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H I G H L I G H T S  

• Novel power-to-liquid (PtL) supply chain optimization approach. 
• In Germany, PtL production is favored in the greater North Sea coast area. 
• To achieve 2 % PtL in aviation, an investment of 1.6 B€ is required for Germany. 
• PtL production and supply costs range from 2052 to 2258 € t− 1. 
• A PtL quota in aviation is recommended at national level and not as per airport.  
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A B S T R A C T   

Electricity-based jet fuel from renewables, also labeled sustainable aviation fuel (SAF), is expected to play a key 
role in the defossilization of aviation. The realization of first plants for the production of such power-to-liquid 
(PtL) fuels is imminent. This raises the challenge of an effective PtL supply chain design, which is addressed 
in this work. A novel optimization approach is introduced that enables an integrated selection of sites and 
technologies. Economically favorable supply chain designs are presented for the case study of Germany, with 
production primarily located in the wind power rich greater North Sea coast area. The Heide Refinery and 
Emsland Lingen Refinery sites are particularly suited for fuel synthesis, while cement and iron & steel plants are 
preferred as CO2 point sources. This study shows that at an electricity price of 0.05 € kWh− 1, the costs for SAF 
production and supply range from 2052 to 2258 € t− 1. The minimum is obtained at a production volume 
equivalent to 4 % of the national jet fuel demand. To achieve the envisioned 2030 target of 2 % PtL SAF, an 
investment volume of 1.6 B€ is expected.   

1. Introduction 

Climate change is the most challenging and urgent threat facing 
humanity. The phenomenon is primarily caused by anthropogenic CO2 
emissions arising from the exploitation of fossil resources. To face the 
challenge, various countries have established ambitious targets for 
greenhouse gas (GHG) emission reduction, which were agreed at in-
ternational level at the Climate Conference in Paris. To achieve these 
goals, all sectors of today’s economies must be defossilized, although the 
challenge varies from sector to sector. Remarkable success has already 
been achieved in the German electricity sector with a 50.5 % share of 

renewable energy in 2020 [1]. In other sectors, such as industry and 
mobility, we are still far from reaching this level. Concepts that may 
contribute to the defossilization of these sectors and receive consider-
able attention within the energy system transformation, are carbon 
capture and utilization (CCU) and power-to-liquid (PtL) [2,3]. Com-
bined, these concepts describe the utilization of electricity to produce 
liquid hydrocarbons from water and captured CO2. These hydrocarbons 
can substitute conventional chemicals and fuels. In this work, the focus 
is on the electricity-based production of jet fuel for aviation. Such a 
synthetic jet fuel is counted among sustainable aviation fuels (SAF) - 
provided that renewable electricity is utilized. Especially in aviation, 
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there is a lack of alternatives, as it relies - at least in the short and me-
dium term - on liquid hydrocarbons [4]. 

Global demand for jet fuel in civil aviation reached 250 Mt a-1 prior 
to Covid-19 [5]. This corresponds to ca. 11 EJJet a-1, of which less than 
0.1 % is currently covered through SAF [5–7]. In comparison, there is an 
estimated technical potential for production from land-based energy 
crops of 6–25 EJJet a-1 [5]. However, real-world availability is lower and 
claimed by various sectors [5]. Bio-based routes can therefore only make 
a limited contribution [4]. Electricity-based production, in turn, has a 
considerably higher area-specific yield of 470–1070 GJJet ha− 1 a-1 as 
opposed to 15–402 GJJet ha− 1 a-1 [8]. In conjunction with GHG emission 
savings that can even exceed 90 % per unit of fuel, electricity-based jet 
fuel offers a tremendous GHG reduction potential [9]. 

The PtL concept has three major components: 1) water electrolysis, 
2) carbon capture and 3) hydrocarbon synthesis plus upgrading. There 
are different technologies available for each of the process steps, 
resulting in numerous possible combinations [10]. 

Relevant electrolysis technologies are alkaline electrolysis (AEL), 
polymer electrolyte membrane electrolysis (PEMEL) and solid oxide 
electrolysis (SOEL) [2,11]. AEL and PEMEL are sophisticated low- 
temperature technologies that operate at 60–90 ◦C. The high tempera-
ture SOEL technology, on the other hand, operates at 700–900 ◦C and is 
still at pre-commercial stage. With all these technologies, a prerequisite 
for the provision of green hydrogen is access to renewable electricity, 
while hydrogen net production costs are primarily determined by elec-
tricity purchase [12]. 

For the carbon capture step, a plethora of technologies is available, 
which are differently suited depending on the characteristics of the CO2 
source. These include absorption, adsorption and membranes, among 
others [13]. Prerequisite for CO2 capture from a point source is regional 
access, whereas the costs are primarily determined by the treated flue 
gas quantity, its CO2 concentration and the technology applied. Within 
the ongoing transformation of our economy, it is also relevant how long 
such sources remain. Coal-fired power plants, for example, are gradually 
phased out in Germany until 2038 [14]. Regardless of location, CO2 can 
be captured directly from air. However, this is more energy-intensive as 
the CO2 content in air is relatively low (412 ppm in 2020) [15]. 

Hydrocarbon synthesis and upgrading to drop-in jet fuel can be 
divided into the Fischer-Tropsch route and the methanol route [8]. 
Fischer-Tropsch synthesis was invented in 1925 and has been used on 
large scale for decades [16]. However, the less established methanol 
path, which consists of a methanol synthesis and downstream process-
ing, appears competitive and particularly interesting for a methanol- 
based economy [17,18]. It is already available at industrial scale for 
production of gasoline (methanol-to-gasoline, MtG), while methanol- 
based middle distillate synthesis has been demonstrated by Mobil and 
Lurgi, but has not yet been commercialized [17–20]. Unlike the Fischer- 
Tropsch route, the methanol route has not yet been certified according 
to the ASTM D7566 specification for aviation turbine fuel containing 
synthesized hydrocarbons [21]. Regardless of the synthesis path, 
appropriate sites for large-scale synthesis of electricity-based fuels are 
limited. In a densely populated country with complex regulatory 
approval requirements, such as Germany, existing refinery sites seem 
particularly suited [22]. 

Depending on whether the aforementioned process steps are realized 
as an integrated PtL plant or as decentralized facilities, transport of in-
termediates (H2 and CO2) is part of the resulting supply chain. Various 
infrastructure components, such as pipeline, trucks or railway, are 
available for the transport of intermediates and products, being differ-
ently suited depending on substance and distance. 

It is clear that identifying cost-optimal technologies and sites for such 
a supply chain network according to technological characteristics and 
regional site factors leads to a complex combinatorial problem. Avail-
able research in this area is usually limited to either CCU or hydrogen 
supply chain network optimization. Relevant research with focus on the 
CCU part is provided by Hasan et al., Leonzio et al., Zhang et al. and Ravi 

et al. [13,23–32]. In their work, Hasan et al. develop a multi-scale 
framework for the optimal design of CO2 capture, utilization and 
sequestration (CCUS) and CCU supply chain networks. They present an 
economically optimal CCU design for the USA that reduces stationary 
CO2 emissions by 60.16 Mt a-1 at an overall profit of 555 M$ a-1 [13,23]. 
A key aspect of their work is a cost model for CO2 capture and 
compression [33,34], which is further studied in a number of other 
publications. Leonzio et al. also adopt this model, supplement it, and 
carry out an optimization of CCUS supply chain networks for Germany, 
Italy and the UK [24–29]. Zhang et al. compile an CCUS optimization 
model for the case study of Northeastern China [30]. They also 
demonstrate multi-criterion optimization of CCUS supply chain net-
works including ecological factors [31]. Ravi et al. optimize a CCS 
supply chain for the Netherlands. For the national network they deter-
mine minimum costs of 1.9 B€ a-1 at a capture capacity of 54 MtCO2 a-1 

[32]. 
Relevant research on hydrogen supply chain optimization originates 

from Ochoa Bique et al. and Reuß et al. [35–37]. Ochoa Bique et al. 
provide a study on cost-minimal hydrogen supply chain networks for 
Germany in 2030 and 2050. It confirms that hydrogen has the potential 
to replace fossil fuels, especially in the transport sector [35]. Reuß et al. 
demonstrate that liquid hydrogen as a seasonal storage medium offers 
no economic advantage over liquid organic hydrogen carriers (LOHC) or 
cavern storage. They further show that LOHC-based paths are particu-
larly promising for smaller-scale hydrogen demand [36]. In their later 
work, they supplement methods for designing a spatially resolved 
infrastructure. This study shows that for cost-effective hydrogen supply 
during the transition to fuel cell vehicle fleets, distribution for low 
penetration should be handled with gaseous compressed trailers, which 
should be replaced by distribution pipelines in areas with high fueling 
station densities [37]. 

Ochoa Bique et al. are among the few to conduct a study on the 
integration of carbon dioxide and hydrogen supply chains. For this 
purpose, they consider the case study of electricity-based methanol 
production in northern Germany, taking into account power plants as 
CO2 sources. They conclude that economic feasibility can only be ach-
ieved with free electricity supply [38]. 

Although there are studies on CCU(S) supply chain optimization 
[13,23–32], some of which also integrate hydrogen supply [38], it re-
mains an open question how a nationwide supply of electricity-based jet 
fuel should be realized and whether it would be economically feasible. 
To our knowledge, no work exists on the design of such an optimal PtL 
network that considers the costs of carbon capture, electrolysis, hydro-
carbon synthesis and intermediate/product transport, while selecting 
the respective technologies and sites. The integrated evaluation of sites 
and technologies is of particular relevance, as the realization of the first 
semi-commercial demonstration plants in Germany is imminent, thus 
paving the way for large-scale production. 

Regulatory changes within the national transposition of the EU 
Renewable Energy Directive (RED II) are expected to support the reali-
zation of first plants [39]. As such, in May 2021, the German parliament 
passed a law enhancing the national GHG quota, which includes a sub- 
quota for electricity-based jet fuel [40]. According to this law, and in 
line with the national hydrogen strategy and the aviation PtL roadmap, 
jet fuel distributors must achieve a PtL share of at least 0.5 % in 2026 
and 2 % in 2030 [41,42]. 

2. Methodology 

To bridge the research gap, this work introduces a novel approach for 
the optimization of a PtL supply chain. The novelty is particularly 
evident in the expanded application domain. Thus, H2 and CO2 supply 
chains are merged, extended by subsequent hydrocarbon synthesis and 
analyzed as integrated PtL supply chain. In addition, the focus is 
explicitly on the supply of aviation with GHG-reduced fuels, taking into 
account the airports with their respective fuel demands. 
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A mixed integer linear programming (MILP) model is developed and 
implemented in the Advanced Interactive Multidimensional Modeling 
System (AIMMS). Fig. 1 illustrates the generic network scheme of the 
integrated CO2 and H2 supply chain. The corresponding problem state-
ment is discussed in Section 2.1. Subsequently, Section 2.2 provides an 
introduction to the supply chain network model, while Section 2.3 
outlines the case study under consideration. 

2.1. Problem statement 

The following components, which are integrated into a supply chain 
network, are given:  

• CO2 emission sources  
• capturing units for CO2 with different technology options  
• transportation of CO2 to utilization sites  
• regional availability of renewable electricity  
• water electrolysis units  
• transportation of H2 to synthesis sites with different transportation 

options  
• fuel synthesis sites  
• transportation of jet fuel to airports  
• airport sites 

Under the following conditions that:  

• a capture plant is located at a carbon dioxide point source to avoid 
the transportation of flue gas  

• one to one coupling of emission source and carbon capture node: 
each emission source node can only be connected to one node of 
carbon capture and each carbon capture node can receive from only 
one source node  

• CO2 capture technologies to be considered: Absorption (MEA and 
PZ), membrane (FSC-PVAm), PSA (13X), VSA (13X)  

• the mode for transporting carbon dioxide is pipeline  
• hydrogen production is located in the region where the utilized 

renewable electricity (RE) is generated: each hydrogen production 
node can only be supplied with renewable electricity from one region  

• the availability of renewable electricity limits regional hydrogen 
production  

• hydrogen is produced through water electrolysis using alkaline 
electrolysis technology  

• the mode for transporting hydrogen is pipeline, truck or railway  
• the physical state of hydrogen during truck and railway transport can 

be liquid or gaseous 
• jet fuel is produced through methanol as intermediate (direct hy-

drogenation for methanol synthesis plus methanol-to-jet synthesis)  
• only conventional fuel refineries can serve as sites for jet fuel 

synthesis  
• the mode for jet fuel transport is tanker truck 
• distances between CO2 emission source and utilization site, H2 pro-

vision and utilization site, utilization site and airport are calculated 
from its latitude and longitude  

• the economic viability of the system is estimated by evaluating the 
cost of jet fuel production, including product delivery  

• costs are allocated to liquid products (gasoline, jet fuel and diesel) 
based on their energy-weighted shares  

• oxygen can be sold at a stable price  
• time-dependent values are calculated to a yearly average through the 

specific lifetime of the component  
• jet fuel production quantity is constant over time due to stationary 

conditions  
• the network structure remains constant and the mathematical model 

is in steady state, which means that decision variables are not 
indexed over time 

A mathematical model is developed based on the assumptions 
described above. The following specifications are given:  

• type, location and annual emission of CO2 point sources [43,44]  
• CO2 point sources’ end of availability for PtX [14,45–47]  
• flue gas composition for various types of CO2 sources [13,33,48]  
• carbon capture technologies, capture efficiency and correlations to 

cost [13,25,33,34]  
• CO2 transportation cost functions [49,50]  
• H2 transportation cost functions [35,51–53]  
• jet fuel transportation cost functions [54] 

CO2 source CO2 capture 
technology

CO2 transport 
mode 

Jet fuel 
synthesis site

Jet fuel 
transport mode

Airport

Regional 
renewable 
electricity

Water 
electrolysis 
technology 

H2 transport 
mode 

…
… … …

Fig. 1. Network scheme of the PtL supply chain.  
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• regional availability of renewable electricity on an annual basis 
[55,56]  

• conversion factors and correlations to cost for electrolysis 
[12,57–59]  

• conversion factors and correlations to cost for jet fuel synthesis via 
methanol [18,60–62]  

• location of refineries [43,63]  
• national jet fuel demand and individual demand of the airports 

considered [64,65] 

The following decisions are made:  

• which CO2 point sources are selected, which capturing technologies 
are applied and what quantities are captured from each selected 
source  

• which regions are selected for hydrogen production and how many 
electrolyzers with which capacity are installed  

• which sites are selected for jet fuel production, how much jet fuel is 
produced per site and how much reactants (H2 and CO2) are supplied 
from where  

• how much jet fuel is transported from which production site to which 
airport 

• the mode for H2 transport between electrolyzers and jet fuel pro-
duction sites 

The objective is to minimize the total network costs for a given jet 
fuel demand. These include the costs of CO2 capture and transport, H2 
production and transport, and jet fuel synthesis and transport. 

2.2. Supply chain network model 

The PtL supply chain model is explained in the following. Section 
2.2.1 introduces the constraints required to mathematically formulate 
the assumptions from the problem statement. The economic model and 
the objective function are introduced in Sections 2.2.2 and 2.2.3. 

2.2.1. Constraints 

Capture and transport of CO2 
The condition of coupling only one capture technology j to a point 

source i is ensured in Eq. (1). Here, the binary variable Yi,j is 1 if tech-
nology j is coupled with source i, and 0 if not [25]. 
∑

j
Yi,j ≤ 1 ∀ i ∈ I (1) 

Since different technologies are applicable depending on the 
streams’ CO2 concentration, the technology selection is constrained 
according to Eq. (2). Where, parameter xCO2

i indicates the molar CO2- 
fraction in the flue gas at source i, while lupper

j and llower
j represent the 

upper and lower application limits of the technologies j, respectively. 
These application limits are listed in Table SI 2 for the technologies 
under consideration. 
(
lupper
j − xCO2

i
)
⋅
(

xCO2
i − llower

j

)
⋅Yi,j ≥ 0 ∀ (i, j) ∈ (I, J) (2) 

The general mass balance for carbon capture results in Eq. (3). The 
captured carbon dioxide mass flow Ecaptured

i,j is related to the molar flue gas 
stream Ftreated

i,j , which is fed to the carbon capture unit, its molar CO2 

fraction xCO2
i , the molar mass of CO2 and the capture efficiency. In this 

work, a CO2 capture efficiency of 90 % is specified. 

Ecaptured
i,j = Ftreated

i,j ⋅xCO2
i ⋅0.04401kgCO2

mol− 1
CO2

⋅0.9 ∀ (i, j) ∈ (I, J) (3) 

Eq. (4) limits Ftreated
i,j with the available molar flue gas stream f total

i . 

Ftreated
i,j ≤ f total

i ⋅Yi,j ∀ (i, j) ∈ (I, J) (4) 

To ensure that all the captured carbon dioxide is transported from 
each source i to a refinery r, an additional mass balance is provided 
through Eq. (5). Here TCO2

i,r is the amount of CO2 transported from 
emission source i to refinery r. It should be noted that this formulation 
allows the captured CO2 to be split and transported to different 
destinations. 
∑

r
TCO2

i,r =
∑

j
Ecaptured

i,j ∀ i ∈ I (5) 

To serve the CO2 transport cost function, a binary variable Xi,r is 
introduced and defined via the constraint in Eq. (6). Xi,r is 1 for selected 
transport paths from i to r and 0 if no CO2 is transported on a path. 

TCO2
i,r ≤ Xi,r⋅f total

i ⋅xCO2
i ⋅0.04401kgCO2

mol− 1
CO2

⋅0.9 ∀ (i, r) ∈ (I,R) (6)  

Provision and transport of H2 
The hydrogen production quantity at a certain grid point g is limited 

by the availability of renewable energy reg. Eq. (7) gives the corre-
sponding relationship, with PH2

g denoting the amount of hydrogen pro-
duced and wel the electrolyzer’s specific energy consumption. 

PH2
g ⋅wel ≤ reg ∀ g ∈ G (7) 

In addition, the size of an electrolyzer system is constrained by its 
maximum rated power lel. However, as stated in Eq. (8), multiple elec-
trolyzer systems can be operated in parallel to achieve a higher pro-
duction. The variable Nel

g denotes the number of systems at grid point g 
and is restricted to integer values, while flh denotes the full load hours. 

PH2
g ≤

lel⋅flh
wel ⋅Nel

g ∀ g ∈ G (8) 

The water demand for electrolysis DH2O
g and the amount of oxygen 

produced PO2
g result from the stoichiometric mass balance stated in Eq. 

(9). 

DH2O
g =

1
9

PH2
g +

8
9
PO2

g ∀ g ∈ G (9) 

The definition of the hydrogen transport mass balance in Eq. (10) 
ensures that the quantities of hydrogen produced PH2

g and transported 
TH2

g,r,h are the same at each grid point, with h denoting the hydrogen 
transport modes. 

PH2
g =

∑

(h,r)

TH2
g,r,h ∀ g ∈ G (10) 

To serve the hydrogen transport cost function, a binary variable Zg,r,h 

is introduced and bounded via the constraint in Eq. (11). Zg,r,h is 1 when 
transport mode h is chosen between g and r. 

TH2
g,r,h ≤ Zg,r,h⋅

reg

wel ∀ (g, r, h) ∈ (G,R,H) (11)  

Synthesis and distribution of jet fuel 
The carbon dioxide and hydrogen transport variables are linked to jet 

fuel production Pjet
r . Corresponding mass balances are represented 

through Eqs. (12)-(13), with υH2 being the hydrogen demand and υCO2 

the carbon dioxide demand per unit of jet fuel. 
∑

(g,h)T
H2
g,r,h

υH2
= Pjet

r ∀ r ∈ R (12)  

∑
iT

CO2
i,r

υCO2
= Pjet

r ∀ r ∈ R (13) 

The output of liquid fuel PLF
r at refinery r is constrained by a 

maximum synthesis plant capacity lFS. This is assured by Eqs. (14)-(15). 

PLF
r = Pjet

r + Pdiesel
r + Pgasoline

r ∀ r ∈ R (14) 
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PLF
r ≤ lFS ∀ r ∈ R (15) 

Same as for hydrogen and carbon dioxide, jet fuel transport Tjet
r,a needs 

to be balanced with production at each refinery. This is ensured by the 
constraint in Eq. (16), with index a denoting the airports. 

Pjet
r =

∑

a
Tjet

r,a ∀ r ∈ R (16) 

The produced and supplied jet fuel or SAF needs to meet the specified 
demand, including constraints on uptake. In addition to compliance 
with a certain quota at national level, compliance with a quota at each 
airport can also be analyzed. Eq. (17) is valid for analysis of a specific 
quota applied to each airport, with djet

a denoting its total jet fuel demand 
and wSAF the SAF share. In contrast, Eqs. (18) and (19) are valid if a quota 
is to be satisfied at national level. In this case, Eq. (19) ensures that a 
maximum blending ratio lblend is never exceeded. 
∑

r
Tjet

r,a = djet
a ⋅wSAF ∀ a ∈ A (17)  

∑

(r,a)

Tjet
r,a =

∑

a
djet

a ⋅wSAF (18)  

∑

r
Tjet

r,a ≤ djet
a ⋅lblend ∀ a ∈ A (19)  

2.2.2. Economic model 

Since the total costs along the supply chain are to be minimized, 
correlations to costs are required for all segments. In the remainder of 
this section, overarching aspects are presented first, followed by the 
introduction of the economic sub-models. 

All costs are converted to Euro 2019. The reference year is updated 
by the Chemical Engineering Plant Cost Index (CEPCI) for capital costs 
and by the inflation rate or industry-specific price indices for non-capital 
costs [66,67]. If the primary data is in US$, the exchange rate is applied 
thereafter [68]. 

Capital investment costs are annualized via the capital recovery 
factor crf shown in Eq. (20) [69]. The crf takes into account the interest 
rate ir and the technology lifetime tl. If incorporated cost functions from 
literature rely on a crf that deviates from scenario definition, it is 
updated accordingly. 

crf =
ir⋅(1 + ir)tl

(1 + ir)tl − 1
(20) 

For implementation in the model, economies of scale must be map-
ped linearly. Thus, corresponding investment cost functions are linear-
ized piecewise by applying the lambda-linearization method [70]. 

Transport costs depend, inter alia, on the actual haulage distance. 
The distance d between geographical coordinates is calculated by their 
latitude lat and longitude lon, using the Haversine formula shown in Eq. 
(21) [71]. 

sin2d
2
= sin2lat1 − lat2

2
+ coslat1⋅coslat2⋅sin2lon2 − lon1

2
(21)  

CO2 capture 
Carbon capture is considered through five technology/material 

combinations. For absorption, monoethanolamine (MEA) and pipera-
zine (PZ) are considered as solvents, MEA being the most established 
and PZ being energy efficient with stable thermal performance. Fixed- 
site-carrier polyvinyl amine (FSC-PVAm) is chosen as material for 
membrane technology, while vacuum swing adsorption (VSA) and 
pressure swing adsorption (PSA) are both considered with zeolite 13X. 
FSC-PVAm features high permeability to CO2 and 13X is the most 
established material for adsorption technology [26]. 

The annual costs for carbon capture and compression ACCC
i,j include 

flue gas dehydration costs ACDH
i,j , annualized capital costs ACCCC

i,j and 
operating costs AOCCC

i,j as shown in Eq. (22) [13,25,33,34]. For dehy-
dration of the saturated flue gas, the most economical alternative tri- 
ethylene glycol absorption is considered at 10.28 € t− 1

CO2 
[13]. This 

assumption covers both the investment and operating costs for 
dehydration. 

ACCC
i,j = ACDH

i,j + ACCCC
i,j + AOCCC

i,j ∀ (i, j) ∈ (I, J) (22) 

As proposed by Hasan et al. and shown in Eqs. (23)-(24), the capital 
and operating costs are calculated as a function of the flue gas charac-
teristics [13]. For this, the molar carbon dioxide concentration xCO2

i , the 
molar flue gas flow rate Ftreated

i,j and the technology-specific parameters αj, 
βj, γj, nj, mj, α’

j, β’
j, γ’

j, n’
j, m’

j listed in Table SI 1 are relevant. In deriving 
the applied function, compression to 150 bar was considered for the 
purpose of pipeline transport, while both recovery and purity of CO2 
from the capture process were set at a minimum of 90 % [13]. 

ACCCC
i,j = αj⋅Yi,j +

(
βj⋅x

CO2
i

nj
+ γj

)
⋅Ftreated

i,j
mj

∀ (i, j) ∈ (I, J) (23)  

AOCCC
i,j = α’j⋅Yi,j +

(
β’j⋅xCO2

i
n’j

+ γ’j
)
⋅Ftreated

i,j
m’j

∀ (i, j) ∈ (I, J) (24) 

Linearization of the capture costs is performed along the flue gas flow 
rate dimension for the relevant carbon dioxide fractions. 

CO2 transport 
CO2 transport is considered solely via pipeline. Together with ship 

transport, this is the most established alternative [48]. Boot-Handford 
et al. state that it is also the least-cost alternative in most cases, with 
ship offering economic advantages only for very long distances (>1000 
km). Transport via rail or road is only expected to be feasible for small 
scale and specialist applications [72]. 

The CO2 pipeline cost model of Serpa et al. is applied, which is 
selected based on the review by Knoope et al. [49,50]. Accordingly, the 
annual transportation costs ACCT

i,r are composed of fixed capital invest-
ment FCICT

i,r annualized via crfCT and operating costs AOCCT
i,r , as repre-

sented in Eqs. (25)-(27). 

ACCT
i,r = FCICT

i,r ⋅crf CT + AOCCT
i,r ∀ (i, r) ∈ (I,R) (25)  

FCICT
i,r =

(
α⋅Xi,r + β⋅TCO2

i,r
)
⋅fτ⋅di,r ∀ (i, r) ∈ (I,R) (26)  

AOCCT
i,r = 0.04⋅FCICT

i,r ∀ (i, r) ∈ (I,R) (27) 

With α = 533,000 €2010 km− 1 and β = 0.019 €2010 a km− 1 t− 1
CO2 

derived from linear regression of historical pipeline investment cost data 
[49]. di,r is the distance between source i and refinery r, while fτ is a 
terrain-related correction factor. In this study, fτ is defined at 1.2 as an 
average value between populated and remote areas [73]. Operating 
costs, which are accounted for at 4 % of the investment costs, include 
monitoring and maintenance [50]. Investment costs are annualized ac-
cording to the lifetime of the associated CO2 capture plant, since CO2 
availability is a prerequisite for pipeline use. 

H2 production 
Hydrogen production is considered via alkaline water electrolysis, as 

it is currently the most established and economical alternative [11,12]. 
The annual costs for hydrogen production ACel

g are divided into fixed 

capital investment costs FCIel
g annualized via crfel, operating costs AOCel

g 

and revenues from oxygen sales ARel
g , as shown in Eq. (28). 

ACel
g = FCIel

g ⋅crf el + AOCel
g − ARel

g ∀ g ∈ G (28) 

Eq. (29) gives the fixed capital investment cost function, which is 
derived from discrete cost values for AEL systems published by Proost 
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et al. [57]. Economies of scale are fitted for single and multi-stack sys-
tems using non-linear least squares method, given a maximum rated 
power lel of 94 MW per multi-stack system. The results for the bare 
acquisition costs are presented in Table 1. To account for further capital 
investment, including installation, yard improvements, legal expenses, 
contractor fees and contingencies a reduced Lang factor lf el of 1.54 is 
applied [12,74,75]. 

FCIel
g =

∑

nel

cbase⋅

(
Pel

g,nel

sbase

)f

⋅lf el ∀ g ∈ G (29) 

where Pel
g,nel is the rated power of electrolyzer system nel at grid point 

g. Implementation of Eq. (29) in the MILP is done by integrated piece-
wise linearization for single- and multi-stack systems. 

Operating costs are calculated according to Schnuelle et al. As rep-
resented in Eq. (30), these cover service and maintenance, stack re-
placements, insurances, taxes, electricity supply, and water supply [12]. 
The relative stack replacement costs cSR result from Eq. (31), while 
annual revenues from oxygen production ARel

g are calculated through 
Eq. (32). 

AOCel
g = DH2O

g ⋅cH2O + PH2
g ⋅wel⋅cpower + Pel

g ⋅cSaM + FCIel
g ⋅
(
cTaI + cSR) ∀ g ∈ G

(30)  

cSR[a− 1] =
sstack

lf el⋅tlel⋅
(

tlel⋅flh
opstack − 1

)

(31)  

ARel
g = PO2

g ⋅rO2 ∀ g ∈ G (32)  

where DH2O
g , PH2

g , PO2
g and Pel

g are the water demand, produced hydrogen 
quantity, produced oxygen quantity, and the nominal electrolyzer 
power at grid point g, respectively. All other relevant parameters related 
to AEL technology are given in Table 2. 

H2 transport including state change 
For the purpose of hydrogen transport, both compression and 

liquefaction are considered. Eqs. (33)-(36) provide the economic model 
for the hydrogen state change, with the annual costs ACHSC

g,h resulting 
from Eq. (33). The fixed capital investment FCIHSC

g,h for compression is 
obtained from Eq. (34) and for liquefaction from Eq. (35) [51]. 

ACHSC
g,h = FCIHSC

g,h ⋅crf HSC + AOCHSC
g,h ∀ (g, h) ∈ (G,H) (33)    

FCIHSC
g,h = cbase⋅

(∑
rT

H2
g,r,h

sbase

)

f ∀ g ∈ G
h = {tanker truck, railway tank car} (35)  

where wpower
h , pout and TH2

g,r,h are the specific energy consumption, outlet 
pressure and transported hydrogen quantity from g to r, respectively. 
Target state specific parameters for hydrogen state change are given in 
Table 3. The inlet pressure or electrolyzer outlet pressure is considered 
at 1.5 MPa and the base pressure pbase is 20 MPa. 

Eq. (36) yields the operating costs for hydrogen state change AOCHSC
g,h , 

which include fixed operation and maintenance at 6 % of the investment 
costs, electricity and cooling water [77]. 

AOCHSC
g,h =0.06⋅FCIHSC

g,h +
∑

r
TH2

g,r,h⋅
(
wpower

h ⋅cpower+wcool
h ⋅ccool) ∀(g,h)∈(G,H)

(36)  

where wcool
h is the specific cooling water consumption, cpower is the 

electricity price considered at 0.05 € kWh− 1, and ccool is the cooling 
water price considered at 0.00125 € m− 3 [76]. 

For transport via truck or railway, the cost estimation approach described 
by Amos is applied, see Eqs. (37)-(39) [51]. The number of vehicles needed is 
calculated, taking into account distance, capacity and load as well as unload 
times. Capital investment FCIHT

g,r,h include cab, undercarriage and tube as-
sembly or liquid unit for truck transport. For rail transport, the undercarriage 
and tube assembly or liquid unit are included. Operating costs AOCHT

g,r,h ac-
count for fuel and in the case of truck transport for driver wages. Due to rather 
low losses of about 0.1 % d-1 and in order to obtain a linear relationship, the 
effect of boiling is neglected for liquefied hydrogen in this study [51]. 

ACHT
g,r,h = FCIHT

g,r,h⋅crf HT
h + AOCHT

g,r,h ∀ (r, g, h) ∈ (R,G,H) (37)  

FCIHT
g,r,h = Nvehicle

g,r,h ⋅cTU
h

∀ (r, g) ∈ (R,G)

h ∕= {pipeline} (38)  

AOCHT
g,r,h = 2⋅dg,r⋅Ntrips

g,r,h⋅wfuel
h ⋅cfuel

h + NTH
g,r,h⋅cdriver

h
∀ (r, g) ∈ (R,G)

h ∕= {pipeline} (39)  

where cTU
h , cdriver

h and cfuel
h are the investment cost per transport unit, the 

specific driver wage and the fuel price, respectively. Nvehicle
g,r,h is the 

number of vehicles for transport from g to r with mode h, while Ntrips
g,r,h 

denotes the annual number of trips and NTH
g,r,h the annual transport hours. 

The driver wage for truck transport is assumed at 15 € h− 1, while it is 
neglected for railway transport [78]. Further underlying assumptions 
are listed in Table 4, with investment cost data normalized by the pro-
ducer price index for heavy-duty truck manufacturing [79]. For meth-
odological details on the calculation of the number of vehicles and the 
working time expenditures, we refer to the work of Amos [51]. 

To calculate the pipeline capital investment FCIHT
g,r,h, the quadratic 

model of Baufume et al. shown in Eq. (40) is adapted [52]. The cost 
function is linearized piecewise by further consideration of Eq. (41), 
which serves to calculate the pipeline diameter Dpipe

g,r,h. In accordance with 

Table 1 
AEL investment cost parameters derived from Proost et al. [57].   

cbase  sbase  f   

[M€] [MW] [-] 

Single stack  1.12 1  0.40 
Multi stack  21.31 40  0.85  

FCIHSC
g,h = cbase⋅

(∑
rT

H2
g,r,h⋅wpower

h

sbase

)

f ⋅
(

pout

pbase

)z
∀ g ∈ G
h = {tube trailer, railway tube car, pipeline} (34)   
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Baufume et al. an average fluid velocity ν of 15 m s− 1 and an operating 
pressure of 6.5 MPa are assumed [52]. The coefficients of the poly-
nomial cost function can be found in Table 5. 

FCIHT
g,r,h = dg,r⋅

(
apipe⋅Dpipe

g,r,h
2
+ bpipe⋅Dpipe

g,r,h + cpipe⋅Zg,r,h

)
∀ (r, g) ∈ (R,G)

h = {pipeline}
(40)  

Dpipe
g,r,h =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

TH2
g,r,h⋅4

ρ⋅ν⋅π

√

∀ (r, g) ∈ (R,G)

h = {pipeline} (41)  

AOCHT
g,r,h = 0.05⋅FCIHT

g,r,h
∀ (r, g) ∈ (R,G)

h = {pipeline} (42)  

where ρ, dg,r and TH2
g,r,h are the hydrogen density, the distance between 

grid point g and refinery r and the hydrogen quantity transported per 
time, respectively. Fixed operating costs are accounted for at 5 % of the 
investment costs [53]. 

Jet fuel synthesis 
Fuel synthesis is considered via the methanol route, with jet fuel 

defined as target product. To derive the corresponding mass balance, 
methanol synthesis is considered on basis of the direct CO2 hydroge-
nation concept as published by Perez-Fortes et al. [61]. Subsequent 
drop-in fuel synthesis is accounted for by data from Liebner and Wagner, 
culminating in the overall mass balance presented in Table 6 [18]. The 
economic model is derived via top-down technology analysis from data 
published by Liebner and Wagner as well as Biedermann et al. [18,62]. It 
integrates methanol synthesis and subsequent drop-in fuel synthesis. 
The referenced literature further accounts for a synthesis gas generation 

Table 4 
Parameters related to hydrogen transport [35,51].  

Transport mode Capacity cTU
h  wfuel

h  cfuel
h   

[kg trip-1] [$1995] [lDiesel km− 1] [kWh km− 1] [€ lDiesel
-1] [€ kWh− 1] 

Tube trailer 181 250,000  0.3922  –  1.20  – 
Tanker truck 4082 500,000  0.3922  –  1.20  – 
Railway tube car 454 300,000  –  0.8826  –  0.05 
Railway tank car 9072 500,000  –  0.8826  –  0.05  

Table 5 
H2 pipeline cost parameters [52].  

apipe  bpipe  cpipe  

[€2010 m− 2 km− 1] [€2010 m− 1 km− 1] [€2010 km− 1] 

2,200,000 860,500 247,500  

Table 6 
Mass balance for H2/CO2 based jet fuel synthesis via methanol.  

Reactants Discharge Products 

Hydrogen Carbon dioxide Water Others LPG Gasoline Jet fuel Diesel 
[
t t− 1

Jet fuel

] [
t t− 1

Jet fuel

] [
t t− 1

Jet fuel

]

1.02 7.31 5.49 0.60 0.19 0.23 1.00 0.82  

Table 7 
Cost parameters for fuel synthesis plant.  

cbase  sbase  f  cFS  lFS  

[M€] [tLF d-1] [-] [€ tLF
-1] [tLF d-1]  

212.9  500.00  0.66  158.79  6123.00  

Table 2 
AEL operating cost parameters.   

Symbol Unit Value Literature 

Process water cH2O  € t− 1 2.00 [76] 

Electricity cpower  € kWh− 1 0.05  
Service and maintenance cSaM  € a-1 kW− 1 19.00 [58] 

Taxes and insurances cTaI  a-1 0.02 [77] 

Stack overhaul period opstack  h 75,000 [58,59] 

Oxygen revenue rO2  € t− 1 17.50  

Stack’s share of acquisition costs sstack  % 45.40 [58] 

Specific energy consumption at system level wel kWh kg− 1 51.95 [59] 
kWh Nm− 3 4.67  

Table 3 
Parameters related to hydrogen state change [51].  

Transport mode H2 state change cbase  sbase  sbase  f  z  pout  wpower
h  wcool

h    

[$1995] [MW] [kg h− 1] [-] [-] [MPa] [kWh kg− 1] [l kg− 1] 

Pipeline Compression 4,000,000 4 –  0.80  0.18  6.50  0.61  13.84 
Tube trailer, railway tube car Compression 4,000,000 4 –  0.80  0.18  20.00  1.08  24.44 
Tanker truck, railway tank car Liquefaction 20,021,400 – 454  0.65  –  –  10.00  626.00  
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unit based on natural gas. Therefore, the costs associated with a steam- 
methane reformer are deducted during model development according to 
Keipi et al. [60]. 

Calculation of annual fuel synthesis costs ACFS
r is shown in Eqs. (43)- 

(45), with relevant parameters presented in Table 7. The fixed capital 
investment FCIFS

r is obtained from Eq. (43), which is linearized piecewise 
for MILP implementation. Operation costs AOCFS

r consist of fixed oper-
ation and maintenance costs at 6 % and variable costs cFS, including 
utilities and catalyst demand [18,60,77]. 

ACFS
r = FCIFS

r ⋅crf FS + AOCFS
r ∀ r ∈ R (43)  

FCIFS
r = cbase⋅

(
PLF

r ⋅8760h
sbase⋅flh

)f

∀ r ∈ R (44)  

AOCFS
r = 0.06⋅FCIFS

r + PLF
r ⋅cFS ∀ r ∈ R (45) 

where flh and PLF
r are the plants annual full load hours and its output 

of liquid products, respectively. 
Although the model builds on methanol route data, an economic 

model for Fischer-Tropsch synthesis is expected to yield similar results. 

Liebner et al. describe the Fischer-Tropsch route as having marginally 
higher synthesis costs, while Schmidt et al. report marginally lower 
synthesis costs compared to the methanol route [8,18]. Since the costs 
over both routes are not expected to differ substantially, the authors 
doubt that a competing implementation based on available data allows a 
valid comparison and therefore refrain from this approach. 

Jet fuel transport 
Jet fuel transport to the airports is considered via truck. To calculate 

the annual transportation costs ACJFT
r,a , the model of de Jong et al. 

described by Eq. (46) is applied [54]. It considers truck rental, driver 
wages and fuel costs through the aggregated parameter cTO, while load 

costs are reflected through cTL. 

ACJFT
r,a = Tjet

r,a⋅
(
cTO⋅dr,a + 2⋅cTL) ∀ (r, a) ∈ (R,A) (46)  

where Tjet
r,a is the transported mass of jet fuel and dr,a the distance, each 

between refinery and airport. cTL and cTO are adopted from de Jong et al. 
at 1.310 € t− 1 and 0.142 € t− 1 km− 1, respectively. The latter is updated, 
to reflect a diesel price of 1.20 € l− 1 as for hydrogen truck transport. 

2.2.3. Objective function 

The objective function shown in Eq. (47) serves to minimize pro-
duction and transportation costs along the supply chain. To adequately 
account for by-products, costs are allocated to the liquid product frac-
tions. For this purpose, an energy-weighted jet fuel fraction xjet of 0.49 is 
applied, which results from the mass balance and the lower heating 
values of the products. Application of xjet excludes jet fuel transportation 
costs, since these are only calculated for the corresponding product 
fraction.  

2.3. Case study 

The analysis in this study refers to electricity-based jet fuel produc-
tion and utilization in Germany. Since electricity supply in this work is 
limited to renewables, the synthetic jet fuel is referred to as SAF. In line 
with the envisioned PtL quota for aviation, SAF shares of 0.5 %, 1 % and 
2 % are considered, with 0.25 %, 4 % and 8 % being supplemented. For 
each case, both compliance at national level as well as compliance at 
each airport are assessed. Thereby, the blending ratio is limited to 50 %, 
since the ASTM D7566 specification does currently not permit a higher 
ratio for any synthesis path [21]. 

The full load hours of the process plants are assumed to be 8,000 h 
per year. According to this assumption, fluctuations in renewable energy 

Fig. 2. Total renewable energy generation (left) and allocation of renewable energy surplus to 75 grid points with 30 km assignment distance (right). Point size 
correlates to energy quantity. 

minC = xjet⋅

[
∑

i,j
ACCC

i,j +
∑

i,r
ACCT

i,r +
∑

g
ACel

g +
∑

g,h
ACHSC

g,h +
∑

g,r,h
ACHT

g,r,h +
∑

r
ACFS

r

]

+
∑

r,a
ACJFT

r,a (47)   
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generation are to be balanced in the electricity sector. Other funda-
mental assumptions include an interest rate of 5 % and technology 
lifetimes, which are shown in Table SI 3, with further specification for 
CO2 capture in Section 2.3.2. 

In the following, the applied datasets for electricity supply, CO2 point 
sources, fuel synthesis sites and airports are specified. In order to keep 
them viable for the optimization purpose and the computational time 
within reasonable limits, an appropriate selection of resolution is 
essential. 

2.3.1. Renewable electricity 
To account for the regional availability of renewable electricity in 

Germany, data from Hülk et al. are employed [55,56]. This open-source 
data provides an allocation of substations to their catchment areas (grid 
districts) as well as the respective annual electricity demand and power 
generation capacity [55]. It consists of 4,015 electrical substations (424 
between extra-high and high voltage, 3,591 between high and medium 
voltage) and 17,102 power plants, of which 16,013 are renewable. 
National electricity demand from the data totals 501.3 TWh a-1, 
compared to 513.3 TWh a-1 and 501.9 TWh a-1 reported for 2018 and 

2019, respectively [64]. 
To determine the regional electricity generation from wind and solar, 

the raw data is processed with weather data from 2011, which is 
considered an average weather year. In combination with other re-
newables, this results in a generation of 227.3 TWh a-1, which is in good 
agreement with reported 2018 and 2019 data of 224.5 TWh a-1 and 
242.4 TWh a-1, respectively [80]. In the further processing, renewable 
electricity from onshore wind, offshore wind, solar, geothermal, biomass 
and hydropower is considered. Mapping of all substations with associ-
ated generation from renewables is shown in Fig. 2. 

The annual difference between renewable generation and demand is 
calculated, resulting in the respective surpluses or deficits per substat-
ion. Given the trade-off between spatial resolution and computational 
time, the data set of 4,015 substations is aggregated to 75 grid points. 
For this purpose, only those points with the highest surpluses are 
selected. Discarded surpluses are assigned to their nearest neighbor, 
provided they are below a maximum assignment distance of 30 km. The 
result is shown in Fig. 2. It limits hydrogen production and thus induces 
a steering effect towards regions that are already balance surplus. 

The model’s sensitivity to grid point aggregation has been pre- 
evaluated. Besides 75 grid points and 30 km assignment distance, a 
higher resolution (100 points, 10 km) and a lower resolution (50 points, 
60 km) have been investigated. While the optimal supply chains remain 
practically constant when reducing the resolution to 75 grid points, 
there are partial displacements to regions with little RE generation at 
only 50 points. 

2.3.2. CO2 point sources 
Taking into account all national CO2 point sources above 500 ktCO2 a

-1, 
the European Pollutant Release and Transfer Register (E-PRTR) yields a data 
set of 139 sources [43]. In addition to the emission quantity, the E-PRTR also 
provides relevant information on plant type and its coordinates. To 
adequately cover ammonia synthesis sites, data from Zitscher et al. are used 
[44]. The resulting map of CO2 sources under consideration is shown in 
Fig. 3. 

The applied classification into plant types with their flue gas CO2 
fractions and their end of availability is shown in Table 8 [13,33,48]. 
With regard to the end of availability for fossil-based flue gases, any 
lock-in effects must be avoided. This means that CO2 utilization is 

Fig. 3. Mapping of considered CO2 sources. Point size correlates to CO2 emission quantity.  

Table 8 
Classification into plant types with typical flue gas CO2 fraction and shutdown 
year [13,14,33,45,48,81].  

Plant type Typical CO2 

fraction 
End of availability for 
PtX 

Number of 
plants 

[-] [mol-%] [-] [-] 

Iron & steel 20 2038 9 
Cement 19 – 26 
SMR incl. ammonia 18 2038 4 
Coal fired power 

plant 
14 Individual per plant, 

2038 latest 
46 

Paper & wood 13 – 2 
Oil fired power plant 11 2038 1 
Others 11 2038 4 
Waste incineration 11 – 6 
Chemicals 7 2038 10 
Refinery 7 2038 12 
Natural gas fired 

power plant 
4 2038 19  
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acceptable for remaining plant lifetimes envisaged in the context of 
defossilization, but must not be used to extend lifetimes under any cir-
cumstances. For coal-fired power plants, the gradual phase-out by 2038 
is considered in accordance with the German coal exit plan [14,47]. As 
with coal-fired power plants, the other CO2 point sources in the dataset 
are assumed to be available no longer than 2038. Exceptions are waste 
incinerators as well as cement and paper & wood industries, which are 
long-term prioritized point sources for PtX applications according to 

Ram et al. and Fröhlich et al. [45,46]. With the additional assumption of 
2023 being the most ambitious target for implementation and thus the 
reference, the lifetime of CO2 capture plants at the various point sources 
is obtained. 

Iron and steel production, which currently has the highest CO2 
emissions of the German energy-intensive industry, is not among the 
long-term prioritized point sources for PtX applications. This is because 
the emissions are technically avoidable, by direct reduction of iron ore 
with hydrogen as reducing agent and further processing in electric arc 
furnaces. In contrast, process-related CO2 emissions from the cement 
industry are prioritized. Although they can theoretically be cut by up to 
50 % through reduction in the clinker content or process adaptation to 
substitute the raw material limestone, large-scale proof of concept is 
pending. The paper & wood industry already uses large quantities of 
biogenic energy sources and further substitution of fossil fuels is tech-
nically viable. Accordingly, current CO2 emissions can be estimated as a 
benchmark for future biogenic emissions [45]. 

2.3.3. Fuel synthesis 
German fuel refineries are considered as sites for SAF synthesis. This 

is due to long-standing experience in plant operation and product 
handling as well as established sales channels. In addition, established 
sites benefit from certain acceptance and may allow for less complex 
regulatory approval procedures. Since the refinery in Wilhelmshaven, 
which had been mothballed for several years, resumed production of 
low-sulfur fuel oil (LSFO) in 2020, it is added to the list [82]. This results 
in a total of 12 sites: Burghausen Refinery, Emsland Lingen Refinery, 
Hamburg Holborn Refinery, Heide Refinery, Ingolstadt Refinery 
(Bayernoil), Ingolstadt Refinery (Gunvor), MiRO Karlsruhe Refinery, 
Rheinland Werk Cologne Refinery, Ruhr Oel Refinery Gelsenkirchen, 
Schwedt Refinery, TOTAL Refinery Mitteldeutschland, Wilhelmshaven 
Refinery [63]. The mapping of these refineries is shown in Fig. 4. 

2.3.4. Airports 
German airports with more than two million annual traffic units are 

considered relevant customers for SAF. Here, one traffic unit corre-
sponds to one passenger or 100 kg of freight/mail. According to data 
reported for 2019, the 13 airports listed in Table 9 and represented in 
Fig. 4 reach this threshold and thereby cover 97.7 % of national oper-
ations [65]. The traffic units of Berlin’s Tegel (TXL) and Schoenefeld 
(SXF) airports are consolidated to approximate those of the new Berlin 
Brandenburg Airport (BER). Formerly a stand-alone airport, SXF now 
serves as a terminal for BER, while TXL has been recently closed. 

Since the individual jet fuel demands of German airports are not 
disclosed, these are assumed to be proportional to their traffic units and 
approximated via the overall German demand of 10,151.6 kt a-1 in 2019 
[64]. 

3. Results and discussion 

The model described in the previous sections results in an MILP. The 
MILP is implemented in AIMMS 4.78, with the number of constraints 
and variables for both scenarios given in Table 10. CPLEX 20.1 is 
selected as solver and a server equipped with 12 2.2 GHz cores and 64 
GB RAM is used for execution. By limiting the resource time to one hour 
per run, optimality gaps with the described setup only occur for the 
highest SAF share of 8 %. 

3.1. Optimal supply chain designs 

SAF quota at national level 
For a SAF quota to be satisfied at national level, Fig. 5 represents 

optimal supply chain mappings. It is striking that the layouts for 0.25 %, 
0.5 % and 1 % SAF only include one CO2 point source, one fuel synthesis 
site and one airport to be supplied. From 2 %, it is advantageous to 
supply multiple airports, while from 4 % multiple CO2 point sources are 

Fig. 4. Mapping of the considered refineries (orange dots) and airports (blue 
dots). For airports, point size correlates to jet fuel demand. 

Table 9 
German airports, their share of national traffic units and derived jet fuel demand 
[64,65].  

Airport with IATA-Code Share of national traffic units Jet fuel demand 
[-] [%] [kt a-1] 

Berlin Brandenburg (BER) 12.2 1234.4 
Bremen (BRE) 0.8 79.2 
Cologne Bonn (CGN) 6.9 697.6 
Dortmund (DTM) 0.9 93.2 
Düsseldorf (DUS) 8.8 896.8 
Frankfurt (FRA) 30.9 3132.5 
Hahn (HHN) 1.0 97.5 
Hamburg (HAM) 5.9 601.7 
Hannover (HAJ) 2.2 221.7 
Leipzig Halle (LEJ) 5.0 510.3 
Munich (MUC) 17.4 1762.5 
Nuremberg (NUE) 1.4 142.4 
Stuttgart (STR) 4.4 446.7 
Sum 97.7 9916.5  

Table 10 
Scenarios and model size.  

Scenario Constraints Variables Integer 
variables 

Max. relative 
optimality gap 

SAF quota at 
national level 

42,180 58,216 15,950  0.14 % 

SAF quota at 
each airport 

42,192 58,216 15,950  0.13 %  
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Fig. 5. Mapping of optimal supply chains “national level”. Green dots and lines: Hydrogen production and transport routes; brown dots and lines: CO2 capture and 
transport routes; orange dots and lines: SAF synthesis and transport routes; blue dots: airports. 

Table 11 
Number of selections for CO2 point sources, synthesis sites and airports within the “national level” scenario.  

CO2 sources Select.  Synthesis sites Select.  Airports Select. 

Iron & steel 4  Heide Refinery 4  Hamburg (HAM) 5 
Cement 2  Wilhelmshaven Refinery 2  Bremen (BRE) 4 
SMR incl. ammonia 2  Schwedt Refinery 1  Hannover (HAJ) 1 
Coal fired power plant 1  Emsland Lingen Refinery 1  Berlin Brandenburg (BER) 1 

Sum 9  Sum 8  Düsseldorf (DUS) 1       
Dortmund (DTM) 1       

Sum 13  

Table 12 
Costs per supply chain segment “national level”.  

SAF share CO2 capture CO2 transport H2 production H2 transport Jet fuel synthesis Jet fuel transport Jet fuel production & transport 
[%] 

[
€ t− 1

CO2

] [
€ t− 1

CO2

] [
€ t− 1

H2

] [
€ t− 1

H2

] [
€ t− 1

Jet fuel

] [
€ t− 1

Jet fuel

] [
€ t− 1

Jet fuel

]

0.25  42.28  2.83  3155.66  112.79  423.67  13.63  2225.67 
0.50  37.43  7.81  3155.47  71.86  371.49  14.59  2154.46 
1.00  34.19  5.50  3148.17  69.19  323.01  14.59  2081.11 
2.00  33.66  4.66  3146.34  97.16  288.68  19.14  2059.43 
4.00  33.72  5.23  3153.63  122.88  264.20  17.37  2051.86 
8.00  33.22  5.44  3159.64  170.72  276.54  17.83  2090.39  
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considered. Multiple fuel synthesis sites are only implemented in the 
optimal supply chain for 8 % SAF. 

An analysis of the geographical assignment shows a cluster for 
hydrogen production, CO2 capture, fuel synthesis and fuel utilization in 
the greater North Sea coast area. Only for the 8 % SAF scenario, a modest 
production takes place in Eastern Germany. Large quantities of 
hydrogen are preferably produced where offshore wind power is landed 
or rather converted from direct to alternating current, i.e. in Büttel in 
Schleswig-Holstein as well as Diele and Dörpen in Lower Saxony. To get 
to the fuel synthesis sites, hydrogen is transported exclusively by pipe-
line, which thus proves to be the most cost-effective option for such PtL 
applications. 
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Fig. 6. Cost breakdown “national level”.  

Fig. 7. Mapping of optimal supply chains “airport level”. Green dots and lines: Hydrogen production and transport routes; brown dots and lines: CO2 capture and 
transport routes; orange dots and lines: SAF synthesis and transport routes; blue dots: airports. 

Table 13 
Number of selections for CO2 point sources and synthesis sites within the 
“airport level” scenario.  

CO2 sources Select.  Synthesis sites Select. 

Cement 6  Emsland Lingen Refinery 3 
Iron & steel 3  Heide Refinery 2 
Refinery 2  Burghausen Refinery 2 
SMR incl. ammonia 1  MiRO Karlsruhe Refinery 2 

Sum 12  Wilhelmshaven Refinery 1    

Sum 10  
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Table 11 shows, across the six different target quantities, how often 
plant types are selected for CO2 capture, refinery sites for synthesis, and 
airports for utilization. Accordingly, with four selections, iron & steel 
plants are the preferred CO2 point source for an optimal design. In 
addition, cement and ammonia plants are selected twice each and coal- 
fired power plants once. The coal-fired power plant concerned is Onyx 
Wilhelmshaven, which is among the youngest in Germany and is to be 
converted to biomass. Switching to biomass as primary energy carrier 
may support future viability regardless of mere economic consider-
ations. For the various point sources selected, VSA (13X) is the carbon 
capture technology employed throughout. 

Regarding fuel synthesis sites, there is a clear preference for the 
Heide Refinery, which is represented in four of the six supply chain 
designs. The neighboring airports of Hamburg and Bremen are the 
preferred customers for SAF, with five and four selections, respectively. 
For a comprehensive outline of sites and transport relations, including 
CO2 and SAF transport quantities, see Table SI 4 of the supporting 
information. 

The costs underlying the optimal supply chain designs are listed in 
Table 12, with total costs of production and transportation ranging from 
2052 to 2226 € t− 1

Jet fuel. A cost breakdown is illustrated in Fig. 6. 
Hydrogen production generally accounts for the largest cost share at 
70.6–76.5 %, followed by fuel synthesis and CO2 capture at 12.9–19.0 % 
and 5.7–6.8 %, respectively. The overall contribution of the trans-
portation costs for H2, CO2, and SAF varies between 3.3 and 5.9 %. Even 
though this can be considered low, transportation has a distinct impact 
on the design of the optimal supply chains as long distances are avoided. 
For the lower SAF shares and CO2 transport quantities, CO2 transport via 
truck may be an economical alternative to pipeline [72]. In the sense of a 
scaling strategy to be pursued, however, the construction of a pipeline 
infrastructure appears reasonable anyway. 

Total costs for production and transport tend to decrease with increasing 
production, although this trend reverses from the 4 % to the 8 % case. Since 
optimization balances a variety of effects, such as economies of scale, limited 
regional availability, and transportation costs, there are no clear trends for 
sub-costs. However, CO2 capture and fuel synthesis costs are relatively high 
at low target quantities since economies of scale cannot be exploited. At 
higher target quantities, economies of scale may not be evident, as the uti-
lization of multiple plants is favorable in the integrated view. 

SAF quota at each airport 
For a SAF quota to be satisfied at each airport, Fig. 7 represents 

optimal supply chain mappings. Since the three largest airports, which 
account for more than 60 % of demand, are located in the west 
(Frankfurt), east (Berlin-Brandenburg) and south (Munich), some 
displacement can be observed compared to the “national level” scenario. 
The combination of CO2 point sources and fuel synthesis sites deviates 
except for 0.5 % SAF. 

A number of analogies to the previous supply scenario can be 
observed, i.e. multiple CO2 point sources and fuel synthesis sites are also 
employed only for the higher SAF shares. In this scenario, multiple point 
sources are employed from 2 % and multiple synthesis sites from 4 %. 
Moreover, large quantities of hydrogen are also produced where 
offshore wind power is landed and transported exclusively by pipeline to 

the synthesis sites. 
As indicated in Table 13, the selection of CO2 point source types 

focusing on iron & steel and cement along with one selection of an 
ammonia plant is fairly consistent with the scenario analyzed before. 
However, refineries are also selected as point sources twice in this sce-
nario. The technology employed for CO2 capture is predominantly VSA 
(13X), this time with the exception of capturing at a refinery. Here, 
absorption by MEA is chosen as it is particularly suited for lower CO2 
contents [13]. The lower CO2 content, however, entails higher capture 
costs. A selection of refineries can still be advantageous in the holistic 
view, since CO2 transport costs are eliminated if fuel synthesis takes 
place at the same site. 

The selection of fuel synthesis sites shows greater diversity than for 
the “national level” scenario. Only the Emsland Lingen Refinery is 
selected three times, followed by the Heide Refinery, Burghausen Re-
finery and MiRO Karlsruhe Refinery with two selections each. A 
comprehensive list of sites and transport relations, including CO2 and 
SAF transport quantities, is given in Table SI 5. 

The costs for the optimal supply chain designs are listed in Table 14, 
with total costs of production and transport ranging from 2090 to 2258 
€ t− 1

Jet fuel. Thus, the costs for the respective SAF shares are 22–51 € t− 1
Jet fuel 

higher than those for the “national level” scenario. Additional costs result 
from the constraint of a constant SAF share per airport.The cost break-
downs are illustrated in Fig. 8. Hydrogen production accounts for 
69.7–75.0 % of the costs, followed by fuel synthesis and CO2 capture at 
13.4–18.8 % and 5.6–6.5 %, respectively. The overall contribution of the 
transportation costs for H2, CO2, and SAF varies between 5.1 and 6.3 %. 

3.2. Cross-scenario assessment 

To have a benchmark and to determine the costs of fuel blends, a 
representative price of 550 € t− 1 for conventional jet fuel is assumed [7]. 
The calculated costs for SAF are higher by a factor of 3.7–4.1, with the 
“national level” scenario being superior from an economic point of view. 

For the blends, on the other hand, the resulting costs from both 
scenarios hardly differ and are 0.8–22.7 % higher than those of con-
ventional jet fuel. As illustrated in Fig. 9, they reach 673 € t− 1 and 
675 € t− 1, respectively, for the maximum SAF share or blending ratio of 
8 % considered. Provided airlines would pass on those extra costs to 
their customers, ticket prices would increase by about 6 %, given that 
fuel costs are a major driver of their expenses at 25 % [7,83,84]. For the 
“national level” scenario, however, these numbers are more of an 
average value, as for certain airports, blend rates of up to 50 % are 
obtained, while others are not supplied with SAF at all. A 50 % blend, 
would rather result in a ticket price increase of 35 % at the SAF costs 
identified. 

Table 15 shows the fixed capital investment for the various SAF 
targets, including all supply chain segments except final product supply. 
To achieve the envisaged 2030 target of 2 % PtL SAF, investments of 
about 1.6 B€ would be required. For the highest share of 8 % considered, 
these would increase to 6.8 B€. These values are dependent, inter alia, 
on the jet fuel selectivity and the methanol route is still expected to have 
considerable potential in this respect. If this can be leveraged, i.e. if 
more jet fuel is produced per reactant, the various process 

Table 14 
Costs per supply chain segment “airport level”.  

SAF share CO2 capture CO2 transport H2 production H2 transport Jet fuel synthesis Jet fuel transport Jet fuel production & transport 
[%] 

[
€ t− 1

CO2

] [
€ t− 1

CO2

] [
€ t− 1

H2

] [
€ t− 1

H2

] [
€ t− 1

Jet fuel

] [
€ t− 1

Jet fuel

] [
€ t− 1

Jet fuel

]

0.25  35.27  10.04  3160.47  119.10  423.67  39.63  2257.89 
0.50  37.43  7.81  3155.47  71.86  371.49  65.25  2205.13 
1.00  34.19  6.98  3146.34  71.90  323.01  50.72  2122.99 
2.00  37.87  3.52  3149.07  86.46  288.68  50.72  2098.05 
4.00  33.38  4.37  3152.05  116.02  283.41  44.93  2090.15 
8.00  34.23  5.64  3160.01  153.92  283.72  36.69  2112.63  

T. Wassermann et al.                                                                                                                                                                                                                          



Applied Energy 307 (2022) 117683

14

infrastructures can be sized smaller, so that overall capital costs decline. 
Plant operation adapted to fluctuating renewables would affect the 

economics of SAF production. Thus, electrolyzers would have to be 
scaled larger in order to obtain equal annual output at lower full load 

hours. By integrating H2 storage, reduced full load hours could be 
avoided for downstream processes at additional costs. Upon consider-
ation of seasonal H2 storage, cost-optimal supply chains are expected to 
be even more clustered in the greater North Sea coast area, where 
geological structures for large-scale storage in salt caverns are pre-
dominantly located [85]. Both the Heide and Wilhelmshaven refineries 
have caverns in direct vicinity that are currently in alternative use, with 
the Heide refinery retrofitting one for H2 storage as part of the West-
küste100 research project [86,87]. 

Regardless of the economic optimization objective, the overriding 
goal of substituting conventional jet fuel with SAF is to save CO2 emis-
sions. Accordingly, Table 15 reports the amount of captured and recy-
cled CO2. It also lists the extra GHG emissions associated with the 
considerably higher SAF transport effort in the “airport level” scenario. 
Assuming truck transport at 77.2 gCO2 

t− 1 km− 1, these extra emissions 
reach 16.3 ktCO2 a-1 for the largest scenario [88]. 

In light of the limited time until the national aviation PtL quota takes 
effect, but also until national climate neutrality is to be achieved in 
2045, it is imperative to point out timescales for infrastructure devel-
opment. Up to four years are required for the realization of PtL process 
plants, i.e. for engineering and construction. It may take longer for H2 
and CO2 pipeline infrastructures, as complex approval of routing is to be 
expected. For instance, insufficient regulatory frameworks and public 
opposition have repeatedly delayed German power grid infrastructure 
expansion in recent years [89]. Development of PtL production capacity 
must therefore start promptly to achieve the targets set. Sites and 
technologies are recommended according to the optimal supply chain 
for the intended national production quantity. As cost-optimal supply 
chains for SAF shares of up to 8 % consist of few capture and synthesis 
sites only, a profound scaling strategy should be pursued for those 
coming on stream. 

3.3. Sensitivity 

Sensitivity is analyzed with respect to the electricity price. The 
electricity price has a strong influence on the economic viability of PtL 
processes and is largely defined in Germany by taxes, levies and sur-
charges [3,90]. These depend on the electricity procurement and may 
change through upcoming regulations. 

For this purpose, the “national level” scenario is further investigated. 
The results in terms of SAF costs are illustrated in Fig. 10 for shares of 
0.25 % and 4 %, i.e. the economically worst and most favorable case, 
respectively. While there is a clear linear dependence in terms of product 
costs, the selection of sites and technologies remains constant for all SAF 
shares across the considered electricity price range of 
0.00–0.10 € kWh− 1. Cost parity with current conventional jet fuel prices 
is not achieved even with free electricity supply. 

Finally, the authors would like to point out that the supply chain 
presented is subject to various uncertainties, as is common with such 
models. These include the regional availability of electricity and CO2, as 
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Table 15 
Capital investment for SAF production, quantity of recycled CO2 and extra 
transport GHG emissions for scenario “airport level”.  

SAF 
share 

FCI for SAF 
production 
“national level” 

FCI for SAF 
production 
“airport level” 

Recycled 
CO2 

emissions 

Extra SAF 
transport GHG 
emissions 
“airport level” 

[%] [M€] [M€]
[
ktCO2 a− 1] [

ktCO2 a− 1]

0.25 257 267 181.3 0.7 
0.50 464 464 362.7 2.7 
1.00 830 841 725.4 3.9 
2.00 1,576 1,608 1,450.8 6.8 
4.00 3,138 3,206 2,901.6 11.9 
8.00 6,818 6,839 5,803.1 16.3  
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Fig. 10. SAF cost sensitivity on electricity price for the “national 
level” scenario. 

T. Wassermann et al.                                                                                                                                                                                                                          



Applied Energy 307 (2022) 117683

15

well as the adopted and linearized cost functions. Although source-sink 
matching has proven robust with respect to electricity price, He et al. 
demonstrate that uncertain parameters can significantly affect system 
topology [91]. Hasan notes that there is a paucity of work addressing 
source-sink matching under uncertainty [92]. This should be subject of 
follow-up work, as should temporal indexing to precisely represent the 
transformation process rather than discrete transformation states. 

4. Conclusions 

This work reveals that in Germany the greater North Sea coast area is 
suitable for SAF production. Appropriate sites and technologies have 
been identified, with an investment volume of 1.6 B€ required to achieve 
2 % SAF in 2030. In terms of a supply strategy, a SAF target at national 
level is recommended for market ramp-up, as a target for each airport 
implies both higher costs and increased greenhouse gas emissions from 
fuel transport. It further allows the organizational burden to be reduced 
to fewer airports. 

At 2052–2258 € t− 1, the identified SAF costs are 3.7–4.1 times cur-
rent prices of conventional jet fuel. However, due to the still relatively 
low SAF shares considered, the costs for corresponding blends are only 
0.8–22.7 % higher than for its straight equivalent. They are certainly 
legitimate in the context of global challenges. Given the low profit 
margins in aviation, however, they may have to be accompanied by 
regulations that prevent mere route shifting or enhanced pre-fueling 
with fossil jet fuel (so-called tankering) [93]. 

A reasonable national production volume is limited by the renewable 
electricity demand for electrolysis. At 8 % SAF, this already reaches 
41.8 TWh a-1, which corresponds to 17.3 % of renewable electricity 
generation in Germany in 2019 [80]. Higher blending ratios than 
considered in this paper are likely to be achieved through supplemen-
tary imports from particularly wind- and sun-rich regions; either in the 
form of SAF, in the form of methanol or Fischer-Tropsch crude as in-
termediate product, or hydrogen as reactant. Thus, further cost degra-
dations can be achieved through lower electricity costs and the 
exploitation of learning curves as well as economies of scale. 

Nomenclature  

Index of abbreviations 
AC Annual costs 
ACC Annualized capital costs 
AEL Alkaline electrolysis 
AIMMS Advanced interactive multidimensional modeling system 
AOC Annual operating costs 
ASTM American society for testing and materials 
CCS Carbon capture and sequestration 
CCU Carbon capture and utilization 
CCUS Carbon capture, utilization and sequestration 
CEPCI Chemical engineering plant cost index 
CRF Capital recovery factor 
E-PRTR European pollutant release and transfer register 
FCI Fixed capital investment 
Flh Full load hours 
FSC-PVAm Fixed-site-carrier polyvinyl amine 
GHG Greenhouse gas 
Ir Interest rate 
Lat Latitude 
LOHC Liquid organic hydrogen carriers 
Lon Longitude 
LSFO Low-sulfur fuel oil 
MEA Monoethanolamine 
MILP Mixed integer linear programming 
MtG Methanol-to-gasoline 
PEMEL Polymer electrolyte membrane electrolysis 
PSA Pressure swing adsorption 
PtL Power-to-liquid 
PtX Power-to-X 
PZ Piperazine 
SAF Sustainable aviation fuel 

(continued on next column)  

(continued ) 

SMR Steam methane reforming 
SOEL Solid oxide electrolysis 
Tl Technology lifetime 
VSA Vacuum swing adsorption   

Sets 
a ∈ A  Airports 
g ∈ G  Grid points 
h ∈ H  Hydrogen transport modes 
i ∈ I  CO2 point sources 
j ∈ J  CO2 capture technologies 
nel ∈ {1..Nel

g } Individual electrolyzer systems 

r ∈ R  Refineries   

Parameters 
αj, βj, γj, nj,mj  Capital cost parameters for CO2 capture technology j [various]  

α’
j, β’

j, γ’
j, 

n’
j,m’

j  

Operating cost parameters for CO2 capture technology j [various]  

α, β  CO2 pipeline cost parameters [various] 
ρ  Mass density [kg m− 3] 
apipe,bpipe, cpipe  H2 pipeline cost parameters [various] 
cH2O  Specific process water costs [€ t− 1] 
ccool  Specific cooling water costs [€ m− 3] 
cbase  Base costs for any process type [€] 
cdriver

h  Specific driver wage for transport mode h [€ h− 1]  
cpower  Specific electricity costs [€ kWh− 1] 
cfuel

h  
Specific fuel costs for transport mode h [various]  

cTL  Specific load costs for truck transport [€ t− 1] 
cTO  Specific rental, fuel and driver costs for truck transport 

[€ t− 1 km− 1] 
cTU

h  Investment costs per transport unit (TU) for transport mode h [€ 
TU-1]  

cFS  Specific variable operating costs for fuel production [€ t− 1] 
cSaM  Specific service and maintenance costs (electrolyzer) [€ a-1 kW− 1] 
cTaI  Specific tax and insurance costs (electrolyzer) [a-1] 
cSR  Specific stack replacement costs (electrolyzer) [a-1] 
dg,r  Distance between grid point g and refinery r [km]  
di,r  Distance between source i and refinery r [km]  
dr,a  Distance between refinery r and airport a [km]  
djet

a  Total jet fuel demand at airport a [t a-1]  
f  Sizing exponent [-] 
ftotal
i  Total molar flue gas stream at source i [kmol a-1]  

fτ  Terrain-related correction factor for CO2 pipeline transport [-] 
lfel  Reduced Lang factor for electrolyzer [-] 

lel  Limit for electrolyzer rated power per system [MW] 
lFS  Limit for fuel synthesis plant capacity [t a-1] 
llower
j  Lower application limit in terms of CO2 fraction for capture 

technology j [mol-%]  
lupper
j  Upper application limit in terms of CO2 fraction for capture 

technology j [mol-%]  
lblend  Limit for blending ratio with synthetic jet fuel [wt-%] 
opstack  Stack overhaul period [h] 
pout  Outlet pressure for H2 compression [MPa] 
pbase  Base pressure for H2 compression [MPa] 
reg  Renewable energy at grid point g [MWh a-1]  
rO2  Specific O2 revenue [€ t− 1] 
sbase  Base size [various] 
sstack  Stack’s share of acquisition costs [%] 
ν  Fluid velocity [m s− 1] 
υCO2  CO2 demand per mass unit of jet fuel [t t− 1] 
υH2  H2 demand per mass unit of jet fuel [t t− 1] 
wel  Specific energy consumption of electrolyzer [kWh kg− 1] 
wcool

h  Specific H2 state change cooling water consumption for transport 
mode h [m3 kg− 1]  

wpower
h  Specific H2 state change work for transport mode h [kWh kg− 1]  

wfuel
h  

Specific fuel consumption for transport mode h [various]  

(continued on next page) 
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(continued ) 

wSAF  Mass fraction of SAF on jet fuel demand [wt-%] 
xCO2

i  
Molar CO2 fraction in flue gas at source i [mol-%]  

xjet  Energy-weighted jet fuel fraction of products [%] 
z  Pressure factor for H2 compression [-]   

Variables 
ACCC

i,j  continuous Annual costs for CO2 capture at source i using technology j 
[€ a-1]  

ACDH
i,j  continuous Annual dehydration costs for CO2 capture at source i using 

technology j [€ a-1]  
ACCT

i,r  continuous Annual costs for CO2 transport from source i to refinery r [€ 
a-1]  

ACel
g  continuous Annual costs for H2 production at grid point g [€ a-1]  

ACHT
g,r,h  continuous Annual costs for H2 transport from grid point g to refinery r 

with transport mode h [€ a-1]  
ACHSC

g,h  continuous Annual costs for H2 state change at grid point g and 
transport mode h [€ a-1]  

ACFS
r  continuous Annual costs for fuel synthesis at refinery r [€ a-1]  

ACJFT
r,a  continuous Annual costs for jet fuel transportation from refinery r to 

airport a [€ a-1]  
ACCCC

i,j  continuous Annualized capital costs for CO2 capture at source i using 
technology j [€ a-1]  

AOCCC
i,j  continuous Annual operating costs for CO2 capture at source i using 

technology j [€ a-1]  
AOCCT

i,r  continuous Annual operating costs for CO2 transport from source i to 
refinery r [€ a-1]  

AOCel
g  continuous Annual operating costs for H2 production at grid point g [€ 

a-1]  
AOCHT

g,r,h  continuous Annual operating costs for H2 transport from grid point g to 
refinery r with transport mode h [€ a-1]  

AOCHSC
g,h  continuous Annual operating costs for H2 state change at grid point g 

and transport mode h [€ a-1]  
AOCFS

r  continuous Annual operating costs for fuel synthesis at refinery r [€ a- 

1]  
ARel

g  continuous Annual revenues from O2 at grid point g [€ a-1]  

DH2O
g  continuous Water consumption of electrolysis at grid point g [t a-1]  

Ecaptured
i,j  

continuous CO2 captured at source iusing technology j [t a-1]  

Ftreated
i,j  continuous Flue gas sent to capture technology j at source i [kmol a-1]  

FCICT
i,r  continuous Fixed capital investment costs for CO2 transport from 

source i to refinery r [€]  
FCIelg  continuous Fixed capital investment costs for H2 production at grid 

point g [€]  
FCIHT

g,r,h  continuous Fixed capital investment costs for H2 transport from grid 
point g to refinery r with transport mode h [€]  

FCIHSC
g,h  continuous Fixed capital investment costs for H2 state change at grid 

point g and transport mode h [€]  
FCIFS

r  continuous Fixed capital investment costs for fuel synthesis at refinery 
r [€]  

Nel
g  integer Number of electrolyzer systems at grid point g [-]  

Ntrips
g,r,h  

integer Number of trips from grid point g to refinery r using 
transport mode h [-]  

Nvehicle
g,r,h  integer Number of vehicles from grid point g to refinery r using 

transport mode h [-]  
NTH

g,r,h  continuous Number of annual transport hours from grid point g to 
refinery r using transport mode h [h a-1]  

PH2
g  continuous H2 production rate at grid point g [t a-1]  

PO2
g  continuous O2 production rate at grid point g [t a-1]  

Pdiesel
r  continuous Diesel production rate at refinery r [t a-1]  

Pgasoline
r  continuous Gasoline production rate at refinery r [t a-1]  

Pjet
r  continuous Jet fuel production rate at refinery r [t a-1]  

PLF
r  continuous Liquid fuel production rate at refinery r [t a-1]  

Pel
g  continuous Rated electrolyzer power at grid point g [MW]  

TH2
g,r,h  

continuous H2 transport rate from grid point g to refinery r using 
transport mode h [t a-1]  

TCO2
i,r  

continuous CO2 transport rate from source i to refinery r [t a-1]  

Tjet
r,a  continuous Jet fuel transport rate from refinery r to airport a [t a-1]  

Xi,r  binary Determines whether CO2 is transported from i to r [-]  
Yi,j  binary Determines whether capture technology j is chosen at 

source i [-]  
Zg,r,h  binary Determines whether transport mode h is chosen between g 

and r [-]   
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[52] Baufumé S, Grüger F, Grube T, Krieg D, Linssen J, Weber M, et al. GIS-based 
scenario calculations for a nationwide German hydrogen pipeline infrastructure. 
Int J Hydrogen Energy 2013;38(10):3813–29. https://doi.org/10.1016/j. 
ijhydene.2012.12.147. 

[53] Yang C, Ogden J. Determining the lowest-cost hydrogen delivery mode. Int J 
Hydrogen Energy 2007;32(2):268–86. https://doi.org/10.1016/j. 
ijhydene.2006.05.009. 

[54] de Jong S, Hoefnagels R, Wetterlund E, Pettersson K, Faaij A, Junginger M. Cost 
optimization of biofuel production – The impact of scale, integration, transport and 
supply chain configurations. Appl Energy 2017;195:1055–70. https://doi.org/ 
10.1016/j.apenergy.2017.03.109. 

[55] Hülk L, Wienholt L, Cußmann I, Müller UP, Matke C, Kötter E. Allocation of annual 
electricity consumption and power generation capacities across multiple voltage 
levels in a high spatial resolution. Int J Sustain Energy Plan Manag 2017;13:79–92. 
https://doi.org/10.5278/ijsepm.2017.13.6. 

[56] eGo dataprocessing © Flensburg University of Applied Sciences. Centre for 
Sustainable Energy Systems © Europa-Universität Flensburg, Centre for 
Sustainable Energy Systems © Reiner Lemoine Institut © DLR Institute for 
Networked Energy Systems. open eGo DataProcessing v0.4.5. Open EGo GitHub 
Repos; 2018. http://www.github.com/openego. 

[57] Proost J. State-of-the art CAPEX data for water electrolysers, and their impact on 
renewable hydrogen price settings. Int J Hydrogen Energy 2019;44(9):4406–13. 
https://doi.org/10.1016/j.ijhydene.2018.07.164. 

[58] Smolinka T, Wiebe N, Sterchele P, Palzer A, Lehner F, Jansen M, et al. Studie 
IndWEDe - Industrialisierung der Wasserelektrolyse in Deutschland: Chancen und 
Herausforderungen für nachhaltigen Wasserstoff für Verkehr, Strom und Wärme. 
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