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ABSTRACT

Hydrogen from biomass gasification combined with carbon capture and storage (CCS) can lead to
negative emissions and support Europe’s energy transition. This study presents a mixed-integer
bilinear optimization model for the cost-optimal design of a Northern European hydrogen supply
chain with integrated CCS, focusing on exports from Norway to Germany and CO: sequestration
in Norway. The model is formulated as a superstructure problem and implemented in Pyomo, con-
sidering multiple locations for infrastructure nodes and transport options for hydrogen, wood
chips, and COa. The results show that shipping wood chips and CO: is generally more cost-effec-
tive than shipping compressed hydrogen. Supply chain costs range from 35-55 NOK/kg H, and
net-negative emissions (scope 1 and scope 2) are achieved at CO2 capture rates above approxi-
mately 30%.

Keywords: Superstructure optimization, mixed-integer bilinear problem, hydrogen supply chain, carbon cap-

ture and storage, negative emissions, hydrogen

INTRODUCTION

The European Union is dependent on imports of fos-
sil fuels today. Hydrogen could be an alternative fuel to
natural gas, since it can be produced with low carbon
emissions and does not produce CO2 upon combustion.
In 2022, the European Commission presented the RE-
PowerEU plan that aims to import 10 million tonnes of re-
newable hydrogen into the EU by 2030 [2]. On the other
end, Norway could become a large export nation for hy-
drogen by establishing a sustainable and resilient hydro-
gen supply chain between Norway and the EU. Moreover,
Norway could develop international supply chains for
carbon capture and storage in the near future. In August
2025, Northern Lights JV started operations of their stor-
age facility in Kollsnes, Norway with plans to expand to
store 5 million tonnes of CO2 per year [3]. If hydrogen is
produced from biomass gasification and the generated
CO: is captured and permanently sequestered under-
ground, this could even lead to negative emissions. In this
study, we calculated the overall costs and emissions and
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investigated the structure of a cost-optimal supply chain
for the export of hydrogen from Norway to Germany
combined with carbon capture and storage (CCS) in
Kollsnes, Norway.

METHODOLOGY

We developed an optimization model using the py-
thon-based optimization framework Pyomo to find the
cost-optimal supply chain for export of biomass gasifica-
tion-based hydrogen from Norway to mainland Europe
given a final hydrogen demand and a rate of CO:2 to be
captured and sequestered. In previous work, we devel-
oped a supply chain model for hydrogen export from Nor-
way to Wilhelmshaven, Germany [1], but it did not con-
sider the possibility of CCS. The model allows for hydro-
gen production via biomass gasification in various Nor-
wegian locations and in the import terminal in Germany.
At the same time, both compressed hydrogen and wood
chips can be shipped from Norway to Germany. In this
work, we extended the existing model to include new
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Figure 1. Superstructure design (modified from [1])

commercial CCS options. Since the previous study [1]
used 2024 as the base year for currency value, we fol-
lowed that system and defined NOK2024 as the default
economic currency, using an exchange rate of 11.63
NOK/EUR. As for supply chain emissions, we only con-
sider emissions from utilities. Applied emission factors
are stated in the supplementary material. The model is
categorized as a mixed integer bilinear problem (MIBLP)
and was solved to its global optimum using the commer-
cial solver Gurobi [4].

Superstructure design

Figure 1 shows the design of the superstructure
graph, which defines the underlying logic of the model.
Possible energy conversion routes are defined in the
nodes and possible transport routes are defined in the
edges. The superstructure graph (see Figure 1) is struc-
tured in a hierarchical flow-oriented manner, where en-
ergy carriers flow from top to bottom. Odd-numbered
levels contain nodes, while even-numbered levels con-
tain the edges connecting those nodes (see Table 1). At
the first level, the model includes renewable biomass po-
tentials at 1, 000 geographically specific locations ran-
domly distributed across Norway (see [1]). At the second
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level, timber can be transported to hydrogen production
facilities within Norway, which must be constructed by
the model. At level three, hydrogen is produced through
gasification of wood chips. The model permits the con-
struction of hydrogen production plants at 40 randomly
distributed geographic locations in Norway.

At level four, (a) timber may be transported from for-
est resources to existing timber shipping terminals and/or
(b) compressed hydrogen may be transported from hy-
drogen production plants to hydrogen shipping terminals
that must also be built. Hydrogen transport can occur ei-
ther by compressed hydrogen tube trailer or by hydrogen
pipeline; the latter is restricted to local transport (i.e., dis-
tances under 5 km).

At level five, the model allows construction of up to
20 compressed hydrogen shipping terminals distributed
along the Norwegian coast. In addition, shipping termi-
nals for liquefied CO2 exports may be built at this level at
locations where hydrogen production plants are con-
structed and CO: from gasification is captured (see Fig-
ure 2). At level six, (a) hydrogen can be shipped from
Norwegian export terminals to hydrogen import terminals
in mainland Europe, (b) wood chips can be shipped from
export terminals to import terminals, and/or (c) CO2 can
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be shipped from CO2 export terminals to CO2 import ter-
minals. These import terminals must be developed at
level seven. For hydrogen, the model considers an import
terminal in Wilhelmshaven, Germany. For wood chips, im-
port terminals are considered in Kollsnes, Norway, and
Wilhelmshaven, Germany. For CO,, the model includes an
import terminal in Kollsnes, Norway.

At level nine, a hydrogen production plant may be
constructed at the wood-chip import terminal in Wil-
helmshaven, Germany. Finally, the total amount of hydro-
gen imported plus the hydrogen produced in Wilhelms-
haven must equal the value specified as an input param-
eter to the model.

The novelty of the work is a) the extension of the
hydrogen supply chain model with the possibility of CCS
and b) an improvement of the compressed hydrogen
(cH2) shipping model. In [1], the terminal times at the
compressed hydrogen export terminals and the com-
pressed hydrogen import terminals were pre-calculated
using the relations reported in [5] and then implemented
as a parameter in the model. Thereby, all terminals re-
ceive the same loading and unloading times. While this
logic is a good approximation for simple, single-route
supply chains, we found that a more distributed supply
chain, as is investigated in this study, requires a more
thorough approach. Thus, we implemented the terminal
times for the cH: export terminals and cH2 import termi-
nals as decision variables in the model.

Table 1: Indices sets for nodes (modified from [1])

Set Description

I, Timber production sites in Norway

I, Biomass gasification hubs in Norway

Is cn, Shipping terminals for export of cH>

L5 co, Shipping terminals for export of CO>
Isco,no  Subset of I; ¢, with terminals in Norway

Is we Shipping terminals for export of wood chips
I cn, Shipping terminals for import of cH:

I, we Shipping terminals for import of wood chips
I; co, Shipping terminals for import of CO2

fcost(X’ 9, mcHZ,demand, mCO:2 sequestered) — Z C}lmber 01
iel;
—_—
Timber production
timber truck gasification 03 cH, tube trailer 04
+ +c +¢

Timber truck transport ~ 1€13 cH, tube trailer

| S —
Gasification hub (NO)
cH, terminal 05 CO, terminal 05
+ 2 a + DG

i€ls,cn, i€lsco,

cH, shipping terminal (export)

+ Z C;’VC terminal 05
i€ls we

CO, shipping terminal (export)

we shipping terminal (export)
+ Z Z CiCjHZ shipping,var 06 + cCHa shipping,fixed 06
iEI5,(:H2 jEI7,cH2

cH, shipping
CO, shipping,var 06 AT <
+ Z Z Cij 2 shipping +CC02sh1ppmg,f1xed06
i€ls,co, j€lr,co,

CO, shipping
+ Z Z C;.VC shipping,var 06 + cwe shipping,fixed 06

i€l5 e j€l7,we

Wood chip shipping
cH, terminal cost 07 CO, terminal 07
+ o +
i€lych, i€ly co,

cH, shipping terminal (import) CO, shipping terminal (import)
i asification 09
+ Z C;’VC terminal 07 + Z cx;%

i€l7,c i€l7we

we shipping terminal (import) Gasification hub (DE)

MODEL DESCRIPTION

Below, the amendment of nodes for CO: shipping
terminals as well as CO2 shipping edges is presented. For
the modification of the cH2 shipping structure, we direct
the reader to the supplementary material.

CO; export terminals

cH, production (Binder et al.)

i RME Amine
i | casifier H wes H PSA cH,
H { Scrubber }4{ Scrubber }—{ }_\ i "5 cH,shipping Terminal

3 Reformer

Optimization objective

The objective function is stated below, where 0 is
the set of meta parameters and X are the decision varia-
bles in the supply chain graph. The model receives a set
of meta parameters which contain data for nodes and
edges upon model creation. For every run, the desired
hydrogen supply and the desired amount of CO:z to be

sequestered must be declared.
psupply chain(e’ mcHz,demand’ mCOz sequestered):
minX fcost(X9 9, mcHZ,demand, mCOZ sequestered)
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Figure 2. Flow chart of CO2 export terminal

The superstructure nodes for shipping terminals for
export of CO:2 are located at 20 evenly spread-out loca-
tions along the Norwegian coast as well as one node in
Kollsnes and one node in Wilhelmshaven. At each CO: ex-
port terminal, a hydrogen production plant must be built,
and the CO:2 throughput of the terminal can only be as
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large as the CO2 captured from that hydrogen production
plant. We do not consider inland transport of liquified CO2
from other hydrogen production plants to the terminal.
Thus, the CO2 export terminals only handle locally cap-
tured CO:a.

The processes diagram of the CO2 export terminal is
shown in Figure 2. Since the design of the hydrogen pro-
duction plants already contains an amine scrubber prior
to PSA for removal of CO: (see Binder et al. [6]), the ob-
jective of the CO2 export terminal is a) to purify and lig-
uefy the captured CO: stream, b) to store the liquefied
COz in an intermediate storage tank and c) to load the
liquid CO2 on incoming ships. As for Kollsnes, the terminal
serves mathematically both as an export and an import
terminal, since the model allows for hydrogen production
combined with CO2 capture and on-site sequestration. In
this special case, the shipping of CO: is omitted.

Specific investment costs for CO2 conditioning as a
function on system size were obtained from Deng et al.
[7]. Fixed operational costs for CO: conditioning as a
function of system size were obtained from Bjerketvedt
et al. [8]. Specific investment costs for the shipping ter-
minal as well as utility consumptions were calculated us-
ing the iCCS tool developed by SINTEF Energy Research
[9].

In the optimization model, the shipping terminals for
the export of CO: are described by the variables for ex-

pansion size of terminal i mS%2 ™™ % [kt CO, p.a.], ex-

pansion decision of terminal i z-%2**"™"*'% [-] fixed an-

nual cost at terminal i ¢S 02 €™k ixed 95 [N OK2024 p.a.],

total annual cost at terminal i c;%2"*"™"% [KNOK2024
p.a.], and annual CO2 emissions from operations at CO2
export terminals eCOzterminal05 [+CQ,.q p.a.]. The CO2 ex-
port shipping terminal i can only process as much CO2 as
is created and captured at the biomass gasification plant
i. The captured CO: at biomass gasification plants is di-

rectly related to its expansion size migaSification [kt cHz p.a.]
via the conversion factor egasificationdirect CO; [kgCO,/kgH2].

CO, t inal 05 asification
CO, terminal < mg

asification,direct CO, \/;
i < i o 8 2Vi e IS,COZ

The expansion size of each terminal i is also linked
to the outflow of the terminal i. All of the CO2 which is
liquified must be exported by ship.

CO, shipping 06
m- 2?2 pping

CO, terminal 05
m; = Z ij

¢ Vi € L co,

j€lyco,

The CO2 emissions from operations at the terminals
arise from electricity consumption mC0z terminalelcons 05
[MWh/kt CO;] given the emission factor e¢NO
[tCO2e¢/MWh] for terminals in Norway or the emission
factor e®"PE [tCO2q/MWh] for terminals in Germany and
are linked to the expansion size of the terminals.
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eCO; terminal 05 _ m_coz terminal 05 | mCO; terminal.el cons 05

i
i€ls5,co,N0
o eLNO

CO, terminal 05
+ D, m

i€ls,co,,pE
. mCOZ terminal,el cons 05 . eel,DE

The total annual cost at each terminal i includes the
fixed annual costs, electricity costs given the electricity
price at terminal i ciel [KNOK2024/MWh] and an assumed
1 EUR/tonne CO2 harbour cost.

C.COZ terminal 05 — C.COZ terminal,fixed 05 . Z.COZ terminal 05

1 1 1

CO, terminal 05 i
+ mi 2 . mCOZ terminal,el cons 05 , Ciel

CO, terminal 05

+11.63 [NOK/t] » m Vi€ L co,

The fixed annual costs include the investment and
fixed operational costs for CO: conditioning, cost for
buffer storage (i.e., 1.25 times the CO: ship size) and
shipping terminal construction costs. The cost parameter
is in general a nonlinear function of the expansion size
and was linearized via a piecewise linear regression. In
the model, a piecewise linear constraint was imple-
mented to link the fixed annual costs to the terminal ex-
pansion size for all terminals i € I5 co,.

CO, terminal 05

CO, terminal,fixed 05
i i

i = ap em + bp Vl € IS,COZ

where a, is the specific cost factor and b, is the offset for
the piece piower < mi > ™% <p . The pieces of
the cost function are defined by their breakpoints pgwer
and pypper- The values for a,, b, and the breakpoints can

be found in Table 2.

Table 2: Piecewise cost function CO2 export terminals

Values
67.7,60.9
8612.6, 16917.4
0,1217.5, 2500

Parameter

a, [KNOK2024/kt]
b, [KNOK2024/a]
p [kt/a]

CO2 import terminal

CO, import shipping terminal

CO, (1) [ Reconditioning
N " 3 Unloading from n Permanent E
CO, carrier ship % carrler ship & Inéfgrrgzilate sequestration ]

Figure 3. Flow chart of CO2 import terminal

The superstructure node for the shipping terminal
for the import of CO: is located in Kollsnes, Norway. The
maximum amount of CO: to be sequestered from opera-
tions investigated in this study is 2.2 Mt/a COsy,
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corresponding to a theoretical 700 MW hydrogen supply
chain with full CO2 capture. This implies an annual wood
chip consumption of 1.1 Mt p.a. for hydrogen production.

The processes diagram of the CO2 export terminal is
shown in Figure 3. The objective of the CO2 import ter-
minal is a) to unload the liquid CO: from the ship, b) to
recondition and intermediately store the CO: in storage
tanks and c) to sequester the CO2 in a permanent under-
ground reservoir. Data for investment costs for the ter-
minal, utility consumption and a cost estimate of CO; se-
questration was calculated with the iCCS tool developed
by SINTEF Energy Research [9]. Fixed operational costs
were taken from Bjerketvedt et al. [8].

In the optimization model, the shipping terminals for
the import of CO: are described by the variables for ex-
pansion size of terminal i m_ > """ %7 [kt CO, p.a.], total

annual cost at terminal i cS%2'*™"*%7 [KNOK2024 p.a.],
and annual CO2 emissions from operations at CO2 import
terminals eCO2terminal 07 [tCQ,eq p.a.]. The expansion size
of each terminal i is linked to the inflow of CO2 to terminal
i via liquid COz2 shipping.

CO, shipping 06 .
Z my; Vi € 17 co,

J€ls,co,

CO, terminal 07
m; =

The CO2 emissions from operations at the terminals
arise from electricity consumption mC0:terminalel cons07
[MWh/kt CO:] and are linked to the expansion size of the
terminals.

eCO; terminal 07 _ Z 1 C02 terminal 07 - €O, terminal,el cons 07

i
i€lyco,
o eel,NO

The total annual costs consider investment costs,
fixed operational cost, electricity costs as well as an as-
sumed 1 EUR/tonne CO2 harbour costs and an assumed
19.7 EUR/tonne CO2 sequestration costs.

CO, terminal 07
Ci

=(0.3+0.51+1+19.7) [EUR/t]
« 11.63 [NOK/EUR] « m.COZ terminal 05

i
CO, terminal 07 i
+ m; 2 . mCOZ terminal,el cons 07

L4 Ciel Vi (S I7,C02

CO: carrier ship

Since the Northern Lights project [3] is based on a
15 bar supply chain design, we adopted this assumption.
The design of the ships which carry liquid CO2 from the
on-shore terminal to the off-shore sequestration site fol-
lows the design parameters outlined in the Northern
Lights concept report [10], using a payload of 7500 m3,
ship speed of 14 knots, and operating pressure of 15 bar.
The specific fuel consumption and investment costs were
calculated based on data from Roussanaly at al. [9]. Fixed
operational costs were assumed to be 5% of the ship’s
investment costs.

The CO:2 shipping edges connect the nodes for CO2
Maier et al. /| LAPSE:2026.0232

shipping terminals (export) i € I o, With the nodes for
CO: shipping terminals (import) i € I, co,. The edges are
described by the variables for CO2 shipping amount

CO, shipping 06 | . .

my; |i €15c0,.J € I co, [kt CO2 p.a.], number of
. .. _CO, shipping trips 06

annual trips on the route ij n; 2 PP IPS

i
. .. CO, shipping, 06 | .
I, co, [-], variable cost on the route j c; R b=

I5 co,-J € I; co, [KNOK2024 p.a.], number of CO2 ships in
the fleet nCO2shippingships06 [_1 " fixed annual costs of the
fleet ¢CO2shippingfixed06 [KNOK2024 p.a.], and annual CO;
emissions from CO; shipping ez shiPPing 06 [{CO5eq p.a.].
The number of ships in the fleet must be greater
than the required number of ships (float) in the fleet. The
number of ships required in the fleet is calculated as the
sum of ships required on each route. We assume that a
ship can sail different routes throughout the year. The
number of ships required on route ij is calculated as the
number of trips required on the route ij divided by num-
ber of trips a ship can do per year on route ij. The number
of trips required on the route ij is defined as the shipping

B SPIPPINg % ivided by the payload of the ship
mCOzshippayload [tonnes CO2]. The number of trips a ship
can do per year on route ij is calculated as the maximum
annual ship utilization tCOz2ship.annual [h/3] divided by the
trip time. The trip time is calculated as the time for sailing
on route ij from the export terminal to the import terminal
and back to the export terminal given the distance

dSOZ shipPing 96 11 and a speed of vCO2ship [km/day] plus

the time spent at terminal tCO2shippingterminal [h/trip]. The
time spent at each terminal is assumed to be 12h. The

shipping distances dEOZShippi“g% [km] were pre-calcu-
lated using the methodology presented in [1].

|i€Isco,]€

amount m

€Oz shipping ships 06 > Z Z mgoz shipping 06
i€ls,co, j€l7,co,
/(mCOZ ship,payload , tC02 ship,annual)
CO, shipping 06
+ 1000 [t/kt] « (dj; > >"PPTE e 2

.24 [h/day] /VcHz ship + tC02 shipping,terminal)

The number of trips conducted on route ij (integer)
must be greater than or equal to the number of trips re-
quired on route ij.

CO, shipping trips 06
nS , shipping trips >

» m_(;oz shipping 06/mC02 ship,payload

ij
L4 1000 [t/kt] Vl (S IS,COZ’ Vj € I7,C02

The variable cost on route ij is calculated as the
product of the number of trips conducted on route ij and
the specific trip cost on route ij c§°2 shipping,trip 06
[KNOK2024/trip]. The specific trip cost is calculated as
the product of specific fuel consumption during sailing
mCOz shipping.fuel [q/tCO,/km] and the bunkering cost for
ship fuel. We assume that the ship runs on LNG and con-
sumes 6.87 g/tCO,/km fuel [9] with a bunkering cost cLNC

Syst Control Trans 5:244-251 (2026) 248



Case A Y Case B
35.5 NOK/kgH> 44.8 NOK/kgH;
for 400 MW for 400 MW

e forestresources

Y%  H2 production

O  cH; shipping terminal

@ wood shipping term.

@® CO; shipping term.
—— timber truck
—— wood shipping route
— - — CO; shipping route
— - — cH; shipping route

CaseC CaseD
", 57.5 NOK/kgH; | 57.8 NOK/kgH;
¢ for 400 MW ¢ for 400 MW

Figure 4. Comparison of supply chain structure results for different cases.

of 7.6 kNOK2024/tonne [11].
CO, shipping,var 06 __ __CO, shipping trips 06 CO, shipping,trip 06 vi
% =M " S
€ Isco,,Vj € I co,
CSOZ shipping,trip 06 _ mCO2 shipping,fuel 06 , dgoz shipping 06
N mCOZ ship,payload , CLNG/IOOO/IOOO Vi

€ L5 co,, V] € I7co,

The fixed annual costs of the fleet are calculated as
the product of the number of ships in the fleet times the
fixed annual costs per CO2 ship cC02shippingfixed,ship06
[KNOK2024/a]. This cost factor includes investment
costs, staff costs, insurance and maintenance costs and
is based on a previous study [5].

CCOZ shipping,fixed 06 _ nCOZ shipping ships 06
. CCOZ shipping,fixed,ship 06

The annual CO2 emissions from CO: shipping are
calculated as the product of annual fuel consumption on
all COz shipping routes times the emission factor for LNG
fuel e™NC [kgCOazeq/kg].

eCO; shipping 06 — Z Z mCO2 shipping.fuel 06
i€ls,co, j€lr,co,

CO, shipping 06
. dij

o rnCOZ ship,payload/looo/looo
CO, shipping trips 06
nij 2 shipping trips 06 eLNG

RESULTS

Case comparison
Maier et al. /| LAPSE:2026.0232

Figure 4 shows the optimal supply chain design for
a final hydrogen demand of 400 MW and different system
constraints. The following cases were investigated:

= Case A: The model was run with no additional
constraints. The solution is the cost-optimal supply
chain without CCS.

= Case B: The model was run with the additional
constraint that all of the direct CO2 generated at
hydrogen production must be captured and
sequestered in Kollsnes.

= Case C: The model was run with the additional
constraints that a) all of the direct CO2 generated
at hydrogen production must be captured and
sequestered in Kollsnes and b) hydrogen must be
produced in Norway and exported via compressed
hydrogen shipping.

= Case D: The model was run with the additional
constraints that a) all of the direct CO2 generated
at hydrogen production must be captured and
sequestered in Kollsnes and b) hydrogen must be
produced in Norway and exported via compressed
hydrogen shipping and c) the cH2 export shipping
terminal in the very south of Norway (i.e.,
Grimstad) must be built out.

It can be seen that the most cost-effective supply
chain design is shipping wood chips from various loca-
tions along the Norwegian coast to Germany and produc-
ing hydrogen there. In Case B, the optimizer chooses to
build out a hydrogen production plant at the wood chip
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import terminal in Germany and to ship the captured and
liquefied CO2 from Germany to Kollsnes, omitting cH:
shipping. In Case C, hydrogen production in Norway and
export of compressed hydrogen is mandated. Unlike the
other cases, shipping of CO: is omitted by building a hy-
drogen production plant in Kollsnes, where the captured
COz is stored directly. Wood chips are shipped from the
entire Norwegian coast to Kollsnes to serve as feedstock
for hydrogen production. In that way, the CO2 shipping
supply chain is replaced by a cHz shipping supply chain,
which increases the overall supply chain costs by 12.6
NOK/kg H2 or 28%. This clearly shows that establishing a
supply chain for shipping of liquid COz is economically su-
perior to establishing a supply chain for compressed hy-
drogen shipping. In Case D, by moving the hydrogen pro-
duction to the south of Norway, the length of the cH2
shipping route is decreased, reducing the cH2 shipping
costs. On the other hand, shipping of CO2 from Grimstad
to Kollsnes is required. However, this solution is only in-
significantly more expensive than Case C, showing that
more than one practical solution with very similar hydro-
gen supply costs exists.

Case B, which is the cost optimal supply chain for
hydrogen export combined with carbon capture, has
supply chain costs of 44.8 NOK per kgH2 produced and
delivered, with corresponding cradle-to-product net
emissions of -7.6 kgCO2eq/kgH2 (scope 1 plus scope 2).
Given these values, we calculated the cost of CO, (CCA)
avoided using

CcH,,B — Cref
CCA = —2

Cref — ecHZ,B ’

where c.y, 5 and ey, 5 describe the specific costs and
emissions case B, while c,.r and e,; describe the specific
costs and emissions for the reference system, which was
defined as natural gas combustion. Herein, we assumed
specific emissions for the reference system of 201
kgCO2/MWh (LHV) [12] and approximated the natural gas
price (LHV) from the natural gas price (HHV) p,g uuv Using
a factor of 0.9. Assuming a natural gas price of 20 €/MWh
(LHV), the cost of CO; avoided is 218 €/tonne CO,. As-
suming a natural gas price of 60 €/MWh (LHV), the cost
of CO: avoided is 114 €/tonne CO:

Sensitivity analysis

Figure 5 shows the sensitivity analysis of the supply
chain costs and emissions in the cost-optimal supply
chain given different final hydrogen demands and differ-
ent CO2 sequestration rates. It can be seen that the esti-
mated supply chain costs lay between 35 and 55 NOK/kg
H2. While increasing CO2 sequestration rates lead to
higher hydrogen supply costs, increasing hydrogen de-
mand leads to lower hydrogen supply costs. Especially
for small hydrogen demands lower than 150 MW and high
CO: sequestration rates, the hydrogen supply costs are
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very high.

The specific emissions are only a function of CO2 se-
questration rate and are not significantly affected by the
final hydrogen demand. Herein, all direct and indirect
supply chains emissions were summed up, and the se-
questered CO2 was counted as negative emissions. A
capture rate above 30% is required in order to achieve a
negative emission hydrogen supply chain.

Specific cost = f(H; demand, CO, sequestration)

100

w
o

20 1

w
(=}

60+

o
tn

40

CO; sequestration [%]

B
o

Specific costs [NOK2024/kg H;]

20+

35
100 200 300 400 500 600
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Specific emissions = f(CO; sequestration)

4000 A
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—4000 -

Specific emissions [gCO2e4/kg Ha]

—6000

—8000 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
CO; Sequestration [%]

Figure 5. Sensitivity analysis (upper: specific supply
chain costs, lower: specific supply chain emissions)

CONCLUSION

This work demonstrates that negative-emission hy-
drogen supply chains based on biomass gasification
combined with CCS can be designed in a cost-effective
manner in the Northern European context. Moreover, we
note that our analysis does not account for potential ad-
ditional revenues that could be received from private and
public financial incentives from achieving net-negative
emissions. We found that even though shipping of CO2
could be omitted by producing hydrogen in Kollsnes and
sequestering CO2 at the same location while shipping
compressed hydrogen to Germany, it is significantly more
cost-effective to produce the hydrogen in Germany and
ship the CO: to Kollsnes.

While low cost of CO avoided can be achieved with
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the supply chains investigated in this study, supply
chains focusing on different energy carriers might lead to
even better CCAs. Future research should investigate the
possibilities of integrating alternative energy carriers
such as ammonia or methanol. Moreover, the calculation
of the size of the intermediate cH: storage is based on
average ship arrival times and the sizing for buffer stor-
age for COz is based on conventional assumptions. While
these assumptions allow the model to be in bilinear
space, the validity of these assumptions should be con-
firmed in future work.

DIGITAL SUPPLEMENTARY MATERIAL

The source code for the model can be found in
https://psecommunity.org/LAPSE:2026.0004. The sup-
plementary material can be found at https://psecommu-
nity.org/LAPSE:2026.0008
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