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ABSTRACT

This study investigates the potential of producing hydrogen based on currently unused biomass
potentials in Norway and exporting the hydrogen to the European Union. Export of hydrogen via
compressed hydrogen is compared with the export of wood chips via bulk shipping and the pro-
duction of hydrogen from wood chips in the respective import country. A mixed-integer linear
optimization model was developed to minimize total supply chain costs of the two parallel supply
chain options. Results show that shipping wood chips and producing hydrogen in the importing
country is more cost-effective than producing and shipping compressed hydrogen from Norway,
with levelized supply chain costs of 33.4 NOK/kgh. versus 47.6 NOK/kgw., respectively. This arises
mainly because of significantly higher investment costs for compressed hydrogen ships and lower
payload. However, hydrogen production in Norway and export via compressed hydrogen shipping
result in lower overall emissions due to Norway's higher renewable penetration.

Keywords: compressed hydrogen shipping, hydrogen supply chain, wood chip shipping, biomass gasifica-
tion, hydrogen production, eco-techno-economic analysis

1. Introduction

In the REPowerEU plan in 2022, the European Com-
mission presented the goal of producing 10 million tonnes
and importing 10 million tonnes of renewable hydrogen
by 2030 into the EU [1]. Norway could become a hydro-
gen-exporting country in the future to help fulfill this
need. To this end, the Norwegian government's hydro-
gen strategy considers exporting hydrogen through both
pipeline and shipping [2]. While significant effort has fo-
cused on producing renewable hydrogen via electrolysis,
the electricity required for hydrogen production is ex-
pected to compete with rapidly growing demands from Al
and data centers. For example, the Narvik Green Ammo-
nia project in northern Norway would have used electric-
ity to produce hydrogen for export in the form of green
ammonia, but it was cancelled in 2025 so that available
electricity would be used for a data center instead [3].

As an alternative to electrolysis, renewable hydro-
gen could be produced via gasification of biomass. In
2021, the growth in productive forests in Norway
amounted to 22.6 million cubic meters [4], while the
felling rate amounted to 11.4 million cubic meters [5]. This
means that about 10 million cubic meters of timber could
theoretically be sourced annually without a reduction in
standing forest volume. In this study, we investigate the
techno-economics of using this sustainable forest poten-
tial to supply mainland Europe with renewable hydrogen.

Many studies in the literature have looked at the
techno-economics of international hydrogen trade.

Commonly considered energy forms are compressed hy-
drogen (cH2), liquid hydrogen (LH-), liquid organic hydro-
gen carriers (LOHC) or ammonia (NHs) [6-9]. For the ex-
port of compressed hydrogen, pipelines are commonly
considered. Much work has been conducted on liquid hy-
drogen shipping, while compressed hydrogen shipping
has received little attention. Noh et al. [6] found that com-
pressed hydrogen shipping is the most energy efficient
option among cH2, LH2, LOHC and NHs shipping. Saborit
et al. [10] compared hydrogen pipeline with liquid hydro-
gen and compressed hydrogen shipping and found that
compressed hydrogen shipping can have lower costs
than liquid hydrogen shipping. Cebolla et al. [8] found
that for short transport distances, pipeline and com-
pressed hydrogen shipping are the most cost-effective.

Alternatively, wood chips could be exported, and
hydrogen could be produced where needed or where a
hydrogen pipeline network exists. The international wood
chip trade is an established business, with existing ship
and port infrastructure. For example, the wood chip car-
rier CL ACACIA is used today to export wood chips from
Tasmania around the world [11]. In that manner, large-
scale export of wood chip can become economically vi-
able (e.g., Tasmanian Ports Corporation reported 2.78
million tonnes of wood chip export in 2024 [12]). The ex-
port of timber has also become an important sector of
Norway's economy. In the last ten years, export of timber
has been quite stable at about 3.5 Mm? per year, with
pulpwood making up for about 50% [13].

This study addresses the question of whether it is



economically and/or environmentally better to produce
hydrogen in Norway and ship the hydrogen, or to ship
wood chips from Norway to the EU and produce hydro-
gen there. To this end, we develop mathematical optimi-
zation model aiming to estimate the system cost of both
options. For the first case, we only consider hydrogen
shipping in the form of compressed hydrogen, since
there is no hydrogen pipeline between Norway and main-
land Europe as of today and building a pipeline in the
near-term future is not profitable due to the prohibitive
infrastructure cost.

2. Methodology

2.1. General

The aim of the study is to model the supply chain
cost and emissions for supplying mainland Europe with
renewable hydrogen, which is based on sustainable bio-
mass potentials in Norway. The shipping terminal of Wil-
helmshaven in Germany serves as the proxy for mainland
Europe, meaning that the system boundary ends at the
shipping terminal. It is assumed that hydrogen demand in
Europe can be satisfied from Wilhelmshaven through in-
land transport infrastructure such as a pipeline network,
though this is not explicitly considered within our model.
On the other end of the supply chain, the system bound-
ary starts at the primary energy potentials in Norway (see
Fig 1). Here, the sustainable energy potential was calcu-
lated as the annual growth minus felling.

The time scope of the study is the present and near-
term future, meaning that the costs presented in this
study reflect the question "How much would it cost to
build out the supply chain now?". This means that cur-
rently available infrastructure can be used without addi-
tional investment, while non-existing infrastructure must
be constructed. For currently available infrastructure, we
consider existing wood chip shipping terminals and as-
sume that these have sufficient available capacity to han-
dle the operations investigated in this study. On the other
hand, compressed hydrogen shipping terminals and hy-
drogen production plants must be newly constructed.

2.2.

2.2.1. General

Fig 1 describes the supply chain superstructure. On
the first level, the model allows for timber transport from
Norwegian forests to either biomass gasification plants in
Norway to produce domestic hydrogen (i.e., these plants
do not exist and have to be constructed) and timber
transport to existing shipping ports, where timber is con-
verted into wood chips. Domestically produced hydrogen
must then be transported to shipping terminals for com-
pressed hydrogen, which also must be constructed. In
the next step, compressed hydrogen and wood chips are
shipped to the import terminal in Germany. In the case of
wood chip shipping, imported wood chips are fed to a
hydrogen production plant, which is located at the import

Supply chain superstructure
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Fig 1: Supply Chain Superstructure

Table 1 describes the indices for nodes in the graph
and should be understood as location indices where
nodes could be constructed or existing infrastructure
could be used. The subscript number of the index set
states the level of the index set in the graph (see Fig 1):

Table 1: Indices sets for nodes in the graph

Set Description

I Timber production sites in Norway
I3 Biomass gasification hubs in Norway
Iscu,  Shipping terminals for export of cH>

Is we Shipping terminals for export of wood chips
I;cu,  Shipping terminals for import of cH2
17 we Shipping terminals for import of wood chips

2.2.2. Description of nodes

2.2.2.1. Primary energy potentials

Only forest resources were considered in this study.
We calculated the annual timber potential in Norway as
the annual forest growth minus the current felling. The
potential was calculated per county given numbers for
growth and felling [4, 5]. The county-based potentials
were then translated into 1000 geographically specific
points distributed randomly on the map of Norway. For all
nodes, the production costs were calculated based on
harvester productivity and forwarder productivity. These
values were estimated based on distributions for maturity
classes, mean stem volumes, forest densities, terrain
types and inclination classes, as well as extraction dis-
tances. We assume that the timber production operation
consists of felling, transport to the closest road and road-
side drying to a final moisture content of 20%. Finally,
nodes with production costs exceeding the timber price



in the node’s county were assumed to be infeasible.

Since the allocation of county-based potentials into
geographically specific points contains a random com-
ponent, there is some uncertainty in production costs and
potential. Fig 2 shows the mean and standard deviation
of the timber production costs as a function of timber
production rate for 10 different runs. It can be seen that
the prediction of the production cost is very stable for low
to medium production rates. The calculation which we
used for further analysis yields an annual economic tim-
ber potential of 2075 kt/a. This translates to an energy
potential of 31122 TJ/a using a LHV of 15 GJ/t [14] and an
average "power” of 985 MW. This translates also to a
maximum hydrogen export potential of 745 MW from
Norway under current timber market conditions, which
we use as the upper bound in this work. The detailed cal-
culations and an analysis of production cost are given in
the supplementary material.

Supply price analysis
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Fig 2: Timber production costs vs cumulative potential

2.2.2.2. Biomass gasification (NO)

The system for biomass gasification is based on a
techno-economic analysis of a dual fluidized bed gasifi-
cation process reported by Binder et al. [15]. The re-
ported system has a nominal size of 50 MW, and results
were scaled from 10 to 1000 MW based on the stated
scaling laws. The model of the process plant was ex-
tended by a hydrogen compressor to 350 bar. Moreover,
plants that export produced hydrogen via cH: tube trail-
ers, a hydrogen storage vessel and a tube trailer loading
unit was considered. The cost function for hydrogen pro-
duction via biomass gasification is automatically gener-
ated via piecewise linear regression upon model creation
based on its nonlinear cost function. The regression
equation was then implemented in the cost constraints.
The implemented cost functions are stated in the supple-
mentary material.

2.2.2.3. cH; shipping terminals (export)

We assumed that feasible locations for terminals are
towns with more than 5000 inhabitants along the coast-
line, of which 20 random towns were selected. The da-
taset for the Norwegian coastline, which was used to

identify feasible nodes for shipping terminals was pro-
vided by Miljgdirektoratet [16].

The design and cost data for the shipping terminals
was sourced from previous work [17]. The shipping ter-
minals for export of compressed hydrogen consists of a
receiving site, where hydrogen tube trailers deliver com-
pressed hydrogen gas, and a sending site, where com-
pressed hydrogen carrying ships can dock and load. We
assume that the minimum terminal throughput should be
larger than 10 MW. The annual ship filling time times the
annual trips from the terminal must thus be less than
8760h.

2.2.2.4. cH; shipping terminals (import)

The design and cost data for the shipping terminals
was sourced from previous work [17]. The shipping ter-
minals for the import of compressed hydrogen consists
of a receiving site, where compressed hydrogen carrying
ships can dock and unload and a sending site, where hy-
drogen is exported into a national hydrogen grid. We as-
sumed that the minimum terminal throughput should be
larger than 100 MW. We assume that the import terminal
is perfectly connected to a hydrogen pipeline network
operating at 80 bar, which can absorb all hydrogen im-
ported at the import terminal at the given flow rate. Since
the national pipeline infrastructure is not considered in
this study, we assume that the pipeline network can han-
dle all import mass flows from the shipping terminal. If
this is not the case, intermediate storage capability would
be required at the import terminal. Especially for small
terminals, significant spikes in hydrogen mass flow are
observed during ship unloading. We assume that the port
of Wilhelmshaven could serve as an import terminal for
hydrogen. The considered costs include the costs for
construction and operation of the infrastructure.

2.2.2.5. Wood chip shipping terminals (export)

19 existing ports in Norway were selected for the
export of wood chips: Sortland, Mandal, Larvik,
Trondheim, Orkanger, Hitra, Stjerdal, Verdal, Steinkjer,
Fredrikstad, Drammen, Stavanger, Haugesund, Bergen,
Florg, Kristiansund, Mo i Rana, Bodg, Tromsg. Data for
waterway fees, quay fees and time fees was sourced
from the port operators.

At the incoming side of the export terminal, timber is
received from timber trucks. The timber is unloaded and
converted into wood chips using a chipper. While invest-
ment costs for the wood chipper were not calculated due
to insignificance, we considered a electricity consump-
tion of 52 kJ/kg timber [18].

2.2.2.6. Wood chip shipping terminals (import)

The import terminal for wood chips is located in Wil-
helmshaven. Wood chips are sourced from the ship
through a continuous unloader and are transported to a
gasification plant built on site. Data for port fees are ob-
tained from the port operator [19].



2.2.2.7. Biomass gasification (DE)

The biomass gasification plant in Germany has the
same structure as the biomass gasification plants in Nor-
way. Costs in the underlaying study from Binder et al. [15]
are given for Germany and were only adjusted using
CEPCI (CAPEX) and inflation (OPEX). After production,
hydrogen is compressed to 80 bar and assumed to be
injected into a hydrogen grid. We assume no compressed
hydrogen storage. The biomass gasification plants are
located at the import terminal for wood chips.

2.2.3. Description of edges

2.2.3.1. Timber truck

The timber truck was considered as a system con-
sisting of a truck, trailer and a self-loader. Investment
costs, lifetimes (in km and loading cycles), residual val-
ues, fuel consumptions, tire costs and repair / service
costs were taken from Fjeld et al. [20]. The payload was
assumed to be 38, as presented in the report as a Nor-
wegian average. Given the regulations for timber
transport in Norway for roads of the category (i.e., Nor-
wegian: Bruksklasse) BkT8 and Bk10 [21], this is an opti-
mistic assumption, as not all roads satisfy this regulation
and should be interpreted as a maximum payload.

2.2.3.2. cH; tube trailer

The technical specification of the system and cost
calculation was sourced from previous work [17].

2.2.3.3. Truck transport (general)

Both the costs for timber trucking and cH: tube trail-
ers were implemented into the model using the same
logic. It was assumed that a truck can be employed on
different routes throughout the year. The total annual
cost per truck was calculated by a linear regression over
the annual driven distance per truck (see supplementary
material section 3.1.2). For all inland transport routes, the
route distance and driving time was calculated and stored
in matrices, which serve as input for the optimization
model. The driving distance and driving time between
nodes using the Norwegian road network was calculated
using a custom implementation of OpenRouteService
[22]. For more information, see supplementary material,
section 4.1.

2.2.3.4. cH; pipeline

Due to the small scale and time scale of the investi-
gated supply chains, we assume that domestic pipeline
construction in Norway is not adequate. Thus, pipeline
transport was not modelled as a transport option for long
distance transport. However, we assumed that if a bio-
mass gasification plant is built at the same place (i.e., dis-
tance less than 5000 meters) as an export terminal for
compressed hydrogen, hydrogen can be transported via
a local pipeline. For that case, we implemented a pipeline
transport option, but do not consider any cost.

2.2.3.5. cH; ship

The technical specification of the system and cost
calculation was sourced from previous work [17]. The
cost calculation considers investment cost for the bare
ship and the modules, fixed operating costs (i.e., staff,
maintenance and insurance) as well as variable operating
costs (i.e., fuel costs).

2.2.3.6. Wood chip ship

The vessel for shipping of wood chips is based on a
real vessel, the CL ACACIA, with a deadweight tonnage
of 71 kt [11]. The cost calculation considers investment
cost for the ship, fixed operating costs (i.e., staff, mainte-
nance and insurance) as well as variable operating costs
(i.e., fuel costs). For more information, see supplemen-
tary material.

2.2.3.7. Ship transport (general)

For all shipping routes, the shipping distance was
calculated and stored in a shipping distance matrix,
which serves as input for the optimization model. The
shipping route on open sea was approximated using the
Searoute python package [23]. The route from the Nor-
wegian port to the route on open sea was calculated us-
ing custom python code and is an approximate estimation
of the actual route. The practical feasibility of the ship-
ping routes is not considered, as the calculation does not
take depth data into consideration. Actual shipping
routes might thus differ.

2.3.  Model description

The model is presented piece by piece in the follow-
ing section. A tabular overview of all the decision varia-
bles, parameters and constraints is given in the supple-
mentary material. The source code of the model is made
available to the public, see section Data Transparency.

The supply chain model receives a set of meta pa-
rameters and general supply chain data upon generation.
The meta parameters include 71 values for cost and tech-
nical design data and is declared in an external file, which
is given as supplementary material. Before the supply
chain model is declared, the set of meta parameters is
extended by values for cH2 ship size, cH2 ship filling time
and cH:z ship emptying time. These are calculated based
on the relations reported in [17], which showed that there
is a relationship between amount of transported hydro-
gen, average shipping distance and optimal cH2 ship size
as well as optimal transfer times for cH2 shipping termi-
nals. Herein, we assume an average expected one-way
shipping distance of 600km, which is typical for southern
Norway to northern Europe. All cHz shipping terminals re-
ceive the same transfer times. The set of meta parame-
ters is given as supplementary material.

2.3.1.

2.3.1.1.  Timber production

The timber production is described by the variables
for timber production amount at site i m{imPer 0% [kt timber

Description of nodes



p.a.], annual cost at timber production site i cfimberot
[kNOK2024 p.a.], and annual CO2 emissions from timber
production etimber 01 [tCQ,eq p.a.]. The timber production
amount at site i is linked to the transport edges for timber
trucking from site i to biomass gasification hub |
m{jmPer truck 02 it timber p.a.] and timber trucking from
site i to the export wood chip shipping terminal j
mitjimber truck 04 1t timber p.a.].

mitlmber 01 _ Z mitjlmber truck 02 + Z mtimber truck 04 /3 = I

1
JEl3 j€lswe

The timber production in each node i must be lower
than or equal to the timber potential in the node i
m™PerPOtO [t timber p.a.]. For the calculation of timber
potentials, see section 2.2.2.1.

i timber,pot 01 .
itlmber()l <m p Vi e 11

m i

The annual costs for timber production were calcu-
lated based on the local timber price of the production
site i c[™PerPTIee 01 [NOK2024/kg] times the annual pro-
duction volume.

timber 01
1

c = mfimber 01 cfimberprice 01 4 [¢/kt] vi € I,

The CO:z emissions for timber production are calcu-
lated based on the diesel consumption for timber produc-
tion in the site i mfiese!%1 [kg diesel / kg timber] and the
emission factor ediesel [kg COqeq / kg diesel] for diesel.

etimber 01 _ z mitimber 01, m;iiesel 01 . qdiesel . 1900 [t/kt]

iel,

2.3.1.2. Biomass gasification (NO)

The biomass gasification plants for hydrogen pro-
duction are described by the variables for expansion de-

cision of plant i z&*11¢U" %3 [hinary], expansion size of
gasification 03
i

plantim [kt cH2 p.a.], expansion decision of a

terminal for hydrogen tube trailers at plant j z8°!fieion 03

[binary], size of the tube trailer terminal at the plant i

gasificationttt03 4 cH, p.a.], annualized costs of the plant

j cgasification 03 L (NOK2024 p.a.], and annual CO, emissions
from all biomass gasification hubs in Norway egasification 03
[tCO2eq p.a.]. The upper bound ub and lower bound Ib of
the expansion size were chosen as reasonable engineer-
ing values.

asification 03 asification 03 .
m‘ig >lb- Zig Viel;

xigasifica'cion 03 <ub- Zigasification 03 Vie 13

The expansion size of the plant i is linked to the
transport edges for inflow and outflow. On the inflow
side, timber is received and converted to hydrogen with

the conversion rate msasificationconv [k g cH, [ kg timber].

asification 03 i ificati .
mlg — Z m]_tilmber truck 02 , mga51ﬂcatlon,conv = 13

j€ly

On the outflow side, the produced hydrogen is
transported via compressed hydrogen tube trailers

H, tube trailer 04 . .
icj 2 tube tratler [kt cHz p.a.] or hydrogen pipeline
mg pipeline 04 1.t ¢, p.a.]. Hydrogen pipeline transport is

assumed feasible only if the source and destination are

in the same place (i.e., distance <= 5km), see section
2.2.3.4.

asification 03 cH; tube trailer 04 cH, pipeline 04 .
m? = Z mi].2 +mi].zpp Vi
jEIS,cHZ

The expansion size of the compressed hydrogen
tube trailer terminal is given by the size of the tube trailer
transport edge.

gasification,ttt 03 __ cH, tube trailer 04
i = m;

Viel;
J€ls5,cH,

asification,ttt 03 asification,ttt 03
}g <ub- zig

Viel,

The CO2 emissions for biomass gasification produc-
tion are calculated based on the utility consumption. The
only utility with significant CO. emissions that is consid-
ered is electricity with the utility factor msasification,el cons 03
[MWh/kg cH2] for the main plant, the utility factor
mtttel cons 03 [NWh/kg cH.] for the tube trailer terminal and
the emission factor e®'N° [kg COzeq / MWh].

gasification 03 _ gasification 03 gasification,el cons 03
e mi m

i€l
asification,ttt 03
+ m? .

-1000 [t/kt]

mttt,el cons 03) . eel,NO

The cost function links the annualized plant costs to
the expansion size. The cost function considers annual-

ized investment costs as well as operating costs. The

ioat j i
cost factor ¢B*ficaionbase03 jneiydes investment costs,

maintenance costs, staff costs, and auxiliary operational
costs, and is in general a non-linear function of the ex-
pansion size. A piecewise linear regression was per-

formed on the non-linear cost function which was then

_ icati T
used to link cgsificationdase03 14 the expansion size. The

electricity cost scales linearly with the expansion size
given the electricity price at plant i ¢! [NOK2024/MWAh].

gasification 03 __ Cgasification,base 03 | Zgasification 03
i M 1
asification,ttt,specific 03 asification,ttt 03
+cP P -mf

asification,ttt 03 asification 03
. zig + m?
. mgaSIflcatlon,el cons 03 , ciel -1000

+m;gaslf1cat10n,ttt 03 mttt,el cons 03 , Ciel 1000 [t/kt] Vie 13

gasification,base 03 gasification 03
C. = *m;

: p Mt +b, Vi€l

where aj, is the specific cost factor and by, is the offset

: - '
for the piece piower < mF** "% < p . The pieces of

the cost function are defined by their breakpoints pjower



and pypper- The values for ap, b, and the breakpoints can
be found in the supplementary material section 3.2.5.

2.3.1.3. cH: shipping terminals (export)

The shipping terminals for export of compressed
hydrogen are described by the variables for expansion
decision of terminal i z2 ™" % [binary], expansion
size of terminal i mz ®rminaloS 1y o, p.a.], expansion
decision of a terminal for hydrogen tube trailers at termi-

i
cH; terminal.ttt 05 1hinary], size of the tube trailer ter-

i
minal at the terminal i m{™z *™ 05 [kt cH, p.a.], annu-

alized costs of the terminal i ¢tz ™% [KNOK2024
p.a.], and annual CO2 emissions from all cHz export ship-
ping terminals in Norway e¢Hz terminal 05 [C Q4 p.a.].

The upper bound ub and lower bound Ib of the ex-
pansion size were chosen as reasonable engineering val-
ues.

naliz

cH, terminal 05 cH, terminal 05 .
i =1b-z Vi € Is ch,
cH, terminal 05
i

cH, terminal 05

<ub-z

Vie IS,CHZ

The expansion size of the terminal i is linked to the
transport edges for inflow and outflow. On the inflow
side, hydrogen is received either via compressed hydro-
gen tube trailer or hydrogen pipeline (i.e., for on-site hy-
drogen production).

cH, pipeline 04

ji Vi

cH, terminal 05 cH, tube trailer 04
. = Ji + m

i
j€ls

€ I5ch,

On the outflow side, hydrogen is exported via com-

pressed hydrogen shipping mj;2 *"'PP"8 [kt cH; p.a.] on

route ij to all import terminals j € I, ¢y, .

cH, terminal 05 cH, shipping 06
mcHz - Z m'z shipping

i vi E IS,CHZ

j€l7,cn,
The expansion size of the compressed hydrogen

tube trailer terminal is given by the size of the tube trailer
transport edge.

cH, terminal,ttt 05 __ cH, tube trailer 04 .
my = z mji Vi€ IS,CH2
j€l3
cH, terminal,ttt 05 cH, terminal,ttt 05 .
m; ? <ub-z ? Vi€ Igcn,

The constraint which defines the practical upper
bound of the terminal throughput is the utilization con-
straint. The total annual time spent at the terminal i for
loading compressed hydrogen ships must be less than or
equal to 8760h and is given by the time spent at the ter-
minal i for one loading operation tcHzshipfill [h] times the

number of loading operations per year. The latter is equal
to the number of outgoing trips n{™ shipping trips 06 1_1 from
terminal i to all import terminals j € I, ., A trip is defined
as one full export operation, consisting of loading at the

export terminal, sailing to the import terminal, unloading

at the import terminal and sailing back to the export ter-
minal.

cH, shipping trips 06 __cH, ship,fill ;
n;; teH2 SHP I < 8760 [h/a] Vi € 15 ey,

j€l7,cH,

The COz emissions for cHz export shipping terminals
are calculated based on the utility consumption. The only
utility with significant CO2 emissions that is considered is
electricity with the utility factor mCHzterminalelcons 05
[MWh/kg cH2] for the main plant, the utility factor
m¢Hz terminaltttel cons 05 [M\Wh/kg cH:] for the tube trailer
terminal and the emission factor N0 [kg COzeq / MWh].

cH, terminal 05 _ E cHj terminal 05 cH, terminal,el cons 05
e = (mi m

i€l5.ch,
cH, terminal,ttt 05
+ Z m; 2

. mcH2 terminal,ttt el cons 05) . e(-3],NO
-1000 [t/kt]

The costs for shipping terminals for export of com-
pressed hydrogen include investment costs

cCHa terminalinv 05 [ NOK2024 p.a.], maintenance costs,
staff costs ¢ 'z *erminals@ifos [|NOK2024 p.a.] and costs

for the utilities electricity ¢Sz *™™2¢1%% [\NOK2024 p.a.]
and cooling water (i.e., given by the specific cost factor
gHa terminalewspecific 05 INOK2024/kg  cHo]).  Electricity

1

costs are calculated based on the specific electricity
consumption and the electricity price at terminal i. The

cost factor cfHezterminalinvos \yas calculated based on
analysis from a previous study [17] and was annualized
using the capital recovery factor crfcHz terminal \yhich was
calculated based on a terminal lifetime of 20 years and
the given WACC (see supplementary material, section
1.1). It includes the investment costs for a tube trailer ter-
minal ¢z terminalittiny 05 [ NOK2024 p.a.] with the expan-

sion size micHz terminalttt 05 _ micHZ termmalOS. For accurately

considering the tube trailer terminal costs, the cost factor
¢z terminal (W inv 05 b5 16 be subtracted from the cost term

1
cH,
G

terminalinv 05 first and then separately considered

given the actual expansion size mz ™" 05 The cost

cCHz terminal IV 05 s calculated based on the expansion

size and the capital recovery factor crftt, which was cal-
culated based on a lifetime for hydrogen compressors of
15 years and the given WACC.

CicHz terminal,inv 05 _ (1.64 i m;:Hz terminal 05/26.2975

+100 [MW/kta™"] +197.1)
. CrfCHZ terminal Vi € IS cH
) 2

CcH2 terminal,ttt inv 05
i

_ (0 505 - mcH2 terminal,ttt 05/26 2975
: i .
-100 [MW/kta™"] + 20.55) - crfttt vi

€ I ch,



cH, terminal,el 05 cH, terminal 05 i
cHz — (m 2 _mcH2 terminal,el cons 05

1 1

cH, terminal,ttt 05
+m;

. mCHz terminalyttt el cons 05) . Ciel
-1000 [t/kt] Vie IS,CHZ

cH, terminal 05 cH, terminal,inv 05
C; =G

— (0.505 - m(*z rminal 9% /26 2975
100 [MW/kta™"] + 2055 ) * crf )

- (1 4 0.05/1.05/1.093) - z Mz terminal 05
cH, terminal,ttt inv 05 cH, terminal,ttt 05
+ c A

i i
cH, terminal,el 05 cH, terminal,staff 05

+c 2 +c 2

i ZCHZ terminal 05

1 1
cH, terminal,cw,specific 05
C. 2

i i
-2 A0S 1000 [t/kt] Vi € Is cp,

2.3.1.4. Wood chip shipping terminals (export)

The shipping terminals for export of wood chips are
described by the variables for expansion size of terminal
i m}ve terminal 05 [kt cH, p.a.], annualized costs of the termi-
nal i c}veterminal 05 [kNOK2024 p.a.], and annual CO> emis-
sions from all wood chip export shipping terminals in Nor-
way ewe terminal 05 [tCOZeq pa]

The expansion size of the terminal i is linked to the
transport edges for inflow and outflow. On the inflow
side, timber is sourced via timber trucking from forest re-
sources.

wc terminal 05 _ timber truck 04 \/;
m; = Z mj; Vi € I5 e

j€ly

At the terminal, wood chips are produced from in-
coming timber with a 1:1 conversion ratio. On the outflow
side, wood chips are exported via bulk shipping
wec shipping 06
ij
j € I7,wc'

wc terminal 05 __ wc shipping 06 .
m; - Z mij Vi € IS,WC

m [kt wc p.a.] on route ij to all import terminals

j€l7,we

The CO:2 emissions for wood chip export shipping
terminals are calculated based on the electricity con-
sumption for wood chip production.

wc terminal 05 _ wc terminal 05
e = E m;

i€l5 we

- 52 [K]/kg] / 3600 [k]/kWh] - etNO

The costs for wood chip export shipping terminals
include utility costs for wood chip production, and termi-
nal fees as stated by the terminal operators. Terminal
fees are separated into time fees, waterway fees and
quay fees. Each terminal has a different calculation logic
for the specific terminal fees clvcterminalfee0s
[kNOK2024/trip]. The components for the specific termi-
nal fees are given as supplementary material. The costs
are then given by the product of the fees cost per trip

times the annual number of outgoing trips n'* SMPPIN8 %6 oy

ij

each route ij to the import terminals j € I ..

C i 1

wc terminal 05 _ wc shipping 06 = wc terminal,fee 05 \,;
i = n;; [oh v
j€l7,we

€ IS,WC

2.3.1.5. cH; shipping terminals (import)

The shipping terminals for import of compressed
hydrogen are described by the variables for expansion
decision of terminal i z2 ™™ %7 [pinary], expansion
size of terminal i m2 ™07 [t cH, p.a.], annualized
costs of the terminal i ¢Sz ™" %7 [KNOK2024 p.a.], and
annual CO2 emissions from all cHz import shipping termi-
nals ecHz terminal 07 [tC O, p.a.].

The upper bound ub and lower bound Ib of the ex-
pansion size were chosen as reasonable engineering val-
ues.

cH, terminal 07
m, 2 >1b-

cH, terminal 07
i Zi

Vi€ ly ey,

cH, terminal 07
m, 2 <ub-

cH, terminal 07
i = Zi

Vi€ ly e,

The expansion size of the terminal i is linked to the
transport edges for inflow and outflow. On the inflow
side, hydrogen is sourced via compressed hydrogen
shipping from export terminals in Norway.

cH, terminal 07 __ cH; shipping 06 .
mi = Z II'[].i Vi e I7,CH2

jEIS,cHZ

The constraint which defines the practical upper
bound of the terminal throughput is the utilization. The
total annual time spent at the terminal i for unloading
compressed hydrogen ships must be less than or equal
to 8760h and is given by the time spent at the terminal i
for one unloading operation tcHzshipempty [h] times the
number of unloading operations per year. The latter is

equal to the number of incoming trips njjz "PPI8 triPs 06 [

] from all export terminals j € I5 oy, to terminal i.

Z njcin shipping trips 06 , (cH, ship,empty < 8760 [h/a] Vi

j€ls,cH,

€ I7,<:H2

The COz emissions for cHz import shipping terminals
are calculated based on the utility consumption. The only
utility with significant CO2 emissions that is considered is
electricity with the utility factor m¢Hzterminalelcons 07
[MWh/kg cH:] and the emission factor e®"PE [kg COzeq /
MWh].

cH, terminal 07 i
m2 . mcH2 terminal,el cons 07

eCHz terminal 07
1

i€l7 cH,
- e®'PE . 1000 [t/kt]

The costs for shipping terminals for import of com-
pressed hydrogen include investment costs
cfHa terminalinv 07 1 NOK2024 p.a.], maintenance costs,
staff costs ¢ Mz ferminalsRifo? (NOK2024 p.a.] and costs



for electricity ¢tz ™inabel 7 [ NOK2024 p.a.]. Electricity
costs are calculated based on the specific electricity
consumption and the electricity price at terminal i. The
cost factor c/Mz®minatinvO7 \ag calculated based on
analysis from a previous study [17] given the terminal ex-
pansion size and the number of modules per cH2 ship
ncHz shipmodules [_] and was annualized using the capital

recovery factor crf¢Hz terminal |

Ci(:H2 terminal,inv 07 — (0694 i m;:Hz terminal 07/26.2975

100 [MW/kta™] + 0.24 - n°Hz shipmodules )

. Crchz terminal Vi e I7,cH2

cH, terminal,el 07 __
G =

cH terminal 07 | cH, terminal,el cons 07 , .el
; m cf

1
+1000 [t/kt] Vi € Iy ey,

ccHz terminal 07 __ ccHz terminal,inv 07 ZcH2 terminal 07

1 1 1

- (14 0.05/1.05/1.093) + ¢Sz terminalel 07

cH, terminal,staff 07 _cH, terminal 07 .
+ Ci 2 . Zi 2 Yi

€ I7,cH2

2.3.1.6. Wood chip shipping terminals (import)
The shipping terminals for import of wood chips are
described by the variable for annualized costs of the ter-
minal i cjveterminal o7 [KNOK2024 p.a.]. The annualized
costs are linked to the number of incoming trips
weshipping trips 06 [_1 from all export terminals j € Is e to

ji
wc terminal,fee 07

terminal i. The specific costs ¢
[kNOK2024/Trip] consider time fees and quay fees and
are calculated from the deadweight of the wood chip ship
mWeshipdwt [tonnes] and the gross tonnage of the wood
chip ship mweshipgt [-],

n

. . 11.63 tNOK2024
wc terminal,fee 07 _ . mwec ship,dwt , 7]
G 0.598 m 1000 [ EUR2024

+0.2716 - m"Weshipgt. % W}
1000 L EUR2024

i wc shipping 06 i .
ciwc terminal 07 _ Z nji pping 06 | Ciwc terminal,fee 07 Vi
j€lswe

€ I7,wc

2.3.1.7. Biomass gasification (DE)

The biomass gasification plants for hydrogen pro-
duction in Germany are located at the import terminals for
wood chips and have thus the same indices. They are de-
scribed by the variables for expansion decision of plant i

gasification 07 . .
z; [binary], plant i

gasification 07
my

expansion size of

[kt cH2 p.a.], annualized costs of the plant i

cBasification 07 [ NOK2024 p.a.], and annual CO; emissions
from all biomass gasification hubs in Germany
egasification 07 [+C Q4 p.a.]. The upper bound ub and lower
bound Ib of the expansion size were chosen as reasona-
ble engineering values.

asification 07 asification 07
m® >1b-z8

; 1 Vi € Iy e

gasification 07
my

gasification 07

<ub-z

The expansion size of the plant i is linked to the
transport edges for inflow. On the inflow side, timber is
received and converted to hydrogen with the conversion
rate msasificationconv [kq cH, / kg timber].

asification 07 wc shipping 06 ificati .
mlg — Z nji pping _mga51f1cat10n,convvl

jEIS,wc

€ I7,wc

The CO2 emissions for biomass gasification produc-
tion are calculated based on the utility consumption. The
considered utilities are electricity with the utility factor
msasification.el cons 07 [M\Wh/kg cH.] and the emission factor
elPE [kg COzeq / MWh] as well as natural gas for heating
with the utility factor msasificationheatcons 07 [N\Wh/kg cH2]
and the emission factor e"8PE [kg CO2eq / MWh].

ificati 2 asification 07
ega51f1cat10n 07 — mlg
i€l7 we
. (mga51f1cat10n,el cons 07 , eel,DE

+ mgasification,heat cons 07 , eng,DE)
-1000 [t/kt]

The cost function links the annualized plant costs to
the expansion size. The cost function considers annual-
ized investment costs as well as operating costs. A linear
regression was performed on the non-linear cost func-

tion which was then used to link ¢85 %7 15 the ex-
pansion size. For more details on the regression, see
supplementary material section 3.3.

cigasification 07 _ (4.33 . migasification 07/26.2975

+100 [MW/kta™"] + 229) - 1000 [

., gasification 07
i

2.3.1.8. Demand node

A demand node was added to the model which en-
sures that the imported hydrogen and the hydrogen pro-
duced at import wood chip shipping terminals sum up to
the final hydrogen demand m¢Hzdemand,

cH, terminal 05 asification 07
m¢Hz demand _— Z m; 2 + Z mlg

i€l cH,

tNOK]
MNOK
Vi € I; e

€17 we
2.3.2. Description of edges

2.3.2.1. Timber trucking

The timber trucking edges connect the nodes for
timber resources i € I; with the nodes for biomass gasifi-
cation i € I3 and wood chip shipping terminals i € I5 ..
The edges are described by the variables for timber
trucking amount from timber resources to biomass gasi-
fication hubs mit]-i““""”“d‘02 |iel,jel; [kt timber p.a.],
timber trucking amount from timber resources to wood
chip shipping terminals m{jmbertruckot | j e, je g, [kt
timber p.a.], annual costs of the timber fleet ctimber truck



[KNOK2024 p.a.], number of trucks in the timber fleet
ptimbertruck 1.1 gnnual CO, emissions from all timber
trucking operations etimbertruck [tCQ,eq p.a.]. The costs
consider annualized capital costs, annual fixed costs as
well as variable driving costs as described in the supple-
mentary material section 4.1.2. The annualized capital
costs are calculated based on a regression on annual
driven distance by the fleet dtimbertruck [Mm p.a.] and
number of trucks in the fleet. The fixed operational costs
are based on the specific cost factor ctimber truckfixed opex
[KNOK2024 p.a. and truck]. The variable operational
costs are based on the specific cost factor
Ctimber truck,variable opex [NOK2024/km]

Ctlmber truck — = 1.641- dtlmber truck + 722.25 - ntlmber truck
+ Ctlmber truckfixed opex . ntlmber truck

+ ctimber truck,variable opex , dtimber truck

The annual driven distance by the fleet is calculated
based on the transport distance (i.e., twice the distance
between source and destination since we assume driving
back empty) times the transport amount divided by the
payload of the timber truck mtimbertruckpayload [tonnes].
The transport distances through the road network from

timber resources to biomass gasification hubs
dit].imbe”“‘“s'”0rt02 | iel,jel; [km] and from timber re-
sources to wood chip shipping terminals

dtimber transport 04
ij
as described in section 2.2.3.3.

| i €14,j € Iswe [km] were pre-calculated

i timber transport 02
dtimber truck — d p )

ij
i€l jel3
. mtimber truck 02 timber truck,payload
mj; /m pay

-1000 [t/kt]

timber transport 04
£, 2, dymeTet 2

i€l jEIg we

. m'icjlmber truck 04/mtimber truck,payload

- 1000 [t/kt]

The number of trucks in the fleet is calculated as the
sum of the operational time required on each route di-
vided by the utilization of a timber truck per year
ttimber truckannual [h /3] The driving times through the road
network from timber resources to biomass gasification

hubs t; i € 1;,j € I3 [h] and from timber re-
sources to shipping

glimber transport 04 | i € 1y, € Isc [h] were pre-calculated as

1j
described in section 2.2.3.3. The total trip time is calcu-
lated as the sum of driving time from source to destina-
tion and back to the source plus the terminal times for

loading and unloading ttimber truckterminal [p jtrjp],

timber transport 02 |

wood  chip terminals

i timber transport 02
ntlmber truck > tij P .2
i€l, jel3
. mtimber truck 02 timber truck,payload
my; /m pay

-1000 [t/kt]/ttimber truck,annual

+ Z Z t;_cjimber transport 04 2

i€ly jEls we
. m;_c]_lmber truck 04/mt1mber truck,payload

-1000 [t/kt]/ttimber truck,annual

The annual fleet emissions are calculated as the
sum of specific emissions per trip on each route times the
number of trips on route ij. The specific emissions for
routes from timber resources to biomass gasification

hubs ™" T2MPOrOZ | e 1, j eI, [tCOzed/trip] and the
specific emissions for routes from timber resources to

timber transport 04

wood chip shipping terminals €j; iel,je
Is.we [tCO2eq/trip] consider emissions from driving as well
as emissions from the loading and unloading operation.
The specific emissions are calculated from the specific
fuel consumption during driving (empty)
mtimber truckfeempty [1/100km], the specific fuel consump-
tion during driving (fully loaded) mtimber truckfefull

[1/700km], and the specific fuel consumption during ter-
minal mtimber truck,fc,terminal [|/h]

tlmber truck — Z Z mtlmber truck OZ/mtimber truck,payload

i€l, jelz

-1000 [t/kt] -

+ Z Z mtlmber truck 04

i€l4 jEls we

/mtimber truck,payload . 1000 [t/kt]
timber transport 04
ij

tlmber transport 02

timber t t02 i
ij1m er transpor — ((mtlmber truck,fc,full/loo
. dtimber transport 02
ij
+ mtimber truck,fc,empty/loo
. qtimber transport 02 timber truckfc,terminal
dij +m
. ttimber truck,terminal) /1000 [m3]—1]
- diesel density [kgm‘3]) - ediesel yj g [, vj

timber t t 04 i
eij1m er transpor — ((mtlmber truck,fc,full/loo

) dtimber transport 04

ij
+ mtimber truck,fc,empty/loo
. qtimber transport 04 timber truck,fc,terminal
di]. + m

. ttimber truck,terminal) /1000 [m3l—1]

- diesel density [kgm‘3]) - ediesel i g [, vj

€ I5,wc

2.3.2.2. cH; pipeline
The model does not consider pipeline transport for



compressed hydrogen transport between two different
places. However, the model allows for pipeline transport
from biomass gasification hubs to cH: shipping terminals
(export) if both nodes are located at the same place (i.e.,
less than 5km apart). In that case, we assume that there
are zero costs and emissions for pipeline transport. The
transport distances through the road network from bio-
mass gasification hubs to cH: shipping terminals
dF-HZ tube trailer 04
1j

as described in section 2.2.3.3.

m;-Hz pipeline 04 < (diCjHZ tube trailer 04 < 5) - bigM Vi € I Vj

€ I5ch,

2.3.2.3. cH; tube trailer

The cH2 tube trailer edges connect the nodes for bi-
omass gasification i € I3 with the nodes for cH2 shipping
terminals i € I .y,. The edges are described by the varia-
bles for <cH2 tube trailer transport amount

o tubetraller 04 1§ & 1,,j € I5 e, [kt cH2 p.a.], annual costs
of the fleet ccHz tubetrailer 04 [KNOK2024 p.a.], number of
trucks in the fleet ncHz tubetrailer04 [_] annyal CO, emis-
sions from all cH; tube trailer operations ecHz tube trailer 04
[tCO2eq p.a.]. The annual cost for the cH2 tube trailer fleet
is calculated using a regression on the annual driven dis-
tance by the fleet d¢Hz tube trailer 04 [Nfm p 3.] and the num-
ber of trucks in the fleet from a previous study [17]. The
annual driven distance by the fleet is calculated based on
the transport distance (i.e., twice the distance between
source and destination since we assume driving back
empty) times the transport amount divided by the pay-
load of the cH tube trailer m¢Hz tube trailerpayload [tonnes].

| i€l3,j €5y, [km] were pre-calculated

cCH; tube trailer 04 _ 4 9g(g - CHz tube trailer 04 4 978 4

. rlcH2 tube trailer 04

cH, tube trailer 04 _ cH; tube trailer 04 |
o IR 2

i€l3 j€ls5 cH,
;Hz tube trailer 0‘1'/mcHZ tube trailer,payload
-1000 [t/kt]

The number of trucks in the fleet is calculated as the
sum of the operational time required on each route di-
vided by the utilization of a cH: tube trailer per year
tCcHz tube trailerannual [y/3] The driving times through the
road network from biomass gasification hubs to cH: ship-
ping terminals (export) 5 tubetrailer 04 | § & 1§ € I epy, [h]
were pre-calculated as described in section 2.2.3.3. The
total trip time is calculated as the sum of driving time from
source to destination and back to the source plus the ter-
minal time t¢Hz tube trailerterminal [h /trip]. The terminal time
is the sum of required loading and unloading time plus 15
minutes for driving in and out of the terminal.

cH, tube trailer 04 cH; tube trailer 04
L I :
i€T; jelg on,
m;_HZ tube trailer 04/mcH2 tube trailer,payload

-1000 [t/kt] /tCHz tube trailer,terminal
The annual fleet emissions are calculated as the
sum of specific emissions per trip on each route times the

number of trips on route ij. The specific emissions
efHlz tube trailer 04 [tCO2eq/trip]  consider

ij
emissions from driving and are calculated from the spe-
cific fuel consumption during driving m¢H: tubetrailerfc

[1/700km].
cH, tube trailer 04
2,

i€l j€ls ch,
/mcHz tube trailer,payload . 1000 [t/kt]

cH, tube trailer 04
. eij

i€ls,j€E IS,cHz

eCHZ tube trailer 04 _—

cH, tube trailer 04 __ cH, tube trailer,fc . 1CH; tube trailer 04
. = ((meH: /100 - df

. 2) /1000 [m3171] - diesel density [kgm‘3])

cedieselyj € 15,V j € I5 opy,

2.3.2.4. cH; shipping

The cH: shipping edges connect the nodes for cH2
shipping terminals (export) i € Is ¢y, with the nodes for
cHz shipping terminals (import) i € I, ;4,. The edges are

described by the variables for cH: shipping amount
cH, shipping 06
ij

annual trips on the route ij n

i€ I5cn,,j € Iycn, [kt cHz p.a.], number of
cH; shipping trips 06 | . .
ij : | 1E IS,cHz:] €

I, [-], variable cost on the route ij cfjHZ shippingvar 06

Iscn,,j € I;cn, [KNOK2024 p.a.], number of cH: ships in
the fleet ncHz shippingships 06 [_] fixed annual costs of the
fleet ccHzshippingfixed06 [KNOK2024 p.a.], annual CO:
emissions from cH: shipping eHzshiPping 06 [tC Oy 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 one
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 number
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
cH; shipping 06 qiyided by the payload of the ship

1
m¢Hz ship.payload [tonnes cH,]. The number of trips a ship
can do per year on route ij is calculated as the maximum
annual ship utilization tcHzshipannual [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

dich2 shipping 06 11 m1] and a speed of veHzship [km/day] plus

the time spent at terminal tcHz shippingterminal [h/trip]. The
time spent at terminal is the sum of ship loading time, ship

i€

amount m



unloading time and 30 minutes for docking and undock-
ing for each terminal. The shipping distances

dichzs}“ppmg% [km] were pre-calculated, see section
2.2.3.3.
nCHz shipping ships 06

cH, shipping 06

=
ij

i€l5cn, JE€l7,cH,
/(mCHz ship,payload . tCH2 ship,annual)
i . yCHz shipping 06
1000 [t/kt] - (dj] 2

- 24 [h/day] /v¢Hz ship
+ tCHz shipping,terminal)

The number of trips conducted on route ij (integer)
must be greater than the number of trips required on
route ij.

n;:sz shipping trips 06 > michZ shipping 06/mCH2 ship,payload
" 1000 [t/kt] vl € IS,CHZIVj € I7,CH2

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 cf™ shippingtrip 06
[KNOK2024/trip]. The specific trip costs are calculated as
the fuel costs during sailing cCHzshippingfuel 06

[KNOK2024/day] times the sailing time on route ij

tfsz shippingsailing 06 45y s/trip] plus the fuel costs during
terminal. The fuel cost during sailing is calculated as the
product of specific fuel consumption during sailing
m¢Hz shipping fuel [tonnes/day] and the cost for ship fuel.
The specific fuel consumption during sailing is based on
a previous study and considers the ship deadweight ton-
nage and ship speed [17]. The fuel consumption at termi-
nal is assumed to be 5% of the fuel consumption during
cH; shipping,sailing 06 .
i is
calculated based on the trip distance and ship speed.

sailing. The sailing time on route ij t

cH; shipping,var 06 __ IICHZ shipping trips 06 CCH2 shipping,trip 06
ij - Hij ij
€l5cn, Vi €l7cn,

Vi

cH; shipping,trip 06

c — (CH; shipping fuel 06 tCHz shipping,sailing 06
ij - ij
+ C(:H2 shipping,fuel 06 . 0_05/24 [h/day]
H, shippi inal \/; :
. tCHz shippingterminal i IS,CHz'V] € I7,CH2
cH; shipping,sailing 06 __ ,cH, shipping 06 H,, shipw: .
tij 2 — dij 2 'Z/VC 2 shipyj e IS,cHz;V]

€ I7,cH2

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 cH: ship ccHzshippingfixedship 06
[KNOK2024/a]. This cost factor includes investment
costs, staff costs, insurance and maintenance costs and
is based on a previous study [17].

C(:H2 shipping,fixed 06 — ncHz shipping ships 06
. cCHz shipping,fixed,ship 06

The annual CO2 emissions from cH2 shipping are

calculated as the product of annual fuel consumption on
all cH: shipping routes times the emission factor for very
low sulfur fuel oil (VLSFO) eVLSFO [kgCOzeq/kg].
Z (tCH2 shipping,sailing 06

ecHz shipping 06 _—
ij

i€ls5.cn, J€l7,cH,
. mcH2 shipping fuel + tcH2 shipping,terminal
. mcH2 shipping fuel , 005)
cH, shipping trips 06 _yLSFO
Ili]- e

2.3.2.5. Wood chip shipping

The wood chip shipping edges connect the nodes
for wood chip shipping terminals (export) i € I, With the
nodes for wood chip shipping terminals (import) i € I; y.

The edges are described by the variables for wood chip
wc shipping 06
ij

chips p.a.], number of annual trips on the route ij

nj ¢ SHPPIng (rips 06 | i € Iswerj € Iy.we [-], variable cost on the
route ij c\Veshippingvaros | i € Igyej € lwe [KNOK2024

ij
p.a.l,

shipping amount m | i € Iswe j € Iywe [kt wood

number of wood chip ships in the fleet
nweshippingships 06 ] fixed annual costs of the fleet
e shippingfixed 06 [\NOK2024 p.a.], annual CO2 emissions
from wood chip shipping e"¢shiPping 06 [{CQ,eq 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 one
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 number
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
wec shipping 06

amount my divided by the payload of the ship

mWeship.dwt [tonnes wood chips]. The number of trips a
ship can do per year on route ij is calculated as the max-
imum annual ship utilization tweshipannual [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 dis-

tance d;'* shipping %6 11 m] and a speed of v¥eshiP [km/day]
plus the time spent at terminal tweshippingterminal [h jtrip],
The time spent at terminal is the sum of ship loading time

and ship unloading time. The shipping distances

d;’j"“h’ppmg% [km] were pre-calculated, see section

2.2.3.7.

nwe shipping ships 06 -

Z m;/jvc shipping 06 /(mWe shipdwt

iEIS,WC jEI7,wc
. gwe ship,annual) -1000 [t/kt]
wc shipping 06 i
. (dij .2 24/VWC ship
+ twe shipping,terminal)
The number of trips conducted on route ij (integer)
must be greater than the number of trips required on
route ij.



n;/jvc shipping trips 06 > m;/jvc shipping 06/mwc ship,dwt
-1000 [t/kt] Vi € Ig e, Vj € Iy e

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 i cf* shipping,trip 06
[KNOK2024/trip]. The specific trip costs are calculated as
the fuel costs during sailing cWweshippingfuel 06
[kNOK2024/day] times the sailing time on route ij
t;’]?’”hipping'sa“i“g% [days/trip] plus the fuel costs during
terminal. The fuel cost during sailing is calculated as the
product of specific fuel consumption during sailing
mWwe shippingfuel [tonnes/day] and the cost for ship fuel.
The specific fuel consumption during sailing is calculated
using the same logic as for the cH2 ship, see section
2.3.2.4. The sailing time on route ij t;;° shipping sailing 06 ¢

calculated based on the trip distance and ship speed.
Cix;vc shipping,var 06 - n;}/c shipping trips 06 Ci\?/c shipping,trip 06 vi

€ IS,wcrvj € I7,wc
Civjvc shipping,trip 06 = cWe shipping,fuel 06 , t;/;/c shipping,sailing 06
+ cWwe shipping,fuel 06 , 0_05/24 [h/day]

. gwe shipping,terminal Vi e IS,WC' Vj I= I7,wc

t;/jvc shipping,sailing 06 — d:/]vc shipping 06 2/VWC ship vie Is,wc:vj

€ 17we
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 wood chip ship
e shippingfixedship 06 [K\NOK2024/a]. This cost factor in-
cludes investment costs, staff costs, insurance and
maintenance costs and is based on a previous study, see
supplementary material section 4.2.2.

cwe shipping fixed 06 — nwe shipping ships 06 . cwe shipping,fixed,ship 06
The annual CO2 emissions from wood chip shipping

are calculated as the product of annual fuel consumption
on all wood chip shipping routes times the emission fac-

tor for very low sulfur fuel oil (VLSFO) eVLSFO
[kgCO2eq/kg].
ewcshippingOG — z (tylvcshipping,sailing%

ij

i€l5,we JE€l7we
- mWe shipping fuel + tWe shipping,terminal

. mWe shipping fuel . 05) .n\e shipping trips 06

1)

. eVLSFO

2.3.3. Objective function

The objective is stated below, where 6 is the set of
meta parameters and X are the decision variables in the
supply chain graph.

Psupply chain (8, mCHZ'demand): miny feose (X, 0, mCHZ'demand)

c timber truck

Hy,d dy —
feost (X, 8, metizdemand) =
i€l Timber truck transport

Ci'(1mber 01 +

Timber production

asification 03 i § cHj terminal 05
+ Cig + CCHZ tube trailer 04 + c 2

i€l; cH; tube trailer i€ls ch,

Gasification hub (NO) cH; shipping terminal (NO)

wc terminal 05
+ E [oh

i€l5 we

we shipping terminal (NO)

cH, shipping,var 06 inpi i
+ E Cij 2 shipping, + CCH2 shipping fixed 06
i€ls,cH, i€l7,cH,
cH; shipping
wc shipping,var 06 ipDi i
+ E Cij pping, + cWe shipping fixed 06

i€l5 we JEl7,we

Wood chip shipping
§ cH, terminal cost 07 § i § asification 07
+ c 2 + Ciwc terminal 07 + Cig

iEl7,cH2 iEI7,wc

Gasification hub (DE)

i€l we
wc shipping terminal (DE)

cH; shipping terminal (DE)

2.4. Model summary

The supply chain superstructure model is formu-
lated as a mixed-integer linear problem (MILP) using
Pyomo [24] and solved using the commercial solver
Gurobi [25]. The decision variables of the supply chain
graph (e.g., expansion size of nodes, thickness of
transport edges) are implemented as nonnegative float,
integer or binary variables. All variables are connected to
each other via node or edge constraints. The objective is
to minimize the total annualized supply chain costs given
a final hydrogen demand at the end node. In that manner,
the supply chain superstructure is represented as a MILP
problem with 35909 continuous variables, 122 binary var-
iables and 43 integer variables.

3. Model Results

3.1. Base case

The base case is defined as the optimal solution to
the optimization problem for a hydrogen demand of 400
MW (LHV). The hydrogen throughput in MW should be
understood as an average annual throughput with the
conversion factor of 100 MW = 26.2975 kt/a. The solution
shows that forest resources along the coast in counties
with cheap timber prices are used, all the way up to
Tromsg. Further, wood chips are shipped from 15 differ-
ent Norwegian shipping terminals to Wilhelmshaven,
where hydrogen is produced. The operation requires 24
trucks to transport timber to the terminals and 1 ship to
ship the wood chips. No hydrogen is produced in Norway
and shipping of cHz is omitted. Levelized costs of hydro-
gen of 33.4 NOK/kgh2 are achieved.

3.2.  Hydrogen shipping case

Since no compressed hydrogen shipping was ob-
served in the base case result, a second hydrogen ship-
ping case was defined. Herein, an additional constraint
was added to the optimization model. The constraint sets

the expansion decision of the biomass gasification plant
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Fig 3: Supply chain for 400MW for the base case (left) and for cH2 shipping (right)

in Germany z857@%°"%7 — g yj e I, .. Hence, hydrogen

production in Norway and compressed hydrogen ship-
ping is enforced. The optimal solution of the model then
obtained by solving for a hydrogen demand of 400MW.
Only one cH: shipping terminal is built (i.e., Grimstad) and
timber is sourced regionally around that terminal (see Fig
3). Compressed hydrogen is shipped from Grimstad to
Wilhelmshaven, requiring 4 ships on 612 trips. Levelized
costs of hydrogen of 47.6 NOK/kgh2 are achieved.

3.3. Comparison of cases

In the following section, the two cases defined

above are compared (see Fig 1). The term "wood chip
shipping” case is used synonymously with the term base
case, since the base case only shows wood chip ship-
ping.

Fig 4 shows the specific costs of both cases for a
variable hydrogen demand. It can be seen that the lev-
elized costs of supplied hydrogen are a function of hy-
drogen demand in both cases. Higher hydrogen demands
bring specific investment costs down due to economies
of scale and increase the utilization of equipment. As hy-
drogen demand grows, the remaining options become in-
creasingly scarce, leading to higher marginal costs of



production. Specifically, as hydrogen demand increases,
timber needs to be sourced in less lucrative areas. This
is especially prominent in the cHz shipping case, leading
to a slight increase in specific costs despite economies
of scale. By increasing the hydrogen demand from 400
MW to 700 MW, the average one-way distance for timber
trucking increases from 260 km to 500 km for the cH:
shipping case, while it only increases from 70 to 100 km
for the wood chip shipping case. This is because wood
chip shipping is much cheaper, meaning that routes all
along the coast of Norway are expanded in the wood chip
shipping case, while only shipping routes from the south
of Norway (e.g., Grimstad, Halden) are expanded in the
cH2 shipping case.

At 295 MW, the number of required cH2 ships jumps
from 3 to 4 in the cH2 shipping case, leading to a discon-
tinuity in specific costs. For all investigated hydrogen de-
mands, wood chip shipping is economically advanta-
geous over hydrogen shipping.

Sensitivity on hydrogen demand
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Fig 4: Dependency of LCOH on hydrogen demand.

Fig 5 shows the levelized costs of hydrogen for both
cases for a final hydrogen demand of 400 MW. It is evi-
dent that the wood chip case is economically advanta-
geous at all supply chain levels apart from gasification
plants. Here, cheap electricity prices in Norway com-
pared to Germany can be leveraged to reduce hydrogen
production costs. There is a significant difference in cost
between shipping terminals for wood chips and com-
pressed hydrogen. As for wood chip shipping terminals,
the considered costs include fees paid at the terminal
(i.e., waterway fees, time fees and quay fees) as well as
operating costs for wood chip production. The terminal
fees reflect the total costs of the shipping terminal oper-
ator, which are distributed among many different cus-
tomers. We hereby assume that the wood chip shipping
terminals have sufficient capacity to handle the opera-
tions investigated in this study, which is a reasonable as-
sumption given the low required annual operational time
(see Fig 8). Moreover, wood chip shipping terminals rely
on cheap, simple infrastructure for bulk shipping (i.e.,
continuous ship loaders and unloaders).

On the other hand, shipping terminals for cH>

require investment costs for construction, compressed
hydrogen storage as well as hydrogen loading and un-
loading equipment (i.e., booster compressors and hydro-
gen precooling units). Furthermore, they require addi-
tional energy to power the equipment.
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Fig 5: LCOH for cH2 and wood chip route for 400 MW

As for shipping, the costs for compressed hydrogen
shipping are much higher than the costs for wood chip
shipping. This arises from generally lower specific ship
investment costs of a bulk ship than of a complex pres-
sure vessel ship, higher payload and thus lower specific
operating costs. This is illustrated in Fig 6, which com-
pares shipping cost for both cases. In the wood chip
shipping case, one wood chip ship is sufficient to
transport all wood chips. The ship travels 40 thousand
km on 18 trips with an average one-way distance of 1247
km, transporting 1110 kt/a of wood chips. In fact, the ship
is underutilized in this case (i.e., actual utilization of 2270
h/a), meaning that the ship could in theory be rented out
to decrease costs further. In contrast, four cH2 ships are
required in the compressed hydrogen shipping case. The
ships travel 630 thousand km on 612 trips with an aver-
age one-way distance of 518 km, transporting 105 kt/a of
hydrogen. This leads to higher investment costs and
higher fixed operational costs such as salary costs and
maintenance, as 4 times as many ships are needed. As
the payload of the wood chip ship is higher than the com-
pressed hydrogen ship much fewer trips are required,
leading to lower fuel costs. The wood chip ship has a
payload of 70 kilotons wood chips, while the payload of
the compressed hydrogen ship is 172 tonnes hydrogen in
the investigated case. This value comes from an optimal
ship size of 541 modules for a shipping route size of 400
MW [17].
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Fig 7: Emissions for cHz and wood chip case for 400
MW

Fig 7 shows the specific emissions for both cases
for a final hydrogen demand of 400 MW. The emissions
are dominated by two main contributors, which are hy-
drogen production through gasification and shipping. In
terms of shipping, the fuel consumption for shipping is
directly proportional to the sailed distance. Due to the
large distance sailed in the cH2 case, the emissions for
shipping are much higher than in the wood chip shipping
case. On the other hand, hydrogen production in Ger-
many has a significantly higher environmental impact
than in Norway. This has two reasons. First of all, the hy-
drogen production plants require electricity and heat as
an input. For plants in Norway, we assume that heat can
be supplied through electric heating due to low cost and
low emissions of electricity. This leads to an electricity
demand of 9.33 kWh/kgr2 (excluding an eventual loading
terminal for hydrogen tube trailers) and no natural gas
demand and thus low overall emissions. For plants in
Germany, we assume that the heat demand is covered by
natural gas, which leads to higher emissions. Secondly,
while the electricity demand for plants in Germany is
lower than for plants in Norway due to less compression

requirements (i.e., 6.5 kWh/kg hydrogen), the specific
emissions from electricity are 30 times as high. This leads
to a stark difference in overall emissions. The emission
factors used in this work are stated in the supplementary
material.
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Fig 8: Utilization of shipping terminals (top: cH2
terminals, bottom: wood chip terminals)

Another inherent disadvantage of compressed hy-
drogen shipping terminals compared to wood chip ship-
ping terminals is utilization, which is illustrated in Fig 8.
Bulk shipping terminals are used by an existing shipping
industry, which leads to high terminal utilization and thus
low costs. While the utilization of wood chip terminals
due to the operations investigated in this study is very
low, the equipment used (i.e., continuous loaders and un-
loaders) is general equipment that is also used by other
bulk shipping industry. As the hydrogen demand is in-
creased, more wood chip terminals are utilized. On the
other hand, there is no current industry for compressed
hydrogen export via shipping in Norway, meaning that
the equipment at the shipping terminals has to be specif-
ically built for the compressed hydrogen shipping opera-
tion and might not be used by any other party.

Utilization of shipping terminals for compressed hy-
drogen export is not strongly correlated with terminal
throughput, using the relations reported by Maier et al.
[17]. Due to expensive intermediate storage, the loading
time and thus the terminal utilization is maximized. On the
import side, utilization remains under 2000 h/year for all
investigated terminal throughputs, which arises because
of cheaper unloading equipment compared to ship dead
time costs. Here, the import terminal could be rented out
to other companies to bring down costs.

4. Discussion

4.1.  Comparison with other alternative

hydrogen production sources

Fig 9 shows a comparison of hydrogen supply from
Norway to Germany using the two routes described in
this study with domestic hydrogen production in
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Fig 9: Pareto analysis for hydrogen supply

Germany through steam methane reforming (SMR) and
electrolysis in terms of costs and emissions. Values for
the latter pathways were taken from literature and
adapted to year and currency. In terms of emissions, an
average value was used for each technology. For supply
from Norway, average emission values were calculated
for supply chain sizes from 100 to 745 MW. For SMR, we
used 11 kgCO2eq/ kgh2 as reported in the reference case
by Schwab and Adams [26]. For electrolysis, two scenar-
ios were assumed. In the first scenario, electrolysis using
electricity from the German grid was assumed with an
electricity price of 99.2 EUR2024/MWh [27] and an emis-
sion intensity of 445 gCOazeq/kWhe [28]. Specific emis-
sions were calculated assuming a power consumption of
55.4 kWhe/kgh2 [29]. The second scenario is a theoretical
scenario that should illustrate a fully decarbonized grid
powered by wind energy. We assumed the same elec-
tricity prices but used an emission intensity of 11
gCO0O2/kWhe, which was calculated for the Kjgllefjord
wind farm [30].

Costs and emissions for hydrogen supplied from
Norwegian wood vary due to different supply chain di-
mensions. The points in Fig 9 reflect values for supply
chain sizes from 100 to 745 MW. Costs for SMR vary sig-
nificantly due to large variations in natural gas prices in
the European Union in the last year and thus different nat-
ural gas prices considered in the cited studies. An exten-
sive literature review was conducted by Schwab and

Adams [26]. The study selected a reference case for
SMR with 36.8 NOK2024/kgn2 for a considered natural
gas price of 18.3 EUR2023/GJnnv, Which translates to
67.3 EUR2024/MWhunv. In contrast, the EU Natural Gas
TTF price was around 33 EUR/MWhuny in 2024 [31]. The
European Hydrogen Observatory [32] reported LCOH for
SMR of 42.1 NOK2024/kgh2 of which 30.8 NOK2024/kgh2
are due to natural gas purchase and 11.3 NOK2024/kgh2
are general production costs. Given these general pro-
duction costs, a natural gas price of 33 EUR/MWhuny and
a natural gas demand of 45.45 kWhuuv/kghz [33], this
translates to 28.7 NOK2024/kgn2. Cornette and Blondeau
[34] conducted a regression analysis on the correlation
of hydrogen and conventional energy carriers. Using
their equation for LCOH from SMR based on natural gas
price, we calculated an LCOH of 25.3 NOK2024/kgHa.
Collodi et al. [35] reported a similar correlation, which
yields a LCOH of 20.7 NOK2024/kgHz2.

For grid electrolysis, and a plant size of >100MW,
we calculated a LCOH between 102.6 and 123
NOK2024/kgn2 using the LCRI tool provided by EPRI [29].
Frieden and Leker [36] reported an average LCOH of grid
electrolysis in the EU of 85 NOK2024/kghz2. The European
Hydrogen Observatory [32] reported LCOH for grid elec-
trolysis in Germany of 109.6 NOK2024/kgHa.

4.2. Costof CO, avoided

Table 2 shows the specific costs and emissions for



the optimal supply chain (i.e., wood chip shipping) calcu-
lated in this study for equally spaced hydrogen demands
from 100 MW to 745 MW. Based on these values and four
different reference cases, four different costs of CO:
avoided were calculated. For the calculation of the CCA,
the following equation was used:

CcH,,we — Cref

CCA = 2
€cH,,wc — Eref
where c.y, e and ey, . describe the specific costs and
emissions for the optimal supply chain investigated in this
study, while ¢..s and e.¢ describe the specific costs and
emissions for the reference system.

We have calculated CCA for four different scenar-
ios: For CCA 1 and CCA 2, the reference system is de-
fined as grey hydrogen production in Germany, where
the specific costs are calculated based on the natural gas
price using the regression from Cornette and Blondeau
[34]. We assume a specific emission factor of 11 kgCOzeq/
kgro. We assume a natural gas price of 20
EUR2024/MWh (HHV) for CCA 1 and 60 EUR2024/MWh
(HHV) for CCA 2. For CCA 3 and CCA 4, the reference
system is defined as natural gas combustion for heat
generation in Germany. This means that hydrogen im-
ported using the supply chain described in this study is
compared to natural gas combustion on a lower heating
value basis. For natural gas combustion, we assume spe-
cific emissions of 201 kgCO2/MWh (LHV) [37]. We ap-
proximated the natural gas price (LHV) from the natural
gas price (HHV) using a factor of 0.9. We assume a nat-
ural gas price of 20 EUR2024/MWh (HHV) for CCA 3 and
60 EUR2024/MWh (HHV) for CCA 4.

A general trend that can be observed for all CCAs is
that the CCA decreases with an increase in supply chain
size. This mainly arises because of a cost reduction in
biomass gasification, as the cost relation with plant size
was modelled using generic scaling laws. Since the bio-
mass gasification plants have the highest cost share (see
Fig 5), cost reduction due to scaling has a high impact on
supply chain costs (see Fig 4). Uncertainty in scaling laws
thus impacts the CCA for large hydrogen demands and
might underestimate gasification costs. If the scaling law
turns out to be too optimistic, the CCAs for low hydrogen
demands are a more accurate estimate.

On the other hand, all CCA calculations have a high
dependency on the natural gas price. While natural gas
prices have stabilized in 2024 with prices in the area of
30-40 EUR/MWhuny after reaching record highs the years
before, they are still higher than before the Ukraine inva-
sion [31]. In contrast, a timber price of 600 NOK/m? [38]
translates into an energy price of 24 EUR/MWhiwv using
a timber density of 509 kg/m? (see supplementary mate-
rial) and an LHV of 4.17 kWh/kg timber. If natural gas
prices are much higher than that, this could incentivize
building out a supply chain for timber and producing hy-
drogen from wood chips. This situation is illustrated by
CCA 2. Given a natural gas price of 60 EUR2024/MWh

(HHV), grey hydrogen production is neither economically
nor environmentally attractive compared to green hydro-
gen from Norwegian wood.

On the other hand, CCA 3 and CCA 4 show that us-
ing green hydrogen from Norwegian wood as a fuel is un-
attractive compared to natural gas combustion, except
perhaps at high gas prices and at the maximum possible
supply chain size. In the best case, given a natural gas
price of 60 EUR2024/MWh (HHV) and a hydrogen supply
chain at its maximum size given current timber market
conditions, a CO:z price of 166 EUR/tCOz2eq Would be re-
quired to justify displacing natural gas combustion with
hydrogen from wood as a fuel specifically for the pur-
pose of avoiding CO2 emissions.

4.3. Supply chain design

The result for both the wood chip shipping case and
the cH:2 shipping case are listed below for a hydrogen de-
mand of 400MW. It is evident that the wood chip shipping
is superior in terms of economics, while the hydrogen
shipping case has slightly lower emissions. This is solely
due to the high emission intensity of the German grid
electricity, which results in high emissions for gasification
(see Fig 7). The transport emissions for wood chip ship-
ping are much lower than for cH2 shipping due to higher
transport efficiencies.

=  Total costs (WC): 33.4 NOK2024/kgH:
= Total costs (cH2): 47.6 NOK2024/kgh2
= Total emissions (WC): 3521 gCOz2eq/kgH2
=  Total emissions (cH2): 1365 gCO2zeq/kgH2

The following arguments suggest that the actual
cost difference is even higher than stated:

= Shipping costs for wood chip shipping are
pessimistic, since the ship is underutilized for all



Table 2: Cost of CO2 avoided given H. demand

Demand LCOH Emissions CCA1l CCA 2 CCA 3 CCA 4
(NG = 20 €/MWh) (NG = 60 €/MWh) (NG = 20 €/MWh) (NG = 60 €/MWh)
compared to grey H2 compared to NG combustion

MW NOK/kg Hz  kgCOzeq/kg H2 EUR/tCO2¢q EUR/tCOzeq EUR/tCOzeq EUR/tCO2¢q
100 46.4 3.6 325 76 1033 561

172 39.0 3.5 240 -9 827 359

243 36.1 3.5 206 -43 742 277

315 34.5 3.5 188 -61 700 234

387 33.6 3.5 177 -71 675 209

458 33.0 3.5 170 -79 658 192

530 32.5 3.5 165 -83 647 181

602 32.3 3.5 162 -87 639 173

673 32.1 3.5 159 -89 634 168

745 32.0 3.5 159 -90 634 166

hydrogen demands and could be rented out.

=  Shipping costs for cH: are rather optimistic, as
only CAPEX for pressure vessels and the ship are
considered. The cH2 ship would most likely need
additional safety equipment and other auxiliary
devices.

= Moreover, the cost of the cH2 ship is optimistic.
We assumed that the entire cargo space can be
used to stack modules and that the entire
deadweight tonnage is available for cargo weight.
In reality, cofferdams might have to be added, or
other design constraints might impact the payload
of the ship.

=  Optimistic infrastructure cost of cH2 shipping
terminals (import). If the pipeline network cannot
take up large hydrogen stream upon unloading of
ships, intermediate storage would be needed,
further increasing costs.

»=  Due to low utilization of the wood chip ship, the
wood chip route is resilient to supply chain
disruptions on the timber production side. Wood
chips can easily be stored without high additional
costs. On the other hand, the cHz export shipping
terminals assume an intermediate terminal storage
of 20 shipping modules [17], which translates to a
buffer time of 127 minutes for a 100 MW supply
chain or only 31 minutes for a 400 MW supply
chain. This means that for cases where all ships in
the fleet have high utilization, the supply chain has
low resilience to disruptions in shipping.

While the techno-economic analysis of the cH2 sup-
ply chain is subject to high uncertainty due to novelty and
uncertain equipment costs, the cost difference between
the two cases is 14.2 NOK/kgwz,which is an increase of

42%. The following points could improve the economic
competitiveness of cH2 shipping.

*= Improved payload of the cH2 ship. In the current
design, the hydrogen payload is only 5.6% (weight
based) of the ship’s deadweight tonnage [17],
while the entire deadweight tonnage of the wood
chip ship is used for transporting cargo in our
model.

= Significantly lower investment costs of the cH2
ship (see Fig 6)

=  Government subsidies or credits for CO2
avoidance

= Possibly an integration into a much larger
hydrogen supply chain could lead to lower costs
due to economies of scale

While there is uncertainty in biomass gasification
costs, it affects both supply chain cases in the same way
and thus does not affect the economic superiority of
wood chip shipping. This study assumes that the gasifi-
cation plant can be scaled between 100 and 700 MW
without any restrictions. In reality, the maximum size of
the gasifier might be limited due to non-availability of
very large biomass gasifiers in the market. Lundgren et
al. [39] mentioned a maximum size for dual fluidized bed
gasifiers in the area of 150 MW thermal. We investigated
the effect on costs and supply chain design if a 150 MW
size constraint is applied to biomass gasifiers. Herein, we
assumed that larger plant sizes require two or more iden-
tical biomass gasifiers operating in parallel and that other
equipment can be scaled to the total plant size. This re-
sulted in an increase in supply chain costs from 33.4 to
35.5 NOK2024/kgHz in the base case. While the total sup-
ply chain costs increased, the wood chip shipping case
remained economically superior.



The shipping costs (assuming a fully utilized ship)
are a linear function of shipping distance for both hydro-
gen and wood chip shipping. For cHz shipping, the spe-
cific cost increase with increasing shipping distance by
0.77 NOK/kgn2 per 100 km (one-way distance) [17]. This
means that increasing shipping distance (one-way) from
600 km, which is representative for the Norway-Germany
supply chain to 20.000 km, which would be a usual dis-
tance observed for the supply chain Norway-Japan,
shipping costs would explode to 159 NOK/kgw.. As for
wood chip shipping, the specific cost increase with in-
creasing shipping distance amounts to 42.81 NOK/t wood
chips per 100 km (one-way distance). This means that a
one-way shipping distance of 20.000 km leads to ship-
ping costs of 781 NOK/t wood chips, which translates to
74 NOK/kghz2. While it can be concluded that the eco-
nomic advantage of wood chip shipping increases with
shipping distance, both options are unrealistic for long
distance shipping routes.

Data transparency

The supplementary material states general assump-
tions on project economics and financing, methodology
on capital cost estimation and costs assumptions. The
document draws on sources [4, 14, 15, 18, 20, 22, 27, 28,
37, 38, 40-65]. The python model developed for this
work can be found in the Living Archive for Process Sys-
tems Engineering (LAPSE) at:

https://psecommunity.org/LAPSE:2025.0723

Abbreviations

CCA Cost of CO2 avoided

cH2 Compressed hydrogen

EC Equipment costs

EPC Engineering Procurement
and Construction cost

LH: Liquid hydrogen

LCOH Levelized cost of hydrogen

LOHC Liquid organic hydrogen carrier

MW Megawatt (whenever used for fuels, the
LHV is meant)

SMR Steam methane reforming

TPC Total direct plant cost

TOC Total overnight costs

TASC Total as spent capital

wc Wood chips

p.a. per annum

Acknowledgement

This project was funded by the NTNU-MIT Energy
Research Programme (project NMERP-C1).

References

1. Commission, E. Hydrogen. 2025 2025-08-05];
Available from:
https://energy.ec.europa.eu/topics/eus-energy-
system/hydrogen_en.

2. Observatory, E.H. Regjeringens
hydrogenstrategi pd vei mot
lavutslippssamfunnet. 2023 2025-08-05];
Available from: https://observatory.clean-
hydrogen.europa.eu/hydrogen-
landscape/policies-and-standards/national-
strategies/norway.

3. Brembo, F., Her skulle de bygge ammoniakk -
og hydrogenfabrikk — nd blir det datasenter, in
NRK. 2025.

4. Svensson, A, et al., Skogen i Norge - Statistikk

over skogforhold og skogressurser i Norge

for perioden 2015-2019. 2021, Norsk institutt for
biogkonomi (NIBIO).

5. Skogavvirkning for salg. 2025, Statistisk
sentralbyra.
6. Noh, H., K. Kang, and Y. Seo, Environmental

and energy efficiency assessments of offshore
hydrogen supply chains utilizing compressed
gaseous hydrogen, liquefied hydrogen, liquid
organic hydrogen carriers and ammonia.
International Journal of Hydrogen Energy,
2023. 48(20): p. 7515-7532.

7. d'Amore-Domenech, R., et al., On the bulk
transport of green hydrogen at sea:
Comparison between submarine pipeline and
compressed and liquefied transport by ship.
Energy, 2023. 267.

8. Cebolla, O., D. F., and W. E., Assessment of
Hydrogen Delivery Options. 2022, Joint
Research Centre (JRC).

9. Babarit, A., et al., Techno-economic feasibility
of fleets of far offshore hydrogen-producing
wind energy converters. International Journal of
Hydrogen Energy, 2018. 43(15): p. 7266-7289.

10. Saborit, E., et al., Alternatives for Transport,
Storage in Port and Bunkering Systems for
Offshore Energy to Green Hydrogen. Energies,
2023.16(22).

1. Vesselfinder. CL ACACIA. Available from:
https://www.vesselfinder.com/vessels/details/9
936824.

12. Annual Report. 2024, asmanian Ports
Corporation Pty Ltd (TasPorts).

13. Steinset, T.A., Frd foredling til
rdstoffleverander. 2022: Statistisk Sentralbyra.

14. Fitzpatrick, J.J., et al., Moisture sorption
isotherm study of Sitka spruce, larch, willow
and miscanthus chips and stems. Biosystems
Engineering, 2013. 115(4): p. 474-481.

15. Binder, M., et al., Hydrogen from biomass
gasification. 2018.
16. Miljgdirektoratet, Fjordkatalogen. 2025.

Maier, M. and T.A. Adams, Models for a
hydrogen supply chain in the Nordics with
compressed hydrogen tube trailers and



18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

compressed hydrogen shipping. Chemical
Product and Process Modeling, 2025(submitted
to CPPM on 20251210 (preprint available at
https://psecommunity.org/LAPSE:2025.0724,
manuscript number DGCPPM.2025.0304)).
Stolarski, J., et al., Wood Chip Production
Efficiency Depending on Chipper Type.
Energies, 2023. 16(13).

KG, N.P.G.C., Port Tariff for the port managd by
Niedersachsen Ports GmbH & Co. KG in
Wilhemshaven. 2025.

Fjeld, D., et al., A common Nordic-Baltic costing
framework for road, rail and sea transport of
roundwood. 2021, NIBIO.

Molstad, O. and D. Skjelaas, Klassifisering av
offentlig vegnett etter tillatt totalvekt for
temmervogntog. 2019, Norges Skogeirforbund.
OpenRouteService. Available from:
https://openrouteservice.org/.

Halili, G., Searoute Py, in Version 1.4.3.

Hart, W.E., J.-P. Watson, and D.L. Woodruff,
Pyomo: modeling and solving mathematical
programs in Python. Mathematical
Programming Computation, 2011. 3(3): p. 219-
260.

Gurobi Optimization, LLC.

Schwab, P.S. and T.A. Adams, Meta-study and
environmental techno-economic assessments
(eTEAs) of blue hydrogen processes.
Computers & Chemical Engineering, 2025. 200.
Bundesnetzagentur, Bundesnetzagentur
publishes 2024 electricity market data. 2025.
Icha, P. and T. Lauf, Entwicklung der
spezifischen Treibhausgas-Emissionen des
deutschen Strommix in den Jahren 1990 -
2023, in Climate Change. 2024,
Umweltbundesamt.

EPRI. LCRI Hydrogen Electrolysis Techno-
Economic Analysis (TEA) Tool. 2025; Available
from: https://apps.epri.com/Icri-electrolysis-
tea/en/introduction.html.

Raadal, H.L. and B.l. Vold, GHG emissions and
energy performance of wind power - LCA of
two existing onshore wind power farms and six
offshore wind

power conceptual designs. 2012, Ostfold Research.

31

32.

33.

34.

Economics, T. EU Natural Gas TTF. 2025-09-
11]; Available from:
https://tradingeconomics.com/commodity/eu-
natural-gas.

Observatory, E.H. Hydrogen production costs
2023.xIsx. 2023 2025-09-08]; Available from:
https://observatory.clean-
hydrogen.europa.eu/tools-reports/datasets.
Spath, P.L. and M.K. Mann, Life Cycle
Assessment of Hydrogen Production via
Natural Gas Steam Reforming. 2001, National
Renewable Energy Laboratory.

Cornette, J.F.P. and J. Blondeau, The costs of
hydrogen and conventional energy carriers:
temporal evolutions and mutual price
correlations — global insights with a focus on

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

Belgium. International Journal of Sustainable
Energy, 2024. 43(1).

Collodi, G., G. Azzaro, and N. Ferrari, Techno-
Economic Evaluation of SMR Based Standalone
(Merchant) Hydrogen Plant with CCS. 2017,
IEAGHG.

Frieden, F. and J. Leker, Future costs of
hydrogen: a quantitative review. Sustainable
Energy & Fuels, 2024. 8(9): p. 1806-1822.
BAFA, Informationsblatt CO2-Faktoren. 2023,
Bundesamt fur Wirtschaft und Ausfuhrkontrolle.
Arlig giennomsnittlig temmerpris (Fylker). 2023,
Statistisk Sentralbyra.

Lundgren, J., et al., Biomass gasification for
hydrogen production. IEA Bioenergy, 2025.
SR16 - Skogressurskart 16x16 meter.
Geofabrik. Available from:
https://download.geofabrik.de/.

Netzentgelte. 2025; Available from:
https://www.netztransparenz.de/de-
de/%C3%9Cber-uns/Netzentgelte.

Berg, S., N. Forshed, and G. Sundquist,
Terrdngtypschema fér skogsarbete. 2006,
Forskningsstiftelsen Skogsarbeten.

Brunberg, T., Underlag fér produktionsnorm fér
engreppsskordare i gallring. 1997, Stiftelsen
Skogbrukets Forskningsinstitut.

Brunberg, T. and L. Eliasson, Underlag fér
produktionsnorm fér grotskotare. 2013.
Cepowski, T. and P. Chorab, The Use of
Artificial Neural Networks to Determine the
Engine Power and Fuel Consumption of Modern
Bulk Carriers, Tankers and Container Ships.
Energies, 2021. 14(16).

Farrelly, N., THE PRACTICE OF THINNING
FOREST CROPS. Teagasc Forest Research:
TEAGASC FORESTRY.

Fjeld, D. and E. Nybakk, Sluttrapport for NFR
225329 - Sustainable utilization of forest
resources in Norway (SuForN). 2018,
Skogstiltaksfondet.

Fenhus, M. Bedriftsekonomi for entreprengrer.
2024; Available from:
https://skogkurs.no/kunnskapsskogen/hogst-
0g-skogsdrift/bedriftsokonomi-for-
entreprenorer/.

Larse, @.S. hogstklasser. 2024 10.01.2025];
Available from: https://snl.no/hogstklasser.
maritimeoptima. CL ACACIA. Available from:
https://maritimeoptima.com/public/vessels/pag
es/imo:9936824/mmsi:563178700/CL_ACACIA.
html.

Mayr, D. and M. Wintermante. Transportation &
Logistics - WACC over the last 12 months.
2025; Available from:
https://evaluationdata.pwc.de/en/transportation
-logistics/.

Miljgdirektoratet, Verneomrdder.

Mulligan, R.F., A Simple Model for Estimating
Newbuilding Costs. Maritime Economics &
Logistics, 2008.




55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

Mytting, L., Norwegian Wood: Chopping,
stacking, and drying wood the scandinavian
way. 2015.

NordPool. 2024; Available from:
https://data.nordpoolgroup.com/auction/day-
ahead/prices.

Rohner, C., Daily Fuel Consumption and
Greenhouse Gas Emissions by Bulk Carriers
anchoring in the Southern Gulf Islands. 2020,
Salt Spring Island Climate Action Council.
Salem, M., et al., Norway Spruce (Picea abies
[L.] Karst.) as a Bioresource: Evaluation of Solid
Wood, Particleboard, and MDF Technological
Properties and Formaldehyde Emission.
BioResources, 2013. 8(1).

Ship&Bunker. Rotterdam Bunker Prices. 2025;
Available from:
https://shipandbunker.com/prices/emea/nwe/nl
-rtm-rotterdam.

Skattetaten. Vektdrsavgift. Available from:
https://www.skatteetaten.no/satser/vektarsavgi
ft/.

Skattetaten. Electrical power tax. 2024;
Available from:
https://www.skatteetaten.no/en/business-and-
organisation/vat-and-duties/excise-
duties/about-the-excise-duties/electrical-
power-tax/.

Sonfla, A., Elveg2. Kartverket: Geonorge.

SSB, Business statistics for the electricity
industry. 2023.

SSB, Emission factors used in the estimations
of emissions from combustion. 2024, Statistisk
sentralbyra.

Tuset, J.K. and M. Abdirashid, Klimadeklarasjon
for fysisk levert stram 2023. 2023, NVE.



http://www.tcpdf.org

