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1. OVERVIEW: OPTIMAL SOLUTION FOR CO, TRANSPORTATION

MULTI-MODAL TRANSPORT OF CO
2 ECONOMIC EVALUATION
s Dineli - D
Pipelines In some cases, a mix of modes AL S e—e Solution 1
@@ Trucks can be the best solution -« e—e Solution 2 ‘
— e—e Solution 3
£ Ships Possible advantage for small-
, scale CO, transport and short = SAFETY & ENVIRONMENTAL
Seswmam Irains timelines for implementation | ssed) RELIABILITY INDEX INDEX

¥

MULTI-CRITERIA OPTIMAZATION MULTI-CRITERIA optimization tool

¥

Several criteria can be Economics
taken into consideration in Environmental ’ OPTIMAL SOLUTION
the design of an optimal Impact @ tor CO on based ical
transportation network or CO, transportahgn ase on.economlca ,
Safety Impact safety and environmental impact
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2. TECHNO-ECONOMIC STUDY

All modes use the same CCS chain logic:
Costs change because conditioning, asset utilisation and terminal handling differ by mode

1. Conditioning 2. Transport by mode 3. Buffer / load / unload
’_'mL Liquefaction Plant N N Buffer storage
Compress to Liquefied to I
30 bar Gas Phase 7 bar and -50 °C

120 bar Dense Phase 19 bar and -30 °C

Parameters that change the cost solution

Pressure / delivery state: changes Speed + operating hours: set asset

Flow rate: sizes assets and buffers . . . e .
compression/liquefaction needs utilisation and fleet size

Distance: drives infrastructure e.g. fleet size and

material for pipelines, fuel and time Loading / unloading windows: affects buffer needs

T
"
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3. ENVIRONMENTAL INDEX

The environmental impact is calculated as the CO, emissions (kg.n,/y) associated to a transportation route,
normalized for the amount of CO, transported (t.,/Y ):

Totcor—emitted = 2 (Fuel, + Conditioning, + Steel, + Boil Off)

Envlmpact (kgCOZe/tCOZt) — TOtCOZ—emitted / AmountCOZ—transported

CASE STUDY Inputs (from MILP) .
CO, Flow rate Capacity of Vessels o ais the mode of transport
Annual CO; Cistance 0 F: co2 MUy fh‘pk zshf» :002 o The fuel depends on the transport mode and the distance
Truck D vuee km Trains s s o Emissions from steel are calculated at a rate of 1.8 tons of CO, per ton of steel
Train D sran km ;——>Ninping Trip Specs o Boil off more relevant for ship transport
Pipeline Gas D pgas km N~ of ships N spip numb
PPEINEDESE mce offern Lo e Tha index can be easily adapted to the specific requirements of
e e Offenore 9 - the project and can provide a valid tool p N
o Several inputs used in the calculations for comparing different options. woo_—
are generated based on the techno-economic analysis ==t
===
o Other parameters have been obtained or calculated based on literature data SEEP —
Validation of the environmental index against established LCA calculations will be presented at the next ? ._\_,'"
Sustainable Energy and Environmental Protection conference in Rome, July 2026. 4
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5. SAFETY INDEX

The safety impact of a given transportation solution, is calculated taking into
consideration several risk factors unique to each mode of transportation.

A Safety Index Value is generated, in the form of Quantitative
Risk Assessment (QRA), which is a measure of the risk associated
with a selected route and combination of modes of transport.

QRA = XY(Severity)(

(Severity)

large leak size large leak
(z PopulationDensity -DispersionArea) (Z Distance -Probability

small leak size 5 5 small leak

 [People/km?] [km?] ‘ [km] [1/km.year] |

|
Number of affected people How frequent |¥s the accident
‘ When accident occurs occurs per year

|
Affected people per year
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6. MULTI-CRITERIA OPTIMIZATION

Objectives: Involves optimizing two or more conflicting criteria simultaneously. Considering the cost, risk, and environment
impact of the transportation, multi-criteria optimization seeks to find a balance between these competing goals. The optimal
solutions can be a set of solutions, known as Pareto-optimal solutions.

Our strategy Development of multi-criteria optimization: Dominance condition
iLp Pareto-front methodology Solution 1 dominates Solution 2 if:
min cost o Three pairwise graphs are built: X1 <Xz and y; Sy,
» Cost vs Risk or
> Cost vs Environmental Impact X1 SXz and y; <y,
S1 S2 S3... » Risk vs Environmental Impact. y: Cost
Environ. evalu. o For each graph, the Pareto front is identified via the dominance rule
-> no other option is better in both criteria at the same time
Risk evalu.
o The suggested optimal solutions are the options that appear on the
Pareto front because they represent the best available trade-offs. 5
Give advice
o Decision-makers can then select among these non-dominated
solutions according to project priorities. X1 <Xz |
X : Environmental impact
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7. Example

Connection: Source to Hub ~250 km

o Proposed Pipeline Network under Construction.

o Closest available node to join the Shared Pipelines: 100km

o Direct connection with the Source is uncertain and farer in the future

(after 2040)
Scenario 1 -> Direct transport from Source to Hub via:
Closest 1. Trucks 7 bar only
Node 2. Truck 19 bar only

Destination | 3. Diesel Trains only

N (R TLC P e 4. Electric Trains only
Emitter Hub 5. New dedicated Gas Pipelines
Source Scenario 2 -> Multimodal transport: connect to the closest node of
the shared pipeline via road:
6. Trucks 7 bar + Shared Pipeline
Tt rinnaaanet 7. Truck 19 bar + Shared Pipeline
.. 8. Diesel Trains + Shared Pipeline
"""" Shared Pipelines 9. Electric Trains + Shared Pipeline
Independent Transport Scenario 3 -> Direct connection to the network:

10. Shared pipeline
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7. Example

INPUTS
Flow rate = 60 kt/y

Mode-dependent
Distance
Pressure & Temperature
Vehicle speed
Capacity/max capacity
CAPEX cost (unitary)
Operational Hours (incl. terminals)
Labour (inc. drivers)
Fees
....etc...etc....

I‘Illi
al:y2030

Levelized Cost (€/tCO2t)

t (affected people/year)

Risk

Emissions (kgC02e/tCO2t)
[+2]
o

160.00

140.00

120.00

100.00

80.00

60.00

40.00

20.00

0.00

B
n
=]

40
20

l Levelized Cost of Transport

New Gas
Pipeline

‘ : \—

| .
Scenario 1 Scenario 2 3

HENEREm =

Truk7bar Truck19bar DieselTrain Electric Train Multimodal Multimodal Multimodal Multimodal Shared

Truck 7+ Truck 19+ d-Train + e-Train+ Pipelines calcu'ated/optlmlsed

Shared Pipes Shared Pipes Shared Pipes Shared Pipes Asset Size .
Emission Impact

o

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

-

o Pipelines diameter and thickness
o Number of booster stations

o Number of trucks
o Number of trains & wagons
|_‘ |_‘ ﬂ Number of trips
. Energy consumed (conditioning)

Truck7 + Truck 19+ Train + Train+ Pipelines Fue' consumed

New Gas Truk7bar Truck19bar DieselTrain ElectricTrain Multimodal Multimodal Multimodald-Multimodale- Shared
Pipeline
Shared Pipes Shared Pipes Shared Pipes Shared Pipes
Quantitative Risk Assessment
New Gas Truk7bar Truck19bar Diesel Train ElectricTrain Multimodal Multimodal Multimodal d-Multimodale- Shared
Pipeline

Truck 7+ Truck 19+ Train+ Train+ Pipelines
Shared Pipes Shared Pipes Shared Pipes Shared Pipes
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7. Example

Cost vs CO, emissions

R N o 0.4
10 gTraln + Pipes

Diesel Train
O

Truck 7 + Pipes
120 + N o3
Truck 19 + Pipes="a-Train + Pipes

3 Iy S 3
g s o §
Lo ] Electric Trai - wl|
'3.' Electric Train Truck 7 b 8 oo ectric frain d-Train + Pipes =\ =
t ruck 7 bar - -
g T ﬁ 3 e-Train + Pipes wo E|l $ * o HecricTram @ Truck 19 bar T kOYb 80
4 ineli | & ruck 7 bar
é w0 ruck 19 bar New Gas Pipeline 02 é 2 E T New Gas Pineli :
e ew Gas Pipeline
.| O Shared Pipelines 0 ;“’.o.nm | £ ; AOOSh : ||° )
8 New Gas Pipeline| s &' ared Pipelines
v » 2 O Shared Pipelines 3 P 8l° .. P
0.1
0 00001 0 a0
0 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 60 0 0.05 01 0.15 02 025 03 035 04 045 0.5
Cost (€/tcon) Cost (€/tCO2t) Risk (affected people/year)

Risk (affected people/year)

e
g

Cost vs Risk (QRA)

OTruck 7 bar
Truck 19 bar © @Truck 7 + Pipes

QO Truck 19+ Pipes

Diesel Train

140

120

)

180

B

iy
=
S

g

Risk (QRA) vs CO, emissions

~ 180 10§ Train + Pipes

O Diesel Train
oTruck 7 + Pipes

0 e-Trai i [)
e-Train + Pipes Truck 19 + Pipes

140

120

A
e

Cost (€/tcoa)

Dominance condition
Solution 1 dominates Solution 2 if:
X1 <X and y; <y,
or

X1 SXz and y; <y,

Further constraints: Time availability and Maximum costs
o Shared Pipelines option is not immediately available
o New Gas Pipelines option is not immediately available & is associated to unsustainable costs

<

| Remove from set of Solutions and re-calculate the Pareto front I

* * %
* *
* -
* *

**t
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Example

Cost vs CO, emissions Cost vs Risk (QRA) Risk (QRA) vs CO, emissions 140
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80
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Risk (affected people/year)
CO, emissions (Kgcoze/tcozt)

-
=]

w
t=]

Dominance condition

Solution 1 dominates Solution 2 if:
X1 <X and y; <y,
or

X1 SXz and y; <y,

Y

I Strictly dependent on specific parameters used in the cost analysis and indexes evaluation I
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8. CONCLUSIONS

Key takeaways

Cost drivers matter early and depend on
operating assumptions
terminal facilities, driver and handling costs,
and electricity prices can materially change
which option is most attractive

Mode choice is context-specific
No single transport mode is best in every case;
flow, distance and regional factors determine
the most suitable option.

Safety and Environmental indices add Pareto optimisation supports
decision value practical decisions
Comparing cost alone can miss solutions with Balanced solutions across cost, risk and
lower environmental and risk impacts. emissions can guide robust project choices
I‘IIID Carbon Transport & Storage: -,
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