenario

Algeria

Option 1: Use abatement values from [EA & estimate emission reduction potential in 2030 and 2040 — apply reduction% to EFs

Assumption: Abatement options at no net-cost are achieved by 2030, positive net-cost options are achieved by 2040

Option 2: Use OGCI industry target for upstream CH, emissions for all countries

Yes
Q1.1. Is the upstream EF for IEA < upstream EF set by industries?
1.2 No
Kt CH4
per bcm O c 9
Kt CH4
2040 per bem For LNG Ligquefaction
2050 Comparison between different liquefaction facilities: lowest emissions
Industry Target' (upstream EF) For LNG Carriers

Boil-off rate based on new ship performances, engine: HPDF/slow speed/two-stroke (0.20gCH4/kWh), BOG to fuel (90%), 0%BOG
leaked [based on Carbon Limits’ LNG carrier model]

TAdjusted, based on: Learn about For LNG Regasiﬁcaticn
Reducing methane emissions - OGCI .
Current scenario
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https://www.ogci.com/methane-emissions/methane-intensity-target
https://www.ogci.com/methane-emissions/methane-intensity-target

A.2. Calculation of methane emission factors for BAT scenario

Countries with same methodology:
Norway, USA, Germany

Upstream EF

Yes
Q1.1. Is the upstream EF for the country < upstream EF set by industries? =_
= _
Downstream EF
Q2.1. Do the major gas pipeline operators in the country have emission Yes R
reduction targets for downstream gas?
= _

2030

2040

2050

Industry Target' (upstream EF)

'Adjusted, based on: Learn about Reducing methane emissions - OGCI
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https://www.ogci.com/methane-emissions/methane-intensity-target
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B. Calculation of CO, emission factors for BAT scenario

Flaring EF

Q1.1. Are best practices for flaring implemented in the
country?

Combustion EF

Q1.1. Can CCS or electrification be applied?

CO, venting/Acid Gas Removal EF

Q1.1.Is CCS on AGR units applied?

Total CO2 EF = Flaring EF + Combustion EF + CO2 venting EF

Q1.2.1s CO, EF for Norway < CO, EF for the country? A2.1. Use calculated EF' for 2040 and Norway for 2050

A2.2. Use Norway EF for 2040 and calculated EF" for 2050

1Carbon Limits for CATF/CAELP done for US




Methodology — BAT scenario

2. Blogas production




Biogas production - emissions

Transport of raw materials

CO, fossil Ecolnvent
Assuming a distance of 25 km

Pre-storage

between the farm and the biogas No fossil emissions

production plant

CO, non-fossil No CO, non-fossil emissions

GHG reduction based on CO,

emission standards for trucks _
The manure stored is covered and

the gas is captured with a 90%
capture rate by 2040 and 95% by
2050

Pre-treatment and :
Upgrading

anaerobic digestion

No fossil emissions — anaerobic digestion and upgrading plants usually use
their produced biomethane.

No non-fossil CO, emissions (IPCC 2006) accounted in the current
scenario. In the BAT scenario, 90% of these emissions are assumed to be
captured by 2050 (with a linear increase from 2030 to 2050), which leads

to negative emissions

The lowest value in the litterature = BAT, assuming it involves the capture of
biogas/biomethane

IPCC 2006 — Volume 4, Chapter 10 - “CO, emissions from livestock are not estimated because annual net CO, emissions are assumed to be zero — the CO, photosynthesized by plants is returned to the atmosphere as respired CO,. A portion of the C is returned

as CH, and for this reason, CH, requires separate consideration.” (IPCC 2006. VVolume 4, Chapter 10)
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Methodology — BAT scenario

3. Hydrogen value chain




Hydrogen related emissions CARBON LIMITS

CO, emissions CH, emissions

Direct emissions

: Capture rates: same as current scenario
Leakage, natural gas consumption

Electricity consumption: from Deloitte’s HyPE model assumptions

1. Production in Germany:
Emissions (CO,q,): GHG Delegated Act German production mix without coal
Electricity production (French mix as an approximation — intensity fron the GHG Delegated Act)-split
between CH, and CO, using Ecolnvent

2. Production in Norway:
Same as current scenario



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC

Methodology — BAT scenario

4. CCS value chain




CCS related emissions

- fes, —

Emissions from electricity production
kgCO, and CH,/kWh of electricity - German production mix without coal (French mix as an approximation — intensity fron the GHG

Conditioning before Delegated Act)
transportation _ _ _
Liquefaction Compression
Electricity need in kWh/tCO, compressed — Same as the current Electricity need in kWh/tCO, compressed — Same as
scenario the current scenario

Northern Light emission in CO,,— bioCCS

Ecolnvent . : . .
: on the ship, use of bioLNG - assuming a No emissions
Transport Assuming 85 km reduction of 70%
Not relevant Northern Light emission in CO,, — Same Northern Light emission in CO,, — Same as the

Injection/Storage

as the current scenario current scenario

GHG Delegated Act: Delegated regulation - 2023/1185 - EN - EUR-Lex (europa.eu)
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0020.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC

Methane emissions factor for other countries

From Hydrogen4Europe




Key takeaways

countries from a previous study.

European energy transition”

—O—BAT

ktCH 4/bcm

O 1 1 L 0,0
2016 2030 2040 2050

Fig: Methane intensity of natural gas consumed in Europe for each
methane emission scenario’.

Additional environmental burden in %
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« The information in the slides in this section provide upstream methane emission factors for different

« Only data shared in the public reports of the study are presented hereafter.
» It only includes the methane emission factor.

Key result from the Nature publication “The impact of methane leakage on the role of natural gas in the

In all three scenarios the EF drops progressively until 2050. The
methane EF in the BAT scenario is respectively 70% and 65%
lower than the 2050 EF in the CEF and HP scenarios. The BAT
scenario sees the sharpest decrease in methane’s additional
environmental burden by 2050. These results show that there is
significant room for further methane emission reduction (BAT),
more than what is envisaged under the existing policy framework
(HP).

BAT stands for the best available technology scenario,
HP stands for the harmonised pledges scenario and
CEF stands for the current emission factors scenario

necessary efforts to deploy BAT and rapidly reduce emissions”

Sources: (1) Hydrogen4EU - 2022 edition / (2) The impact of methane leakage on the role of natural gas in the European energy transition | Nature Communications
Current emission factor (CEF): current best understanding of emissions / Harmonized pledges (HP): abatement of methane emissions based on announced policies / BAT (Best Available Technologies): “abatement of methane emissions if oil and gas industry pursues all


https://www.hydrogen4eu.com/_files/ugd/2c85cf_e934420068d44268aac2ef0d65a01a66.pdf
https://www.nature.com/articles/s41467-023-41527-9#Sec9

Implementing BAT and having stricted methane CARBON LIMITS

emission regulations can have drastic impact on oo
upstream EF among gas/LNG exporting .
countries. o I '

m Current scenario - EF (kCH4/bcm)  sHarmonized pledges - EF (ktCH4/bcm) = BAT - EF (ktCH4/bcm)

Fig: Comparison of emission factors (upstream, transmission and
distribution without including LNG) between three methane

emission cases in 20302.
Upstream methane

emission factors
(ktCH,/bem)

4
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Fig: Upstream methane emissions of gas producing countries?. &

= Current scenano - EF (ktCH4bcm) ®Harmonized pledges - EF (ktCH4/bcm)  =BAT - EF (ktCH4/bem)

Upstream methane emission factors vary vastly between the countries assessed.

Note: * refers to the emission factors that include distribution.

Hence having a standardized value for upstream methane emissions will not Source: HydrogendEU
account for the differences in emission abatement practices in the different Fig: Comparison of emission factors (upstream, transmission and
countries. distribution without including LNG) between three methane

emission cases in 20502.

Sources: (1) Hydrogen4EU - 2022 edition / (2) The impact of methane leakage on the role of natural gas in the European energy transition | Nature Communications
Current emission factor (CEF): current best understanding of emissions / Harmonized pledges (HP): abatement of methane emissions based on announced policies / BAT (Best Available Technologies): “abatement of methane emissions if oil and gas industry pursues all
necessary efforts to deploy BAT and rapidly reduce emissions”



https://www.hydrogen4eu.com/_files/ugd/2c85cf_e934420068d44268aac2ef0d65a01a66.pdf
https://www.nature.com/articles/s41467-023-41527-9#Sec9

MRV descriptions
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American Bureau of Shipping Requirements for
Ammonia Fueled Vessels

Other relevant
regulations &
initiatives

The ABS Requirements outline how to design and construct ammonia-fueled ships to mitigate potential human
or environmental risks (as well as vessel damage) in accordance with standards specified in the International
Code of Safety for Ships Using Gases or other Low-Flashpoint Fuels (IGF Code; see IMO slide for more detalil).
The ABS requirements apply to ships of all sizes. The focus of this document is generally around immediate
risks, such as those related to ammonia spills or gas releases, instead of indirect risks like overall GHG
emissions. However, the requirements do note that venting is generally not allowed except in safety or
emergency situations.

Sources and links

American Bureau of Shipping
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https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/325-requirements-for-ammonia-fueled-vessels_2023/325-ammonia-fueled-vessels-reqts-sep23.pdf

CARBON LIMITS

Ammonia Energy Association (AEA)
Ammonia Certification System AMM@,\,‘ERGY

ASSOCIATION
The AEA's Ammonia Certification System is currently under development. The framework is Voluntary -
intended to help ammonia producers measure and report the GHG emissions associated methodologies
with their product, covering everything upstream of and including the production of ammonia,
but not its transport and distribution. The certification system intends to include a carbon
intensity methodology, which is why it is considered here as both a voluntary methodology
and a certification scheme.

Sources and links

Ammonia Energy Association (1, 2)
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https://ammoniaenergy.org/certification/
https://ammoniaenergy.org/wp-content/uploads/2023/11/Antonio-Parisi-John-Bonk-Methodology-I-231114.pdf
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APl Compendium of GHG Emissions /‘H.

Methodologies for the Natural Gas
and Oil Industry

The American Petroleum Institute (API) Compendium is a comprehensive compilation of commonly-used GHG
emission estimation methodologies for the natural gas and oil sector, including methodologies for LNG and
CCS. MiQ’s standards often reference this Compendium.

Sources and links

API

American
Petroleum
Institute

Voluntary
methodologies


https://www.api.org/~/media/files/policy/esg/ghg/2021-api-ghg-compendium-110921.pdf
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Bureau Veritas’ Ammonia-Fuelled
Ships: Tentative Rules

Similarly to the requirements set forth by the American Bureau of Shipping, Bureau Veritas’s BUREAU
Tentative Rules for Ammonia-Fuelled Ships specify design and construction requirements for
ammonia-fueled ships in accordance with the (IMO) International Code of Safety for Ships Using VERITAS

Gases or other Low-Flashpoint Fuels (IGF Code). This document also places a focus on immediate

risks, such as those related to ammonia spills or gas releases, instead of indirect risks like overall Othelr rt‘?'e"agt
. reguiations

GHG emissions. itiatives

Sources and links

Bureau Veritas
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https://erules.veristar.com/dy/data/bv/pdf/671-NR_2022-07.pdf
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CertifH  \ CertifH
y rt @
The CertifHy scheme is managed by a consortium led by HINICIO, comprised of the Association of Issuing -

Bodies (AIB), GREXEL, Ludwig Bélkow System Technik (LBST), CEA, and TUV SUD and financed by the EU
Clean Hydrogen Partnership. The voluntary scheme issues guarantees of origin for green hydrogen (produced
from renewable energy including wind, solar, hydro, and biomass) and low-carbon hydrogen (produced from
non-renewable energy including nuclear or fossil energy with CCS). Both types of hydrogen must have a
carbon intensity of 60% below that of SMR hydrogen*, and this target will increase over time. The guarantees
of origin disclose the energy source, plant information, time of production, GHG intensity, and issuing date.
Their carbon footprint document provides a general overview of how to calculate the carbon footprint of the
hydrogen’s core energy input that may be produced from various energy sources (i.e. biomethane from various
feedstocks). The calculation is based on emission factors.

CertifHy currently only applies to countries in the EEA but is intended to be expanded internationally. The
scheme uses officially-approved certification bodies that meet a set of standards. Currently, recognized
certification bodies include TUV SUD (Germany) and Bureau Veritas (Norway).

*This value corresponds to an approximate emission factor between 4.37 kg CO,eq/kg H, (using an energy density of 120 MJ/kg) and 5.10 CO,eq/kg H, (using an energy density of 142 MJ/kg).
These exceed the emission factor set forth by the delegated acts defining renewable hydrogen within the EU. However, as CertifHy has stated its intent to increase this target over time, and as the
scheme has applied to be recognized as a voluntary scheme under RED, it can be assumed that the carbon intensity reduction target will be updated to align with EU standards.

Sources and links
CertifHy (1, 2, 3, 4, 5) TUV SUD

World Bank European Commission

Waterstof Net The Physics Factbook



https://www.certifhy.eu/go-labels/
https://www.certifhy.eu/news/tuv-sud-official-body-certifhy-ngc/
https://www.certifhy.eu/news/bureau-veritas-certification-body-certifhy/
https://www.certifhy.eu/wp-content/uploads/2023/03/CertifHy_Carbon-footprint-calculation_220214.pdf
https://www.certifhy.eu/certificationbodies/
https://www.tuvsud.com/en/-/media/global/pdf-files/brochures-and-infosheets/tuvsud-cms70-standard-greenhydrogen-certification.pdf
https://pubdocs.worldbank.org/en/756121622755435331/Final-Presentation-May-2021.pdf
https://energy.ec.europa.eu/topics/renewable-energy/bioenergy/voluntary-schemes_en#approved-voluntary-schemes-and-national-certification-schemes
https://www.waterstofnet.eu/_asset/_public/CertifHy/CertifHy_Leaflet_final-compressed.pdf
https://hypertextbook.com/facts/2005/MichelleFung.shtml
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dena (German Energy d e n a

Agency) Biogas Register — — —

German Energy Agency

The German Energy Agency, dena (Deutsche Energie-Agentur), developed a biogas . .
register in collaboration with companies from the biogas/biomethane industry. The Biogas dena blogas_r»eglsteL
Register allows producers to verify the quantity and quality of biomethane that is used in

Germany’s natural gas grid. To be verified by the register, plants must be inspected by an
environmental assessor or auditor.

Sources and links
dena

Biogas Register (1, 2)
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https://www.dena.de/en/projekte/projects/renewable-energies/german-biogas-register/
https://www.biogasregister.de/en/an-introduction/functionality/
https://www.dena.de/en/projekte/projects/renewable-energies/german-biogas-register/
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DNV-SE-0654

Validation of attribute claims for low
carbon and renewable hydrogen and D N V
ammonia

DNV has published a service specification detailing how they can verify hydrogen producers’ compliance with
different standards, including RED and the EU Taxonomy. The specification outlines DNV’s compliance
verification process for the production and distribution of low-carbon hydrogen and ammonia. This
specification references 1ISOs 14064-3 and 14067, among others.

Sources and links
DNV

Dr. Thomas Koller on LinkedIn
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https://www.dnv.com/news/dnv-releases-guidelines-to-validate-low-carbon-and-renewable-hydrogen-and-ammonia-attribute-claims-246405/
https://www.linkedin.com/posts/thkoller_dnv-releases-guidelines-to-validate-low-carbon-activity-7104352500945715200-a4u-/
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EU Carbon Removal Certification

*

157

*
*

Framework (CRCF)

European
Commission

removals, carbon farming and carbon storage in products, and carbon storage in long-lasting products.
Removals are considered high-quality if they meet certain QU.A.L.ITY criteria: quantification, additionality,
long-term storage, and sustainability. Audits and certifications will be conducted by Member-state-approved
certification bodies.

The EU CRCEF is a voluntary framework for certifying carbon removals within the EEA, including permanent -

The final text of the CRCF was adopted in April 2024. The framework is expected to enter into force by the
end of 2024, but it is likely that methodologies under the framework will not be available until 2026 at the
earliest. The existing framework proposal states that in order to be conservative in emissions and removals
estimates, they “should be based on an appropriate combination of on-site measurements with remote
sensing or modelling according to rules set out in the appropriate certification methodology.”

Sources and links
European Commission (1, 2)

Sebastian Manhart on LinkedIn

Inside Energy and Environment

Carbon Gap


https://climate.ec.europa.eu/eu-action/certification-permanent-carbon-removals-carbon-farming-and-carbon-storage-products/certification-permanent-carbon-removals-carbon-farming-and-carbon-storage-products_e
https://www.europarl.europa.eu/meetdocs/2014_2019/plmrep/COMMITTEES/ENVI/DV/2024/03-11/Item9-Provisionalagreement-CFCR_2022-0394COD_EN.pdf
https://www.linkedin.com/feed/update/urn:li:activity:7186374305444675586/
https://www.insideenergyandenvironment.com/2023/02/the-eus-emerging-mandatory-disclosure-and-certification-rules-for-carbon-credits/
https://tracker.carbongap.org/policy/crcf/
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EU CCS Directive

* *
* *
* K
: . \ . . : European
The CCS Directive is the EU's legal framework for environmentally safe geological CO2 storage in Commission
EEA countries over the entire lifetime of a storage site. It largely focuses on the storage of CO2 in e
geological formations within the EU but also covers parts of the capture and transport sectors as Other relevant

regulations &

well. Under this directive, geological CO2 storage is only permitted if it can be shown that there is no
initiatives

risk of leakage or damage to human health or the environment.

Sources and links

European Commission
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https://climate.ec.europa.eu/eu-action/carbon-capture-use-and-storage/legal-framework-safe-geological-storage-carbon-dioxide_en
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EU Emissions Trading

* *
* *
System (ETS)
European
Commission
The ETS is a mandatory cap-and-trade system which places an annually decreasing cap on GHG .
emissions for certain sectors within the EEA. Companies get emission allowances to use or trade on the m%?r:zgg?gggs

market.

Starting in 2026, the ETS will cover CH4 and nitrous oxide in addition to CO,. From 2027, the ETS will
also include offshore ships above 5000 GT (currently it only applies to cargo and passenger ships above
5000 GT). Bio-CO, is not included in the ETS.

The ETS regulation explicitly includes a section including GHG emissions from CO, capture activities,
CO, pipeline transport for geological storage, as well as from geological storage (from both injection
activities and leakage) in Annex IV. It also covers fossil-based hydrogen production.

Sources and links
European Commission (1, 2, 3, 4)

DNV

159


https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets/scope-eu-emissions-trading-system_en
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02003L0087-20240301
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02018R2066-20240101
https://eur-lex.europa.eu/eli/dir/2023/959/oj
https://www.dnv.com/maritime/insights/topics/eu-emissions-trading-system/
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(Provisional agreement on) EU

* *
*

Methane Emissions Reduction in

European
Commission

the Energy Sector -

In November 2023, the EU Council and Parliament reached a provisional agreement for a regulation on Compliance
tracking and reducing fossil-based energy sector methane emissions in the EEA. The regulation, which is built methodologies
on the OGMP 2.0 framework, includes MRV requirements for source-level emissions including from non-

operated assets; mitigation requirements are also included. The agreement is pending formal adoption.

Sources and links

European Commission (1, 2)
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https://www.consilium.europa.eu/en/press/press-releases/2023/11/15/climate-action-council-and-parliament-reach-deal-on-new-rules-to-cut-methane-emissions-in-the-energy-sector/
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52021PC0805
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EU Methane Import Standard

* *
*

*
* K
Starting at the end of 2024, importers of fossil fuel to the EEA will be required to report their methane European
emissions. By 2027, they will be required to show that EU-equivalent methane MRV standards were [ROISSOn
used (see slide on “(Provisional agreement on) EU Methane Emissions Reduction in the Energy
Sector"), and by 2030 a methane intensity import standard will be enacted. Other relevant
regulations &

The MRV proposals build on OGMP 2.0 framework. According to Emils Lagzdins, Senior Policy Officer initiatives
at IOGP Europe, around 115 companies have begun participating in OGMP 2.0 in the last couple of

years in anticipation of these EU methane regulations.

Sources and links
European Commission (1, 2)

Industrial Decarbonization Network
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https://energy.ec.europa.eu/news/focus-methane-emissions-2024-01-16_en
https://energy.ec.europa.eu/topics/carbon-management-and-fossil-fuels/methane-emissions_en
https://www.industrialdecarbonizationnetwork.com/standards-regulatory/interviews/navigating-the-impact-and-outcomes-of-the-eu-methane-regulations-with-iogp-europe
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EU Monitoring, Reporting and

Verification (MRV) Maritime
Regulation Cormizson

Compliance

The EU Monitoring, Reporting and Verification (MRV) Maritime Regulation is a regulatory framework intended to methodologies

monitor GHG emissions from shipping activities within the EEA. Operators of ships subject to the regulation
must report their GHG emissions (CO2, CH4, and N20), among other information.

The regulation applies to passenger and commercial cargo ships from all countries that travel to or from EEA
ports. Currently, the regulation generally applies to ships above 5,000 gross tonnage, with some exceptions. In
2025, the regulation will extend to offshore ships as well as cargo ships between 400 - 5000 gross tonnage.

Sources and links

DNV (1, 2)


https://store.veracity.com/mrv
https://www.dnv.com/maritime/insights/topics/mrv/FAQs-EU-MRV/
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EU Renewable Energy Directive

* *

(RED) Il and CEN-EN-16325

European
Commission

The EU's Renewable Energy Directive (RED) Ill aims to promote clean energy use in all economic sectors and requires 42.5% of EU energy
consumption to be renewable by 2030. The directive defines which energy sources count towards this target. RED defines GHG emissions for biofuels
as including extraction/cultivation emissions, carbon stock change emissions, processing, transport, and distribution emissions, fuel emissions, CCS

emissions savings, and more. The Commission Delegated Regulation (CDR) 2023/1185 further establishes the methodology for evaluating these Other relevant
emissions reductions. regulations &
initiatives

RED also requires that Member States verify renewable fuels such as biogas and hydrogen using Guarantees of Origin (GO) per European Standard
CEN-EN 16325, which outlines the requirements for GOs of electricity from all energy sources. This standard is currently being revised to also include
GOs for heating, cooling, and gaseous energy carriers. This includes specific provisions for hydrogen GOs, such as additional application information
(a simplified energy flow diagram with various process parts labeled), input sources and types, verification of an application for registration of a
production device, and verification of consumption and production declarations. Hydrogen Europe states that there are risks with the current
approach, including the theoretical possibility of using biomethane GOs instead of low-carbon hydrogen GOs. They therefore recommend an entirely
differentiated GO system for hydrogen that can be tradeable between EU member states and ultimately established on a global level. GOs for low-
carbon hydrogen should also account for the location of the electricity or other energy source used to produce the hydrogen, as this can ultimately
affect the carbon intensity of the hydrogen.

To meet GO requirements, Member States appoint and operate Issuing Bodies to issue GOs; these bodies can be general or location-specific
organizations. The Association of Issuing Bodies (AIB), which currently has 37 members from 30 European countries, has implemented the European
Energy Certificate System (EECS).

Sources and links

Europea
PtX Hub

Europea

n Commission (1. 2.3, 4. 5, 6) Cordlar The EECS aligns different GO registries and thus allows the exchange of GOs between Member States,
allowing for reliable, efficient, and standardized GO transfers between Member States. In Norway, the
issuing body is Statnett. In Germany, it is the Umweltbundesamt (German Environment Agency).

Statnett

n Biogas Association Energy Track & Trace

Ecohz

IEA

Germany is one of a few countries which currently have GO issuing systems for biogas.

Grexel

Entsog

Association of Issuing Bodies (1, 2, 3, 4, 5, 6) Hydrogen Europe

Fortum
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https://standards.iteh.ai/catalog/standards/cen/afba19b7-a053-4550-9d1a-b3c67b8630cf/en-16325-2013a1-2015
https://www.europarl.europa.eu/RegData/etudes/BRIE/2023/747085/EPRS_BRI(2023)747085_EN.pdf
https://energy.ec.europa.eu/topics/renewable-energy/bioenergy/biofuels_en
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:OJ.L_.2018.328.01.0082.01.ENG&toc=OJ:L:2018:328:TOC
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32023L2413&qid=1699364355105
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/renewable-energy/bioenergy/biomass_en
https://www.cerqlar.com/blog/your-guide-to-guarantees-of-origin/
https://ptx-hub.org/wp-content/uploads/2023/04/International-PtX-Hub_EU-Requirements-for-green-hydrogen-and-PtX.pdf
https://necs.statnett.no/goabout
https://www.europeanbiogas.eu/renewable-energy-legislation/
https://energytrackandtrace.com/guarantees-of-origin-go-what-it-is-and-why-it-needs-an-update/
https://www.ecohz.com/guarantees-of-origin
https://grexel.com/why-should-you-get-excited-about-the-changes-in-the-guarantees-of-origin-landscape/
https://www.iea.org/reports/renewables-2023/special-section-biogas-and-biomethane
https://www.entsog.eu/sites/default/files/2023-11/AllPresentations_GQWorkshop2023_FV%2BEC.pdf
https://www.aib-net.org/certification/certificates-supported/renewable-energy-guarantees-origin
https://www.aib-net.org/eecs
https://www.aib-net.org/
https://www.aib-net.org/facts/aib-member-countries-regions/aib-members
https://www.aib-net.org/news-events/aib-projects-and-consultations/fastgo/closed-consultation
https://www.aib-net.org/sites/default/files/assets/news-events/AIB%20Project-Consult/FaStGO/AIB-2020-FASTGO-02%20task%202%20part%202%20update%20FASTGO%20proposal_EN%2016325_revision_carrier-specific_20200708_after%20consultation_clean.pdf
https://hydrogeneurope.eu/wp-content/uploads/2021/11/2020.07_Hydrogen-Europe-GOs_paper.pdf
https://www.fortum.com/about-us/forthedoers-blog/hydrogen-legislation-needs-acknowledge-regional-differences
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EU Taxonomy on Sustainable Finance

* *

*****
The EU Taxonomy was developed to provide a standardized classification system to define "sustainable" European
activities within the EEA which are considered to contribute to EU sustainability objectives. Emissions Commission
under the taxonomy are calculated according to the EU ETS benchmark methodologies.

Other relevant

Hydrogen manufacturing is considered sustainable under the Taxonomy if the following requirements are regulations &
met: initiatives

*Direct emissions should not exceed 5.8 t CO2¢e/ton hydrogen
Electricity use for electrolytic hydrogen should not exceed 58 MWh/ton hydrogen
*Average carbon intensity of the electricity used should be at or below 100 g CO2e/kWh

Carbon capture and storage can be eligible as a sustainable activity under any other Taxonomy activity, if it meets two
conditions: the CCS project must allow the Taxonomy activity to meet its emissions intensity threshold, and the transport &
storage components must be considered sustainable themselves under Taxonomy criteria.

Biogas is also included as providing a substantial contribution to climate change mitigation and adaptation, either via production
of electricity, heating/cooling, and power from bioenergy or by manufacture of biogas/biofuels.

Sources and links

European Commission

OECD iLibrary

University of Agder
Global CCS Institute


https://finance.ec.europa.eu/system/files/2020-03/200309-sustainable-finance-teg-final-report-taxonomy_en.pdf
https://www.oecd-ilibrary.org/sites/5e092588-en/index.html?itemId=/content/component/5e092588-en
https://uia.brage.unit.no/uia-xmlui/bitstream/handle/11250/3077183/no.uia%3Ainspera%3A143802231%3A36390356.pdf?sequence=1
https://www.globalccsinstitute.com/news-media/latest-news/eu-expert-group-puts-forward-recommendations-on-sustainable-finance/
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Gas-Warme-Kalte- N\ ; Deutscher
Herkunftsnachweisregister- Bundestag

Verordnung (GWKHV) -

In January 2024, the German government passed the Gas-Warme-Kalte-Herkunftsnachweisregister-Verordnung (GWKHV)
("Gas-Heat-Cooling Proof of Origin Register Ordinance") based on the country’s Herkunftnachweisregistergesetz (Guarantee of
Origin Register Act). The GWKHYV establishes a register of origin for gas, heating, cooling, and hydrogen, providing a way for
suppliers to demonstrate their climate-neutral energy production. The ordinance differentiates between different “colors” of
hydrogen (blue — steam reforming, turquoise - pyrolysis, orange — biomass). The environmental agency (Umweltbundesamt)
reviews submitted data and may require third-party expert verification.

N5

The final text of the ordinance was published on April 25, 2024. For biomass-based hydrogen, the regulation states that the type
of biomass used, as well as an assessment of whether it meets German biomass sustainability requirements, should be provided.

The register is expected to be operational in 2025.

Sources and links

Bundesministerium fuir Wirtschaft und Klimashutz

IHK
Goldenstein-Kanzlei

Bundesministerium der Justiz (1, 2)


https://www.bmwk.de/Redaktion/DE/Dossier/Koordinierungsstelle-Klimaneutrale-Bundesverwaltung/das-herkunftsnachweisregister-fuer-gas-waerme-und-kaelte-05-2024.html
https://www.ihk.de/bayreuth/hauptnavigation/service/umwelt-und-energie/energie/herkunftsnachweisregister-fuer-gas-waerme-und-kaelte-6058794
https://www.goldenstein-kanzlei.de/beitraege/das-herkunftsnachweisregister-fuer-gas-waerme-und-kaelte-ist-geplant-folgen-fuer-die-wirtschaft/
https://www.gesetze-im-internet.de/gwkhv/BJNR08B0A0024.html
https://www.gesetze-im-internet.de/biost-nachv_2021/

CARBON LIMITS

GIIGNL

GIIGNL is an organisation supporting global LNG activities. It has 94 members representing the
LNG industry from around the world in the Americas, Asia and Europe.

GIIGNLUs framework for MRV of emissions from LNG and for emissions offsets is intended to,
among other things, outline best practices for emissions MRV and offsetting and help generate

consistent and reliable GHG footprints for LNG cargos. The framework covers the entire LNG value alintaey
chain. methodologies

This framework had 85 participants in 2023 with low growth (1%) from 2022 to 2023.

Sources and links
GIIGNL (1, 2)

Oxford Energy

Highwood Emissions Management (1, 2)

HC Group
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https://giignl.org/about-us/
https://giignl.org/framework/
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Measurement-Reporting-and-Verification-of-Methane-Emissions-from-Natural-Gas-and-LNG-Trade-ET06.pdf
https://highwoodemissions.com/reports/voluntary-emissions-reduction-initiatives-in-2023/
https://highwoodemissions.com/consulting/voluntary-initiatives/
https://www.hcgroup.global/hc-insider/insights/exclusive-interview-with-rogier-beaumont-head-of-global-portfolio-management-origination-and-environmental-solutions-pavilion-energy

CARBON LIMITS

Global Methane Initiative
Global

The Global Methane Initiative aims to reduce barriers to methane recovery and use by Methane Initiative
providing technical support for methane-to-energy projects in the oil and gas, biogas, and

coal mine sectors. Of the countries considered in this analysis, Norway, Germany, and the Other relevant

US are participants in the Global Methane Initiative. regulations &

initiatives

Sources and links

Global Methane Initiative
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https://www.globalmethane.org/
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Global Methane Pledge
9 Global

The Global Methane Pledge was launched at COP26 in an effort to reduce global methane M eth a n e
emissions. Pledge participants endeavour to collectively reduce global methane emissions at
least 30% from 2020 levels by 2030. This target focuses on global emissions reductions

rather than just reducing emissions at the national level. The GMP has over 155 participants, P I ed g e
including the US, Germany, and Norway.

Other relevant
regulations & initiatives

Sources and links

Global Methane Pledge
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https://www.globalmethanepledge.org/
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Greenhouse Gas Protocol (GHG-P)

The Greenhouse Gas Protocol (GHG-P) provides a standard to help public and private entities, such
as companies, organizations, jurisdictions, and agencies, develop a GHG inventory. Their guidance G RE E NH O U S =
includes corporate standards (i.e. corporate-level, product-level, and project-level emissions

inventories), as well as various standards for countries and cities (i.e. for mitigation goals, policies, city- GAS P ROTO CO I_
wide GHG accounting). Currently, a "Land Sector and Removals Standard" is under development.

The GHG-P standards are high-level, but their Product Life Cycle Accounting and Reporting Standard me\t/ﬁ(')‘g”;f(‘gies
is theoretically applicable to any product (good or service). This makes it the only methodology

covered here that could be applied to the entire low-carbon hydrogen value chain. However, the high-

level nature of this protocol means that it would only be recommended in the absence of more

industry-specific and granular standards (i.e., OGMP or the ISO hydrogen technologies standard)

Sources and links
GHG Protocol (1, 2)

Ecohz
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https://ghgprotocol.org/standards-guidance
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://www.ecohz.com/blog/biogas-explained-what-you-need-to-know-about-green-gas-in-the-eu
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International Maritime Organization
IGC and IGF Codes and MARPOL

The International Maritime Organization’s (IMO) International Code for Construction and Equipment of Ships initiatives
Carrying Liquefied Gases in Bulk (IGC Code) regulates carriers of liquefied gas and certain other substances,

and therefore regulates ammonia when it is transported as maritime cargo instead of as a fuel. The IGC Code

requires these carriers to meet certain design and construction standards in order to prevent potential harm to

the vessel, people, and the environment.

Other relevant

The IGC Code prohibits the use of ammonia as fuel in liquefied gas carriers. However, other vessels may use
ammonia as fuel in accordance with alternative design requirements which meet the International Code of Safety
for Ships Using Gases or other Low-Flashpoint Fuels (IGF Code).

The IGC Code and IGF Code are mandatory regulations under the IMO’s International Convention for the Safety
of Life at Sea (SOLAS). The focus of SOLAS is safety; however, the IMO’s International Convention for the
Prevention of Pollution from Ships (MARPOL) regulates the pollution of the sea and air by marine vessels.

Sources and links
International Maritime Organization (1, 2, 3)

American Bureau of Shipping

Bureau Veritas (1, 2)

Witherbys


https://www.imo.org/en/ourwork/safety/pages/igc-code.aspx#:~:text=The%20IGC%20Code%20applies%20to,chapter%2019%20of%20the%20Code.
https://www.imo.org/en/MediaCentre/PressBriefings/Pages/01-IGF.aspx
https://www.imo.org/en/about/Conventions/Pages/International-Convention-for-the-Prevention-of-Pollution-from-Ships-%28MARPOL%29.aspx
https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/325-requirements-for-ammonia-fueled-vessels_2023/325-ammonia-fueled-vessels-reqts-sep23.pdf
https://erules.veristar.com/dy/data/bv/pdf/671-NR_2022-07.pdf
https://marine-offshore.bureauveritas.com/shipping-decarbonization/future-fuels/ammonia
https://shop.witherbys.com/igc-code-international-code-for-the-construction-and-equipment-of-ships-carrying-liquefied-gases-in-bulk-2016-edition-ia104e/#:~:text=This%20includes%20containment%20of%20the,personnel%20protection%20and%20operating%20requirements.
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International Maritime Organization
(IMO) Strategy on Reduction of GHG
Emissions from Ships

The most recent version of this IMO standard was adopted in 2023. The standard sets emissions
reduction targets (among other related targets) for international shipping activities; it also outlines
options for reducing GHG emissions in the short, medium, and long term, and how the IMO
Committee can help its member countries achieve these goals.

Other relevant
regulations &
initiatives

Sources and links

IMO (1, 2)
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https://www.imo.org/en/MediaCentre/PressBriefings/Pages/Revised-GHG-reduction-strategy-for-global-shipping-adopted-.aspx
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/annex/MEPC%2080/Annex%2015.pdf
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International Sustainability & . | SC C
Carbon Certification (ISCC) T Coroon Certfcation
Sustainability Test Certificates -

The ISCC certification, which is recognized by the EU, ensures compliance with the sustainability and GHG
emissions savings criteria laid out in the Renewable Energy Directive, including both biomass and biofuel
requirements. The GHG emissions calculation is based either on conservative default values provided in the
Renewable Energy Directive (RED) or “actual values” calculated based on methodologies defined in RED and in
the ISCC document EU 205 — Greenhouse Gas Emissions. ISCC’s GHG Emissions document considers
emissions based on RED, and therefore includes emissions from the cultivation of biomass, transport and
distribution, processing, and more. Third-party certification bodies, which are approved by ISCC, conduct
verification and issue certificates.

Sources and links
ISCC (1, 2, 3)

Magnus Commodities
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https://www.iscc-system.org/certification/iscc-certification-schemes/iscc-eu/
https://www.iscc-system.org/
https://www.iscc-system.org/wp-content/uploads/2022/05/ISCC_EU_205_Greenhouse-Gas-Emissions-v4.0.pdf
https://magnuscmd.com/gas-guarantees-of-origin-an-overview-of-european-market/
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ISO 14064-3:2019

Greenhouse Gases - Part 3: Specification with
Guidance for the Verification and Validation of
Greenhouse Gas Statements

Voluntary
methodologies

This ISO standard outlines requirements for verification of GHG statements attributed to an
organization, project, or product.

es and links

) wn
o2
)
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https://www.iso.org/obp/ui/en/#iso:std:iso:14064:-3:ed-2:v1:en
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1ISO 14067
Greenhouse gases - Carbon footprint of products -
Requirements and guidelines for quantification

This standard from the International Organization for Standardization (ISO) establishes guidelines
for quantifying and reporting the carbon footprint of products. The standard is consistent with the me\t/ﬁgg”;ﬁ)gies
ISO life cycle assessment (LCA) standards ISO 14040 and ISO 14044.

D D
O |
3
o
=
a
=
=
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https://www.iso.org/obp/ui/en/#iso:std:iso:14067:ed-1:v1:en
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ISO/TR 27915:2017

Carbon dioxide capture, transportation and
geological storage

This ISO technical report, while not a standard in itself, is a reference for potential future standards el
related to the quantification and verification of GHG emissions from CCS activities (as well as methodologies
verification of captured and stored CO2 volumes). It covers current methodologies and

requirements for quantification of captured, transported, and geologically stored CO2, as well as

other GHG emissions from CCS project activities.

Sources and links

I1SO
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https://www.iso.org/obp/ui/en/#iso:std:iso:tr:27915:ed-1:v1:en
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ISO/TS 19870:2023

Hydrogen technologies

This ISO technical specification outlines the methodologies for generating GHG inventories for
hydrogen production, conditioning, and transport. This includes emissions from “production,
transport and cracking of ammonia as a hydrogen carrier.” It sets guidelines for determining the Voluntary
carbon footprint of hydrogen throughout the technology's lifecycle. This technical specification is methodologies
expected to be turned into a complete ISO standard sometime this year (2024).

Sources and links
ISO (1, 2)

Green Hydrogen Organisation
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https://www.iso.org/standard/65628.html
https://www.iso.org/standard/88686.html
https://gh2.org/blog/cop28-green-hydrogen-must-not-be-undermined-undefined-low-carbon-hydrogen-and-lax-methods
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MiQ

MiQ performs emissions certification for natural gas facilities at the asset level.
This is in contrast to OGMP, which certifies at a company level — MiQ’s “Minimum
Reconciliation Requirements” are also more flexible than that of OGMP’s. For
onshore and offshore production, MiQ covers methane intensity, company
practices, and monitoring technology deployment, and the assets are graded on a
scale of A-F. Emissions quantification can be performed using direct measurement
techniques or via indirect methods such as emission factors, engineering
calculations, and modeling. MiQ uses experienced third-party auditors to assess
sites on an annual basis.

Methane standards exist for onshore and offshore production; gathering,
boosting, processing; transmission & storage; and LNG. The carbon intensity
standard is based on a summation of emission sources as defined in the 2021 AP|
Compendium of Greenhouse Gas (GHG) Emissions Methodologies.

MiQ's participant growth rate was 29% between 2022 and 2023. Currently, all
MiQ-certified facilities are located in the United States.

Sources and links In March 2023, the MiQ certification began covering carbon
MIQ (1,2, 3,4, 5) dioxide and nitrous oxide in addition to methane.

Highwood Emissions Management (1, 2)

Oxford Energy
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GMia

MiQ differs to OGMP Gold Standard
in several ways, such as:

Coverage of multiple GHGs
More flexible requirements

Asset-level certification


https://www.miqregistry.org/certifications
https://miq.org/miq-launches-worlds-first-comprehensive-greenhouse-gas-certification-and-registry-for-lng/
https://miq.org/document/miq-standard-carbon-intensity-standard/
https://miq.org/auditors/
https://miq.org/document/main-document-lng/
https://highwoodemissions.com/bulletin/what-is-emissions-reconciliation/
https://highwoodemissions.com/reports/voluntary-emissions-reduction-initiatives-in-2023/
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/09/Insight-124-Greenhouse-Gas-Emissions-from-LNG-Trade.pdf
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Norwegian guidelines for
emissions reporting

These guidelines were developed to aid Norwegian petroleum operators in

reporting their emissions to the Norwegian Environment Agency and Offshore

Norge, to ensure consistency in reporting. The relevant guidelines include:

« Guidelines for reporting from offshore petroleum activities (Miljgdirektoratet)

« Recommended guidelines for discharge and emission reporting, and
Appendix B - Handbook for quantifying direct methane and NMVOC
emissions (Offshore Norge)

The latter guidelines from Offshore Norge are intended to supplement the

guidelines from Miljgdirektoratet (the Norwegian Environment Agency).

Sources and links

Offshore Norge

Miljgdirektoratet
[EA

Miljo-
direktoratet

" OFFSHORE NORGE

Compliance
methodologies


https://www.miljodirektoratet.no/publikasjoner/2014/februar-2014/retningslinjer-for-rapportering-fra-petroleumsvirksomhet-til-havs/
https://www.offshorenorge.no/en/guidelines/guidelines/environment/044--norwegian-oil-and-gas-recommended-guidelines-for-discharge-and-emission-reporting-new-revision-23022017/
https://www.offshorenorge.no/en/guidelines/guidelines/environment/044--norwegian-oil-and-gas-recommended-guidelines-for-discharge-and-emission-reporting-new-revision-23022017/
https://www.offshorenorge.no/en/guidelines/guidelines/environment/044--norwegian-oil-and-gas-recommended-guidelines-for-discharge-and-emission-reporting-new-revision-23022017/
https://www.offshorenorge.no/en/guidelines/guidelines/environment/044--norwegian-oil-and-gas-recommended-guidelines-for-discharge-and-emission-reporting-new-revision-23022017/
https://www.miljodirektoratet.no/publikasjoner/2014/februar-2014/retningslinjer-for-rapportering-fra-petroleumsvirksomhet-til-havs
https://www.iea.org/policies/8893-recommended-guidelines-for-discharge-and-emission-reporting-no-44-with-2019-updates
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Voluntary
methodologies

The Oil and Gas Methane Partnership (OGMP) 2.0 is a voluntary global partnership aiming to
reduce methane emissions from the oil and gas sector, led by UNEP and joined by oil and gas
companies representing over 35% of the world’s oil and gas production. As part of OGMP,
companies are to self-report annually their methane emissions according to a detailed and
transparent reporting framework. In exchange, companies publicly underline their commitment

toward methane emissions reporting and reductions. OGMP does not cover other GHGs besides

methane.

As per OGMP 2.0, member companies seeking to acquire a “Gold Standard” certification shall
report their methane emissions following the highest reporting standards. They are also required
to develop and submit a methane emissions reduction plan and a 3-year roadmap detailing how
they will reach this goal.

Achieving OGMP Gold Standard allows companies to publicly signal their ongoing efforts to
transparently report and reduce methane emissions from their operations and positions them as
front-runners in that arena. There are 5 levels of reporting within OGMP, and Gold Standard is
achieved by meeting Level 4/5 reporting for operated assets within 3 years and for non-operated
assets within 5 years. Default and measured values can both be used in OGMP reporting, but it
affects the level — for example, a default emission factor would typically reflect Level 3 reporting
while a measured value would meet Level 4 requirements.

Sources and links OGMP performs review and verification of implementation plans and other
OGMP (1, 2, 3) documentation. However, they do not require the use of independent
CccAC auditors.

Highwood Emissions Management (1, 2)

Industrial Decarbonization Network
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yGCGMP

Oil And Gas Methane Partnership 2.0

OGMP is the leading standard for oil
and gas methane reporting.

There are currently 140 participants in
OGMP.

OGMP had an 86% participant growth rate
between 2022 and 2023 - significantly
higher than its competitors.

Anticipated future EU methane MRV
standards are built on OGMP framework.


https://ogmpartnership.com/a-solution-to-the-methane-challenge/,
https://ogmpartnership.com/faq
https://ogmpartnership.com/our-member-companies
https://www.ccacoalition.org/projects/ccac-oil-gas-methane-partnership
https://highwoodemissions.com/reports/voluntary-emissions-reduction-initiatives-in-2023/
https://highwoodemissions.com/bulletin/why-ogmp2/
https://www.industrialdecarbonizationnetwork.com/standards-regulatory/interviews/navigating-the-impact-and-outcomes-of-the-eu-methane-regulations-with-iogp-europe
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Puro.earth Geologically Stored
Carbon Methodology and CORC eqQr bh

Volunt
Puro.earth is a carbon crediting platform for engineered carbon removals (ECRs). metﬁoudnoﬁgies -
Their Puro Standard establishes a framework for certifying ECRs with their CO2

Removal Certificates, or CORC. The Puro Standard Geologically Stored Carbon
Methodology provides guidelines for quantifying net CO2 removal impact from CCS
activities over the project lifetime (and thus inherently includes guidelines on
quantifying CCS project emissions). Methodology compliance is verified by
independent auditors.

Sources and links

Puro.earth (1, 2)
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https://puro.earth/puro-standard-carbon-removal-credits
https://7518557.fs1.hubspotusercontent-na1.net/hubfs/7518557/Supplier%20Documents/Puro.earth%20Geologically%20Stored%20Carbon%20Methodology.pdf

CARBON LIMITS

181

REDcert

REDcert-EU is a sustainability certification scheme intended to demonstrate that the biomass and
biofuel sustainability requirements set forth in the EU Renewable Energy Directive (RED) have been
met and to ensure reliable, accurate methods are used for calculating GHG emissions savings from
biofuels. Emissions under REDcert, similar to ISCC, can be based either on conservative default
values provided in RED or “actual values” calculated based on methodologies defined in RED.
Because emissions are evaluated based on RED, the REDcert should include emissions from the
cultivation of biomass, transport and distribution, processing, and more. REDcert-EU is a globally
leading certification scheme for biomass and biofuels. Independent third-party certification bodies
verify compliance with REDcert requirements.

Sources and links
REDcert (1, 2, 3)
GUTcert



https://redcert.org/images/SP_EU_Basic_Vers07.pdf
https://www.redcert.org/en/redcert-systems/biofuels.html
https://redcert.org/en/redcert-systems/certification-bodies.html
https://www.gut-cert.de/en/products/sustainability-audits/biogenic-fuels/redcert-eu#:~:text=REDcert%20is%20a%20voluntary%20certification,%2D%20RED%20II)%20are%20met.
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o . Voluntary
The Statement of Greenhouse Gas Emissions (SGE) Methodology, created by QatarEnergy, Pavilion methodologies -

Energy, and Chevron, is intended to help quantify GHG emissions (using direct measurements and/or
default values) associated with delivered LNG cargo from production to import terminal delivery and
unloading. The methodology covers Scope 1, 2, and 3 emissions, basing Scope 3 emissions
quantification on lifecycle accounting methods. Third-party verification is required by the scheme, and
a statement is provided for each delivered cargo. Each statement requires cargo details, GHG data,
and verification information.

SGE, unlike GIIGNL, does not allow the use of offsets. Further differences between the two
methodologies are described by Rogier Beaumont of Pavilion Energy below.

| “We see the SGE Methodology as complementary to [GIIGNL's] in the way that GIIGNL's efforts )

describe very well the broader context on what can be considered a carbon neutral LNG cargo. On

Sources and links the other hand, [the SGE] methodology goes into more details on the ‘how’ when it comes to
Oxford Energy specifically developing a statement for GHG emissions on a per cargo basis. Essentially, the SGE
Highwood Emissions Management (1, 2) Methodology is more of a handbook for practical step-by-step application by industry players.” — Rogier

IPIECA

o \ Beaumont, Pavilion Energy )

Pavilion Energy
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https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Measurement-Reporting-and-Verification-of-Methane-Emissions-from-Natural-Gas-and-LNG-Trade-ET06.pdf
https://highwoodemissions.com/reports/voluntary-emissions-reduction-initiatives-in-2023/
https://highwoodemissions.com/consulting/voluntary-initiatives/
https://www.ipieca.org/impact/action/the-sge-methodology-for-lng-cargo
https://www.hcgroup.global/hc-insider/insights/exclusive-interview-with-rogier-beaumont-head-of-global-portfolio-management-origination-and-environmental-solutions-pavilion-energy
https://www.pavilionenergy.com/sites/default/files/media/file/2021-11/SGE-Methodology.pdf

CARBON LIMITS

183

USEPA Greenhouse Gas
Reporting Program (GHGRP)

The United States Environmental Protection Agency (USEPA) Greenhouse
Gas Reporting Program (GHGRP) is a national program requiring monitoring
and reporting of emissions data (along with other information) from certain
operations within the US. The program currently applies to around 8,000
facilities in the country. Applicable facilities can be determined using the
EPA’s info sheet.

Subpart W of the program requires operators of petroleum or natural gas
facilities that emit >25,000 Mt CO2e annually to collect and report GHG
emissions data, adhering to quality assurance and other specified
procedures. The Subpart W value chain extends from petroleum/natural gas
production through natural gas distribution but does not cover LNG
import/export equipment (including liquefaction/storage equipment). The
data is posted publicly.

Subpart Y covers emissions from petroleum refineries, Subpart MM covers
CO2 emissions associated with supplies of petroleum products, and Subpart
NN covers COZ2 associated with supplies of natural gas and natural gas
liquids.

Sources and links

USEPA (1, 2, 8)

Compliance

methodologies

roduction & Processing

. Onshore Petroleumn & Natural Gas
Production

. Offshore Petroleum & Natural Gas
Production

P
1
2
3. Total Crude Oil to Refineries
4. Petroleumn Refining
5. Gathering and Boosting
“Data collection began in RY 2016
6. Gas Processing Plant
*May contain NGL Fractionation equipment
7. Natural Gas Liquids (NGL) Supply

Source: EPA

s & @

Natural Gas Transmission & Storage

B. Transmission Compressor Stations

9. Underground Storage

10. Liguified Natural Gas (LNG) Storage

11. LNG Import-Export Equipment

12. MNatural Gas Transmission Pipeline
*Data collection began in AY 2016

Distribution

13. Large End Users

14. Natural Gas Distribution

15. Natural Gas & Petroleum Supply
to Small End Users

- Subpart W: Emissions from petroleum & natural
gas systems

- Subpart Y: Emissions from petroleum refineries

Subpart MM: CO, associated with supplies of
petroleun products

- Subpart NN: CO, associated with supplies of
natural gas & natural gas liquids

I 1ot reported under GHGRP


https://www.epa.gov/sites/default/files/2018-02/documents/generalprovisions_infosheet.pdf
https://www.epa.gov/ghgreporting/data-sets
https://www.epa.gov/ghgreporting/ghgrp-and-oil-and-gas-industry
https://www.epa.gov/ghgreporting
https://www.epa.gov/ghgreporting/subpart-w-reported-data
https://www.ecfr.gov/current/title-40/chapter-I/subchapter-C/part-98?toc=1

CARBON LIMITS

Verra CCS Methodology \/E RRA
Framework and Verified

Carbon Standard .

Verra is an organization which develops and manages internationally-recognized, high-integrity standards
related to climate and sustainability. Currently, Verra is developing a CCS Methodology Framework which sets
criteria and procedures for emissions quantification for carbon capture, transport, and storage activities. Verra’s
Verified Carbon Standard (VCS) is a certification mechanism to generate carbon credits for offsetting emissions.
Independent third-party validation/verification bodies (VVBs), approved by Verra, provide certification under the

VCS.

Sources and links

Verra (1, 2, 3, 4, 5)
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https://verra.org/about/overview/
https://verra.org/methodologies/methodology-for-carbon-capture-and-storage/
https://verra.org/wp-content/uploads/2023/06/CCS-Methodology-Public-Consultation-Draft.pdf
https://verra.org/programs/verified-carbon-standard/
https://verra.org/validation-verification/

CARBON LIMITS

Veritas (GTIl Energy)

Veritas, GTI Energy’s methane emissions measurement and verification initiative, uses both site-level and
source-level protocols that include measurement, reconciliation, emission intensity, value chain summation, and
assurance methodologies. These protocols have incorporated feedback from a wide range of stakeholders and
been refined to improve their consistency, usability, and reliability. Protocols exist for upstream, midstream, and Voluntary
distribution. methodologies

The source-level methodologies, published in February 2024, provide details on how companies can perform
site measurements and reconciliation to help meet OGMP 2.0 Level 5 requirements. The methodologies only
cover methane emissions, and not other GHGs.

In this way, the Veritas protocols facilitate a transparent and accurate certification process (via OGMP or other
certification bodies) — but Veritas does not provide the certification themselves.

Sources and links
GTI Energy (1, 2)
USEPA

Highwood Emissions Management
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https://veritas.gti.energy/protocols
https://veritas.gti.energy/about
https://www.epa.gov/system/files/documents/2023-11/400pm_rai.pdf
https://highwoodemissions.com/bulletin/what-is-emissions-reconciliation/

CARBON LIMITS

Zero Routine Flaring THE WORLD BANK
(ZRF) Initiative

regulations &
initiatives

The Zero Routine Flaring (ZRF) Initiative was launched by the World Bank to commit governments and companies
to ending routine flaring by 2030. Participants must annually report their flaring activities and progress, and
monitoring also occurs via government/company reports and satellite observations. The Initiative promotes

collaboration between participants to improve available solutions. Of the countries considered in this analysis,
Norway, Germany, and the US are participants in the ZRF.

Sources and links

World Bank
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World%20Bank:%20https:/www.worldbank.org/en/programs/zero-routine-flaring-by-2030
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