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Abstract—In response to global goals for reducing greenhouse gas
emissions, a market for green hydrogen and hydrogen derivatives
produced from renewable energy sources is currently emerging. The
structure of the emerging market is unclear due to a lack of experience
with such a market and high uncertainties regarding future costs
and demand. We want to learn how the market could develop to
gain insights for policymakers and decision-makers. To this end, we
introduce the new global trade model, ERIKSSON, simulating the future
global market for green hydrogen and hydrogen derivatives. The model
includes specific characteristics of such a market, like strategic behavior,
a detailed mapping of global renewable energy potentials, conversion
and competition between multiple commodities, temporal availability of
renewable energy production, and losses. ERIKSSON builds a basis for
further research on possible market equilibria.

I. INTRODUCTION

Due to global ambitions to reduce greenhouse gas emissions,
a market for green hydrogen and hydrogen derivatives produced
from renewable energy sources (RES) is currently in the start-up
phase. Knowledge about possible market development and equilibria
is important for policy- and decision-makers to set up an efficient
strategy for cost-efficient and resilient supply and corresponding
infrastructure investments. Countries like Germany expect future
demand for hydrogen and hydrogen derivatives and have started to
set up an import strategy. For hydrogen, there is a debate in science
and politics on how much imports will be required in the future and
to which degree these imports will be supplied by pipeline or ship.
The level of demand depends on the long-term price development,
which is uncertain from today’s perspective.

The question of import quantity and method is complex due
to a lack of experience, as a market for hydrogen and hydrogen
derivatives has not yet existed on a large scale. Markets for hydrogen
and hydrogen derivatives might have similarities and differences to
existing markets for energy commodity markets like natural gas
and oil. First, the RES potential is distributed globally instead of
concentrated in a few countries. However, the RES potentials with the
lowest production costs are concentrated in a few countries, similar
to oil and gas resources. Thus, the global market to develop might be
an oligopolistic market. Second, due to the volatility of RES, green
hydrogen and hydrogen derivatives production is time-variant instead
of constant. Third, transport and storage costs are considerably higher
for hydrogen than for natural gas. For hydrogen derivatives, these
costs are similar to oil. Storage is of particular importance for market
development because it balances out volatile RES production. Fourth,
the markets for hydrogen and derivatives are connected. On the one
hand, the production of green hydrogen and hydrogen derivatives use
the same RES potentials. On the other hand, hydrogen and hydrogen
derivatives can be converted into each other. Fifth, the transport and
conversion of hydrogen and its derivatives might be subject to higher
losses than natural gas or oil.

A large stream of literature investigates specific aspects of the fu-
ture markets for hydrogen and hydrogen derivatives. [1] et al. estimate
global supply costs and production potentials for green hydrogen

from dedicated ress. Moritz et al. [2] expand this work by hydrogen
derivatives and argue that transportation costs dominate the supply
costs of hydrogen, and production costs dominate the supply costs
of hydrogen derivatives. Therefore, regional, pipeline-based hydrogen
markets and global, shipping-based derivative markets might emerge.
Genge et al. [3] review 30 studies on supply costs and find a five-
fold difference in cost projections for 2050, which stresses the high
uncertainty regarding cost developments.

While analyzing individual aspects is insightful, market modeling
enables understanding future markets in greater depth. A few works
exist that model markets for hydrogen and hydrogen derivatives
with different scopes. Guo et al. [4] investigate a regional market
in northern China. A number of studies [5-11] examine a global
market with varying degrees of spatial resolution. Some of these
studies [7, 8, 10, 11] use world regions constituting one or multiple
countries as spatial structures. Within these studies, the degree of
detail spans from six world regions [10] to 37 world regions [7].
Some studies [5, 6, 9] model the world on a country level but do not
include all countries of the world. Antweiler and Schlund [9] consider
the 48 most relevant countries, Ortmann et al. [7] do not cover
most of Africa, the Middle East, and Central Asia. Schonfisch [5]
covers most of the world, with the least coverage in Africa, and
Ikonnikova et al. [6] cover almost the entire world.

While most of the existing models depict a single-commodity hy-
drogen market, some incorporate multiple commodities. Barner [11]
models green hydrogen and ammonia markets. Zhang et al. [8]
incorporate a hydrogen market into a global multi-commodity en-
ergy system model including grey, blue, pink, and green hydrogen.
Schonfisch [S] proposes an integrated natural gas and low-carbon
hydrogen market model.

Some of the models include the strategic behavior of market
participants. Antweiler and Schlund [9] propose a model for an
emerging global hydrogen market characterized by long-term contract
(LTC)s. Their hydrogen trade under LTCs relies on projects that
can be introduced in each time period, where they compete to
enter a Nash-Cournot equilibrium. However, instead of competing
based on quantity, the competition is centered around gaining mar-
ket access, as the capacity is always fully utilized. Barner [11],
Dupke et al. [10], and Schonfisch [5] propose mixed complementarity
problem (MCP) models where traders strategically choose their trade
volumes in a Cournot competition. However, the case study presented
by Schonfisch [S5] only depicts perfect competition. Guo et al. [4]
model strategic behavior of individual participants regarding the
uncertain availability of RES with a game model as mixed integer
linear programm (MILP), but not as Cournot competition. The rest of
the studies assume either explicitly perfect competition or implicitly
minimizing total costs from a central planner’s perspective.

Barner [11] and Dupke et al. [10] incorporate price-elastic demand.
All other studies assume inelastic demand. Two studies depict the
seasonality of supply and demand. Barner [11] models two seasons,
representing summer and winter. Guo et al. [4] model in an hourly



time-resolution.

Existing studies model the supply side in various degrees of
detail. Antweiler and Schlund [9] use data from Brindle et al. [1]
to derive country-specific supply curves for RES-based hydrogen.
Schonfisch [5] also uses data from Bréndle et al. and models the RES
supply by up to nine RES classes per country and distinguishes three
RES types (photovoltaic (PV), wind offshore, and wind offshore)
and their production costs and potentials for different annual capacity
factors. Ortmann et al. [7] use a similar approach based on data from
Moritz et al. [2]. Barner [11] conducts a GIS analysis to estimate
RES potentials and constructs piecewise linear supply curves for each
world region. Dupke et al. [10] use electrolysis capacities announced
for 2030 as production potentials and calculate production costs based
on a continent-specific electricity price. Guo et al. [4] assume convex
quadratic supply curves for each producer node. Ikonnikova et al. [6]
use country-specific supply cost functions for grid-based electricity.
Zhang et al. [8] model grid-based and dedicated RES-based hydrogen
production based on another model [12].

We classify features of the existing models in Table I. While these
existing market modeling publications provide valuable insights,
market equilibria, and trade flows in future hydrogen and hydrogen
derivatives markets remain open to further exploration.

We contribute a new model named ERIKSSON, which simulates
the global market for green hydrogen and hydrogen derivatives. The
model includes strategic behavior, a detailed mapping of global RES
potentials, conversion and competition between multiple commodi-
ties, temporal availability of RES production, and losses. ERIKSSON
is inspired by the global gas market model COLUMBUS [13, 14].

II. MODEL DESCRIPTION

ERIKSSON is a multi-commodity partial equilibrium model for
the global green hydrogen and derivatives markets. We model the
global markets as MCP in which different players aim to optimize
their profit. ERIKSSON includes eight types of players: producers,
exporters, pipeline operators, ship operators, export terminal oper-
ators, import terminal operators, converters, and storage operators.
ERIKSSON’s temporal structure consists of months m € M and
years. The current version spans one year. The spatial structure is
based on the graph theory and consists of nodes n € N and a set
of vertices V' C (N x N). Consumption and demand nodes act as
sinks, since they have demand, and as sources, since they have RES
potentials. Moreover, we introduce harbor nodes h € H C N, where
terminal operators load and unload ships for maritime transport.
Vertices represent transport routes between nodes. There are different
sets for vertices representing shipping routs V"7 C V and pipeline
routes VPPl ¥ Figure 2 shows a map of the model’s
spatial structure. Exporters sell, producers produce, infrastructure
operators transport, and storage operators store the following green
energy commodities ¢ € C': hydrogen, methane, ammonia, methanol,
Fischer-Tropsch-fuels, and LOHC. Producers can access different
classes of RES potentials » € R and invest in production plants with
two production profiles p € P: volatile and baseload. Each producer
is vertically integrated with a dedicated exporter to which it sells
via a long-term contract with 100 % take-or-pay rate. The trade is
modelled as Cournot competition on a global spot market, in which
oligopolistic exporters e € E strategically choose sales volumes to
exert market power, influence prices, and maximize their profit. Each
exporter is active at its nodes N° € N. Exporters can decide between
two transport methods ¢ € T': ship and pipeline. Converters can
convert commodities into each other and are modelled as different
converter types (c x c1) € CT. We incorporate all converters from

hydrogen to derivatives as well as Ammonia Cracking and LOHC
Dehydrogenation. Storage operators can store in two storage types
s € S: tank and cavern storage. The cavern storage potential is
constrained and not available in all nodes. Table II gives an overview
of all sets, variables, and parameters of ERIKSSON.

As this paper focuses on the mathematical model description, we
only briefly address input data. Most data is based on the EWI
Global PtX Cost tool [15], which is an evolution of the work
by Brindle et al. and Moritz et al. [1, 2]. We use a two-step
modeling with a pre-optimization approach to shift some of the
computational burdens away from ERIKSSON. By this, we can depict
RES production in more detail as if all was modeled in a single
model. In the pre-optimization, we use a linear invest and dispatch
optimization model to calculate the production costs of integrated
production plants for hydrogen or hydrogen derivatives. The model
designs plants for either volatile or baseload production profiles. For
the volatile profile, the production costs are minimized to produce
an annual quantity. Production costs for the baseload profile are
minimized to cover an hourly constant production using storage
tanks. The linear model allows the calculation of production costs
in greater detail, with hourly temporal resolution. The production
costs optimization is performed for 119 countries, each with up to
nine RES classes. RES classes are distinguished by RES type (wind
onshore, wind offshore, and PV) and the average capacity factor
(wind onshore and PV) or the water depth (wind offshore). Each
RES class has an individual time series of hourly capacity factors
and the corresponding technical potential. We use the results from the
invest and dispatch model as input for ERIKSSON. Inputs include
the levelized costs of production, the annual production potential, the
temporal availability of production, and the losses for each transport
route.

The following subsections describe the optimization problems of
all players and the market clearing conditions.

A. The producer’s problem

Each producer at a node m operates the production of one or
multiple commodities c¢. We assume that each producer is vertically
integrated with an exporter e. Thus, the exporter’s decision to sell
determines the producer’s annual production quantity prodn,c,r,p.
Only one producer and one exporter can be active at each node. While
a producer is only active at a single node, an exporter can control the
production in multiple nodes. The producer earns revenue by selling
to the exporter at the supply costs Ap, e,n,c Via a long-term contract
with a 100 % take-or-pay rate.' The supply costs Am. e n. o represents
the marginal costs of one additional unit of supply at node n for the
exporter e. In return, the producer must cover the production costs
Costf,’{f)ff‘ff;’". The producer can produce from multiple RES classes r
at different production costs and can choose from two delivery types
p. The producer aims to maximize its profit IT%°2"“" by producing
at the lowest possible costs (Equation 1). The monthly availability
availy, n,c,rp translates the annual production into monthly produc-
tion quantities based on the RES classes’ seasonality for each m.
The production quantity is subject to the RES potential constraint
(Equation 2). In this constraint, the required electricity production for
the commodity production prody,c,r,p is calculated based on the pro-
duction efficiency eff?[é’fi?ﬁ“on. The production efficiency includes
energy efficiencies of all conversion processes and curtailment. For

'With this approach, levelized costs reflect production costs. The develop-
ment of production capacities is bound to high upfront investments. Assuming
a similar risk allocation as in other energy commodity markets, upfront
investments are secured by long-term contracts.



every RES class, the required electricity production can not exceed
the RES potential potﬁffd“CtiO". The dual variable o, , represents
the RES potential scarcity rent or marginal benefit of one additional
unit of RES potential to the producer.
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B. The exporter’s problem

The profit maximization problem of each exporter e is defined by
Equation 3. Each exporter aims to maximize its profit TIP"" by
strategically choosing sales volumes selly, e n,c of commodities ¢
to nodes n in each month m on a global spot market. For each sale
conducted at a node n, the exporter pays the supply costs Ay, e,n,c and
gets the domestic market clearing price Bm,n,c as revenue. Am. e n,c
is the dual variable of the physical exporter balance. By, n,c is the
dual variable of the domestic market clearing balance (see section
I1-J). The conjectural variation cve,, € [0,1] defines the exporter’s
strategic behavior towards a node. If the conjectural variation equals
zero, the exporter observes the domestic market clearing price. Since
the exporter does not know how his decision to sell impacts the
market clearing price, he behaves perfectly competitively as a price
taker. If the conjectural variation equals one, the exporter knows the
linear inverse demand function in the nodes he sells at. Thus, he
behaves strategically as a price maker and assumes that all other
exporters act similarly. The closer the conjectual variation is to one,
the more strategic the exporter behaves.

exporter
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ref
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e
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The exporter also aims to minimize the supply costs CSP" of

e,n,nl

the physical flowm e n,ni,c,t to deliver his sales (Equation 4). The
monthly physical flows are subject to the capacity constraints of
the transport infrastructure, i.e., pipelines, export terminals, import
terminals, and transport ships (Equation 5-6). Infrastructure and ship-
ping capacities are decision variables of the respective infrastructure
operators (see sections II-D-II-G). We assume that transport ships
shuttle between origin and destination. The dual variables of the
capacity constraints represent congestion rents or the marginal benefit
of one extra infrastructure unit to the exporter. Ym,n,ni,c is the
pipeline congestion rent between nodes n and nl for commodity ¢
in month m. d,, . is the shipping fleet congestion rent of commodity
¢ in month m. 7y, p,c and 6., 5 . are the export terminal and import

terminal congestion rents at harbor node h for commodity ¢ in month
m, respectively.
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C. The buyer’s problem

Next to exporters with dedicated producers, we also model an
exporter that performs arbitrage trading. This arbitrageur can sell
globally and has no dedicated producers but a dedicated buyer, which
can buy globally at market prices. The buyer’s objective at each node
n in each month m and for each commodity c is to maximize profit
by buying the quantity buym, e n,c as cheap as possible at price 5 n,c
and selling to the arbitrageur at the arbitrageur’s supply cost Ay e n,c-
Note that the buyer cannot make profit from this operation, but the
buyer and the arbitrageur in combination.

max quy(buym,e,n,c) =
buym,e,n,c
Z (buym,e,n,c . (Am,e,n,c - 6m,n,c)) (9)

e = arbitrageur

D. The pipeline operator’s problem

Each pipeline between two nodes (n,nl) is operated by one
pipeline operator who aims to maximize his profit. We assume
that pipeline operators are subject to regulation and get paid their
variable costs by exporters. Therefore, pipeline operators only make
profit from the congestion rent 7, m,n1,., Which is also paid by
the exporter. The pipeline operator can invest in pipeline capacity
cap‘,’fflhl'tcc. Annual costs from investments are calculated based on the
pipeline capacity cap’:j’ff:il’tec, specific investment costs sic2Pi | the
annuity ™™ as well as fixed operation and maintenance (FOM)



costs fom?Pi" The pipeline operator’s objective function is defined
as follows:
max I
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E. The ship operator’s problem

We assume that one ship operator runs the fleet of transport ships
for each commodity c. Because the global freight shipping market
is highly competitive, ship operators behave perfectly competitively.
The ship operators aim to maximize their profit by investing in
additional shipping capacity until the marginal investment costs equal
the marginal benefits. The marginal benefits are shipping congestion
rent d,,,c, which is the dual variable of the ship capacity constraint
(Equation 6). Equation 11 shows the objective function of the ship
operator:

) =

_ A (11)
capiMr . (Z Ome — sich™® . (a3 4 fomsch‘p)> Ye.

FE. The export terminal operator’s problem

An export terminal operator is active at each harbor node h €
H C N for each commodity c. The export terminal operator receives
commodities from exporters and loads them onto ships. The export
terminal includes harbor cargo facilities. In the case of hydrogen and
methane, it also includes a liquefaction terminal. The commodities are
then sent to import terminals by using tankers (as described in the ship
operator’s problem in section II-E). We assume perfect competition
between export terminal operators. Thus, terminal operators can only
make profit from the export terminal congestion rent 7, .., which is
determined by the export terminal capacity constraint (Equation 7).
The objective function of the export terminal operator results in the
following:

exp(m export
max II° =
export ( h,c )
h,c
ex ort ex ort export export
p ( E Thm,h,c — p (acp +f0mcp )) (12)
Vh,c.

G. The import terminal operator’s problem

An import terminal operator is active at each harbor node h for
each commodity c. The import terminal operator unloads commodi-
ties from ships and transfers them to pipeline operators. The import
terminal includes harbor cargo facilities and a regasification terminal
in the case of hydrogen and methane. The import terminal congestion
rent O 5, is determined by the import terminal capacity constraint
(Equation 8). We assume that the import terminal operators compete
in a perfectly competitive market. Thus, we define the objective
function analogously to the export terminal operators:

|mpr)n importy _
max TIT;- =
ax, e (capye™)
import import import import
capi™ (E:emhc— P (@ fom ™)) (13)
Yh,c.

H. The converter’s problem

At every node n a converter participates in the domestic market
as an arbitrageur between two commodities (c,cl). To maximize
profit, the converter can invest in conversion capacity cap™™*™°" and
decides the conversion conm n,c,c1 in month m. For the commodity
arbitrage, converters get the commodity price of their output com-
modity Sy n,c1 and pay the price for their input commodity B n,c.
The required amount of the input commodity c is defined by the
conversion efficiency eff?“vem"“ In addition, the converter has to
pay investment costs and variable conversion costs. The resulting
objective function is defined in (Equation 14). The monthly conver-
SION CONm n,c,c1 18 restricted by the conversion capacity constraint
(Equation 15). The dual variable iy n,c,c1 Tepresents the conversion
capacity scarcity rent or marginal benefit of one additional unit of
conversion capacity to the converter.

conversion ( conversion

~max n,c,cl n,c,cl Conm,n,c,cl) =
capiTe" conm n e, el
ﬁm,n,c
§ (Conm,n,c,cl . Bm,n,cl - W )
m € c,cl
_ _ (14)
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Vn, (c x cl) € CT.
S.t.
conversion
CaPn,c,cl1  — CONMm n,c,cl 2 0 (,ufm,n,c,cl) (15)

Vm,n, (c x cl) € CT.

L. The storage operator’s problem

At every node n and for each commodity c, a storage operator
participates in the domestic market as a temporal arbitrageur, storing
the commodity between different months m. The storage operator
can choose between different storage types s € {cavern, tank}. To

maximize profit, the operator can invest in storage capacity cap}i"ﬁf‘ie

and decides the storage depletion outjy sy , and storage injection

ingy v,  in month m. The storage operator receives the price Sm,n,c
for storage depletion or pays it for injection. In addition, the storage
operator has to pay investment costs for capacity deployment and
variable costs for storage injection. Equation 16 shows the storage
operator’s objective function. Several constraints restrict the storage
operator’s problem. Equation 17 shows the storage balance constraint.
The storage level in the next month [vlp41,n.cs iS defined by
the storage level, depletion, and injection in the current month.
Equation 18 states that the storage capacity restricts the storage
level. Equation 19 says that the storage capacity is restricted by the
storage potential potjﬁ‘fﬁgj. Tank potential is assumed to be unlimited.
Cavern potential is limited and only available in certain nodes.
Equation 20 and 21 state that the storage depletion and injection
capacity constrain the monthly storage depletion and injection. We
define the storage injection and depletion capacity as linear to the
storage capacity, with a maximum of two storage cycles per year.
For the storage depletion and storage injection constraints, we use
the storage depletion factor dep(“;"** and the storage injection factor
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J. Market clearing conditions

ERIKSSON consists of the first-order conditions from the previ-
ously described optimization problems of the players and two market
clearing conditions. A schematic is shown in Figure 1. We introduce
Equation 22 as the physical balance of the exporter. The physical
balance condition ensures sale by an exporter causes production and
physical flows. For every exporter e, at every node n, produced and
traded commodities ¢ match physical flows in any month m. The
parameter 10ssy,n1,c,¢ considers losses that occur during liquefaction,
shipping (boil-off), regasification, and pipeline transportation. The
dual variable A, e n,c can be interpreted as the supply costs for an
exporter e to supply node n with the commodity ¢ in the month m.
Am,e,n,c includes production costs as well as transportation costs.

> (produ.c.rp - aVailm,n.c.r.p)
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+ E (flowm,e,nl,n,c,t e D —
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Equation 23 is the domestic market clearing condition ensuring that
supply and demand are matched. At every node m, the demand
of every commodity ¢, as well as the conversion of c to other
commodities ¢l and the storage injection and depletion, have to
be served by sale, conversion from other commodities cl to c,
and storage depletion in any month m. We calculate price-elastic
demand as a linear demand function based on the reference demand
demand‘fnf,n’c, the reference price p' , the market clearing price

n,c’
Brm,n,c, and the slope which results from the price elasticity.

m,n,c

The dual variable B, n,c represents the market clearing price for
commodity ¢ at node n in month m.
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K. Implementation

We derive the model equations by setting up the Karush-Kuhn-
Tucker conditions for optimality for the optimization problem of each
player. E shows how we derive the first-order conditions, F shows
the final model equations. The model is implemented in GAMS and
solved with the PATH solver [16].

III. LIMITATIONS

ERIKSSON is a multi-commodity partial equilibrium model, fo-
cusing on green hydrogen and derivatives markets in isolation due to
model complexity constraints. This approach allows for greater detail
than a general equilibrium model, though it overlooks interactions
with other markets, such as electricity, iron, steel, and chemicals.
In ERIKSSON, we represent different equilibria through supply
and demand scenarios but cannot capture feedback loops between
hydrogen and other markets. Thus, a partial equilibrium does not
necessarily represent a general equilibrium.

IV. OUTLOOK

We introduced the mathematical description of ERIKSSON, a
global trade model for green hydrogen and hydrogen derivatives,
simulating trade and investment decisions in a future global mar-
ket. ERIKSSON is implemented as a MCP and represents trade
as Cournot competition between oligopolistic exporters and other
players. We introduce new features depicting the characteristics of
hydrogen and hydrogen derivative markets. Among these are the
conversion and competition between multiple commodities, temporal
availability of RES production, and losses. The current version
models one year in a monthly temporal resolution with greenfield
investments at the beginning of the year. Thus, we think the current
version is best suited for long-term analysis. ERIKSSON could
be used for short-term or long-term market ramp-up investigations
if expanded to cover multiple years and existing production and
infrastructure capacities.
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APPENDIX

A. Literature review

TABLE I
CLASSIFICATION OF EXISTING GREEN ENERGY COMMODITY MARKET MODELS
Study Spacial Spacial struc- Model Multiple Strategic Demand Seasonality ~ Detailed
scope ture nodes commodi- behavior elasticity supply
ties
Antweiler and Schlund [9]  Global Country 48 v
Barner [11] Global Regions 26 v v v v
Dupke et al. [10] Global Regions 6 v v
Guo et al. [4] China Regional 24 v
Tkonnikova et al. [6] Global Country 140
Ortmann et al. [7] Global Regions 37 v
Schénfisch [5] Global Country 97 v v
Zhang et al. [8] Global Regions 29 v
This paper Global Sub-Country 1472 v v v v v
The model includes additional harbor nodes and shipping hubs, which are only transport-relevant. For the sake of comparability, we only count market
nodes

B. Schematic of the model

Trade structure Physical flow structure Legend
(Exporters maximize profit from sales) (Exporters minimize transportation costs)

_____________________________________________ CD\ Direct sale of exporter E, at m Producer

his production node 1

Long-term

contracts i
: |9l Arbitrageur
; Flow to accomplish sales of
: Domestic market clearing Q exporter E; from node 1 to 2 m Domestic market
; at node 2
: Commodity T NSl Storage operator
| arbitrage Pipeline :
Spot H C Converter
i Shippin; 0,,c1
market 1 pping
\ O Node

A Harbor node

Flow to accomplish purchases
Q and sales of the arbitrageur E,
from node 1 to 2

Inverse demand function

Temporal
arbitrage Pipeline

Shipping

Fig. 1. Schematic of ERIKSSON

N |



C. Spacial structure

Harbor nodes

Pipeline routes

Fig. 2. Map of the model’s spacial structure



D. Mathematical notation used in ERIKSSON

TABLE II: Mathematical notation used in ERIKSSON

Sets

meM months per year

neN nodes

he HCN harbor nodes

veV e (N xN) vertices i.e routes between nodes
yehie c v shipping routes

ypipeline pipeline routes

eck exporter

N¢CN nodes where exporter is active
ceC commodities

cxceCT Converter types 7 € R

RES potential classes

peP delivery profiles

tel transport route

ses storage types

Primal variables

prodnc,r,p
sellm,en,c
flowm,e,n,nl,c,t

buym,e,n,c
pipeline
cap n, nl,c
capdP
export
capy, ,e
import
capy, e
conversion
capy ,c,cl
CONm,n,c,cl
storage

CaPn c,s
storage
OUtm,n,c,s

- storage

Mm,n,c,s
storage

lvlm,n,c,s

produced commodity volumes

sold commodity volumes

physical commodity flows

bought commodity volumes

annual investment into pipeline capacity
annual investment into shipping capacity
annual investment into export terminal capacity
annual investment into import terminal capacity
annual investment into conversion capacity
converted commodity volumes

annual investment into storage capacity
depleted commodity volume

injected commodity volume

storage level

Dual variables

Qn

s
Ym,n,nl,c
67n,c
Nm,h,c
e'm,h,c
Hon,r
Vm,n,c,s
¢m,n,c,s

Xn,c,s

wm,n,c,s

RES potential scarcity rent or marginal benefit of one additional unit of RES potential to the producer
pipeline congestion rent or marginal benefit of one additional unit of pipeline capacity to the exporter
shipping congestion rent or marginal benefit of one additional unit of ship capacity to the exporter
export terminal congestion rent or marginal benefit of one additional unit of export terminal capacity
to the exporter

import terminal congestion rent or marginal benefit of one additional unit of import terminal capacity
to the exporter

conversion capacity scarcity rent or marginal benefit of one additional unit of conversion capacity to
the converter

conversion capacity scarcity rent or marginal benefit of one additional unit of conversion capacity to
the converter

storage capacity scarcity rent or marginal benefit of one additional unit of storage capacity to the
storage operator

storage potential scarcity rent or marginal benefit of one additional unit of storage potential to the
storage operator

storage depletion scarcity rent or marginal benefit of one additional unit of storage depletion capacity
to the storage operator



fm,n,c,s

ﬁm,n,c

)\m,e,n,c

injection depletion scarcity rent or marginal benefit of one additional unit of storage injection capacity
to the storage operator

price to acquire one additional unit of commodity

supply costs for an exporter to supply one additional unit of commodity

Parameters
costProducer production costs
production .
pot,” RES potential
effi’[ﬁi?;“"" production efficiency, including curtailment

availy,n,c,r,p
ref
demandy, ,, .
ref
pn,c
Slopem,nyc
CVe,n
transport
VeOSty, n1,c,t
Sicglpelme

aglpelme

pipeline
fom?

. pipeline
dlstmn1
sicship

hi
a;"?

ship
fom;,
speed

- .¢ship
disty, .,
Siceexporl
export
aC

export
fomg,
export
h,c,t
Sicicmport
aimport

C

vcost

fom!™Per
import

veosty, by
sicger
e
fom
Vcostiffgfcrsf""
f (;?rcl\ierler
sicyopee
e
fom3 e
veosty, ws
potsre
depr
injeee
lossn,nl,c,t

availability of production

reference demand

reference price

slope of the demand function

conjectural variation

variable costs of the transport method between two nodes
specific investment costs for pipelines
annuity for pipelines

FOM costs for pipelines

distance for pipelines

specific investment costs for ships

annuity for ships

FOM costs for ships

speed of ships

distance for shipping

specific investment costs for export terminals
annuity for export terminals

FOM costs for export terminals

variable costs of the export terminal

specific investment costs for import terminals
annuity for import terminals

FOM costs for import terminals

variable costs of the import terminal

specific investment costs for conversion
annuity for conversion

FOM costs for conversion

variable costs of the conversion between two commodities
conversion efficiency

specific investment costs for storage

annuity for storage

FOM costs for storage

variable costs for one storage cycle

storage potential

depletion capacity per storage capacity
injection capacity per storage capacity

losses for transport, including liquefaction and regasification
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E. Derivation of the first order conditions

1) The producer’s problem: The Lagrangian of the producer’s
problem is defined as:

producer _
Lene (prodn,c,rp) =
. production
E Prodnc,r,p - availm n.c,rp - (COStn’CmP - )‘m’e’"’c)
m,r,p
. a . otproduction _ prOdmc,r,P ' avallm,n,c,r,p
E n,T p n,r : : ffp'r‘oduction
- mp €l cr,p
Yn € N¢ c.

(24)

The first-order optimality condition of the producer’s profit max-
imization problem is defined by the first partial derivative of the
Lagrangian with respect to the positive variable prody,,c,r p:

roducer
0L _
Oprodn,c.r,p
roduction ;
COStE,)L’C’T,z7 - E (Am,e,n,c ) avallm,n,c,r,p) (25)
m,e
On,r
+ —groduction 20 Y& Tip.
el c,r,p

2) The exporter’s problems: The exporter has two problems, the
profit maximization problem and transport cost minimization prob-
lem. The Lagrangian of the exporter’s profit maximization problem
is defined as:

exporter-profit
LT (sellm, e n,e) =

Z [sellm,a,n,c .

m,n,c

— CVe,n * (Pﬁfc + Slopem,mc . (Z seum.e,n.c - buym,e:arbilrageur,n.c)))]
e

(x\m,a,n,c — (1 —cven) - Bmne

Ve.
(26)

The Lagrangian is differentiated with respect to
variable selln, e n,c, yielding the following equation:

the positive

o Eexporler—proﬁl
e

asellm.,e,n,c

f
)\m,e,n,c - (1 - CVe,n) " Bm,n,c - CVe,n N <p:76+

Slopemyn’c . ( g Sellm,e,n,c + Sellm,e,n,c - buym,e—arbitrageur,n,c>> > 0
e

VYm,e,n,c.

27

The inverse demand function is defined as:

Bm,n,c =
A 1 b
Pr,c +s ope,, nc” S€llm,e,n,c — OUYm, e=arbitrageur,n,c

Ym, n, c.
(28)

Transforming Equation 27 several times and inserting the inverse
demand function Equation 28 yields the first-order optimality condi-
tion of the exporter’s profit maximization problem:

acexponer—pmﬁﬁ

0sellm,e,n,c -

f
Amsenie = (L= cVen) - Branie = CVeyn - (pif,c

e

+ SIOPCm,mC . ( E Sellvn,em,c + 5€llm,e,n,c - buym,earbilragcur,n,c)) =

)\m,c,n,c - (1 - CVc,n) 'Bm,n,c

ref
— CVe,n * (Pmc + SlOpem,n,C . (Z Sellm,c,n,c - buym,c:arbilrageur,n,c)>
e

— CVe,n - slope - sellm,en,c =

m,n,c
)\m,c,'n,c - (1 - CVe,n) ° /Bm,n,c
— CVe,n * Bm,n,c

— CVe,n - slope - sellm,en,c =

m,n,c

)\m,c,n,c - Bm,n,u + Cvc,n : Bm,n,c - CVe,n : ﬁm,n,c

— CVe,n - slope,,, . . - S€llm,en,c =
)\m,c,n,c - Bm,n,c — CVe,n * SlOpem,n?C . sellm’e,n,c >0
Vm,e,n,c.

(29)

The Lagrangian of the exporter’s transport cost minimization
problem is defined as:

ﬁexponer-lranspon
e

2

m,(nXnl)EV,c,t

— ()\m,e,nl,c - )‘mv"""’“)])

m,(nxnl)eVpipeline ¢
- Z (57%0 - capy™ - % - speed

- 2

e,(hxhl)EV ship t=ship

_ . exp _
Thm,h,c* | CaPp .
e

(flownz,e,n,nl,c,t) =

transport export

import
(flowm,a,n,nl,c,t . [(VCOStn,nl,c,t + veost,, .y + Vcostnl,m)

pipeline

("Ym,n,nl,c . (Capn,nl,u -

Z flowm‘e,n,nl,c,t)>

e, t=pipeline

. . .ship
[2 - flowm, e h,hl,e,t - dmh,,hl])

Z flowm,e,h,h,l,c,t)

e,h1,t=ship
imp
- g (9771,111,0 © | CaPip,e — § flowwl,e,h,hl,c,t)
m.c e,h, t=ship

Ve.
(30)

The first-order optimality condition of the exporter’s transport cost
minimization problem is defined by the first partial derivative of the
Lagrangian with respect to the positive variable flowm, e n,ni,c,t:



exporter-transport
OLY

aflowm,e,n,nl,c,t

transport export import
VCOSt,, 7 ¢ ¢ T+ VCOSt, [y 4 VCOSt,q . 4 81
- (Am,e,nl,c - )\m,e,n,c)

+ Ym,n,nl,c + 6m,c -2 dis@?ﬁzl + Nm,h,c + em,hl,c 2 0
VYm,e,(n xnl) € V,e,t.

3) The buyer’s problem: The Lagrangian of the buyer’s problem
is defined as:

L (buym,e,n,e) =

3 [buyn%eﬂhe~(ﬁnhnmAf

m,n,c

Am.en.c) ] : (32)

e = arbitrageur.

The first-order optimality conditions of the buyer’s profit maxi-
mization function are defined by the first partial derivative of the
Lagrangian with respect to the positive variable buym,e,n,c:

al:léuyer
6buym,e,n,c

= Bmne = Am,ene 20,

(33)
Ym,n,c,e = arbitrageur.

4) The pipeline operator’s problem: The Lagrangian of the
pipeline operator’s problem is defined as:

(ca ) =

£p1pellne pipeline

n,nl,c n,nl,c
pipeline pipeline . (pipeline pipeline pipeline
cap)i. (310 ~dist) 75" - (ag + fom2™™")

(34)
- Zrym’"vnlm) V(TL X nl) c Vpipeline’ ..

The first-order optimality condition of the pipeline operator’s profit
maximization problem is defined by the first partial derivative of the

Lagrangian with respect to the positive variable capfif’:ilrtecz

pipeline
a‘cn,nl,c _
pipeline
n,nl,c

pipeline
- disty, 5,1

Ocap

sic plpelme ( plpelme —|—f mplpelme

- Z'Y'm,n,nl,c Z 0
m

v(n % nl) c Vpipeline’ c
(33)

5) The ship operator’s problem: The Lagrangian of the ship
operator’s problem is defined as:

ﬁschip (capschip) _

capihip X (Slcshlp ( Shlp + fomshlp _ Zém,c) Ye. (36)

The first-order optimality condition of the ship operator’s profit
maximization problem is defined by the first partial derivative of the

Lagrangian with respect to the positive variable cap$"™:
o Lship
Shlp =
Qeape™ | (37)
siciP . (aihlp + fom‘zh”’) — Z Om,c >0 Ve.

m

12

6) The export terminal operator’s problem: The Lagrangian of the
export terminal operator’s problem is defined as:

export exporty
[’h,c ( ph(‘ )_
export export export export
o '(Slc P (agP"  fom PP — ) nm,h,c) (38)
m

Vh,c.

The first-order optimality condition of the export terminal oper-
ator’s profit maximization problem is defined by the first partial
derivative of the Lagrangian with respect to the positive variable

export
cap h,c -

b) Eexporl

export -

8cap

sicixpon . (aeexpon + meiXpon) (39)

- an,h,c 2 0

Vh,c.

7) The import terminal operator’s problem: The Lagrangian of
the import terminal operator’s problem is defined as:

import importy _
‘C'hc (caphc )7
1mp0rl import import im ()rt
capy,™ (910 PO (@ fom ™) — ) Qm,h,c) (40)
m
Vh, c.

The first-order optimality condition of the import terminal op-
erator’s profit maximization problem is defined by the first partial
derivative of the Lagrangian with respect to the positive variable

import
cap e

import
oL,

import

Ocap),™,

Siclcmporl . ( import + fomlmporl (41)

- Ze'm,h,c 2 0

Vh,c.

8) The converter’s problem: The Lagrangian of the converter’s
problem is defined as:

conversion

conversion
n,c,cl (Ca

pn c,el conm,n,c,cl) =
conversion
n,c,cl

conversion
n,c,cl

conversion

(S Cn c,cl
+ E [Conm,n,c,cl
m
- é [Conm,n,c,cl :
m
conversion
- [,um,n,c,cl “\CaPn c,c1 —
m

Vn, (¢ x cl) € CT.

+ fom

conversion
cap )

n,c,cl

Vcost‘;{"?ecrsll°“]

5m,n,c ] (42)

Bm n,cl — T o
T effeonversion

Con'm,n,c,cl) ]

The first-order optimality conditions of the converters’s profit
maximization problem are defined by the first partial derivative of
the Lagrangian with respect to the positive variables cap;, e.c1 " and

CONm,n,c,cl:



a conversion
n,c,cl

conversion
n,c,cl

. conversion _conversion conversion 43
S1Cn c,e1 * An,e,el +f0mn,c,c1 - E Hm,n,c,cl Z 0 ( )

Odcap

Vn, (¢ x c1) € CT.

8 conversion
n,c,cl

aconm,n,c,cl

/Bm,n,c

onversion
eff

vm,n, (¢ x cl) € CT.

9) The storage operator’s problem: The Lagrangian of the storage
operator’s problem is defined as:

(44)

conversion

- ﬂm,n,cl + VCOStn,c,ci + Hm,n,c,cl 2 0

Esmrage storage tslorage . _storage
( a, Mn,C,S 3 m,n,c,s) m,n,c,s)

storage

slorage giiorage storage
Capncs' SIC “An,c,s +f0mns )]

storage

storage
Mm,n,c,s VCOS[n c,s

+

3

4 M

storage . _storage
Outm n,c,s an,n,c,s) : Bm,n,c]

, M

m,s
j : storage storage storage storage
- l l c,s +in Mm,n,e,s — Outmx’ﬂ;C;S -1 lm+1,n,c,s)]
m,s
storage storage
*g ¢mn,(,9' Capncsfllmncs)]

3

storage storage
Xn,c,s * pOtncs Capncs)]

RN

storage slorage storage
"ij n,c,s ° Capn,c,s dep outmyn,c,s) ]

3
3

2l
ol
[¢
—
[
|
[
[

storage ~ -storage - storage
fm n,c,s Capn c,s Jc s - m,n,c,s

™

)

<
3
o

)

(45)

The first-order optimality conditions of the storage operator’s profit
maximization problem are defined by the first partial derivative of the
Lagrangian with respect to the positive variables cap}’ess, infece s,

storage storage .
out e, s and Lol w5 o

storage
oLyme

storage
Ocapy el

. storage storage storage § :
Slcc,s : n,c,s +f0m ¢m,n,c,5 + Xn,e,s

-storage storage
ln.]c s ¢ Z £m n,C,8 T dep # Zwm,n,c,s 2 0
m

Vn,c,s.

(46)

storage
0Ly .
. _storage
a m,ng,c,s

(47)

storage

5m,n,c + VCOStn,c,s - Vm,n,c,s + gm,n,c,s Z 0
VYm,n,c,Ss.

storage
0L E

storage
0o 2ffm,n,c,s

- /Bm,n,c + Um,n,c,s + 'l/Jm,n,c,s >0
VYm,n,c,s.

(48)
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storage
oLeme
storag -
DlvlemEe
¢m,n,c,s — VUm,n,c,s + Um+1,n,c,s 2 0

VYm,n,c,s.

(49)



F. Model equations

This section comprises the Karush-Kuhn-Tucker (KKT) conditions
of the model.
1) The producer’s problem:

oty = 30 Amyen,e >0 L prodn.crp >0
+W‘L§ctzon Vn,c,r,p.
(50)
potproductwn Z 0L [e79%% Z 0
Z prodp c,r,p-availm n c,r,p Vn, T.
m,c,p eff;’érgt?"u;tlun

61y

2) The exporter’s problems:

A”m,e,n,c - 5m,n,c Z 0L Sellm@mc Z 0
—CVe,n - slope,, ., .- Sellm.en,c Ym,e,n,c.

(52)
VeOosty e -+ veosty 4 vcost""p"rl
7()‘mr,c,n1,c - )‘m,cmwc >0L flowm,e,n.nl,c,t >0

Fmnont,e + Ome - 2 - disty'} 4
+Nm,hye + Omonie

Vm, e, (n x nl) € V,e,t.

(53)

>0L Ym,n,nl,c >0

pipeline
( CaPyp n1,c — Ze,t:pipeline flowm,e.n.ni,ct ) Ym, (n xnl) € V,ec.
(54)
cap® . 8760 - speed >0Ldme>0
.+ shi
- Ec,(nxhl)ewmppm,q,t:smp (2 Jlowm e e dlS[;L’IJ“) vm.
(55)

X > 0 l ’I]m h,c > 0
( Cap;,pc - Zc,hl,t:ship flowm,e,h,hl,c,t ) Ym. h. c.
(56)
t >0L0mpe>0
( Caplhni - Ze,hl,t flowm,e,hl,h,c,t:ship ) Vm. h. c.

(57
3) The buyer’s problem:

)\m,e,n,c )

4) The pipeline operator’s problem:

>0J—buymenc >0
Vm, n, ¢, e = arbitrageur.
(58)

( B -

pipeline pipeline
sich! - dist;,

= 2 Ymominle

>01 capPlPd‘"Ln nie > ()
V(n x nl) € ypiveline

(59)

(*

(aglpclmc + fompélpc]mc) >

14

(

E
<
<
<

5) The ship operator’s problem:
sicship . (aihip + fomschip)

- Zm 5m,c

>0 L cap™Pe >0
Ve.
(60)

6) The export terminal operator’s problem:

si Cexport ( aixport 4 fom(e:xporl)

- Zm Mm,h,c

>0L cap‘”(pOn >0
Vh,c.
(61)

7) The import terminal operator’s problem:

. . "
SIC1mport (alcmport =+ fomi:mport) > 0l Caplmpor > 0

- Zm Gm,h,c Vh, C.
(62)
8) The converter’s problem:
S e - e + fomS ey >0 L capti™ >0
- Zm Hm n,c,cl Vn, (C X Cl) (S CT.
(63)
ﬁ'rn,n,c
effc"“"im"“ - Bm n,cl 2 0L CONm,n,c,cl Z 0
FVCOst R + fhm,ne el vm,n, (¢ x cl) € CT.

(64)

Z 0 J— //’/m,n,c,cl 2 O
VYm,n, (c x cl) € CT.
(65)

conversion

capn,c,cl

— CONMm n,c,cl )

9) The storage operator’s problem:

storage
c,s

sic 3;orcaie + fomstorage

- Z ¢m,n,c,s + Xn,c,s
lnjstordge Z gm nc.s
storage Z wm ne.s

>0 L capy’is >0
Vn,c, s.

(66)

storage
Bm,n,e + veosty o'

_Vm,n,c,s + gm,n,c,s

>0 LiniyE, >0
VYm,n,c,s.
(67)

storage
_ﬁm,n,c + Vm,n7c,s Z 0 J— Ou'tm,n%c,s 2 0

+’L/)m,n,c,s Vm, n,c,s.
(68)
¢m,n,c,s — VUm,n,c,s >01 lvli};),rva‘b%ec,s >0

+Vm—|—1,n,c,s Vm,n,c, S.



lv lslorage + inslorage

m,n,c,s m,n,c,s
storage storage
—outy) s — L0l

storage storage
( Capn,c,s - lvlm,n,c,s

storage storage
( p0tn,c,s - Ca‘p’l’L,C,S

storage storage
Capy c.s -depc7S
storage
_OU’tm,n,c,s
storage  :_ -storage
capyes +inj

. _storage
_an,n,c,s

10) Market clearing conditions:

> rp (Proda,c,rp - availy p.c,r,p) oL
M) =0L Amenie

1—lossn, n1,c,t

+ an,t (flowm,c,nl,n,c,t -

_Seumﬁe,nyc + buym,ﬁ:arbilrageur,n,c

m—+1,n,c,s

(69)

=01 Umnes
Ym,n,c,s.
(70)

Z 0L ¢m,n,c,s Z 0
VYm,n,c,s.
(71)

Z 0L Xn,c,s 2 0
Vn,c,s.
(72)

Z 0L wm,n,c,s 2 0
VYm,n,c,s.
(73)

>0 L &mmnes >0
VYm,n,c,s.
(74)

Vm,e,n,c.

(75)

Ze;nl sellmyeﬂhc - buym,ezarbilrageur,n,c

storage - _storage
+ Zs (OUtm,n,c,s - ’an,n,c,s

CONm n,c,cl

=+ Zc 1 | COMm n,cl,c — effm"vim“"
c,c

slope.

Bm,n,c—p
— <demand§§f,n’c 4 Emme” e

m,n,c

) =01 ﬁm,n,c

Ym,n,c.

(76)
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