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1 SAF Deployment Linear Optimization Model 

1.1 Mathematical Model Description 

The following section provides a description of the linear optimization model based on [1] at the 

formalized (mathematical) level. The symbols, exponents, and indices used are presented in Sec-

tion 1.2. The model is formulated as a linear optimization problem, with Equation (1.1) defining 

the objective function of the model. 

𝑐𝑡𝑜𝑡𝑎𝑙 = ∑[𝑐𝑡
𝐾𝐸𝑅𝑂(𝐹)

+ 𝑐𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

+ 𝑐𝑡
𝑂𝐹𝐹𝑆]

𝑡∈𝑇

(1 + 𝑖)−𝑡 !
= 𝑚𝑖𝑛 (1.1) 

 

According to this objective function, the systemic total costs (system costs) for each year of anal-

ysis result from the use of conventional fossil kerosene, SAF kerosene, and carbon dioxide (CO2) 

or GHG emissions offsetting. These annual costs are discounted to the most recent point before 

the actual analysis period (i.e., the reference year 𝑡0). Following the overall model approach, i.e. 

aiming to integrate SAF kerosene into global aviation cost-efficiently (minimizing costs), the sum 

of the discounted values for all years of analysis is minimized. Within the model, monetary values 

are represented as real values adjusted for purchasing power, excluding potential inflation effects 

from consideration. The individual components of the objective function, along with the associ-

ated system of constraints within the model, are detailed in the following sections. 

1.1.1 Fossil Kerosene 

Equation (1.2) describes the system costs associated with the use of fossil kerosene. 

𝑐𝑡
𝐾𝐸𝑅𝑂(𝐹)

= 𝑚𝑡
𝐾𝐸𝑅𝑂(𝐹)

(𝑝𝑡
𝐾𝐸𝑅𝑂(𝐹)

+ 𝐸𝐹𝑡
𝐾𝐸𝑅𝑂(𝐹)

𝑝𝑡
𝐶𝑂2)     𝑡 ∈ 𝑇 (1.2) 

 

The annual costs associated with the use of fossil kerosene (KERO(F)) consist of two components: 

the costs of the kerosene quantity used, determined by the respective kerosene price (or procure-

ment costs), and the costs of the carbon dioxide (CO2) emissions resulting from kerosene use, cal-

culated based on a specific CO2 price. 
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1.1.2 SAF Kerosene 

Equations (1.3) and (1.4) describe the systemic costs associated with the use of SAF kerosene op-

tions. 

𝑐𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

= ∑ ∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

 (𝐺𝐾𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

+ 𝐸𝐹𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

 𝑝𝑡
𝐶𝑂2)

𝑎∈𝐴

+ ∑ ∑ 𝐴𝑎,𝑝,𝑡
𝐷𝐶𝑀

𝑎∈𝐴

 𝑐𝑎,𝑝,𝑡
𝐷𝐶𝑀

𝑝∈𝑃𝑓∈𝐹𝑝∈𝑃

     𝑡 ∈ 𝑇 (1.3) 

𝑚𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

= 𝑚𝑎,𝑓,𝑝,𝑡
𝐻𝐶  𝜔𝑎,𝑝,𝑡

𝐾𝐸𝑅𝑂     𝑎 ∈ 𝐴, 𝑓 ∈ 𝐹, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.4) 

 

The systemic costs for the use of SAF kerosene in each year of analysis consist of three compo-

nents. First, they include the quantities of the various kerosene options used and their specific 

production costs. Second, they account for the costs of the carbon dioxide (CO2) emissions associ-

ated with kerosene use, calculated based on a specified CO2 price. According to Equation (1.4), the 

production volume of SAF kerosene is derived from the hydrocarbon production volume of a con-

version plant multiplied by the gravimetric share of the kerosene fraction. The third cost compo-

nent includes the costs associated with decommissioning SAF production plants, which may arise 

if facilities need to be taken out of operation before reaching their assumed maximum technical 

operating lifetime. 

1.1.3 SAF Production Plants 

The modeling of fuel or hydrocarbon production, in conjunction with the required SAF production 

plant infrastructure, is carried out according to the Equations (constraints) (1.5) and (1.6). 

∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐻𝐶

𝑓∈𝐹

≥ 𝐴𝑎,𝑝,𝑡
𝑆𝑇𝐶𝐾  𝑃𝐶𝑎,𝑝,𝑡

𝐻𝐶  𝜌𝑝
𝑚𝑖𝑛     𝑎 ∈ 𝐴, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.5) 

∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐻𝐶

𝑓∈𝐹

≤ 𝐴𝑎,𝑝,𝑡
𝑆𝑇𝐶𝐾 𝑃𝐶𝑎,𝑝,𝑡

𝐻𝐶  𝜌𝑝
𝑚𝑎𝑥      𝑎 ∈ 𝐴, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.6) 

 

According to the constraints outlined above, the hydrocarbon production volume is determined 

by the sum of facilities of a specific age and conversion process that utilize a defined resource 

category or multiple resource categories, along with their respective production capacities. The 

factors 𝜌𝑝
𝑚𝑖𝑛 and 𝜌𝑝

𝑚𝑎𝑥 define the facility utilization rate, representing the range of minimum and 

maximum utilization relative to production capacity. By summing over the resource category 𝑓, it 
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is ensured that the total volume of hydrocarbon products produced from different resource cate-

gories does not exceed the aggregate production capacity of the respective facilities within an age 

class 𝑎 and conversion process 𝑝, on average. 

Equations (constraints) (1.7) to (1.10) model the SAF production plant stock. For this purpose, a 

modeling approach based on [2] is applied. The SAF production facility stock is determined by the 

annual commissioning and decommissioning of SAF production plants over time. 

𝐴𝑎,𝑝,𝑡
𝑆𝑇𝐶𝐾 = 𝐴𝑝,𝑡

𝐶𝑂𝑀      𝑓ü𝑟 𝑎 = 1     𝑎 ∈ 𝐴, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.7) 

𝐴𝑎,𝑝,𝑡
𝑆𝑇𝐶𝐾 = 𝐴𝑎,𝑝,𝑡1

𝐼𝑆𝑇𝐶𝐾 + 𝐴𝑎−1,𝑝,𝑡−1
𝑆𝑇𝐶𝐾 − 𝐴𝑎,𝑝,𝑡

𝐷𝐶𝑀     𝑓𝑜𝑟 𝑎 ≥ 2     𝑎 ∈ 𝐴, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.8) 

𝐴𝑎,𝑝,𝑡
𝐷𝐶𝑀 = 0     𝑓ü𝑟 𝑎 ≤ 𝑛𝑚𝑖𝑛     𝑎 ∈ 𝐴, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.9) 

𝐴𝑎+1,𝑝,𝑡
𝐷𝐶𝑀 = 𝐴𝑎,𝑝,𝑡−1

𝑆𝑇𝐶𝐾      𝑓ü𝑟 𝑎 = 𝑛𝑚𝑎𝑥      𝑓𝑜𝑟 𝑡 ≥ 2     𝑎 ∈ 𝐴, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.10) 

 

The constraint described in Equation (1.7) adds SAF production plants that are being commis-

sioned in a specific year of analysis to the SAF production plant stock. These plants are assigned 

an age of 1, referring to the end of the respective year. The constraint in Equation (1.8) then de-

fines the SAF production plan stock for a given year. This stock is composed of an initial plant 

stock, exogenously specified as a parameter for the year 𝑡1 (2025), and facilities from the previous 

year (𝑡 − 1) that are one year older (𝑎 − 1). Additionally, SAF production plants decommissioned 

at the beginning of the year are subtracted from the SAF production plant stock. 

The constraint in Equation (1.9) ensures that a SAF production plant can only be decommissioned 

after reaching a specified minimum operational lifespan. Conversely, the constraint in Equation 

(1.10) mandates that a SAF production plant must be decommissioned no later than when it 

reaches its defined maximum operational lifespan. Decommissioned SAF production plants are 

assigned to the category of decommissioned plants and are subtracted from the SAF production 

plant stock according to Equation (1.8). In line with the constraints in Equations (1.5) and (1.6), 

decommissioned SAF production plants no longer contribute to the production of hydrocarbon 

products. Additionally, the constraint in Equation (1.11) restricts the pace of SAF production plant 

development over time. 

∑ 𝐴𝑎,𝑝,𝑡
𝑆𝑇𝐶𝐾 𝑃𝐶𝑎,𝑝,𝑡

𝑎∈𝐴

≤ 𝑓𝑝
𝑃𝐶𝑆𝑇𝐶𝐾 ∑ 𝐴𝑎−1,𝑝,𝑡−1

𝑆𝑇𝐶𝐾  𝑃𝐶𝑎−1,𝑝,𝑡−1

𝑎∈𝐴

     𝑓𝑜𝑟 𝑡 > 1     𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.11) 

 

The constraint in Equation (6.11) establishes a dependency for the expansion of hydrocarbon pro-

duction capacities on the installed production capacity of the previous year or years. Accordingly, 
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the installed production capacity of a conversion technology p over time can increase by a maxi-

mum of a defined multiple (𝑓𝑝
𝑃𝐶𝑆𝑇𝐶𝐾 ) of the installed capacity from the preceding year. This en-

sures that the deployment of larger quantities of SAF kerosene in later years is only feasible in 

conjunction with a prior, gradual build-up of SAF production plants and production capacity. The 

modeling of production volumes for by-products (e.g., naphtha, diesel) is addressed through 

Equation (1.12). 

𝑚𝑏,𝑎,𝑓,𝑝,𝑡
𝐵𝑃 = 𝑚𝑎,𝑓,𝑝,𝑡

𝐻𝐶  𝜔𝑏,𝑎,𝑝,𝑡
𝐵𝑃      𝑏 ∈ 𝐵, 𝑎 ∈ 𝐴, 𝑓 ∈ 𝐹, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (1.12) 

 

According to Equation (1.12), the volumes of by-products are derived from the total hydrocarbon 

production volume of the respective conversion facilities, taking into account the gravimetric 

share of the by-product fraction within a given conversion process. The gravimetric share of a by-

product in the hydrocarbon production volume depends on the conversion process but is inde-

pendent of the resource option used. 

1.1.4 Feedstock Utilization 

The constraints described in Equations (1.13) and (1.14) impose restrictions on resource utiliza-

tion for hydrocarbon production over time. 

∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐻𝐶

𝑎∈𝐴

 𝜗𝑎,𝑓,𝑝,𝑡
𝑅𝐸𝑆

𝑝∈𝑃

 ≤  𝑉𝑓,𝑡
𝑅𝐸𝑆      𝑓 ∈ 𝐹, 𝑡 ∈ 𝑇 (1.13) 

∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐻𝐶

𝑎∈𝐴

 𝜗𝑎,𝑓,𝑝,𝑡
𝑅𝐸𝑆

𝑝∈𝑃

 ≤ 𝑓𝑓
𝑅𝐸𝑆 ∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡−1

𝐻𝐶

𝑎∈𝐴

 𝜗𝑎,𝑓,𝑝,𝑡−1
𝑅𝐸𝑆

𝑝∈𝑃

   𝑓𝑜𝑟 𝑡 > 1   𝑓 ∈ 𝐹, 𝑡 ∈ 𝑇 (1.14) 

 

The constraint in Equation (1.13) ensures that the feedstocks used for hydrocarbon production 

(per feedstock category and year of analysis) do not exceed a defined feedstock availability. The 

resource demand for producing a specific volume of hydrocarbon products is calculated based on 

the mass- and energy-specific feedstock demand (𝜗𝑎,𝑓,𝑝,𝑡
𝑅𝐸𝑆 ). 

The constraint in Equation (1.14) prevents the full utilization of a feedstock's availability in a sin-

gle step. For each feedstock category, the feedstock usage in a given year is limited to a defined 

multiple (𝑓𝑓
𝑅𝐸𝑆) of the feedstock usage from the previous year. This accounts for the fact that raw 

material supply – particularly for biomass-based SAF production plants and the associated bio-

mass options – must be gradually developed and expanded (e.g., plantation establishment, devel-
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opment of feedstock logistics systems). Additionally, this ensures that the introduction of a previ-

ously unused feedstock category into an existing production infrastructure requires a corre-

sponding scale-up of feedstock supply systems. 

For the use of CO2 in PTL SAF kerosene production, point-source CO2 from ATJ and FT-BTL SAF 

production sites is directly linked to the corresponding amounts of ATJ and FT-BTL SAF produced 

in the model. Specifically, the available CO2 is tied to the quantities of hydrocarbon fuel products 

(e.g., naphtha, kerosene, diesel) generated through these conversion pathways. The respective 

modeling is detailed by Equation (1.15) and (1.16). 

∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐻𝐶

𝑎∈𝐴

 𝜗𝑎,𝑓,𝑝,𝑡
𝑅𝐸𝑆  ≤ +𝑉𝑡

𝑃𝑆 𝐶𝑂2     𝑓 = {𝑃𝑆 𝐶𝑂2}, 𝑝 = {𝑃𝑇𝐿𝑃𝑆 𝐶𝑂2
}, 𝑡 ∈ 𝑇 (1.15) 

𝑉𝑡
𝑃𝑆 𝐶𝑂2 = ∑ ∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡

𝐻𝐶

𝑎∈𝐴

 𝑓𝑓,𝑝,𝑡
𝑃𝑆 𝐶𝑂2

𝑓∈𝐹𝑝={𝐴𝑇𝐽,𝐹𝑇−𝐵𝑇𝐿}

      𝑡 ∈ 𝑇 (1.16) 

 

The constraint in Equation (1.15) ensures that the annual CO2 from point sources used as feed-

stock for hydrocarbon production in the Power-to-Liquid (PTL) point-source CO2 pathway (across 

all plant ages) does not exceed the annually available point-source CO2. Equation (1.16) defines 

the annual availability of point-source CO2, which is determined by the CO2 released during the 

production of hydrocarbon products (e.g., naphtha, kerosene, diesel) via the ATJ (alcoholic fer-

mentation) and FT-BTL (water-gas shift, WGS) conversion pathways, based on the different feed-

stock categories used. This availability is calculated based on the quantity of hydrocarbon fuels 

produced by these pathways and a specific factor (𝑓𝑓,𝑝,𝑡
𝑃𝑆 𝐶𝑂2), which represents the quantity of CO2 

produced per unit of hydrocarbon fuel via the considered ATJ or FT-BTL pathway. The factor var-

ies depending on the feedstock, the conversion pathway (ATJ or FT-BTL), and the analysis year. 

  



 6 

 

1.1.5 CO2 Emissions Offsetting 

Equation (6.15) details the systemic costs associated with the use of carbon dioxide (CO2) emis-

sions offsetting. The systemic costs of carbon dioxide (CO2) offsetting are calculated annually 

based on the offset quantity and the specific offset price. The constraints in Equation (1.18) to 

(1.21) place limits on the offsetting use. 

𝑐𝑡
𝑂𝐹𝐹𝑆 = 𝑛𝑡

𝑂𝐹𝐹𝑆  𝑝𝑡
𝑂𝐹𝐹𝑆     𝑡 ∈ 𝑇 (1.17) 

𝑛𝑡
𝑂𝐹𝐹𝑆 ≤ 𝑚𝑡

𝐾𝐸𝑅𝑂𝐷  𝐸𝐹𝑡
𝐾𝐸𝑅𝑂(𝐹)

− 𝐸𝑀𝐶𝑁𝐺      𝑡 ∈ 𝑇 (1.18) 

𝑛𝑡
𝑂𝐹𝐹𝑆 ≤ 𝑚

𝑡−(𝑡𝑂𝐹𝐹𝑆_𝑟𝑒𝑑−𝑡𝐸𝑀_𝑚𝑎𝑥_𝑟𝑒𝑑)

𝐾𝐸𝑅𝑂𝐷  𝐸𝐹
𝑡−(𝑡𝑂𝐹𝐹𝑆_𝑟𝑒𝑑−𝑡𝐸𝑀_𝑚𝑎𝑥_𝑟𝑒𝑑)

𝐾𝐸𝑅𝑂(𝐹)
− 𝐸𝑀𝐶𝑁𝐺   𝑓𝑜𝑟 𝑡 = 𝑡𝑂𝐹𝐹𝑆_𝑟𝑒𝑑 − 𝑡0 (1.19) 

𝑛𝑡
𝑂𝐹𝐹𝑆 ≤ 𝑛𝑡−1

𝑂𝐹𝐹𝑆  (1 − 𝑟𝑡
𝑂𝐹𝐹𝑆_𝑟𝑒𝑑)     𝑓𝑜𝑟  𝑡𝑂𝐹𝐹𝑆_𝑟𝑒𝑑 < 𝑡 < 𝑡𝑁𝑍𝐸  (1.20) 

𝑛𝑡
𝑂𝐹𝐹𝑆 ≤ ∑ ∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡

𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

𝑎∈𝐴𝑓∈𝐹𝑝∈𝑃

 𝐸𝐹𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

     𝑓𝑜𝑟  𝑡 ≥ 𝑡𝑁𝑍𝐸 (1.21) 

 

The constraint in Equation (1.18) ensures that carbon dioxide (CO2) offsetting is applied only to 

emissions exceeding a defined carbon-neutral growth (CNG) threshold (𝐸𝑀𝐶𝑁𝐺). This means CO2 

offsetting is used exclusively to maintain a CNG emission compliance (even if solely fossil kerosene 

is used to meet the kerosene demand), and not to achieve additional reductions in net CO2 emis-

sions. 

The constraint in Equation (1.19) ensures that, starting from the year when the maximum allow-

able CO2 offsetting usage is to be reduced (𝑡𝑂𝐹𝐹𝑆_𝑟𝑒𝑑), such as 2040, the amount of CO2 offsets 

utilized in that specific year is capped at the maximum level of CO2 offsets that could have been 

used in the year (𝑡𝐸𝑀_𝑚𝑎𝑥_𝑟𝑒𝑑), such as 2035, when a reduction of the defined emission constraint 

(𝐸𝑀𝑡
𝑚𝑎𝑥) could begin. 

The constraint in Equation (1.20) ensures that, starting from the year when CO2 offsetting usage 

is to be reduced (𝑡𝑂𝐹𝐹𝑆_𝑟𝑒𝑑), such as 2040, and continuing until a definable net-zero CO2 emissions 

target year (𝑡𝑁𝑍𝐸), such as 2050, the annual amount of offsets utilized can decrease by a defined 

share (𝑟𝑡
𝑂𝐹𝐹𝑆_𝑟𝑒𝑑). 

The constraint in Equation (1.21) ensures that, starting from the defined net-zero CO2 emissions 

target year (𝑡𝑁𝑍𝐸), such as 2050, the annual amount of CO2 offsets utilized cannot exceed the CO2 

emissions generated by using SAF kerosene. In other words, from that point onward, CO2 offset-

ting is limited to compensating for emissions from SAF kerosene, and fossil kerosene emissions 
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can no longer be offset. Furthermore, if a net-zero CO2 emissions level is set as the maximum al-

lowable emissions from (𝑡𝑁𝑍𝐸) onward, this also implies that the use of fossil kerosene would no 

longer be permitted. 

1.1.6 Kerosene Demand and Emission Constraint 

The constraint in Equation (1.22) models the fulfillment of a defined kerosene demand for each 

year. 

𝑚𝑡
𝐾𝐸𝑅𝑂(𝐹)

+ ∑ ∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

𝑎∈𝐴𝑓∈𝐹𝑝∈𝑃

= 𝑚𝑡
𝐾𝐸𝑅𝑂𝐷      𝑡 ∈ 𝑇 (1.22) 

 

The specified kerosene demand can be met using both conventional fossil kerosene and SAF ker-

osene options. The total amount of SAF kerosene in a given year is calculated as the sum of kero-

sene quantities produced by SAF production plants across all age classes (𝑎), feedstock categories 

(𝑓), and conversion processes (𝑝). 

An emissions cap is implemented in the form of coherent carbon dioxide (CO2) emission limits 

throughout the entire analysis period (emission cap trajectory). The model incorporates this re-

quirement through the constraint defined in Equation (1.23). 

𝑚𝑡
𝐾𝐸𝑅𝑂(𝐹)

 𝐸𝐹𝑡
𝐾𝐸𝑅𝑂(𝐹)

+ ∑ ∑ ∑ 𝑚𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

𝑎∈𝐴𝑓∈𝐹𝑝∈𝑃

 𝐸𝐹𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

− 𝑛𝑡
𝑂𝐹𝐹𝑆 ≤ 𝐸𝑀𝑡

𝑚𝑎𝑥      𝑡 ∈ 𝑇 (1.23) 

 

This constraint ensures that the use of both fossil and SAF kerosene, combined with the respective 

carbon dioxide (CO2) emissions offsetting, does not exceed the annually defined emission cap. 

  



 8 

 

1.2 Symbols 

The symbols, exponents, and indices used in the model are comprehensively listed in the follow-

ing SI Table 1. 

SI Table 1 Model Symbols, Exponents, and Indices 

Symbol Description 

𝐴𝑎,𝑝,𝑡1

𝐼𝑆𝑇𝐶𝐾  Number of initial SAF plants (initial plant stock (ISTCK)) of plants 𝐴 with plant age 𝑎, conversion 
process 𝑝 in year 𝑡1 

𝐴𝑎,𝑝,𝑡
𝐷𝐶𝑀 Number of decommissioned (DCM) plants 𝐴 with plant age 𝑎, conversion process 𝑝 in year 𝑡  

(decision variable) 

𝐴𝑎,𝑝,𝑡
𝑆𝑇𝐶𝐾 Number / stock (STCK) of plants 𝐴 with plant age 𝑎, conversion process 𝑝 in year 𝑡 

𝐴𝑝,𝑡
𝐶𝑂𝑀 Number of commissioned (COM) plants 𝐴 with plant age 𝑎, conversion process 𝑝 in year 𝑡  

(decision variable) 

𝐸𝐹𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

 Specific CO2 emission factor 𝐸𝐹 of SAF kerosene (KERO(SAF)) from plants with plant age 𝑎, feed-
stock category 𝑓, conversion process 𝑝 in year 𝑡 

𝐸𝐹𝑡
𝐾𝐸𝑅𝑂(𝐾)

 Specific CO2 emissions factor 𝐸𝐹 of fossil kerosene (KERO(F)) in year 𝑡 

𝐸𝑀𝐶𝑁𝐺 Carbon-neutral growth (CNG) CO2 emission threshold 

𝐸𝑀𝑡
𝑚𝑎𝑥  Maximum CO2 emissions (emission constraint) 𝐸𝑀 in year 𝑡 

𝐺𝐾𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

 Specific production costs 𝐺𝐾 of SAF kerosene option (KERO(SAF)) from plants with plant age 𝑎, 
feedstock category 𝑓, conversion process 𝑝 in year 𝑡 

𝑃𝐶𝑎,𝑝,𝑡 Plant specific production capacity (plant production output) 𝑃𝐶 of individual plants based on 
conversion process 𝑝 with plant age 𝑎 in year 𝑡 

𝑃𝐶𝑎,𝑝,𝑡
𝐻𝐶  Plant specific production capacity (plant production output) 𝑃𝐶 of hydrocarbon(HC)-product (HC) 

of individual plants based on conversion process 𝑝 with plant age 𝑎 in year 𝑡 

𝑉𝑓,𝑡
𝑅𝐸𝑆 Feedstock availability (RES) 𝑉 of feedstock category 𝑓 in year 𝑡 

𝑉𝑡
𝑃𝑆 𝐶𝑂2 Point source CO2 availability (PS CO2) 𝑉 of in year 𝑡 

𝑐𝑎,𝑝,𝑡
𝐷𝐶𝑀  Costs 𝑐 of plant decommissioning (DCM) (before reaching maximum operating lifetime) for plants 

with plant age 𝑎, conversion process 𝑝 in year 𝑡 

𝑐𝑡
𝐾𝐸𝑅𝑂(𝐹)

 System costs 𝑐 from usage of fossil kerosene (KERO(F)) in year 𝑡 

𝑐𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

 System costs 𝑐 from usage of SAF kerosene (KERO(SAF)) in year 𝑡 

𝑐𝑡
𝑂𝐹𝐹𝑆  System costs 𝑐 from CO2 emissions offsetting (OFFS) in year 𝑡 

𝑐𝑡𝑜𝑡𝑎𝑙  Total (total) system costs 𝑐 from usage of fossil kerosene (𝐾𝐸𝑅𝑂(𝐹)), SAF kerosene (𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)) 
and CO2 emissions offsetting (𝑂𝐹𝐹𝑆) across all analysis years 𝑇 

𝑓𝑓,𝑝,𝑡
𝑃𝑆 𝐶𝑂2 Conversion factor 𝑓 representing the specific quantity of usable point-source CO2 per unit of hydro-

carbon fuel product produced, based on the feedstock category 𝑓 in conversion process 𝑝 in year 𝑡 

𝑓𝑓
𝑅𝐸𝑆  Factor 𝑓 for maximum expansion of usable feedstock quantities (RES) of feedstock category 𝑓 

𝑓𝑝
𝑃𝐶𝑆𝑇𝐶𝐾 Factor 𝑓 for maximum expansion of installed production capacity (PC) of plant stock (STCK) for 

conversion process 𝑝 

𝑚𝑎,𝑓,𝑝,𝑡
𝐾𝐸𝑅𝑂(𝑆𝐴𝐹)

 Production quantity 𝑚 of SAF kerosene (KERO(SAF)) from plants with plant age 𝑎, feedstock 
category 𝑓, conversion process 𝑝 in year 𝑡 

𝑚𝑎,𝑓,𝑝,𝑡
𝐻𝐶  Mass-quantity 𝑚 of hydrocarbon(HC)-product of plant with plant age 𝑎, feedstock category 𝑓, con-

version process 𝑝 in year 𝑡 (decision variable) 

𝑚𝑏,𝑎,𝑓,𝑝,𝑡
𝐵𝑃  Produced mass-quantity 𝑚 of by-product (BP) 𝑏 from plants with plant age 𝑎, feedstock category 𝑓, 

conversion process 𝑝 in year 𝑡 

𝑚𝑡
𝐾𝐸𝑅𝑂𝐷  Demand (D) of kerosene (KERO) 𝑚 in year 𝑡 

𝑚𝑡
𝐾𝐸𝑅𝑂(𝐹)

 Quantity 𝑚 of fossil kerosene (KERO(F)) in year t (decision variable) 

𝑛𝑚𝑎𝑥  Maximum (max) operating lifetime 𝑛 of a production plant 

𝑛𝑚𝑖𝑛  Minimum (min) operating lifetime 𝑛 of a production plant 

𝑛𝑡
𝑂𝐹𝐹𝑆 Amount 𝑛 an CO2 emissions offsetting (OFFS) in year 𝑡 (decision variable) 
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𝑝𝑡
𝐶𝑂2  Specific price 𝑝 for carbon dioxide (CO2) emissions in year 𝑡 

𝑝𝑡
𝐾𝐸𝑅𝑂(𝐹)

 Specific price 𝑝 of fossil kerosene (KERO(F)) in year 𝑡 

𝑝𝑡
𝑂𝐹𝐹𝑆 Specific price 𝑝 for CO2 emissions offsetting (OFFS) in year 𝑡 

𝑟𝑡
𝑂𝐹𝐹𝑆_𝑟𝑒𝑑  Share by which the annual amount of offsets utilized is decrease in year 𝑡 

𝑡 
𝐸𝑀_𝑚𝑎𝑥_𝑟𝑒𝑑  Year when a reduction of the defined emission constraint (𝐸𝑀𝑡

𝑚𝑎𝑥) begins 

𝑡 
𝑁𝑍𝐸  Net-zero CO2 emissions target year 

𝑡 
𝑂𝐹𝐹𝑆_𝑟𝑒𝑑 Year when maximum allowable CO2 offsetting usage is to be reduced 

𝜌𝑝
𝑚𝑎𝑥  Maximum(max) utilization 𝜌 of production plants with conversion process 𝑝 

𝜌𝑝
𝑚𝑖𝑛  Minimum(min) utilization 𝜌 of production plants with conversion process 𝑝 

𝜔𝑎,𝑝,𝑡
𝐾𝐸𝑅𝑂  Gravimetric share 𝜔 of kerosene fraction (KERO) related to hydrocarbon production quantity from 

plants with plant age 𝑎, feedstock category 𝑓, conversion process 𝑝 in year 𝑡 

𝜔𝑏,𝑎,𝑝,𝑡
𝐵𝑃  Gravimetric share 𝜔 of by-product (BP) 𝑏 an Kohlenwasserstoff-Produktionsmenge from plants 

with plant age 𝑎, feedstock category 𝑓, conversion process 𝑝 in year 𝑡 

𝜗𝑎,𝑓,𝑝,𝑡
𝑅𝐸𝑆  Mass- and energy-specific feedstock demand (RES) 𝜗 related to the total hydrocarbon fraction of a 

plant with plant age 𝑎, feedstock category 𝑓, conversion process 𝑝 in year 𝑡 

𝐴 Set of plant ages (index 𝑎) 

𝐵 Set of by-products (index 𝑏) 

𝐹 Set of feedstock categories (index 𝑓) 

𝑃 Set of conversion processes (index 𝑝) 

𝑇 Set of analysis years (index 𝑡) 

𝑖 Discount rate 
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2 Description of SAF Conversion Technologies 

2.1 Hydroprocessed Esters and Fatty Acids (HEFA) 

The Hydroprocessed Esters and Fatty Acids (HEFA) conversion pathway involves the transfor-

mation of lipid-containing feedstocks into liquid hydrocarbons through catalytic hydrogenation, 

followed by cracking and isomerization of the intermediates [3], [4]. The corresponding HEFA 

conversion pathway is illustrated in SI Figure 1. 

 

SI Figure 1 Schematic HEFA conversion pathway (HEFA: Hydroprocessed Esters and Fatty Acids) 

Based on SI Figure 1, the HEFA conversion pathway is described in more detail below. 

Supply of Oils and Fats 

Practically all types of vegetable or animal oils and fats can be used as feedstock for the HEFA 

conversion pathway. From a purely technical perspective, this includes commonly traded “con-

ventional” vegetable oils such as palm oil, soybean oil, or rapeseed oil, as well as other vegetable 

oils like those from Jatropha or Camelina plants and algal oils. Additionally, certain waste streams, 

such as used cooking oils or animal fats from slaughterhouses (e.g., animal tallow), can also serve 

as feedstock [5]. Depending on the raw material, specific pretreatment of the feedstock is required 

before the actual conversion process. These processes generally include, depending on the bio-

genic feedstock, size reduction, pressing and/or extraction processes, purification processes, and 

other pretreatment steps (e.g., degumming, neutralization) [6], [7]. 

HEFA Conversion Process Chain 

The conversion of pretreated feedstocks takes place in two main transformation steps: hydro-

genation or hydrotreatment, followed by isomerization and cracking. This is followed by product 

separation as the third process step. 

Hydrogenation. In the first process step, a hydrogen treatment is carried out. During this step, 

the unsaturated double bonds of the triglycerides are saturated through the addition of hydrogen 

(H2), and the glycerol backbone of the triglycerides is broken down with the formation of propane 
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(C3H8). Additionally, the oxygen (O) contained in the triglycerides is removed. Three possible re-

action pathways can be used for this oxygen removal: hydrodeoxygenation (HDO), decarbonyla-

tion, and/or decarboxylation. Hydrodeoxygenation (HDO) is the preferred reaction for oxygen re-

moval because it separates oxygen (O) in the form of water (H2O) without any carbon loss. How-

ever, this reaction requires an adequate supply of hydrogen (H2) [3], [6], [7], [8].1 

In the case of complete hydrogenation, n-alkanes constitute the primary product of the hydro-

genation process. Depending on the reaction used for oxygen removal, the carbon chain length of 

these n-alkanes either matches that of the fatty acids used as feedstock (in the case of hydrodeox-

ygenation, i.e., no carbon loss) or is shortened by one carbon atom compared to the profile of the 

original fatty acids (in the case of decarbonylation or decarboxylation) [3], [8]. 

Isomerization and Cracking. To produce kerosene as the desired end product, the n-alkanes re-

sulting from hydrogenation must undergo further processing to meet the corresponding fuel re-

quirements. This includes adjusting the carbon chain length to align with the carbon chain length 

range of the kerosene fraction. To achieve a high kerosene fraction, cracking of the n-alkanes is 

typically necessary [3], [9], [10]. Additionally, the low-temperature properties of the resulting 

product (n-alkanes) must be tailored to meet aviation fuel specifications, as n-alkanes generally 

have higher freezing points compared to branched alkanes (iso-alkanes) [6], [8]. Therefore, fol-

lowing hydrogenation, a cracking and isomerization step is usually performed in a dedicated re-

action unit [3]. During this process, long-chain (unbranched) n-alkanes are catalytically converted 

into iso-alkanes (i.e., branched isomers) with the addition of hydrogen (H2). These cracking pro-

cesses typically occur in parallel with the isomerization processes [6], [8]. 

Product Separation. After any remaining gaseous components in the product stream (e.g., hy-

drogen (H2), carbon monoxide (CO), carbon dioxide (CO2)) [8], are separated from the liquid 

phase, the resulting product stream primarily consists of n- and iso-alkanes. This mass stream is 

then divided into the desired product fractions using standard rectification processes [6]. 

  

 
1  Depending on the availability of hydrogen (H2) for oxygen (O) removal, additional reactions typically 

occur alongside the HDO reaction. Decarboxylation generally takes place in parallel, while decarbonyla-
tion is less common. In decarbonylation, oxygen (O) is removed in the form of water (H2O) and carbon 
monoxide (CO). In contrast, during decarboxylation, oxygen removal occurs exclusively in the form of 
carbon dioxide (CO2) [6], [8], [9]. 
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2.2 Alcohol-to-Jet (ATJ) 

The Alcohol-to-Jet (ATJ) conversion pathway encompasses various process variants in which al-

cohols serve as the primary feedstocks and are transformed into a mixture of long-chain hydro-

carbons (including those within the kerosene spectrum) through several sequential process steps 

[6]. This involves combining processes primarily known from refinery technology into a new in-

tegrated process [11]. The process chain can be divided into two main sections: alcohol produc-

tion (1st step) and its subsequent conversion into hydrocarbon products (2nd step); this is illus-

trated in SI Figure 2 using ethanol as an example [12]. To date (as of March 2025), ethanol, iso-

butanol, and iso-butene have been approved as feedstocks; however, the approval of additional 

alcohol options (e.g., methanol, n-butanol) is being pursued [9], [13], [14]. 

 

SI Figure 2 Schematic ATJ conversion pathway using ethanol as an example (ATJ: Alcohol-to-Jet) 

Based on SI Figure 2, the Alcohol-to-Jet (ATJ) conversion pathway is described in more detail be-

low using ethanol as a feedstock for conversion into higher hydrocarbons. 

Alcohol Production 

A variety of production pathways exist for the provision of ethanol (C2H5OH) [11], [15], [16], [17], 

[18], [19]. Below, the alcoholic (ethanol) fermentation and syngas fermentation processes are de-

scribed in more detail. 

▪ Alcoholic Fermentation. Alcoholic fermentation, or ethanol fermentation, is a biochemical 

process in which various microorganisms ferment a monosaccharide-based sugar solution un-

der anaerobic conditions, primarily producing ethanol (C2H5OH) and carbon dioxide (CO2). 

Yeasts are the preferred microorganisms, as they are relatively robust and easy to cultivate. 

Following the fermentation step, the ethanol (C2H5OH) contained in the fermented mash is 
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separated through multi-stage distillation or rectification and then concentrated (absolute 

ethanol production) [11], [20]. Essentially, sugar- and starch-rich biomasses are predomi-

nantly used as substrates today. Depending on the biomass used, various pretreatment steps 

are required to convert the sugar components in the biomass into a fermentable sugar solu-

tion [11], [21]. Sugar-rich biomass (e.g., sugarcane) is processed into a suitable solution with 

sufficient purity through simple pressing and/or washing, followed by cleaning steps. In the 

case of starch-rich biomass (e.g., corn), the sugar components embedded in the starch struc-

ture must first be released before fermentation can occur. This can be achieved, for example, 

by swelling or liquefying the starch, followed by saccharification [6], [21]. Due to its rigid cell 

structure, the utilization of lignocellulose also requires various pretreatment steps to convert 

it into a sugar solution for subsequent fermentation. Such processes are not yet commercially 

implemented. In corresponding pilot plants, this is typically done using two-stage methods. 

First, the lignocellulose matrix is broken down (e.g., via steam explosion), and the sugar mol-

ecules are then extracted from the cellulose and hemicellulose through enzymatic and/or 

acid-catalyzed hydrolysis [6], [22], [23]. 

▪ Syngas Fermentation. Various gas-fermenting microorganisms are capable of metabolizing 

gas components such as carbon monoxide (CO), carbon dioxide (CO2), and/or hydrogen (H2) 

[18]. Depending on the process conditions (e.g., aerobic or anaerobic conditions, syngas com-

position, microorganisms used), the syngas is converted in a biochemical fermentation step 

into products such as alcohols, acids, and other compounds [11], [18], [19]. Unlike thermo-

chemical processes (e.g., Fischer-Tropsch synthesis), this conversion does not require a spe-

cific ratio of hydrogen (H2) to carbon monoxide (CO) in the syngas. While gas cleaning steps 

are necessary, there is no need for gas conditioning to achieve optimal microbial activity [19]. 

The required syngas can be derived from a variety of biomass options or through electricity-

based methods (Section 2.3 and 2.4). 

Alcohol Conversion 

The core Alcohol-to-Jet (ATJ) process section, i.e., the conversion of the alcohols used into long-

chain hydrocarbons, involves the transformation steps of dehydration, oligomerization, and hy-

drogenation, followed by fractionation [24], [25], [26]. 

▪ Dehydration. During dehydration, oxygen (O) is removed from the hydroxyl group (OH) of 

the alcohol, resulting in the formation of water (H2O). The alcohols used in this process pri-

marily react to form short-chain alkenes (olefins). In the case of ethanol as the feedstock, a 

significant portion of these alkenes retains the same carbon chain length as the alcohol used 

[11], [27]; for example, when ethanol (C2H5OH) is used, a high proportion of ethylene mole-

cules (C2H4) is produced. 
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▪ Oligomerization. The short-chain alkenes formed during dehydration are subsequently oli-

gomerized, meaning they are “linked” into longer alkenes composed of structurally identical 

units. For example, multiple ethylene molecules (C2H4) are combined to form a new alkene 

with a longer carbon chain. This oligomerization – and thereby the composition of the final 

product fractions – is primarily influenced by pressure, temperature, residence time, and the 

choice of catalyst [6], [11]. 

▪ Hydrogenation. The oligomerized alkenes are hydrogenated at their carbon double bonds 

through the addition of hydrogen (H2), resulting in their saturation. Similar to the dehydration 

and oligomerization steps, the hydrogenation process is catalytically supported [11]. 

▪ Product Separation. Following the above conversion steps, the produced hydrocarbon mix-

ture is distilled into its various fractions. This typically involves rectification, a process com-

monly used in conventional refining. During rectification, the product fractions are separated 

based on their boiling points or boiling ranges (i.e., lighter fractions condense on the upper 

intermediate trays, while heavier fractions condense in the lower part of the rectification col-

umn) [11], [28]. 

Following this overall conversion pathway, the synthetic kerosene fraction produced is further 

refined to meet the specifications of aviation fuel [29]. 
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2.3 Fischer-Tropsch-Biomass-to-Liquid (FT-BTL) 

The Fischer-Tropsch (FT) conversion pathway involves the thermochemical transformation of 

synthesis gas (syngas) – composed of hydrogen and carbon monoxide – into synthetic crude oil 

(syncrude), which can be further processed into kerosene, among other products [30], [31]. The 

overall conversion consists of two main sections: syngas production and the subsequent Fischer-

Tropsch synthesis, including the necessary product refining [32]. Syngas can be produced using a 

variety of combinations of feedstock options (based on renewable energy) and process variants, 

and it can be tailored for synthesis [6], [33], [34]. SI Figure 3 illustrates the corresponding overall 

Fischer-Tropsch-Biomass-to-Liquid (FT-BTL) pathway. 

 

SI Figure 3 Schematic FT-BTL conversion pathway (BTL: Biomass-to-Liquid; FT: Fischer-Tropsch; 
WGS: water-gas shift) 

Based on SI Figure 3, the Fischer-Tropsch-Biomass-to-Liquid (FT-BTL) conversion pathway is de-

scribed in more detail below. 

Syngas Provision 

The Biomass-to-Liquid (BTL) conversion pathway, within the context of the Fischer-Tropsch con-

version route, primarily involves the production of synthetic fuels through the thermochemical 

transformation of (typically) solid lignocellulosic biomass (e.g., straw, forest residual wood, short-

rotation coppice) or solid organic waste fractions [6], [35]. This pathway is described below for 

the steps of feedstock pretreatment, gas production, and gas conditioning. 

Feedstock Pretreatment. Depending on the feedstock and the logistical framework and bound-

ary conditions, decentralized pretreatment of the feedstock at the site of raw material production 

or generation may be necessary. This could involve simple drying or more complex processes such 

as pyrolysis, torrefaction, or pelletization to, for example, increase the energy density of the 

transport material and potentially reduce transportation costs [5], [6]. As a result, the raw mate-

rial catchment area and, consequently, the achievable feedstock input streams for a conversion 

plant can be expanded. This can facilitate the construction of larger plants and the utilization of 

cost-reduction effects through economies of scale [36], [37], [38], [39], [40], [41]. 
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(Product-)Gas Production. During gas production (gasification), the macromolecules that make 

up the solid biomass feedstock are thermally decomposed under oxygen-deficient conditions [5]. 

The main components of the resulting product gas are carbon monoxide (CO), hydrogen (H2), and 

carbon dioxide (CO2). Depending on the process conditions, the gasifying agent used, or the reac-

tor type (e.g., fixed-bed, fluidized-bed, or entrained-flow gasifiers), the proportions of individual 

gas components can vary significantly [6]. 

(Product-)Gas Conditioning. The produced syngas is subsequently conditioned to meet the re-

quirements and conditions of the subsequent Fischer-Tropsch synthesis. This primarily involves 

product gas cleaning followed by gas conditioning. 

The cleaning of the product gas (gas cleaning) involves processes such as the removal of particles, 

the elimination of tars, and/or the separation of inorganic gas components like sulfur or chlorine 

compounds [6]. The goal is to ensure that the produced syngas meets the purity requirements for 

the subsequent conversion process. This is particularly critical with respect to the catalysts used, 

as certain gas components can rapidly reduce their effectiveness (catalyst poisoning) [42], [43]. 

Before the cleaned raw syngas is fed into the Fischer-Tropsch reactor, the hydrogen (H2) to carbon 

monoxide (CO) ratio in the syngas – referred to as the H2-to-CO ratio – is adjusted during the con-

ditioning process. For kerosene production, an H2-to-CO ratio of approximately 2:1 is targeted [6], 

[30]. When gas is produced from solid biomass, the resulting product gas typically has a low H2-

to-CO ratio, indicating a hydrogen deficit [43], [44]. To adjust (i.e., increase) this ratio for the 

Fischer-Tropsch synthesis, the water-gas shift (WGS) reaction is employed. Steam (H2O) is added 

to the syngas, allowing a portion of the carbon monoxide (CO) to oxidize into carbon dioxide (CO2), 

releasing hydrogen (H2) in the process. The carbon dioxide (CO2) formed and present in the gas 

stream is subsequently removed. This step removes a portion of the carbon (C) originally con-

tained in the biomass feedstock from the process chain, resulting in a carbon loss, as it is not con-

verted into higher hydrocarbons [43], [44]. To achieve the final required H2-to-CO ratio, the hy-

drogen-rich raw syngas produced in the water-gas shift reactor is then combined with the remain-

ing cleaned product gas stream and mixed to create the necessary syngas composition [6]. 

Fischer-Tropsch Conversion Process Chain 

Following the production or provision of syngas, the Fischer-Tropsch process chain is imple-

mented. 

Fischer-Tropsch Synthesis. In a Fischer-Tropsch synthesis, a variety of reactions occur, during 

which the hydrogen (H2) and carbon monoxide (CO)-rich syngas is catalytically converted primar-

ily into a synthetic crude oil. This is a complex multicomponent mixture of various hydrocarbon 
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compounds. The hydrocarbon mixture mainly consists of straight-chain or unbranched alkanes 

(n-alkanes) and alkenes, with hydrocarbon chain lengths ranging from methane (C1) to solid 

waxes (≥ C20) [30], [32], [43], [45]. The composition of the synthetic crude oil can be described by 

the so-called α-value, which represents the chain growth probability [30], [31]. This value de-

pends on operating parameters such as pressure, temperature, and residence time, as well as the 

choice of catalyst and the H2-to-CO ratio of the syngas [6], [30]. 

Product Refining (Hydrotreatment). Following the Fischer-Tropsch synthesis, the produced 

synthetic crude oil is first separated from the residual gas stream and then refined into the desired 

target products [46]. If kerosene is the desired main product, relatively high α-values of 0.9 are 

targeted. For this purpose, low-temperature Fischer-Tropsch processes are typically employed 

[6], [31], [43]. In this configuration, a larger portion of the synthetic crude oil’s product distribu-

tion falls within the kerosene range compared to high-temperature Fischer-Tropsch processes. 

Another significant portion of the product lies in the diesel and wax range (i.e., products with 

longer carbon chains). To increase kerosene yield, this wax fraction is broken down into shorter-

chain hydrocarbon products using cracking processes. Additionally, these products must be hy-

drogenated (i.e., saturated with hydrogen (H2)) to meet aviation fuel specifications. This can be 

achieved either through explicit hydrogenation in dedicated hydrogenation reactors or through 

combined hydrogenation within the cracking process in so-called hydrocrackers2 [6], [31], [32]. 

Parallel to the cracking processes, isomerization reactions also occur, during which a portion of 

the unbranched hydrocarbons is converted into branched hydrocarbons. To enhance product 

properties, particularly low-temperature performance, a separate (hydro)isomerization of the 

kerosene fraction can be conducted in addition to the isomerization within the cracking processes. 

The resulting mixture primarily consists of n-alkanes and iso-alkanes [6], [46]. 

Product Separation. Following the various aforementioned hydrogen (H2) treatment steps (hy-

drotreatment), the resulting product spectrum is separated into individual fractions based on 

their boiling points or ranges using conventional rectification methods [30], [49]. 

  

 
2  In hydrocracking, cracking processes and hydrogenation occur simultaneously [47]. It is a catalytic pro-

cess in which the C-C bonds of long-chain hydrocarbons (primarily waxes) are broken. With the addition 
of hydrogen (H2), these are converted into shorter-chain products such as naphtha, kerosene, or diesel. 
The added hydrogen (H2) serves to saturate the free bonds of the resulting shorter-chain products [48], 
[17], [46]. 
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2.4 Power-to-Liquid (PTL) 

The Power-to-Liquid (PTL) conversion pathway, within the context of the Fischer-Tropsch (FT) 

and Methanol-to-Jet (MTJ) conversion routes (SI Figure 4), primarily involves the production of 

synthetic fuels based on syngas derived from water (H2O) and carbon dioxide (CO2) using (“re-

newable”) electrical energy [33], [50]. These process chains are described below. 

 

SI Figure 4 Schematic PTL conversion pathway with FT and MTJ process chains (FT: Fischer-Tropsch; 
MTJ: Methanol-to-Jet; PTL: Power-to-Liquid; RWGS: reverse water-gas shift) 

Syngas Provision 

Hydrogen (H2) Provision. In the context of the Power-to-Liquid (PTL) conversion pathway, hy-

drogen (H2) is typically produced using water (H2O) as the feedstock [51]. Electrochemical water 

electrolysis is currently the most common method for splitting water. In this process, water (H2O) 

is split into its components, hydrogen (H2) and oxygen (O2), in electrolyzers using electrical energy 

(direct current), without the formation of significant by-products or waste products [52], [53]. 

The main water electrolysis methods currently include alkaline water electrolysis (AEL), proton 

exchange membrane electrolysis (PEMEL), and solid oxide electrolysis (SOEL). On a larger indus-

trial scale, only alkaline electrolysis (AEL) and proton exchange membrane electrolysis (PEMEL), 

both forms of low-temperature electrolysis, are currently in use. Solid oxide electrolyzers (SOEL), 

classified as high-temperature electrolysis, have so far only been demonstrated on a smaller scale 

[54], [55], [56], [57]. 

Carbon Dioxide (CO2) Provision. In addition to hydrogen (H2), carbon dioxide (CO2) is the other 

main feedstock for syngas production in the Power-to-Liquid (PTL) conversion pathway. Two op-

tions for providing “renewable” carbon dioxide (CO2) are distinguished below. 

▪ Provision from Point Sources (Byproduct or Combustion Product). Carbon dioxide (CO2) 

is generated as a byproduct in various biochemical (conversion) processes where biomass is 
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the primary feedstock. These processes primarily include biogas production and bioethanol 

production. Additionally, “renewable” carbon dioxide (CO2) can be obtained as a combustion 

product of sustainably produced feedstocks. Examples include the combustion of wood (e.g., 

in (waste) wood incineration plants [58]) or the combustion of biomass- or electricity-based 

energy carriers (e.g., biomethane or “electricity-based” methane). 

▪ Direct-Air-Capture (DAC). Ambient air, which is virtually available regardless of location and 

time, contains a small fraction of carbon dioxide (CO2) at approximately 420 ppm or about 

0.04 vol.%. This CO2 can be “separated” using various capture technologies, such as adsorp-

tion, absorption, or membrane separation [56], [58], [59], [60]. Due to the large air or gas vol-

umes that need to be processed relative to the separable amount of carbon dioxide (CO2), 

many such processes are highly energy-intensive. For large-scale CO2 capture from ambient 

air, absorption and adsorption processes are considered the preferred technologies [56], [58]. 

This technical capture of CO2 from ambient air is often referred to as “Direct-air-capture“ [59], 

[60]. 

After the provision of hydrogen (H2) and carbon dioxide (CO2), the subsequent steps diverge into 

the Fischer-Tropsch (FT) conversion process chain and the Methanol-to-Jet (MTJ) conversion pro-

cess chain. 

Fischer-Tropsch (FT) Conversion Process Chain 

o produce syngas with a defined H2-to-CO ratio for Fischer-Tropsch synthesis, the provided car-

bon dioxide (CO2) must be converted into carbon monoxide (CO) [32]. This is achieved using the 

reverse water-gas shift (RWGS) reaction [61], which, compared to other technologies employed 

in this process, has not yet been implemented on a large industrial and commercial scale [57], 

[62]. In this process, hydrogen (H2) and carbon dioxide (CO2) are converted into water (H2O) and 

carbon monoxide (CO) in a reactor operating at relatively high process temperatures (approxi-

mately 700 to 1,000 °C) [63], [64]. 

In addition to this method of syngas production, “co-electrolysis” can also be used to directly con-

vert water (H2O) and carbon dioxide (CO2) into hydrogen (H2) and carbon monoxide (CO). This 

can be achieved, for example, using solid oxide electrolyzers (SOECs) operated in co-electrolysis 

mode. In this approach, syngas with the required H2-to-CO ratio is directly and immediately gen-

erated from the input feedstocks [31], [46], [55]. 

Following the production or provision of the required syngas, the subsequent steps of the Fischer-

Tropsch process chain, as described in Section 2.3, are carried out. 
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Methanol-to-Jet (MTJ) Conversion Process Chain 

The methanol pathway can be divided into two main process stages: “Methanol Production” and 

the subsequent “Methanol-to-Jet” (MTJ) conversion. 

Methanol Production. Methanol synthesis involves a heterogeneously catalyzed process typi-

cally operated at temperatures of 200 to 300 °C and pressures ranging from 40 to 100 bar. The 

formation of methanol is described by specific reactions, with both reactions being interconnected 

through the water-gas shift (WGS) reaction, which occurs simultaneously. Due to the exothermic 

nature of the equilibrium-limited methanol formation reaction and its reduction in volume, the 

process benefits from lower temperatures and higher pressures. Compared to the traditional syn-

thesis utilizing CO, the direct conversion of CO2 achieves a significantly lower per-pass conversion 

rate (<45%) but demonstrates slightly higher selectivity (99.90–99.96%). The main by-products, 

such as ethanol, dimethyl ether, and methyl formate, are generated in minimal quantities [50]. 

Methanol-to-Jet (MTJ) process. The Methanol-to-Jet (MTJ) process, as illustrated in SI Figure 5, 

involves multiple steps. Notable commercial processes include the Mobil Olefins to Gasoline and 

Distillate (MOGD) process and the MtSynfuel process developed by Lurgi (now part of AirLiquide). 

However, these processes are not currently optimized specifically for kerosene production [50]. 

 

SI Figure 5 Schematic basic steps in MTJ conversion processes (based on [50] (Supplementary Infor-
mation); MTJ: Methanol-to-Jet) 

Similar to other alcohol-based conversion pathways (Alcohol-to-Jet, ATJ), the methanol-to-kero-

sene process involves olefin formation through dehydration, followed by oligomerization into 

higher olefins. Downstream hydrogenation then converts the unsaturated hydrocarbons into al-

kanes, which are finally separated into desired fuel fractions via distillation [50]. 

▪ Dehydration. Methanol dehydration to light olefins, known as the Methanol-to-Olefins (MtO) 

process, is a well-established technology (TRL 9). The process involves removing the hydroxyl 

group via water formation and creating a carbon-to-carbon double bond. Catalyst choice and 

operating conditions, such as pressure, temperature, and space velocity, influence the product 

distribution, with short-chain olefins being the primary output. Low temperatures and pres-

sures favor the exothermic conversion, but methanol dehydration requires temperatures 
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above 350 °C and catalysts, such as protonated ZSM-5 and SAPO-34 zeolites, for complete con-

version. Olefin selectivity ranges from 80 to 90% based on carbon input, with by-products 

including coke, short-chain olefins, and CO2. Commercial MtO processes typically operate at 

around 400 °C and pressures below 5 bar, primarily producing ethene and propene as alter-

natives to naphtha cracking. For downstream oligomerization, higher carbon chain olefins, 

like butene or propene, are advantageous for producing hydrocarbons suitable for fuels. 

Shorter-chain olefins may yield a more uniform product with a smoother distillation curve, 

closely resembling conventional kerosene [50]. 

▪ Oligomerization. In the oligomerization process, carbon double bonds (C=C) in olefins (mon-

omers) are broken and linked with other olefin molecules, forming C-C bonds and producing 

mono-unsaturated hydrocarbons (oligomers). This exothermic and volume-reducing reaction 

depends on the number of monomers and their carbon chain length. The technology used for 

oligomerization varies based on the reactant composition and target product, such as chain 

length and component type, with differences primarily determined by the catalyst employed. 

For kerosene production, acidic catalysts are crucial, as they also facilitate the formation of 

aromatics. Homogeneous transition-metal catalysts can also yield olefins suitable for kero-

sene. Depending on the MtO product, both single-stage and multi-stage processes are possible 

[50]. 

▪ Hydrogenation and Fractionation. Hydrogenation and fractionation of oligomerization 

products follow a process similar to that of Fischer-Tropsch (FT) crude. However, compared 

to FT crude, hydrogenation requires a greater amount of hydrogen (H2) due to the input 

stream being a pure olefin mixture. Additionally, the hydrocarbons may pose greater chal-

lenges during hydrogenation as they tend to be more branched than the linear paraffinic (lin-

ear alkane) FT products. As in the FT pathway, in the MTJ pathway fractionation can be carried 

out using rectification [50].
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3 Model Input-Data and Assumptions 

SI Table 2 Full model input data (model data-input parameters for post-2050 are assumed to remain the same as in 2050; ATJ: Alcohol-to-Jet; BM: biomass; BP/R: 
by-products and residues; BTL: Biomass-to-Liquid; DAC: direct-air-capture; EC: energy crops; FT: Fischer-Tropsch; HEFA: Hydroprocessed Esters and 
Fatty Acids; HC: hydrocarbons; PS: point source; PTL: Power-to-Liquid) 

Model-Input Symbol Unit Year Basecase 
Progressive 

biofuel pathway 
Conservative 

biofuel pathway 
Progressive 

PTL pathway Reference 

FEEDSTOCK DATA         

Max. biomass availability for aviation 𝑉𝑅𝐸𝑆 EJ/a 2025–2050 30.0 60.0 15.0 ≡ Basecase SI Figure 7 

– Lipid BP/R 𝑉𝑅𝐸𝑆 EJ/a 2025–2050 1.0 2.0 2.0 ≡ Basecase SI Figure 7 

– Lipid EC 𝑉𝑅𝐸𝑆 EJ/a 2025–2050 2.0 4.0 4.0 ≡ Basecase SI Figure 7 

– Stalky BP/R 𝑉𝑅𝐸𝑆 EJ/a 2025–2050 4.0 8.0 8.0 ≡ Basecase SI Figure 7 

– Woody BP/R 𝑉𝑅𝐸𝑆 EJ/a 2025–2050 7.0 14.0 14.0 ≡ Basecase SI Figure 7 

– Lignocellulosic EC 𝑉𝑅𝐸𝑆 EJ/a 2025–2050 11.0 22.0 22.0 ≡ Basecase SI Figure 7 

– Organic waste 𝑉𝑅𝐸𝑆 EJ/a 2025–2050 5.0 10.0 10.0 ≡ Basecase SI Figure 7 

Mass-/energy-specific feedstock demand         

– HEFA[a] 𝜗𝑅𝐸𝑆 GJLIPID BM/tHC 2025–2050 43 ≡ Basecase ≡ Basecase ≡ Basecase [6] 

– ATJ (stalky BM)[a] 𝜗𝑅𝐸𝑆 GJSTALKY BM/tHC 2025–2050 127 ≡ Basecase ≡ Basecase ≡ Basecase [6] 

– FT-BTL (stalky BM)[a] 𝜗𝑅𝐸𝑆 GJSTALKY BM/tHC 2025–2050 148 ≡ Basecase ≡ Basecase ≡ Basecase [6] 

– FT-BTL (woody BM)[a] 𝜗𝑅𝐸𝑆 GJWOODY BM/tHC 2025–2050 96 ≡ Basecase ≡ Basecase ≡ Basecase [6] 

– FT-BTL (organic waste)[a] 𝜗𝑅𝐸𝑆 GJORG WASTE/tHC 2025–2050 101 ≡ Basecase ≡ Basecase ≡ Basecase [6] 

– PTL (PS CO2) 𝜗𝑅𝐸𝑆 tCO2/tHC 2025–2050 3.45[b] ≡ Basecase ≡ Basecase ≡ Basecase [65] 

– PTL (PS CO2) 𝜗𝑅𝐸𝑆 GJel/tHC 2025 90.8 ≡ Basecase ≡ Basecase ≡ Basecase [46], [66] 

   2050 81.2 ≡ Basecase ≡ Basecase 77.9 [46], [66] 

– PTL (DAC CO2) 𝜗𝑅𝐸𝑆 GJel/tHC 2025 109.4[c] ≡ Basecase ≡ Basecase ≡ Basecase [c] [46], [66] 

   2050 98.4[c] ≡ Basecase ≡ Basecase 94.2[c] [46], [66] 

Point source CO2 availability ATJ/FT-BTL         
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Model-Input Symbol Unit Year Basecase 
Progressive 

biofuel pathway 
Conservative 

biofuel pathway 
Progressive 

PTL pathway Reference 

– ATJ (stalky BM) 𝑓𝑃𝑆 𝐶𝑂2 tCO2/tHC 2025–2050 1.82[d] ≡ Basecase ≡ Basecase ≡ Basecase -/- 

– FT-BTL (stalky BM) 𝑓𝑃𝑆 𝐶𝑂2 tCO2/tHC 2025–2050 4.11×0.80[e] ≡ Basecase ≡ Basecase ≡ Basecase [6] 

– FT-BTL (woody BM) 𝑓𝑃𝑆 𝐶𝑂2 tCO2/tHC 2025–2050 5.01×0.80[e] ≡ Basecase ≡ Basecase ≡ Basecase [6] 

– FT-BTL (organic waste) 𝑓𝑃𝑆 𝐶𝑂2 tCO2/tHC 2025–2050 5.01×0.80[e] ≡ Basecase ≡ Basecase ≡ Basecase [6] 

Factor for maximum expansion of 
usable feedstock quantities 

𝑓𝑅𝐸𝑆  - 2025–2050 1,35[f] ≡ Basecase ≡ Basecase ≡ Basecase -/- 

SAF PRODUCTION PLANT DATA         

Initial plant stock[g]         

– HEFA 𝐴𝑡1

𝐼𝑆𝑇𝐶𝐾  - 2025 5 (age 2) 
4 (age 3) 
3 (age 4) 
2 (age 5) 
1 (age 6) 

≡ Basecase ≡ Basecase ≡ Basecase [67], [68] 

– ATJ 𝐴𝑡1

𝐼𝑆𝑇𝐶𝐾  - 2025 1 (age 2) ≡ Basecase ≡ Basecase ≡ Basecase [67], [68] 

– FT-BTL (stalky BM), (woody BM ), 
(organic waste) 

𝐴𝑡1

𝐼𝑆𝑇𝐶𝐾  - 2025 3 (age 2) ≡ Basecase ≡ Basecase ≡ Basecase [67], [68] 

– PTL (PS CO2) 𝐴𝑡1

𝐼𝑆𝑇𝐶𝐾  - 2025 1 (age 2) ≡ Basecase ≡ Basecase ≡ Basecase [67], [68] 

– PTL (DAC CO2) 𝐴𝑡1

𝐼𝑆𝑇𝐶𝐾  - 2025 1 (age 2) ≡ Basecase ≡ Basecase ≡ Basecase [67], [68] 

Plant production capacity[h]         

– HEFA 𝑃𝐶𝐾𝑊𝑆 ktHC/a 2025/2050 500/1,000 ≡ Basecase 500/500 ≡ Basecase SI Figure 8 

– ATJ/FT-BTL 𝑃𝐶𝐾𝑊𝑆 ktHC/a 2025/2050 100/200 ≡ Basecase 100/100 ≡ Basecase SI Figure 8 

– PTL 𝑃𝐶𝐾𝑊𝑆 ktHC/a 2025/2050 100/200 ≡ Basecase ≡ Basecase 100/500 SI Figure 8 

Kerosene/by-product fractions         

– HEFA         

◽Naphtha 𝜔𝐵𝑃 % 2025–2050 25 ≡ Basecase ≡ Basecase ≡ Basecase [6] 

◽Kerosene 𝜔𝐾𝐸𝑅𝑂  % 2025–2050 65 ≡ Basecase ≡ Basecase ≡ Basecase 

◽Diesel 𝜔𝐵𝑃 % 2025–2050 10 ≡ Basecase ≡ Basecase ≡ Basecase 

– ATJ         

◽Naphtha 𝜔𝐵𝑃 % 2025–2050 10 ≡ Basecase ≡ Basecase ≡ Basecase [6] 
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Model-Input Symbol Unit Year Basecase 
Progressive 

biofuel pathway 
Conservative 

biofuel pathway 
Progressive 

PTL pathway Reference 

◽Kerosene 𝜔𝐾𝐸𝑅𝑂  % 2025–2050 80 ≡ Basecase ≡ Basecase ≡ Basecase 

◽Diesel 𝜔𝐵𝑃 % 2025–2050 10 ≡ Basecase ≡ Basecase ≡ Basecase 

– FT-BTL         

◽Naphtha 𝜔𝐵𝑃 % 2025–2050 15 ≡ Basecase ≡ Basecase ≡ Basecase [6] 

◽Kerosene 𝜔𝐾𝐸𝑅𝑂  % 2025–2050 80 ≡ Basecase ≡ Basecase ≡ Basecase 

◽Diesel 𝜔𝐵𝑃 % 2025–2050 5 ≡ Basecase ≡ Basecase ≡ Basecase 

– PTL         

◽Naphtha 𝜔𝐵𝑃 % 2025–2050 15 ≡ Basecase ≡ Basecase ≡ Basecase [46], [50] 

◽Kerosene 𝜔𝐾𝐸𝑅𝑂  % 2025–2050 80 ≡ Basecase ≡ Basecase ≡ Basecase 

◽Diesel 𝜔𝐵𝑃 % 2025–2050 5 ≡ Basecase ≡ Basecase ≡ Basecase 

Minimum plant utilization 𝜌𝑚𝑖𝑛  - 2025–2050 1.00 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

Maximum plant utilization 𝜌𝑚𝑎𝑥  - 2025–2050 1.00[i] ≡ Basecase ≡ Basecase ≡ Basecase -/- 

Minimum plant operating lifetime 𝑛𝑚𝑖𝑛  Years 2025–2050 30 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

Maximum plant operating lifetime 𝑛𝑚𝑎𝑥  Years 2025–2050 30 ≡ Basecase ≡ Basecase ≡ Basecase [6], [69], [70] 

Factor for maximum expansion of 
installed production capacity 

𝑓
𝑃𝑐𝑆𝑇𝐶𝐾 - 2025–2029 2.00[j] ≡ Basecase ≡ Basecase ≡ Basecase SI Figure 9 

   2030–2050 1.35 ≡ Basecase ≡ Basecase ≡ Basecase SI Figure 9 

Plant decommissioning costs 𝑐𝐷𝐶𝑀  €(2023) 2025–2050 0 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

KEROSENE FUEL DATA         

SAF kerosene         

– Specific CO2 emissions factor 𝐸𝐹
𝐾𝐸𝑅𝑂(SAF)

 kgCO2eq/kg 2025–2050 SI Figure 10, 
SI Figure 11 

SI Figure 10, 
SI Figure 11 

SI Figure 10, 
SI Figure 11 

SI Figure 10, 
SI Figure 11 

SI Figure 10, 
SI Figure 11 

– Specific production costs 𝐺𝐾
𝐾𝐸𝑅𝑂(SAF)

 €(2023)/t 2025–2050 SI Figure 12, 
SI Figure 13 

SI Figure 12, 
SI Figure 13 

SI Figure 12, 
SI Figure 13 

SI Figure 12, 
SI Figure 13 

SI Figure 12, 
SI Figure 13 

Fossil kerosene         

– Specific CO2 emissions factor 𝐸𝐹
𝐾𝐸𝑅𝑂(F)

 kgCO2eq/kg 2025–2050 3.97 ≡ Basecase ≡ Basecase ≡ Basecase [71]  

– Specific price 𝑝
𝐾𝐸𝑅𝑂(F)

 €(2023)/t 2025–2050 700 ≡ Basecase ≡ Basecase ≡ Basecase [72], [73], 
SI Figure 14 
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Model-Input Symbol Unit Year Basecase 
Progressive 

biofuel pathway 
Conservative 

biofuel pathway 
Progressive 

PTL pathway Reference 

AIR TRANSPORT SYSTEM DATA         

Kerosene demand[k] 𝑚
𝐾𝐸𝑅𝑂𝐷  Mt/a 2025/2050 313/486 ≡ Basecase ≡ Basecase ≡ Basecase SI Figure 6 

Max. net CO2 emissions 𝐸𝑀𝑚𝑎𝑥  MtCO2eq 2025–2035 1,146 ≡ Basecase ≡ Basecase ≡ Basecase SI Figure 6 

 𝐸𝑀𝑚𝑎𝑥  MtCO2eq 2050 0[l] ≡ Basecase ≡ Basecase ≡ Basecase SI Figure 6 

 𝑡𝐸𝑀_𝑚𝑎𝑥_𝑟𝑒𝑑  -/- 2035 2035 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

 𝑡𝑁𝑍𝐸  -/- 2050 2050 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

 𝐸𝑀𝐶𝑁𝐺 MtCO2eq 2025–2050 1,146 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

CO2 emissions offsetting         

– Year of maximum allowable CO2 offset-
ting usage reduction 

𝑡𝑂𝐹𝐹𝑆_𝑟𝑒𝑑  - 2040 2040 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

– Share of annual CO2 offsetting reduction 𝑟𝑡
𝑂𝐹𝐹𝑆_𝑟𝑒𝑑  % 2041–2050 5 ≡ Basecase ≡ Basecase ≡ Basecase -/- 

– Specific CO2 offsetting costs 𝑝𝑂𝐹𝐹𝑆 €(2023)/tCO2eq 2025 20 ≡ Basecase ≡ Basecase ≡ Basecase [74] 

 𝑝𝑂𝐹𝐹𝑆 €(2023)/tCO2eq 2050 80[m] ≡ Basecase ≡ Basecase ≡ Basecase [74] 

Specific CO2 emissions price (taxation) 𝑝
𝐶𝑂2  €(2023)/tCO2eq 2025–2050 0[n] ≡ Basecase ≡ Basecase ≡ Basecase -/- 

OTHER DATA         

Discount rate 𝑖 - 2025–2050 0[o] ≡ Basecase ≡ Basecase ≡ Basecase -/- 

[a] The value applies to biomass-based plants, regardless of plant age or commissioning year; [b] The specific CO2 demand from [65] was averaged for the Fischer-Tropsch (FT) and 
Methanol-to-Jet (MTJ) conversion pathways to provide an approximate representation of both of these pathways; [c] Refers to the commissioning year of the Power-to-Liquid (PTL) plant; 
[d] This factor is based on a stoichiometric coefficient for the biochemical conversion of sugar (sugar solution to ethanol) of 1.55 tCO2/tEtOH and the assumption of a subsequent conversion 
efficiency of downstream processes from ethanol to hydrocarbon products of 85%; [e] The CO2 values from [6] were adjusted by a factor of 0.80 (i.e., only 80% considered) to account for 
potential losses during CO2 recovery from the FT-BTL process. These losses include for example a carbon capture rate of approximately 90%, as well as additional inefficiencies due to 
challenges in using diffuse CO2 sources (e.g., gas streams with low CO2 concentrations) or further losses during purification and refinement; [f] Only considered for biomass options; For 
PTL plants, it is assumed that electricity is generated on-site (standalone/off-grid solution), with no external electricity supply. The annual biomass feedstock input can increase by a 
maximum of 35% per year, analogous to the assumed maximum capacity expansion of SAF conversion plants; [g] The initial SAF plant stock in the model is an approximation designed to 
ensure that the installed capacity for hydrocarbon fuel production, particularly SAF kerosene, aligns closely with estimates from the references, particularly [67]; [h] Linear yearly increase 
between 2025 and 2050; [i] For large-scale, continuously operated facilities, typical utilization rates range from 90% to 95% per year (7,884 to 8,322 full-load hours per year) [75]. For 
simplicity, in this analysis, an annual utilization rate of 100% (8,760 full-load hours per year) is assumed for all conversion facilities over the analysis period; [j] Applies only to ATJ, FT-
BTL, and PTL plants; [k] The kerosene demand used in this analysis was calculated using the “Energy Demand Model,” based on the methodology outlined by [1]. This model incorporates 
definable air traffic growth rates to represent various air transportation development scenarios. The calculated kerosene demand serves as input data for the optimization model used in 
the study; [l] Assumes a linear decrease between 2035 and 2050; [m] Assumes a linear increase between 2025 and 2050; [n] Potential regulatory mechanisms to promote SAF kerosene, 
such as CO2 taxes, are not analyzed in depth in this study. Although the model can include a CO2 tax on fossil and/or SAF kerosene, it was not applied during this analysis.; [o] The (real) 
discount rate considered here must be determined individually for each specific case analysis; the real discount rate for this analysis is set to zero, meaning no discounting is applied within 
the model. This approach aims to simplify the interpretation of systemic relationships by ensuring that input and output variables in the model are directly comprehensible.
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3.1 Kerosene Demand and GHG Emissions Constraint 1 

The following section outlines the development of kerosene demand and the emission constraints 2 

integrated into the SAF deployment linear optimization model, along with an explanation of how 3 

these variables were derived and defined. 4 

Derivation of Kerosene Demand. The kerosene demand used as input data for the SAF deploy-5 

ment linear optimization model used in this analysis was derived using a model (or methodology) 6 

outlined by [1]. This model, referred to as the “Energy Demand Model” (“Energienachfragemod-7 

ell”), is specifically designed to estimate possible energy demands – specifically kerosene demand 8 

– in international air transportation over a defined time horizon. The model is based on two pri-9 

mary input parameters of the commercial aviation system: the total transport performance of the 10 

global air transport system and the average transport efficiency of commercial aircraft systems 11 

(Commercial Aircraft System Fuel Efficiency, CASFE). These parameters form the foundation for 12 

estimating annual energy demand in aviation by aggregating the energy needs across all consid-13 

ered segments (e.g., passenger and freight air traffic). For each segment, the energy demand is 14 

further disaggregated by energy carrier option (e.g., kerosene or hydrogen, battery-electric). For 15 

a more detailed description of the model, refer to [1]. 16 

In applying this model (“Energy Demand Model”), kerosene was the only energy carrier consid-17 

ered for aviation. The transport performance levels for passenger and freight traffic in 2024 (t0), 18 

based on data from [76], were used as a baseline and projected forward using varying air traffic 19 

growth rates, with annual fuel efficiency improvements factored into the projections. For the low 20 

air traffic growth scenario, annual transport performance growth rates of 2.0% for passenger traf-21 

fic and 2.5% for freight traffic are assumed throughout the analysis period (here 2025 to 2055). 22 

In the medium air traffic growth scenario, annual growth rates are set at 3.0% for passenger traffic 23 

[77] and 3.5% for freight traffic [78]. In the high air traffic growth scenario, annual growth rates 24 

of 4.0% for passenger traffic and 4.5% for freight traffic are assumed. Across all growth scenarios, 25 

a fixed annual improvement in transport fuel efficiency of 1.3% for both passenger and freight 26 

segments is applied over the entire analysis period (here 2025 to 2055) [79]. The resulting kero-27 

sene demand estimated using this model (“Energy Demand Model”) is presented in SI Figure 6 for 28 

the three different air traffic growth pathways. 29 

Definition of GHG Emission Constraint. To align with the objectives of this analysis, a net-zero 30 

carbon dioxide (CO2) emissions target is assumed for 2050. Furthermore, the aviation industry 31 

has committed to achieving carbon-neutral growth from 2020 onward, meaning the sector’s net 32 

CO2 emissions are to remain at 2019 levels starting from 2020 [80], [81]. Beyond these targets, no 33 

additional specifications currently exist, such as decade-specific emissions goals. To establish a 34 

suitable emissions reduction pathway (emission constraint) over time for this analysis, existing 35 
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scenarios and studies from the aviation industry are used as references [77], [82]. Based on these, 36 

the net CO2 emissions level of global commercial aviation in 2019 is defined as the maximum al-37 

lowable emissions level through 2035. Afterward, annual emissions caps decline linearly, reach-38 

ing net-zero CO2 emissions by 2050. The resulting emission constraint applied in this analysis for 39 

all air traffic growth pathways using the SAF deployment linear optimization model is illustrated 40 

in SI Figure 6. 41 

Kerosene Demand and Emission Constraint in this Analysis. This section outlines the devel-42 

opment of kerosene demand and the emission constraints incorporated into the SAF deployment 43 

linear optimization model. SI Figure 6 illustrates the kerosene demand trends for the three avia-44 

tion growth scenarios considered in this study. It also shows the emission constraint applied in 45 

the model, along with the historical (2005 to 2024) kerosene consumption of global commercial 46 

aviation. 47 

 48 

SI Figure 6 Kerosene demand and emission constraint considered in this analysis (WTW: Well-to-49 
Wake; emission constraint trajectory based on [77]; historical kerosene consumption data 50 
from [76], [83], [84], [85], [86], [87], [88], [89], [90]) 51 

Based on SI Figure 6, kerosene demand increases steadily throughout the analysis period across 52 

all air traffic growth scenarios considered (low, medium, and high). In the low air traffic growth 53 

scenario, kerosene demand rises from approximately 310 Mt in 2025 to around 377 Mt in 2050, 54 

reflecting a total growth factor of about 1.2 and an average annual increase of about 0.8%. Simi-55 

larly, in the medium air traffic growth scenario, demand grows from about 294 Mt in 2025 to ap-56 
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proximately 465 Mt in 2050, corresponding to a total growth factor of about 1.6 and a yearly in-57 

crease of about 1.8%. In the high air traffic growth scenario, demand increases from roughly 58 

316 Mt in 2025 to around 625 Mt in 2050, with a total growth factor of about 2.0 and an annual 59 

increase of about 2.8%. 60 

These increases in kerosene demand illustrate that the assumed improvements in fuel efficiency 61 

for commercial aircraft systems over time are overcompensated by the assumed air traffic growth 62 

in air transport performance. To maintain net CO2 emissions at 2019 levels through 2035, an emis-63 

sions cap of approximately 1,146 MtCO2eq is implemented. After 2035, emissions are reduced lin-64 

early, reaching net-zero CO2 emissions by 2050. This creates a progressively stricter need for 65 

CO2 emissions reductions, especially after 2035, as the emissions caps decrease while kerosene 66 

demand continues to increase. 67 

3.2 Biomass Feedstock Availability 68 

The biomass resources potentials that can actually be utilized in reality are determined – depend-69 

ing on the specific potential considered (e.g., technical, economic, or sustainably usable poten-70 

tial)3 – by a combination of various framework conditions and boundary parameters [91], [93], 71 

[94], the future development of which is inherently unknown. In relevant biomass potential/avail-72 

ability assessments, a multitude of different assumptions are necessarily made regarding such and 73 

other influencing factors. Therefore, an accurate determination of biomass resource potentials is 74 

not reliably feasible; corresponding estimations are always associated with (sometimes signifi-75 

cant) inaccuracies and, in some cases, very wide ranges of uncertainty [95], [96]. 76 

Given these uncertainties, different biomass availabilities are considered in the various study sce-77 

narios, based on literature-based potential assessments. SI Figure 7 illustrates a range of esti-78 

mates for the global potentials or the global availability of sustainable biomass (left) and the rel-79 

ative shares of the different biomass options (right). Also shown are the biomass availabilities 80 

aligned with these estimates for each study scenario (for the year 2050); these are described in 81 

more detail below. 82 

 
3  For an explanation of various potential terms (e.g., theoretical, technical, economic, and sustainable (us-

able) potential), see [91], [92]. 
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 83 
SI Figure 7 Scenario-specific biomass availability (2050) and classification in literature based data 84 

(BP/R: by-products and residues; EC: energy crops; PTL: Power-to-Liquid; the inner/front 85 
columns represent lower estimates, while the outer/rear columns indicate upper estimates. 86 
Potential estimates are derived from sources [35], [93], [94], [95], [97], [98], [99], [100], 87 
[101], [102], [103], [104], which present varying potential values depending on the study, 88 
reflecting technical, economic, and sustainably usable potentials (primarily economic/sus-89 
tainable)) 90 

The estimates of globally available sustainable biomass depicted in SI Figure 7 (left) mostly range 91 

between approximately 100 and 250 EJ/a. For the basecase and the progressive PtL pathway sce-92 

nario, an annual biomass availability of 100 EJ/a is considered, aligned with estimates across the 93 

entire range of global biomass availabilities shown in SI Figure 1; this value lies roughly in the 94 

midrange of the potential estimates depicted in SI Figure 7. Building on this, the progressive bio-95 

mass scenario (progressive biofuel pathway) assumes a higher biomass availability correspond-96 

ing to the scenario's orientation; here, a biomass availability twice that of the base scenario 97 

(200 EJ/a) is assumed, aligned with the upper range of potential estimates in SI Figure 7. Similarly, 98 

the conservative biomass scenario (conservative biofuel pathway) examines a biomass availabil-99 

ity half that of the base scenario (approximately 50 EJ/a), which aligns with the lower range of the 100 

potential estimates shown in SI Figure 7. 101 

Furthermore, the globally available biomass will likely not be exclusively available for the aviation 102 

sector in the future; other sectors and applications are also expected to demand biomass (or car-103 

bon), particularly for material uses (e.g., the wood-processing industry, construction materials in-104 

dustry, bio-plastics industry). To account for such aspects, it is simplistically assumed that at most 105 

30% of the available biomass, or of each individual biomass category (e.g., lignocellulosic energy 106 

crops), can be allocated for use in the aviation sector. 107 
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Furthermore, in all scenarios, it is assumed that the lignocellulosic energy crops will be used up 108 

to a maximum of half (50%) in the form of stalky biomass or woody biomass until the respective 109 

overall availability of lignocellulosic energy crops is reached. This ensures a diversified use of 110 

stalky and woody biomass within this biomass feedstock option. 111 

3.3 Plant Production Capacity 112 

The production capacity of a SAF kerosene plant typically depends on various factors that can vary 113 

on a case-by-case basis, such as centralized or decentralized plant design, local feedstock availa-114 

bility, and technological maturity. As a reference, SI Figure 8 illustrates the distribution of produc-115 

tion capacities for existing and planned SAF kerosene plants (as of May 2023), based on data from 116 

[68]. The model input data for plant sizes (production capacities) is based on the dataset shown 117 

in SI Figure 8 and supplemented with additional sources [105], [106], [107], [108]. 118 

 119 

SI Figure 8 Overview of production capacities for existing and planned facilities for SAF kerosene pro-120 
duction as of May 2023 (ATJ: Alcohol-to-Jet; BTL: Biomass-to-Liquid; CxHy: hydrocarbons; 121 
FT: Fischer-Tropsch; HEFA: Hydroprocessed Esters and Fatty Acids; n: sample size; PTL: 122 
Power-to-Liquid; data based on May 2023 figures from [68]) 123 

3.4 Yearly Scaling of SAF Production Plant Capacity 124 

In the modeling of the linear optimization model used here, the expansion of installed production 125 

capacity for a specific SAF conversion technology occurs incrementally within defined limits. For 126 

any given year, the capacity increase can be at most a (definable) multiple (𝑓
𝑃𝐶𝑆𝑇𝐶𝐾 ) of the in-127 

stalled production capacity from the previous year (Section 1.1; Equation (1.11)). The model in-128 

put-data used for this is based on the historical expansion trends of global photovoltaic and wind 129 

power plants, although such a comparison with these technologies is only partially applicable. 130 

These trends are illustrated in SI Figure 9. 131 

 =55 

 =20 

 =14  =17 

 =4 

0.0

0.2

0.4

0.6

0.8

1.0

HEFA ATJ FT-BTL FT-PTL Co-

processing

P
ro

du
ct

io
n 

ca
pa

ci
ty

 [
M

tC
xH

y/
a]

median
(of dataset)

75% percentile (of

dataset)

25% percentile (of

dataset)

minimum
(of dataset)

maximum
(of dataset)

average



 31 

 

 132 

SI Figure 9 Development of installed capacity and growth rates of global photovoltaic and wind power 133 
plants between 2000 and 2022 (data based on [109]) 134 

According to SI Figure 9 , the average annual growth of globally installed photovoltaic capacity 135 

between 2000 and 2022 was approximately 40% per year, while wind power capacity grew by 136 

around 20% per year. Based on these figures, and to define the model solution space without 137 

overly constraining it, a maximum annual increase in installed production capacity of 35% per 138 

year (𝑓
𝑃𝐶𝑆𝑇𝐶𝐾 =1.35) is assumed for each conversion pathway. For conversion pathways that are 139 

less technologically advanced from today’s perspective – specifically the ATJ, FT-BTL, and PTL 140 

options – a higher initial growth rate is allowed. It is assumed that the installed production capac-141 

ity for these options can double (𝑓
𝑃𝐶𝑆𝑇𝐶𝐾 = 2) during the first five years of the analysis period (2025 142 

to 2029). 143 

3.5 SAF Kerosene CO2 Emissions and Production Costs 144 

The following section details the specific CO2 emissions and production costs of the SAF options 145 

included in this analysis within the SAF deployment linear optimization model, along with an ex-146 

planation of how these values and parameters were determined and defined. 147 

Derivation of SAF CO2 Emissions and Production Costs. The specific CO2 emissions and pro-148 

duction costs for the SAF options considered in this analysis, used as input data for the SAF de-149 

ployment linear optimization model, were calculated using the methodology outlined in [1]. Re-150 

ferred to as the “SAF Conversion Plant Model”, this approach is designed to model and compute 151 

the specific CO2 emissions and kerosene production costs for variable combinations of feedstock 152 

options and SAF conversion pathways. The model is a time-discrete, eco-economic calculation 153 

framework built on the principles of life cycle assessment (LCA) and dynamic cost-benefit analy-154 

sis. For a detailed description of the entire model, refer to [1].  155 
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The model is based, among other factors, on specific material and energy input streams – i.e., the 156 

specific demands for primary feedstocks, auxiliary materials, and electrical energy needed to pro-157 

duce a defined quantity of hydrocarbon products. These specific input streams form the basis for 158 

the material and energy flow balance of a certain SAF conversion pathway (SAF option). From the 159 

calculated hydrocarbon production volume and the resulting product fractions, the quantities of 160 

kerosene and other by-products (e.g., naphtha, diesel) can be derived. 161 

SAF Carbon Dioxide (CO₂) Emissions. Based on the material and energy flow balances, a life cycle 162 

assessment (LCA) is performed within the “SAF Conversion Plant Model”. The analysis focuses 163 

exclusively on the anthropogenic greenhouse effect (GWP 100) as the environmental impact cat-164 

egory. The results, and thus the corresponding model output values, are expressed in carbon di-165 

oxide (CO2) equivalents per ton of kerosene (tCO2eq/t). The assessment includes the environmen-166 

tal impacts of the material and energy input streams, accounting for the upstream processes or 167 

supply chains (e.g., raw material production and transportation) up to the point of delivery to the 168 

conversion plant. However, CO2 emissions from fuel combustion in aircraft turbines are excluded, 169 

as the carbon released during combustion is assumed to have been previously removed from the 170 

atmosphere through biological and/or technical processes, maintaining a closed carbon cycle. En-171 

vironmental impacts are allocated to unavoidable by-products based on their proportional energy 172 

content within the total hydrocarbon production volume, calculated using lower heating values. 173 

For a detailed explanation of the entire model, refer to [1]. 174 

SAF Production Costs. The modeling of specific SAF kerosene production costs, like the life cycle 175 

assessment, is based on the material and energy flow balances within the “SAF Conversion Plant 176 

Model”. These costs are calculated through an annual accounting of capital-related, consumption-177 

related, operational, and other expenses, as well as revenues from by-product sales. The total 178 

costs are then allocated to the kerosene production volume based on the energy content of the 179 

total hydrocarbon output, measured by lower heating values. Capital-related costs are modeled 180 

by estimating the specific investments for individual components of a conversion plant and con-181 

verting these into annually constant cash flows using the annuity method. Consumption-related 182 

costs are calculated based on assumed prices or procurement costs for the various input streams 183 

(e.g., biomass feedstocks). Additionally, operational and other costs are determined in relation to 184 

the total investment of the respective conversion plant. For a detailed explanation of the entire 185 

model, refer to [1]. 186 

SAF CO2 Emissions in this Analysis. The specific CO2 emissions of the SAF kerosene options an-187 

alyzed in this study, as estimated using the “Conversion Plant Model”, are presented in the follow-188 

ing figures. SI Figure 10 illustrates the specific CO2 emissions of the SAF options, while SI Figure 189 
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11 provides these emissions for the basecase scenario alongside literature data for additional con-190 

text and comparison. 191 

 192 

SI Figure 10 Carbon dioxide (CO2) emissions of SAF kerosene options for plant commissioning years 193 
2025 and 2050 across all scenarios (ATJ: Alcohol-to-Jet; BP/R: by-products and residues; 194 
BTL: Biomass-to-Liquid; DAC: direct-air-capture; EC: energy crops; FT: Fischer-Tropsch; 195 
HEFA: Hydroprocessed Esters and Fatty Acids; PS: point source; PTL: Power-to-Liquid; 196 
WTW: well-to-wake; reduction compared to fossil kerosene based on specific CO2 emissions 197 
of 3.97 kgCO2eq/kg [71]) 198 
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 200 

SI Figure 11 Carbon dioxide (CO2) emissions of SAF kerosene options for plant commissioning years 201 
2025 and 2050, presented for the basecase scenario and compared with literature data (ATJ: 202 
Alcohol-to-Jet; BP/R: by-products and residues; BTL: Biomass-to-Liquid; DAC: direct-air-203 
capture; EC: energy crops; FT: Fischer-Tropsch; HEFA: Hydroprocessed Esters and Fatty 204 
Acids; PS: point source; PTL: Power-to-Liquid; WTW: well-to-wake; reduction compared to 205 
fossil kerosene based on specific CO2 emissions of 3.97 kgCO2eq/kg [71]; for the literature 206 
values, no distinction is made here between the years 2025 and 2050 shown; literature data 207 
for ATJ, FT-BTL, HEFA based on [3], [70], [110], [111], [112], [113], [114], [115], [116], 208 
[117], [118], [119], [120]; literature data for PTL based on [33], [111], [121]) 209 

 210 

SAF Production Costs in this Analysis. The specific production costs of the SAF kerosene options 211 

analyzed in this study, as estimated using the “Conversion Plant Model”, are presented in the fol-212 

lowing figures. SI Figure 12 illustrates the specific CO2 emissions of the SAF options, while SI Fig-213 

ure 13 provides these emissions for the basecase scenario alongside literature data for additional 214 

context and comparison. 215 
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 216 

SI Figure 12 SAF kerosene production costs for plant commissioning years 2025 and 2050 across all sce-217 
narios (ATJ: Alcohol-to-Jet; BP/R: by-products and residues; BTL: Biomass-to-Liquid; DAC: 218 
direct-air-capture; EC: energy crops; FT: Fischer-Tropsch; HEFA: Hydroprocessed Esters 219 
and Fatty Acids; PS: point source; PTL: Power-to-Liquid; WTW: well-to-wake; the x symbols 220 
represent the SAF production costs in the basecase scenario as a comparison indication) 221 
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 223 

SI Figure 13 SAF kerosene production costs for plant commissioning years 2025 and 2050, presented for 224 
the basecase scenario and compared with literature data (ATJ: Alcohol-to-Jet; BP/R: by-225 
products and residues; BTL: Biomass-to-Liquid; DAC: direct-air-capture; EC: energy crops; 226 
FT: Fischer-Tropsch; HEFA: Hydroprocessed Esters and Fatty Acids; PS: point source; PTL: 227 
Power-to-Liquid; PV: photovoltaic; WP: wind power; literature data based on [3], [33], [35], 228 
[51], [70], [105], [106], [110], [111], [113], [115], [116], [119], [122], [123], [124], [125], 229 
[126], [127], [128], [129], [130]) 230 

 231 

3.6 Fossil Kerosene Price 232 

The price levels for conventional kerosene-based aviation fuels from 2010 to 2024 are shown in 233 

SI Figure 14.4 Since these fuels are primarily produced from crude oil [82], their prices are strongly 234 

influenced by global crude oil price levels (SI Figure 15). Market prices for conventional aviation 235 

fuels are subject to significant fluctuations. During the period shown in SI Figure 14, aviation fuel 236 

prices ranged from approximately €180/t to €1,280/t, with these extremes observed between 237 

2020 and late 2022, potentially as a result of the COVID-19 pandemic. However, aviation fuel 238 

prices predominantly ranged between approximately €480/t and €720/t (first to third quartile), 239 

aligning with the range of the two-year moving average depicted over time. Across the entire pe-240 

riod, the median price was approximately €600/t. Regarding the assumed model input data, it 241 

should be noted that the market price of fossil kerosene is strongly influenced by global crude oil 242 

price levels and is subject to significant fluctuations (SI Figure 14). A robust estimation of future 243 

 
4  The data is based on the U.S. Gulf Coast and does not represent a global average. Price deviations in other 

regions (e.g., Europe, South America, Asia) are typically within the single-digit percentage range [131] 
and therefore remain comparable in scale. 
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market prices is practically impossible. Therefore, a constant kerosene price is assumed in this 244 

analysis, based on historical values. A price of 700 €2023/t is used, corresponding approximately 245 

to the upper value of the 75% percentile of global kerosene prices from 2010 to 2024 (SI Figure 246 

14). 247 
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 248 

SI Figure 14 Jet A/A-1 aviation fuel prices from 2010 to 2024 (data source for fuel prices: [72]; data 249 
source for exchange rates US$/€: [73]) 250 

 251 

SI Figure 15 Crude oil prices, Jet A/A-1 aviation fuel prices, and crack spread5 from 2010 to 2024 (data 252 
source for aviation fuel prices: [72]; data source for crude oil prices: [134]).253 

 
5  The so-called “crack spread” refers to the difference between the (purchase) price of crude oil and the 

(sales) prices of refined petroleum products (e.g., gasoline, kerosene, diesel). It serves as an indicator of 
the short-term profit margin for refineries [132], [133]. 
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