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Abstract 

Liquid synthetic fuels are an important pillar for the defossilization of the hard-to-electrify modes of 

transport such as aircrafts, ships and heavy trucks. One possibility to produce these liquid fuels is from 

water, carbon dioxide and electricity via reverse water-gas shift (RWGS) reaction and Fischer-Tropsch 

synthesis in a Power-to-Liquid process. High carbon efficiencies are only feasible through recycling of 

unwanted by-products and unconverted reactants to a reformer1. This increases the process’ 

complexity as changes in the RWGS reactor influence the process performance and design. Yet, an 

optimum RWGS reactor operation has not been studied in literature so far.  

Therefore, this work targets to fill this gap with a systematic analysis of the impact of varying RWGS 

operating conditions on the process performance with respect to both, efficiencies and net production 

costs, while also taking into consideration the uncertainty in the cost calculations. The resulting 

confidence intervals are further examined in a global sensitivity analysis to identify the main 

contributors to the uncertainty. 

Low costs as well as high efficiencies result at pressure dependent optimum RWGS temperatures 

(plateaus). Both, a high Power-to-Liquid efficiency and low net production cost, can be achieved at 

around 5 bar and 800 °C. This optimum is robust to changes in technical parameters, for example 

changes of Fischer-Tropsch operating conditions or electrolyzer efficiency, as well as to economic 

uncertainties, especially hydrogen cost. No unwanted graphite formation occurred in the equilibrium 

calculations in the temperature region of the described plateaus. Experiments further indicate that a 

suitable catalyst may aid to push the carbon formation boundaries to broaden the possible RWGS 

operating window. Electricity cost is the main contributor to the net production cost. Reducing the full 

load hours of the electrolyzer may reduce the average electricity price. However, oversizing of the 

electrolyzer outweighs the benefit of cheaper electricity resulting in higher net production cost at 

reduced electrolyzer full load hours. The results of the uncertainty and global sensitivity analysis 

indicate that seven of the 60 input variables for the economic assessment have a relevant impact on 

the uncertainty (95 % confidence interval: 2.8-5.3 €2019/kgC5+). For the assessment of the sensitivity 

indices in the global sensitivity analysis, a combination of the Azzini estimators is recommended over 

the other investigated estimators in order to minimize the computational effort.  

Overall, the conducted systematic analysis allows to identify the optimal design and operation of the 

Fischer-Tropsch based Power-to-Liquid process with particular focus on the RWGS operating 

conditions to yield robust low net production cost with quantified uncertainty. 

1 Reformer: Reforming of short chained hydrocarbons and conversion of CO2 to CO via reverse water-
gas shift reaction (RWGS). 
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Kurzzusammenfassung 

Flüssige synthetische Kraftstoffe können einen wichtigen Beitrag zur Defossilisierung des 

Transportsektors leisten. Im sogenannten Power-to-Liquid Prozess werden aus Wasser, CO2 und Strom 

über reverse Wassergas Shift Reaktion und anschließende Fischer-Tropsch Synthese synthetische 

Kohlenwasserstoffe hergestellt. Eine hohe Kohlenstoffausnutzung erfordert dabei die Rückführung der 

Nebenprodukte zu einem Reformer2. Trotz seiner zentralen Aufgabe im Prozess wurden der Reformer 

und sein Einfluss auf den Prozess bislang kaum untersucht.  

Um diese Lücke zu schließen wurde eine detaillierte Untersuchung der Reformerbetriebsbedingungen 

und deren Auswirkungen auf den Prozess aus technischer und ökonomischer Sicht, unter 

Berücksichtigung der Unsicherheiten in der Ermittlung der Herstellungskosten, durchgeführt. Zur 

Identifikation der Haupteinflussfaktoren auf die resultierenden Konfidenzintervalle wurde die 

Unsicherheitsanalyse durch eine globale Sensitivitätsanalyse ergänzt. 

Aus der Analyse der Reformerbetriebsbedingungen ergeben sich druckabhängig optimale 

Temperaturen (Plateaus). Sowohl eine hohe Energieeffizienz als auch geringe Kosten werden bei 5 bar 

und 800 °C erzielt. Dieses Optimum ist außerdem robust gegenüber Änderungen der 

Prozessbedingungen anderer Prozesseinheiten sowie gegenüber Unsicherheiten in den Kosten. Im 

Bereich der Plateaus wurde keine unerwünschte Kohlenstoffbildung in den 

Gleichgewichtsberechnungen nachgewiesen. Experimentelle Arbeiten zeigen außerdem, dass die 

Wahl eines geeigneten Katalysators die Kohlenstoffbildungsgrenzen weiter verschieben könnte, um so 

das mögliche Reformerbetriebsfenster zu vergrößern. Resultierend aus der ökonomischen Analyse 

wird deutlich, dass die Wasserstoffkosten, und darin insbesondere die Stromkosten, den größten 

Beitrag zu den Herstellungskosten liefern. Dennoch führt eine Reduktion der 

Elektrolysevolllaststunden nicht zu einer Reduktion der Herstellungskosten, da die 

Überdimensionierung des Elektrolyseurs die Kosten zu stark erhöht. Aus der Unsicherheits- und 

Sensitivitätsanalyse geht hervor, dass 7 der 60 unsicheren Eingangsvariablen aus der ökonomischen 

Analyse von Relevanz sind (95 % Konfidenzintervall: 2.8-5.3 €2019/kgC5+). Zur Ermittlung der 

Sensitivitätsindizes in der globalen Sensitivitätsanalyse empfehlen sich die Schätzverfahren von Azzini, 

um den Rechenaufwand zu minimieren.  

Zusammenfassend ermöglicht die in der vorliegenden Arbeit durchgeführte systematische Analyse die 

Ermittlung des optimalen Prozessdesigns und -betriebs zur Minimierung der Kosten unter 

Berücksichtigung der Unsicherheiten in den Herstellungskosten. 

2 Reformer: Reformierung kurzkettiger Kohlenwasserstoffe als auch die Umwandlung von CO2 zu CO 
über die reverse Wassergas-Shift Reaktion (RWGS). 
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1. Introduction

The following introduction is divided into three subchapters. The first subchapter targets to establish 

the context and to provide background information that lead to the overarching research question and 

with that to the motivation of this thesis. The second subchapter elaborates on the different research 

objectives that were set in order to fulfill the overall goal. Moreover, this subchapter targets to shortly 

review what was already available in the literature to depict the research gap. The last subchapter 

deals with the methodological advances that were necessary in order to approach the defined research 

objectives. 

1.1. Background and Motivation 

One of the main current challenges of mankind is to reduce the anthropogenic greenhouse gas 

emissions to drastically decrease their impact on the world’s climate. Global actions are necessary in 

order to solve this overarching challenge. One important contributor to the greenhouse gas emissions 

is the transport sector, which emitted 7.7 Gt of CO2  in 2021 (approx. 16 % of the global greenhouse 

gas emissions) [1]. Especially in the hard-to-electrify sectors, such as aviation and shipping, alternatives 

beyond hydrogen and synthetic natural gas are crucial [2]. In these cases, a high volumetric energy 

density is essential. A suitable high-volumetric-energy-density-syncrude can be derived through 

Fischer-Tropsch (FT) synthesis [3]. Moreover, synthetic Fischer-Tropsch fuels are already certified as 

drop-in jet fuel according to ASTM D5766-20b (50 % blending limit) [4].  

The FT synthesis requires a source for carbon monoxide and hydrogen (equation (iii)). Carbon 

monoxide can be produced from carbon dioxide with hydrogen through the reverse water-gas shift 

reaction (RWGS) (equation (ii)). Carbon dioxide may originate from point sources or directly from air. 

Direct air capture is more cost- and energy-intensive regarding the provision of concentrated CO2 in 

comparison to point sources [5]. However, point sources are limited and some may originate from 

fossil fuels [5]. It is likely that some of these fossil-fuel-based point sources will become unavailable in 

the upcoming decades due to the transition towards decarbonization, e.g. electrification or 

combustion of hydrogen instead of fossil fuel combustion. However, one interesting point source for 

CO2 capture and utilization offers the cement and concrete industry. More specific, the calcination 

process (mineral decomposition of limestone) produces a significant amount of CO2 that does not 

originate from fossil fuels. Over 60 % of the total CO2 emissions (2.7 Gt CO2/a2020 total CO2 emissions) 

from modern cement plants originate from this calcination process [6, 7]. The cement industry has 

published a roadmap towards carbon neutrality in 2050, see Figure 1 [7]. They estimate that 1.37 Gt/a 
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CO2 will have to end up in carbon capture and utilization as they cannot be avoided through other 

actions such as efficiency improvements or use of alternative carbon neutral fuels [7]. Hence, 373 Mt/a 

of carbon, in the form of CO2, will be available even in the long run.  

A high carbon efficiency is essential in order to fully exploit the limited amount of point sources. 

Stoichiometrically, the maximum carbon efficiency of the investigated process is ηC,stoichiometry = 100 % 

(one CO2 molecule reacting first to CO and then to -CH2-, see equation (iv)). More realistically, applying 

a carbon efficiency of 83 % towards C5+ components in the FT process (see chapter 3.1) results in 

310 Mt of carbon to be potentially incorporated from the cement plant into the C5+ product. In 2019 

the global jet fuel demand was 288 Mt/a2019 jet fuel (≈ 247 Mt/a carbon2019 in the form of jet fuel) [8]. 

Thus, on a global scale, the current jet fuel demand could be satisfied by the carbon available from the 

cement plant point source. The International Air Transport Association’s vision is to produce 

360 Mt/a2050 (≈ 309 Mt/a2050 carbon in the form of jet fuel) of sustainable aviation fuels (SAF) in 2050 

(65 % of the overall demand) [9]. Prospectively, it seems that the projected SAF demand for 2050 

could be satisfied from the cement plant point source assuming that all the CO2 from the cement 

plants that cannot be avoided in 2050 is used for this purpose.   

Figure 1: Global Cement and Concrete Association’s roadmap towards carbon neutrality in 2050 [7]. 

The second reactant required for FT synthesis is hydrogen. It may be derived from the electrochemical 

reaction via water electrolysis or from biomass gasification. Two major drawbacks regarding the use 

of biomass as hydrogen source are the higher water demand and land-use for biomass cultivation, 
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which both are also of social relevance (fuel vs. food) [10]. In contrast, producing hydrogen via 

electrolysis requires significantly less water as well as land-use [10]. However, in order to reduce the 

greenhouse gas emissions in comparison to fossil fuel combustion, this approach requires electricity 

with a small carbon footprint (renewable electricity). Furthermore, the electricity must either be 

readily available for steady-state baseload operation or dynamic operation plus hydrogen storage is 

required.  

The water electrolysis is an energy intensive step (equation (i)) and therefore it is essential to target a 

high hydrogen-to-fuel conversion and thus, a high hydrogen efficiency. Hydrogen is not only required 

for the FT synthesis itself but also to activate the very stable CO2 molecule to form CO in the 

endothermic reverse water-gas shift reaction (see equation (ii)). Three water molecules form three H2 

molecules in the electrolysis step (3⋅(i)). Subsequently, one H2 molecule is required to convert CO2 to 

CO while producing one molecule of water (ii). Two H2 molecules are then converted to form one 

molecule -CH2- and one water molecule (iii). Thus, two of the three H2 molecules end up to form water 

and one ends up in -CH2-. Hence, the maximum hydrogen efficiency is ηH,stoichiometry = 33 %.  

From the reaction enthalpies, the maximum theoretical chemical conversion efficiency, or Power-to-

Liquid efficiency, is ηPtL,theoretical = 70 %LHV  (combustion heat of -CH2- in relation to the energy demand 

for electrolysis and RWGS, equation (ix)). However, it is worth noting that typical polymer electrolyte 

membrane (PEM) electrolyzers have a system energy demand of 4.5-7.5 kWh/Nm3 = 368-613 kJ/mol 

(in comparison: 286 kJ/mol for the ideal system) [11]. This lowers the PtL efficiency already to 33-

55 %LHV, which cannot be overcome through improved process design but only through improvement 

of the electrolyzer technology itself. In this work an (optimistic) PEM efficiency of 

4.4 kWh/Nm3 = 357 kJ/mol is assumed, resulting in a maximum chemical energy conversion efficiency 

of ηPtL,benchmark = 56 %LHV. This is the benchmark efficiency for the process optimization.  

Power-to-Liquid Process: 

HଶO(୪) →  Hଶ +  0.5 Oଶ ∆𝐻ୖ
଴ = 286 kJ/mol (i) 

COଶ +  Hଶ ⇌  CO +  HଶO(୥) ∆𝐻ୖ
଴ = 41 kJ/mol (ii) 

CO + 2 Hଶ → (−CHଶ−) +  HଶO(୥) ∆𝐻ୖ
଴ = −152 kJ/mol (iii) 

3 HଶO(୪) + COଶ →  1.5 Oଶ + 2 HଶO(୥) +  (−CHଶ−) ∆𝐻ୖ
଴ = 747 kJ/mol (iv)=3⋅(i)+(ii)+(iii) 

Combustion Process: 

1.5 Oଶ +  (−CHଶ −) →  HଶO(୥) +  COଶ ∆𝐻ୖ
଴ = −625 kJ/mol (v) 

 3 HଶO(୥) → 3 HଶO(୪) ∆𝐻ୖ
଴ = −122 kJ/mol (vi)
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Figure 2 shows the simplified block diagram of the investigated Fischer-Tropsch based Power-to-Liquid 

process concept. CO2 is recovered from cement plant off-gas through amine absorption, which 

requires thermal energy for the desorption process. The heat for the desorption process can be 

provided from the exothermic FT reaction. The heat that is required for the endothermic RWGS 

reaction, at rather high temperatures well above 600 °C (see Chapter 3.1), is provided through oxy-

fuel combustion of a partial amount of the recycled gases. The oxygen required for the oxy-fuel 

combustion is derived from the electrolysis alongside the hydrogen. The RWGS product syngas is 

subsequently converted in the FT reactor. The FT product is separated and long chained hydrocarbons 

are further processed in a hydrocracker to maximize the yield in the target hydrocarbon chain length 

(target: C5-C23).  

Figure 2: Simplified block diagram of the investigated Fischer-Tropsch based Power-to-Liquid process 
with reverse water-gas shift CO2 activation. 

Neither the RWGS nor the FT reactor allow for full conversion in a once-through process operation. 

Therefore, recycling of the reactants is essential in order to establish a high carbon efficiency. 

Additionally, the FT reaction does not only produce the desired C5+ fraction but also to some extent 

C1-C4 molecules, which are not assumed to be valuable products in this case. Recycling the by-

products to the RWGS is very beneficial as it enables these by-products to be reformed again to carbon 

monoxide and hydrogen. Moreover, the recycling to the RWGS allows to activate unreacted CO2. This 

is an excellent feature from the overall process perspective because it allows to increase the carbon 

efficiency when carbon containing by-products are yet again reactivated to potentially form C5+ 

components in the FT reactor. 

Energy Balance per mol (−CH2−): 

Benefit: (625 + 152 + 122) kJ = 899 kJ  (vii)=(iii)+(v)+(vi) 

Effort: (3 ⋅ 286 + 41) kJ = 899 kJ  (viii)=3⋅(i)+(ii) 

Power-to-Liquid Efficiency: 

ηPtL,theoretical = 625 / 899 = 70 %LHV  (ix) =(v)/(viii) 

ηPtL,benchmark = 625 / 1112 = 56 %LHV  (x) 
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High temperature is required in order to achieve high CO yields in the endothermic RWGS unit - see 

Appendix B for the entire reaction network and reaction enthalpies. However, the higher the 

temperature the higher the thermal heat demand for heating up the feed stream and the more issues 

may arise from a material perspective (e.g. catalyst, steel). The RWGS reaction is an equimolar 

reaction. Hence, the equilibrium is not affected by pressure. Nevertheless, unwanted side reactions 

(methane and carbon formation) are depending on the applied pressure. Especially, methane 

formation is favored at elevated pressure. Therefore, it seems favorable to operate the RWGS at low 

pressure in order to maximize the CO yield. Still, from the overall process design it might be more 

favorable to operate the RWGS and FT reactor at similar pressure levels (25 bar) to avoid excessive 

compression work. To summarize, these conflicting targets require a holistic process assessment. As 

the RWGS reactor is a central step in the PtL process, the detailed investigation of the RWGS 

operating conditions and their impact on the overall process performance gave the main motivation 

for the research objectives defined in the following subchapter.  

1.2. Research Objectives 

As described in the previous subchapter, the RWGS operating conditions have a strong impact on the 

overall process performance. The optimal operating conditions are not straight forward as increasing 

pressure and temperature have both positive and negative effects on the process efficiency and 

production cost. Overall, the aim is to identify a techno-economically optimal process design and 

operation mode. However, the input data for the economic analysis is a priori uncertain and is 

therefore only an approximation. A comparison of different designs and operating conditions requires 

a quantification of the uncertainty of the economic data in order to clearly rank the different options.  

Conclusively, the aim is to analyze the Fischer-Tropsch based Power-to-Liquid process targeting 

(compare Figure 3):  

 to optimize the operating conditions in order to maximize the overall process efficiency

(Technical Analysis in Paper 1 & 2),

 to minimize the net production cost (Economic Analysis Paper 2 & 3) and

 to quantify and allocate the uncertainties deriving from the economic analysis (Uncertainty

and Global Sensitivity Analysis Paper 2 & 3).
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Figure 3: Key research objectives in the context of the Fischer-Tropsch based Power-to-Liquid 
process examining the impact of the (RWGS) operating conditions, e.g. pressure p and temperature 
T, on the process performance. 

Technical Analysis: 

The Fischer-Tropsch based Power-to-Liquid process has already been subject to different studies, 

which investigated different process designs, for example different strategies for using the tail gas, 

different hydrogen and carbon monoxide production routes and different FT reactors [12-19]. Similar 

process designs as in this thesis are available in [16, 19]. Vázquez et al. elaborate on the performance 

of the PtL bench-scale plant SOLETAIR and outline further improvement in a theoretical analysis [19]. 

Their PtL pilot plant comprises a small scale RWGS (allows to process 2 LN/min or 233 g/h of CO2), which 

is heated by an electrical oven [19]. The reaction is conducted over a monolithic precious metal catalyst 

at 1-5 bar and 850 °C [19]. They expect process performance improvements with increased RWGS 

pressure to FT pressure (20-30  bar) [19]. König et al. set up a PtL process model and evaluate the 

process for a fixed set of unit assumptions [16]. Their RWGS is assumed to operate at 25 bar and 900 °C 

[16]. Neither of these approaches shows the impact of varying RWGS operating conditions in a 

detailed manner nor do they provide insight on how they chose their operating conditions. Therefore, 

the first research objective is to analyze the effect of variable RWGS operating conditions on the 

process efficiencies: 

 Hydrogen and carbon efficiency: Amount of hydrogen from water and carbon from CO2 

required for the fuel production at varying RWGS operating conditions. 

 Power-to-Liquid efficiency: Amount of electrical energy required to produce the desired liquid 

hydrocarbons at variable RWGS operating conditions. 

The goal is to identify the optimum operating conditions and the main correlations that lead to these 

optimum conditions. Beyond that, it is essential to investigate the robustness of this optimum to 

clarify whether small changes in other variables significantly affect the optimum RWGS operating 

conditions.  
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Economic Analysis: 

Similarly to the technical analysis, economic evaluations for different syngas/hydrogen production 

pathways are available in the literature: co-electrolysis [14, 20, 21], solid oxide electrolysis [22], PEM 

[23-26] and alkaline electrolysis [14, 27]. The synthesis gas in this thesis is provided from PEM 

electrolysis and allothermal RWGS reaction with oxy-fuel combustion. Similar setups have been 

investigated by [23, 24, 26]. König et al. investigate the impact of full load hours, electricity costs and 

electrolyzer costs on the NPC [26]. They retrieve the RWGS reactor cost from [28], who base their 

RWGS reactor cost on water gas-shift reactor cost from source [29]. However, the operating conditions 

and the reactor design of a WGS (exothermic) reactor is very different from a RWGS (endothermic) 

reactor. Tremel et al. do not calculate the cost based on process modelling and equipment-based 

calculations [23]. Hence, it is not possible to outline the differences of the process designs and unit 

assumptions. Schemme et al. do not state their assumed RWGS reactor cost [24]. Furthermore, the 

allothermal oxy-fuel RWGS was not available at large scale [30].  As a result, no reliable RWGS reactor 

cost were available in the literature. 

In order to complement the technical analysis with an economic analysis (economic and energetic 

optimum operating conditions may differ), the target is to: 

 analyze the impact of the RWGS operating conditions on the net production costs,

 identify the RWGS operating conditions exhibiting the lowest net production cost and

 evaluate the robustness of the economically optimal RWGS operating conditions.

As mentioned, literature was lacking sufficient data for the reactor cost. Moreover, the reactor cost 

should be sensitive to changes in RWGS operating conditions to fulfill the target objective. Thus, a 

methodology needed to be developed to estimate the RWGS reactor cost at varying RWGS operating 

conditions. More specific this method requires the consideration of: 

 factors directly impacting the reactor setup (for example different wall thicknesses of the

reactor tubes at different RWGS pressures and temperatures) and

 factors indirectly impacting the reactor setup through changes in process streams (for example

heat demand of the RWGS reactor, different feed compositions and mass/volumetric flow

rates at different RWGS operating conditions).

A preliminary cost breakdown analysis indicated that the electricity cost for the electrochemical 

hydrogen production is a major contributor to the overall net production cost of the syncrude. The 

wholesale electricity price fluctuates throughout the year. Thus, the cost for electricity can be reduced 

by operating the electrolyzer at times when cheap electricity is available. None of the available works 

have explored the impact of the electrolyzer full load hours on the wholesale electricity price, 
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electrolyzer cost, hydrogen storage cost, stack replacement cost and finally the resulting net 

production cost [23, 26, 31].  Overall, the question is whether this alternative mode of operation is 

economically beneficial. 

Uncertainty and Global Sensitivity Analysis: 

The resulting net production cost from the deterministic model evaluation are intrinsically uncertain 

for example due to uncertainty in equipment cost or cost factors applied. A quantification of the 

uncertainty allows for a clear ranking of the operating conditions, if no overlapping confidence 

intervals are observed.  Uncertainty may also arise from decision variables, where the actual value is 

not defined at the time of the evaluation. Then it might be helpful to investigate which input design 

variable should be investigated in detail and which can be fixed to a certain value without major impact 

on the result. This can be approached through global sensitivity analysis (GSA). While most researchers 

apply one-factor-at-a-time methods to conduct (local) sensitivity analyses, this approach is only valid 

for linear models. Global sensitivity analysis overcomes this issue and broadens the applicability to 

non-linear systems. However, techno-economic process analyses are seldomly complemented by 

uncertainty analysis (UA) or a proper sensitivity analysis beyond the typical one-factor-at the time 

methods. Still, there are a few publications that either complement or solely focus on conducting 

global uncertainty and sensitivity analysis. For example, some fields where UA and/or GSA are applied 

are biomass-based processes [32-39], carbon capture and storage [40-44], energy system analysis [45], 

wind farms [46] and photovoltaics [47, 48]. All of these studies include UA and a few also feature global 

sensitivity analysis. No literature was available that investigates the economic uncertainty of a 

Fischer-Tropsch based Power-to-Liquid process. 

The calculation of the sensitivity indices in the variance-based global sensitivity analysis relies on the 

use of estimators and sampling strategies. Research is still ongoing in the formulation and 

identification of the most suitable estimators and sampling methods. Therefore, a few estimators are 

compared in order to find the most suitable one for this application. Thus, the methodological 

advances to arise from this thesis regarding GSA and UA with respect to techno-economic process 

analysis are: 

 the identification of the estimator to conduct GSA at the lowest computational effort, 

 the identification of the sampling method for fast convergence and 

 to develop an intuitive workflow to conduct combined GSA and UA. 

With respect to the Fischer-Tropsch based Power-to-Liquid process the tasks for GSA and UA are: 

 to identify and fix non-influential input variables to reduce the complexity (first dataset 

contained more than 60 uncertain input variables),  
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 to prioritize the important input variables with respect to their impact on the overall

uncertainty,

 to analyze important decision variables in order to fix them to their most beneficial value (full

load hours of the electrolyzer as decision variable) and

 to quantify the remaining uncertainty of the net production cost after fixing the decision

variable(s) and non-influential input variables.

1.3. Methodology 

This subchapter targets to give an overview on the methodological advances that were necessary to 

fulfill the objectives while referencing to the corresponding publication which describes the 

methodological approach in every detail. Figure 4 summarizes the key methodological advances and 

the tools required in order to answer the research questions of this thesis. The general process model 

description including a thorough description of the different process units is provided in Paper 1. The 

RWGS reactor cost model is presented in Paper 2. The ranges of uncertainty applied and the 

methodology used for allocating the overall uncertainty to the different uncertain input variables are 

explained in Paper 3. 

A flexible and interdependent process model was set up using flowsheeting software Aspen Plus® 

(Paper 1). Hydrogen and carbon dioxide provision are modelled as black box models with specified 

energy and material flows. Hydrogen is provided from water and electricity via PEM electrolysis with 

a system efficiency of 66 %LHV [49], [50]. CO2 is captured from a cement plant requiring 

3.8 MJth/kg CO2, captured of thermal (at 120 °C) and 0.14 MJel/kg CO2, captured of electrical energy [51]. The 

RWGS reactor is modelled as a Gibbs reactor assuming thermodynamic equilibrium and variable 

operating conditions [16, 52]. Details on the RWGS reactor such as reactor types, catalytical 

requirements, carbon formation, metal dusting, model development and relevant experiments are 

outlined in Appendix B. The Fischer-Tropsch reactor is modelled as a stoichiometric reactor at 25 bar 

and 220 °C [53-55] applying the chain growth probability α [56]. The hydrocracker model is based on 

a yield reactor [57, 58] . More information on the FT reactor such as reactor types, catalysts, operating 

conditions, available plant sizes and the model development are described in Appendix C.  
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Figure 4: Overview of the methodological advances required to tackle the research objectives. 

The resulting flowsheet is depicted in in Figure 5. The model was set up to allow for the necessary 

flexibility in varying RWGS operating conditions without excessive modelling and simulative effort for 

constant units that are not affected by these variations (e.g. the hydrogen production). Changes in 

RWGS pressure and temperature directly affect the yields as the thermodynamic equilibrium is shifted. 

Hence, the product composition from the RWGS reactor changes, which would subsequently change 

the feed of the FT reactor. In order to ensure that the FT reactor is operated at validated and safe 

operating conditions, the process model was designed such that the H2/CO ratio and inert gas content 

in the feed of the FT reactor are constant. This was established through regulation of the split ratios of 

the recycling streams and by regulating the amount of CO2 that enters the PtL process (details on the 

split ratios, see Paper 1). Nevertheless, different FT operating conditions (temperature, conversion, 

inert gas content) are additionally investigated in order to identify the impact of different FT operating 

conditions on the optimum RWGS operating conditions.  

The possible operating window of the RWGS reactor is additionally narrowed down by unwanted 

carbon formation, which is investigated by assuming carbon as graphite in equilibrium calculations. 

However, it is worth to mention that experiments were conducted prior to this thesis that indicate that 

using suitable catalysts may broaden the possible operating window as no carbon formation was 

observed even under operating conditions that predict graphite formation in the equilibrium 

calculations (see Appendix A). 
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Figure 5: Flowsheet of the Power-to-Liquid process consisting of a hydrogen supply part and a H2tL 
part (reproduced from Paper 3) [59]. MEA-monoethanolamine absorption, WHB-waste-heat boiler, 
S-j-Split, C-j-compressor, V-j-valve.

DLR’s Inhouse-Tool TEPET [25] accesses the process data for calculating the net production cost from 

the Aspen Plus® process simulation. The methodology used for calculating the net production cost is 

based on the methods available for the chemical industry [60]. It is widely accepted to be applicable 

for estimating the production cost of alternative fuels [25, 26]. Cost functions for standard equipment 

such as heat exchangers, columns, pumps and compressors are available from Peters et al. [60]. The 

remaining equipment cost (e.g. electrolyzer, FT reactor, hydrocracker) as well as the specific cost data 

for raw materials and utilities are taken from different literature sources (see Paper 2 and 3 [59, 61]). 

Typically, an equipment cost function is available for a fixed set of operating conditions and only scaled 

with the throughput in the form of e.g. mass flow, heat that is transferred, or similar. In order to 

calculate the net production cost at varying RWGS operating conditions it is necessary to set up a 

model that allows to estimate the RWGS reactor cost depending on specific RWGS operating 

conditions. Therefore, a submodule is added to the existing TEPET tool that allows to calculate the 

RWGS reactor cost depending on input data that is derived from the Aspen Plus® simulation such as 

heat duty and feed properties (see Paper 2). The reactor cost model firstly seeks to identify the design 

criterion for the tubes inside the combustion chamber. The design criterion may be based on a 

limitation through heat transfer, reaction rates or pressure drop. The number of tubes, tube 

diameter and tube length are then subject to an optimization in order to establish the lowest reactor 

cost. For a detailed description on the established model refer to Paper 2 [61]. 

Quantification and allocation of the economic uncertainties aids the evaluation of the economic 

results. In order to assess the confidence levels of the cost estimation and further to conduct the global 

sensitivity analysis, TEPET is extended by integration of a UA/GSA module (for the workflow see Paper 

RWGS FTS Product
Separation

Hydro-
cracker

Electrolysis

H2

CO2

Oxyfuel Burner

O2, Oxyfuel/Sell

C-4

S-1

H2

Rec-FTS

H2O

Rec-RWGS

Rec-Burn

S-2

Purge O2,Oxyfuel

Pel

HEX-2

CO2 rich gas

CO2 lean gas

HEX-1

MEA WHB

Steam H2O

C-1

H2O

H2O

C-5

C-3

H2O

V-1
C-2

Cavern H2

S-4

Cavern O2

S-3

C5+
C1-C4

S-5

H2-to-Liquid Process
8 000 h/a

Electrolysis
2 000 – 8 000 h/a



12 
 

3, Figure 1 [59]). The integration allows to transfer the base case economic data into the UA/GSA 

module. As a first step in the module extension, the uncertain input variables and their probability 

functions have to be defined to reflect the uncertainty of each uncertain input variable. These 

probability functions are then processed in a module that calculates the combined probability 

function (Monte-Carlo method) for this set of input data in order to quantify the overall uncertainty. 

Therefore, the net production cost calculations need to be conducted several thousand times in order 

to establish a good fit for the combined probability function. From this combined probability function, 

the confidence interval, e.g. 95 % confidence interval, can readily be derived. The Monte-Carlo 

approach is a well-established technique in uncertainty analysis  [62, 63]. The input probability 

functions are also used to conduct the global sensitivity analysis, which is a very helpful method in 

identifying non-influential parameters and also to rank influential parameters for further processing. 

The global sensitivity analysis is established using a variance-based approach which allows to calculate 

first and total order indices that are then used to rank and fix the parameters. This approach relies on 

the usage of estimators to calculate these indices. Research is still ongoing for identifying the most 

suitable estimators, especially with respect to the total order indices [64-66]. Therefore, in this thesis, 

different estimators are compared with respect to their computation effort in order to identify the 

most suitable for this application. A detailed description of the methodology to conduct the 

uncertainty and global sensitivity analysis is available in Paper 3.  

Different system boundaries are set in order to fit the different objectives in the three publications. 

Paper 1 focuses on the technical analysis, especially with respect to obtaining the RWGS operating 

conditions for obtaining the optimum Power-to-Liquid efficiency. Moreover, the efficiency of the 

electrolyzer is varied in a local sensitivity analysis in order to identify any impact of the electrolyzer on 

the optimum RWGS operating conditions. Thus, the hydrogen production is included such that water 

and electricity enter the model boundaries. Paper 2 focuses on obtaining the economically optimum 

RWGS operating conditions. Therefore, a broad range of hydrogen cost cases is investigated in order 

to provide robust optima. For this objective it is irrelevant whether the hydrogen cost is reduced 

through improved efficiency, through lower electricity prices or electrolyzer equipment cost. 

Consequently, the hydrogen production in Paper 2 is outside the model boundaries. The electricity 

cost for hydrogen production is a major driver of the net production cost. Therefore, the objective in 

Paper 3 is to make use of lower wholesale electricity prices at specific hours of the year. However, this 

requires hydrogen storage and electrolyzer overcapacity in return. The flowsheet of this process is 

depicted in Figure 5. The hydrogen production and storage are calculated in dependence on the 

electrolyzer full load hours. The H2-to-Liquid part of the plant from Paper 3 is identical to the process 

in Paper 2. In the transition from Paper 1 to Paper 2, the focus shifts to the C5+ product fraction, which 

is why the efficiency definitions were adapted accordingly (see Chapter 3.1 for the final definitions in 

contrast to those used in Paper 1).  



13 

2. Publications

The following chapter contains the original articles and highlights the contributions of the authors. The 
three manuscripts are: 

Paper 1: Impact of the reverse water-gas shift operating conditions on the Power-to-Liquid process 
efficiency  
Sandra Adelung, Simon Maier, Ralph-Uwe Dietrich 
Sustainable Energy Technologies and Assessments, Volume 43, February 2021, 100897, 
https://doi.org/10.1016/j.seta.2020.100897, Copyright Elsevier 

Paper 2: Impact of the reverse water-gas shift operating conditions on the Power-to-Liquid fuel 
production cost 
Sandra Adelung, Ralph-Uwe Dietrich 
Fuel, Volume 317, June 2022, 123440,  
https://doi.org/10.1016/j.fuel.2022.123440, Copyright Elsevier 

Paper 3: Global sensitivity and uncertainty analysis of a Fischer-Tropsch based Power-to-Liquid 
Process 
Sandra Adelung 
Journal of CO2 Utilization, Volume 65, November 2022, 102171, 
https://doi.org/10.1016/j.jcou.2022.102171,Copyright Elsevier 

In addition to these journal publications, the research outcomes have been presented at national and 
international conferences:  

 ProcessNet Jahrestagung der Fachgruppe Energieverfahrenstechnik (Frankfurt 2016): Reverse
Wassergas-Shift-Reaktion und Reformierungsreaktionen zur Synthesegasbereitstellung im
Power-to-Liquid Prozess (Poster)

 ProcessNet Jahrestagung (Aachen 2016): Reaktionskinetik der reversen Wassergas-Shift
Reaktion bei Normaldruck zur Übertragung auf die Synthesegasbereitstellung im PtL-Prozess
(Lecture)

 10th World Congress of Chemical Engineering (Barcelona, 2017): Experimental investigation
of the reverse water-gas shift reaction at high temperature and elevated pressure (Lecture)

 ProcessNet Jahrestagung der Fachgruppe Energieverfahrenstechnik (Frankfurt, 2018):
Reaktorkonzept zur Untersuchung der reversen Wassergas-Shift Reaktion (rWGS) bei
Hochtemperatur und erhöhtem Druck (Poster)

 ProcessNet Jahrestagung (Aachen, 2018): Energetische Bewertung der Betriebsbedingungen
der Synthesegaserzeugung im Power-to-Liquid Verfahren (Lecture)

 10th European Congress of Chemical Engineering (Florence, 2019): Syngas production in the
Power-to-Liquid process - Techno-economic assessment of the operating conditions (Lecture)

 ProcessNet Jahrestagung der Fachgruppe Energieverfahrenstechnik (Online, 2021): Influence
of the reverse water-gas shift operating conditions on the Power-to-Liquid process efficiency
(Lecture)

 13th European Congress of Chemical Engineering (Online, 2021): Techno-economic analysis of
alternative fuel production routes – Uncertainty and Global Sensitivity Analysis (Lecture)
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Paper 1 

Impact of the reverse water-gas shift operating conditions on the Power-to-Liquid process efficiency 

Sandra Adelung, Simon Maier, Ralph-Uwe Dietrich 

The following research paper was published in 
Sustainable Energy Technologies and Assessments 
Volume 43, February 2021, 100897 
https://doi.org/10.1016/j.seta.2020.100897 
Copyright Elsevier 

Contribution roles 

Sandra Adelung:  
Research work - Methodology and model development, formal analysis and data curation, 
investigation and validation 
Writing – Conceptualization, visualization, original draft and editing 

Simon Maier:  
Provision of TEPET tool for techno-economic analysis, model development 

Ralph-Uwe Dietrich:  
Reviewing and supervision 
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Paper 2 

Impact of the reverse water-gas shift operating conditions on the Power-to-Liquid fuel production 

cost 

Sandra Adelung, Ralph-Uwe Dietrich 

The following research paper was published in 
Fuel 
Volume 317, June 2022, 123440 
https://doi.org/10.1016/j.fuel.2022.123440 
Copyright Elsevier 

Contribution roles 

Sandra Adelung:  
Research work - Methodology and model development, formal analysis and data curation, 
investigation and validation 
Writing – Conceptualization, visualization, original draft and editing 

Ralph-Uwe Dietrich:  
Reviewing and supervision 
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Paper 3 

Global sensitivity and uncertainty analysis of a Fischer-Tropsch based Power-to-Liquid Process 

Sandra Adelung 

The following research paper was published in 
Journal of CO2 Utilization 
Volume 65, November 2022, 102171 
https://doi.org/10.1016/j.jcou.2022.102171 
Copyright Elsevier 
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3. Results and Discussion 

This chapter is divided into three subchapters in order to address the three research objectives that 

are introduced in Chapter 1.2 – technical analysis, economic analysis as well as uncertainty and global 

sensitivity analysis. The technical analysis is conducted in Paper 1 and 2. The economically optimum 

RWGS operating conditions are investigated in Paper 2, whereas Paper 3 investigates the impact of 

varying electrolyzer full load hours on the net production cost. Paper 3 also discusses the economic 

uncertainty and conducts a global sensitivity analysis to identify the main contributors to the 

uncertainty.  

3.1. Technical Analysis (Paper 1 & 2) 

The following subchapter summarizes the outcome of the technical process analysis. First, isolated 

thermodynamic equilibrium calculations are conducted to investigate the influence of RWGS pressure 

and temperature on the product yields at constant feed conditions. Subsequently, the whole process 

is analyzed regarding different efficiencies (carbon, hydrogen and Power-to-Liquid efficiency). The 

subchapter ends with a detailed discussion of the results. 

Isolated RWGS equilibrium calculations: 

The RWGS reactor’s task is to provide CO for the subsequent FT reaction. Figure 6 shows the calculated 

equilibrium CO2 conversion and CO selectivity for an exemplary feed of H2/CO2 = 2 at varying RWGS 

pressure and temperature. The CO2 conversion is comparably mildly affected by changes in pressure 

and temperature. However, the CO selectivity is very sensitive to these changes. The selectivity 

towards methane increases with decreasing temperature and increasing pressure. Graphite formation 

becomes of relevance at temperatures below 650 °C. In order to maximize the CO yield, high 

temperature and low pressure are required from equilibrium perspective. From these isolated 

equilibrium calculations it can be concluded that the temperature should be at least 600-700 °C in 

order to establish a favorable once-through CO yield in the RWGS reactor. 

The integration of the RWGS unit into the PtL process concept results in varying RWGS feed 

compositions at varying RWGS operating conditions. More specific, the variation of the RWGS 

operating conditions yields H2/CO2 ratios in the range of 2-3 and a CH4 content between 1-30 mol % in 

the feed of the RWGS reactor. Although the isolated equilibrium calculations are only valid for the 

selected feed composition, the general finding that higher CO yields are established with lower RWGS 

pressure and higher RWGS temperature are important for the following analysis of the PtL process 

efficiencies. 
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Figure 6: Equilibrium CO2 conversion X and CO/CH4/C selectivity S in Aspen Plus® for a constant feed 
of H2/CO2 = 2. Note: Carbon C is considered as graphite. 

High energy-dense synthetic hydrocarbons for aviation and shipping are the target product of the 

investigated process. More specific, the target is to produce a maximum amount of C5+ hydrocarbons 

from electricity/hydrogen and carbon dioxide. Hence, the material and energetic efficiencies are 

investigated with respect to the C5+ target product fraction (see Figure 7 for the definitions of the 

different efficiencies). 

Carbon efficiency: 

The carbon efficiency sets in relation the carbon in the C5+ product to the carbon in the cement plant’s 

off-gas. Diluted carbon dioxide enters the process as off-gas from the cement plant and is subsequently 

recovered in a monoethanolamine scrubber with a recovery rate of 90 %. The carbon efficiency is 

boosted substantially through recycling of the gaseous components and restricted mainly by the 

recovery of CO2 from amine scrubbing. It is not affected by the RWGS operating conditions when 

considering all hydrocarbons as product (Paper 1: ηC,C2+ = 88 %). In contrast, the carbon efficiency 

towards the C5+ fraction is affected through changes in RWGS operating conditions (see Figure 7 right). 

A higher C5+ carbon efficiency is obtained at lower RWGS temperature and higher RWGS pressure. At 

these conditions the recycling rate to the RWGS increases, which increases the reforming of C2-C4. 

This results in a reduction of the C2-C4 fraction in the product output and in return increases the C5+ 

amount/fraction. The maximum carbon efficiency observed is ηC = 86.8 %. 
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Hydrogen efficiency: 

The hydrogen efficiency sets in relation the hydrogen incorporated in the C5+ product to the hydrogen 

obtained from electrolysis. The hydrogen efficiency increases with decreasing RWGS pressure. 

Pressure dependent optima are observed with respect to the RWGS temperature (see Figure 7 left). 

The main hydrogen-containing by-product from the process is water. Reducing the RWGS temperature 

lowers the CO yield, leading to an increase of the inert gas content in the RWGS product gas and thus 

to an increased recycle rate to the RWGS reactor. An increase in pressure results in the same effect as 

is observed for a reduction in temperature. In conclusion, low temperature and high pressure are 

unfavorable for a high hydrogen efficiency (contrarily to what is observed regarding the optimum 

carbon efficiency!). Additionally, high temperatures induce a higher heat demand also leading to 

higher water production. The minimum water production, and hence highest hydrogen efficiency 

(ηH = 24.6 %), is observed at low RWGS pressure and rather low RWGS temperature (700 °C & 1 bar).  

Power-to-Liquid efficiency:  

Overall, the investigated PtL process is exothermic. Thus, no external heating is required. 

Consequently, the electricity supply is the main energy input. The Power-to-Liquid efficiency sets in 

relation the resulting energy in the C5+ product, based on the lower heating value, to the electricity 

demand for electrolysis, CO2 recovery and the compression work. In comparison to the results 

obtained for the hydrogen efficiency, the optimum operating conditions are shifted to slightly higher 

RWGS pressure and temperature (ηPtL = 36.6 % at 800 °C & 5 bar), as the work for compression 

increases with decreasing RWGS pressure. Similar to the hydrogen efficiency, a plateau is observed 

where the RWGS operating conditions only have a minor impact on the process performance.  

Overall, the PtL process provides a significant amount of heat that can again be used to produce 

electricity in a steam cycle and thereby increase the energy efficiency by 2 % (Paper 1). However, 

whether this is economically beneficial remains yet to be proven. Beyond optimization of the RWGS 

operating conditions, the Power-to-Liquid efficiency may be increased by increasing the electrolyzer 

efficiency and oxyfuel burner temperature and by reducing FT temperature, H2/CO ratio as well as 

through improved heat transfer in the RWGS reactor (Paper 1). Still, changes in these process 

parameters do not lead to other optimum RWGS operation conditions (Paper 1). Thus, it may be 

concluded that robust optimum operating conditions are obtained. 
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Figure 7: Material efficiencies (hydrogen and carbon) and Power-to-Liquid efficiency of the Power-
to-Liquid process at different RWGS operating conditions. The target product is the C5+ fraction. 

Discussion: 

Table 1 compares the obtained material and energy efficiencies with data available in the literature. 

The theoretical values are derived in Chapter 1.1. As the electrolyzer efficiency can only be increased 

through technology improvement, the benchmarking PtL efficiency at a realistic electrolyzer efficiency 

of 66.7 % is added to the table.  

Theoretical efficiencies: The hydrogen efficiency is about 9 % lower in this work in comparison to the 

theoretical optimum obtained from the stoichiometric consideration. The deviation can be explained 

by the hydrogen that is lost as water through combustion in the oxy-fuel burner and water that is 

produced through methanation, in the RWGS and the FT reactor, and C2-C4 production, in the FT 

reactor. A minor amount of hydrogen also ends up in the by-products C2-C4 (dissolved in the liquid 

C5+ fraction). About 15 % of the carbon from the cement plant off-gas does not end up in the syncrude. 

This is mainly due to the scrubber recovery efficiency of 90 %. Losses in C2-C4 and purge gas, that is 

required in order to avoid accumulation of inert components, further add to the carbon losses. The PtL 

efficiency is about 20 % lower in comparison to the benchmark PtL efficiency. This results from the 

reduced hydrogen efficiency as well as from the additional electricity consumption for compression.  

Carbon Efficiency: Neither the RWGS nor the FT reactor allows for full conversion. Thus, the carbon 

efficiency depends mainly on the fact if the gaseous components exiting the FT reactor are again 

recycled to the RWGS. Conclusively, a once-through operation tends to result in rather low carbon 

efficiencies (Vázquez et al. – pilot plant, Zang et al. only recycle CO2 but not the other gases). If the FT 

gases are recycled, carbon efficiencies larger than 80 % can be achieved for a scrubber recovery rate 
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of 90 % (this work, Schemme et al. and Vázquez et al.-theoretical). Additionally, the carbon efficiency 

is mildly affected by the amount of gas that needs to be purged in order to avoid accumulation of inert 

gases.  

Table 1: Material and energy efficiencies from this and other works. Brackets indicate that the data 
was not available and further assumptions had to be made in order to calculate the according values 
(n.a. – not available). 

 ηH ηC ηPtL,LHV ηElec., LHV 

Theoretical maximum (compare Chapter 1.1) 

Benchmark efficiency (compare Chapter 1.1) 

33.3 % 100 % 70 % 

56 %d 

100 % 

66.7 % 

Maximum in this work (compare Figure 7) 24.6 % 86.7 % 36.6 % 66.7 % 

Base case this work (RWGS @ 800 °C & 5 bar) 24.0 % 83.1 % 36.6 % 66.7 % 

Tremel et al. [23] n.a. h n.a. h n.a. h n.a. h 

Schemme et al. [24] 31.3 % (88 %a) 50.6 % 70 % 

Zang et al. [67] (23.6 %e) (41 %b) (38.5 %c) - 

König et al. [16] (27.4 %e) (66.3 %g) 43.3 % 69.7 % 

Vázquez et al. SOLETAIR - pilot plant [19] n.a. h 38 % n.a. h - 

Vázquez et al. - theorectical [19] 32 % (87.3 %f) 43.7 % 67 % 
a The carbon conversion from CO2 to fuel is 98 %. Assuming the amine scrubber recovery rate from this work of 90 % yields 
an overall carbon efficiency of 88 %. 
b The carbon conversion from CO2 to fuel is 45.5 %. Assuming the amine scrubber recovery rate from this work of 90 % yields 
an overall carbon efficiency of 41 %. 
c The model boundaries assume hydrogen as input. Assuming the electrolyzer efficiency from this work of 66.7 % yields a 
Power-to-Liquid efficiency of 38.5 %. 
d Benchmarking value for the applied electrolyzer efficiency. 

e Calculated by applying an approximate hydrogen/carbon ratio of 2 for the product. 
f The carbon conversion from CO2 to fuel is 97 %. Assuming the recovery rate from this work of 90 % yields and overall carbon 
efficiency of 87.3 %. 
g The carbon conversion from CO2 to fuel is 73.7 %. Assuming the recovery rate from this work of 90 % yields and overall 
carbon efficiency of 66.3 %. 
h n.a – not available: Value could not be calculated with the data available in the respective literature source. 
 
Hydrogen and Power-to-Liquid Efficiency: A high hydrogen efficiency is necessary to achieve a high 

Power-to-Liquid efficiency as this implies a high conversion from the electrochemically derived 

hydrogen to the product. Therefore, the approaches with the higher hydrogen efficiencies allow for 

higher PtL efficiencies. Both, König et al. and Schemme et al., use the RWGS product gas to preheat 

the RWGS feed. The RWGS product, however, creates an environment that has a high risk for metal 

dusting, which is a potential risk for a safe operation of the heat exchanger (see Appendix B). 

Furthermore, the RWGS product composition may change through reverse reaction in a heat 

exchanger, which would require experiments in order to assess the actual, cooled product composition 

in comparison with the equilibrium composition (possible wall catalysis in the heat exchanger, see 

Appendix A). Therefore, in this work, it is assumed that the product requires rapid cooling in order to 

allow for a safe operation and to avoid any of these side effects. That means that the product gas 
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cannot be used to preheat the RWGS feed but is cooled down rapidly in a waste-heat boiler. This, 

however, leads to a higher energy demand for the RWGS reactor and thus, to a lower hydrogen 

efficiency as more of the recycling gas needs to be combusted. Additionally, Schemme et al. use 

electrical preheating of the RWGS reactor which also reduces the hydrogen consumption at the 

expense of more electrical energy input. Still, their operating electrical energy consumptions including 

electrical RWGS heating seems rather low (1.1 MJ/kgProduct) in comparison to the electricity 

consumption obtained in this work (4 MJ/kgProduct). 

Carbon formation: Carbon formation in the reactor may lead to a breakdown of the unit and may 

therefore narrow down the possible RWGS operating window. Graphite formation is observed in the 

equilibrium calculations at reduced temperatures (below 675 °C, 750 °C, 800 °C, 850 °C at 1 bar, 5 bar, 

10 bar, 25 bar, respectively, see Paper 2 - Figure 8). However, these operating conditions result in a 

low Power-to-Liquid efficiency (see Paper 2 or Figure 7) and are thus not favorable from an energy 

perspective. Moreover, experimental investigations show that a suitable catalyst may help to 

kinetically suppress the carbon formation even at operating conditions where carbon formation is 

predicted from equilibrium calculations (refer to Annex A for the outcome of the experimental 

investigations).  

Limitations: Strictly, the results in Figure 7 are only valid for this process setup with this specific set of 

operating conditions for all the process units. However, it is observed that the optimum is robust to 

changes in other major technical parameters (local sensitivity analysis in Paper 1). Hence, the resulting 

optima for the material and energy efficiencies are valid for a broad range of operation, for 

similar/identical technologies.  

Conclusions: In this work, it is assumed that CO2 is provided from a cement plant off-gas. Consequently, 

only little energy is required to separate the CO2 from this off-gas. The amount of heat that is required 

can readily be provided from the exothermic FT synthesis. As a consequence, the carbon efficiency 

does not seem relevant within this concept as it does not substantially add to the energy consumption. 

However, if CO2 was considered to be not available as a point source but would need to be captured 

from air at a substantial energy demand [68], the focus could shift more to maximizing the carbon 

efficiency instead of the hydrogen efficiency. The hydrogen efficiency is closely related to the methane 

forming/reforming and extent of heat demand in the RWGS reactor, which is dependent on the RWGS 

operating conditions. Low temperature and high pressure both lead to high methane formation and 

heat demand through higher recycling rates to the RWGS reactor. This results in a higher water 

production and hence loss in hydrogen as the water is subsequently separated from the process. Also, 

high temperatures induce a higher heat demand which reduces the hydrogen efficiency. Using 

electrical heating for the RWGS and recuperation of the RWGS feed with the RWGS product stream 

has the potential to further increase the hydrogen efficiency especially at high temperatures. However, 
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a safe operation has to be technically proven. Furthermore, the hydrogen efficiency could potentially 

be improved through catalyst development that would reduce the production of C1-C4 in the FT 

reactor. 

3.2. Economic Analysis (Paper 2 & 3) 

The results from the technical evaluation aid practitioners to understand the material and energy 

efficiencies. Some of the results from the technical analysis may closely correlate to the economic 

behavior. This is for example the case when a large share of the cost is allocated to a certain raw 

material. Consequently, it is important to minimize the required input of this raw material and thus 

maximize the material efficiency. In contrast, if a process is mainly driven by equipment costs the 

outcome from the technical optimization will most certainly differ from the economic optimization. In 

between these scenarios there is often a tradeoff. For example, the conversion in a reactor may be 

increased through larger reactor sizing (increased residence time). This results in more product but 

also more cost for the reactor. Thus, depending on the monetary value of the materials, utilities and 

the equipment, an economic optimization may be driven in order to maximize a certain material 

efficiency, energetic efficiency or by minimizing equipment cost at the expense of lower efficiencies.  

The aim of this thesis is to identify the economically optimum RWGS operating conditions within the 

Power-to-Liquid process. Therefore, this work implements justified RWGS reactor cost and gives a 

methodology to calculate the RWGS reactor cost at varying operating conditions (varying pressure, 

temperature and feed composition). Operating the electrolyzer at hours with low wholesale electricity 

prices yields lower average electricity prices and thus allows to reduce the cost for electricity. Whether 

this leads to an overall reduction of the net production cost is part of the economic investigations. 

Economic optimum RWGS operating conditions:  

A methodology for calculating the RWGS reactor cost depending on the RWGS operating conditions is 

developed and discussed in Paper 2. The reactor cost is calculated from the cost for furnace, tubes and 

catalyst. The furnace cost depends on the heat demand of the reactor whereas the tubes are designed 

depending on the relevant design criterion: heat transfer, pressure drop or kinetic limitation. 

Moreover, the methodology allows to identify the optimum tube length and tube diameter 

constellation to minimize the tube cost. All three tube design criteria are observed throughout the 

investigated RWGS operating conditions: pressure drop at low pressure, heat transfer at high pressure 

and kinetics at low pressure and temperature. Large tube diameter is superior in the pressure drop 

limited cases, namely at lower RWGS pressure. The resulting RWGS reactor cost vary in the range of 5-

12 M€2019. The lowest reactor costs are found at an intermediate temperature range similar to the 

plateaus observed for the Power-to-Liquid efficiency and at pressures smaller than 10 bar, where 

smaller wall thickness of the reactor tubes results in lower tube cost.  
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The net production cost is investigated at varying hydrogen prices in order to assess the impact of the 

hydrogen cost on the optimum RWGS operating conditions. The chosen hydrogen cost cases are 

justified in Paper 2. The RWGS reactor cost account for a minor share of the net production cost, e.g. 

6 % at 800 °C & 5 bar. Thus, the economically optimum RWGS operating conditions arise rather from 

changes of the process performance than the RWGS reactor cost. Overall, high hydrogen prices shift 

the focus on maximizing the hydrogen efficiency, whereas the Power-to-Liquid efficiency is a good 

indicator when the hydrogen price is intermediate/low (see Figure 8 in comparison with Figure 7). 

Nevertheless, intermediate pressure and temperature (e.g. 800 °C & 5 bar) allow for low production 

cost throughout the whole investigated hydrogen cost range.  

Figure 8: Syncrude net production cost at varying RWGS operating conditions for three different 
hydrogen price cases (compare Paper 2). 

Impact of the electrolyzer full load hours: 

Analyzing the cost breakdown of the net production cost indicates that the electricity cost for hydrogen 

production is the main contributor to the NPC (see Paper 3). Wholesale electricity prices fluctuate 

throughout the year. Operating the electrolyzer at times with low electricity prices reduces the cost 

for electricity. However, reducing the full load hours of the electrolyzer also increases the combined 

electrolyzer equipment and stack replacement cost and adds cost for (cavern) storage. Paper 3 

therefore investigates whether a reduction of electrolyzer full load hours leads to a reduction of net 

production cost. The results in Figure 9 show that the reduction of electricity cost does not outweigh 

the additional cost, especially for oversizing of the electrolyzer. Consequently, the electrolyzer should 

be operated at maximum full load hours in order to obtain the minimum net production cost. 
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Figure 9: Annualized cost for electrolyzer electricity, caverns, electrolyzer equipment and stack 
replacement and the sum thereof as well as the net production cost at varying electrolyzer full load 
hours (reproduced from Paper 3). 

Discussion: 

Comparison with literature: The resulting net production costs are compared with the results obtained 

by other researchers for similar processes [23, 24, 67]. Therefore, the RWGS operating conditions are 

fixed to 800 °C and 5 bar and the net production cost is recalculated based on the hydrogen price 

applied in the reference publication. The resulting NPCs are summarized in Table 2. The NPCs 

calculated by Tremel et al. [23] and Zang et al. [67] are in good agreement with this work. Schemme 

et al. [24] calculate a lower NPC. Their specific hydrogen consumption is 0.48 kgH2/kgProduct whereas it 

is 0.6 kgH2/kgProduct in this thesis. Hydrogen makes up for about 90 % of the NPC. Applying, for the sake 

of plausibility, the hydrogen consumption from  Schemme et al. [24] yields an estimated NPC of 

2.8 €/kgC5+. Thus, the deviation arises through this difference in hydrogen consumption (refer to 

Chapter 3.1 regarding the discussion of the difference in hydrogen efficiency).  

Carbon efficiency and net production cost: No monetary value is allocated to the off-gas from the 

cement plant. Thus, the carbon source is assumed to be available at zero cost. Moreover, the carbon 

dioxide recovery and the carbon efficiency are already at a high value (90 % and > 80 %, respectively) 

and are thus not severely limiting the amount of possible product. Consequently, the carbon efficiency 

does not correlate with the NPC at varying RWGS operating conditions. Conclusively, the carbon 

efficiency is not the efficiency to be optimized when targeting low net production cost. This may 

deviate significantly, when other carbon sources, especially direct air capture, are considered.  
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Table 2: Recalculated NPCs based on the hydrogen prices applied in the reference publication. 

Reference 

H2 cost in €/kgH2 

Reference 

NPC in €/kgProduct 

This work 

 NPC in €/kgC5+ 

Tremel et al. [23] 3 2-2.3 2.3 

Schemme et al. [24] 4.6 2.8 3.4 

Zang et al. [67] 4.5 3.5 3.4 

Conclusions: In conclusion, the optimization of the hydrogen efficiency is most important when the 

hydrogen price is high while smaller hydrogen prices shift the focus towards the PtL efficiency 

optimization as the share of the cost for compression increases. Introducing a variable electrolyzer 

operation shifts the focus to an equipment cost, more specific electrolyzer cost, related optimization. 

However, this kind of operation is not found to be economically beneficial. Nevertheless, when 

targeting robust optima with respect to both, changes in hydrogen price and RWGS operating 

conditions, it seems more beneficial to maximize the Power-to-Liquid efficiency (800 °C, 5 bar). For 

example, the minimum NPC obtained at high hydrogen prices is found at 700 °C and 1 bar. Small 

pressure increases may already result in a substantial increase in NPC. In contrast this is significantly 

less relevant at e.g. 800 °C and 5 bar, where the NPC is only affected minorly by small changes in RWGS 

pressure and temperature. Still, the confidence in the obtained results requires further analysis by 

quantification of the uncertainty (see the following subchapter). In principle, the developed 

methodology for the reactor cost calculation can be translated to other allothermal tube reactors 

through an adaption of the reaction kinetics and average heat flux. It is worth to mention that the 

reactor cost estimation methodology does not claim to represent a detailed reactor design. 

3.3. Uncertainty and Global Sensitivity Analysis (Paper 2 & 3) 

Uncertainty analysis is conducted to answer the following two questions. Firstly, it is used in order to 

determine the confidence levels for the economic analysis of the optimum RWGS operating conditions 

at varying hydrogen prices. Secondly, the uncertainty analysis is conducted to quantify the overall 

uncertainty of the net production cost including uncertainty in the hydrogen cost provision. The 

uncertainty analysis is further complimented with a global sensitivity analysis intending to identify the 

economically unimportant input variables, that can be fixed to any value without impacting the 

uncertainty of the NPC substantially, and furthermore, to allow for a ranking of the important variables 

in order to prioritize subsequent research efforts. 

Question 1: RWGS operating conditions under uncertainty 

Equivalently to error bars in experimental works, uncertainty quantification is conducted to aid the 

interpretation of the economic analysis. The hydrogen cost constitutes a large share of the net 
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production cost. Therefore, different hydrogen prices are evaluated individually as uncertain hydrogen 

cost result in an excessive overlapping of the confidence intervals. Still, overlapping of the 95 % 

confidence intervals is observed over a broad range of RWGS operating conditions (see Figure 10). This 

yields no clear ranking of the operating conditions within the plateaus. Further investigations would 

be necessary in order to reduce the uncertainty, and with that reduce the confidence intervals, in order 

to identify clear optimum RWGS operating conditions for a fixed hydrogen price. Additionally, the 

results of the uncertainty analysis show an overlapping of the confidence intervals obtained for the 

respective optimum operating conditions at the specific hydrogen prices. For example, the optimum 

at high hydrogen price (700 °C & 1 bar) has an overlapping confidence interval with the optimum at 

low hydrogen price (800 °C & 5 bar) in all three hydrogen price cases. Thus, it is not possible to 

prioritize either of the two temperature/pressure combinations over another in order to find the best 

option for variable hydrogen prices. Conclusively, within the given uncertainty, the choice for the 

optimum RWGS operating conditions is very broad and lies within the plateaus and cannot be fixed to 

a specific value.    

 

Figure 10: Uncertainty (95 % confidence intervals) of the net production cost at varying hydrogen 
prices and RWGS operating conditions (reproduced from Paper 2). 

Question 2: Uncertainty analysis and allocation 

Paper 3 comprises an uncertainty analysis and a variance-based global sensitivity analysis, which allows 

for allocation of the uncertainty. In contrast to Paper 2 it also incorporates the uncertainty of the 

hydrogen supply. The preliminary 95 % confidence interval was obtained between 3.12 and 

6.64 €2019/kgC5+ (Figure 11). The first data set consisted of 60 uncertain input variables. It is found that 

only nine of these 60 input variables contribute relevantly to the output uncertainty. As a result, 51 

input variables are fixed to their base case value. This reduces the complexity substantially. One of the 

main contributors observed was the electrolyzer full load hours. The optimum number of full load 

hours of the electrolyzer was a design variable as it was uncertain through lack of further analysis and 

optimization. Thus, the optimum electrolyzer full load hours were obtained through a deterministic 
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approach (see Chapter 3.2). As a result, the electrolyzer full load hours are fixed to their most beneficial 

value (maximum full load hours yield the lowest net production cost, eliminating the need for cavern 

storage). Consequently, the model complexity is further reduced to seven out of 60 input variables. 

The remaining uncertainty of the seven uncertain input variables is then calculated to be in the range 

between 2.79 and 5.29 €2019/kgC5+ (95 % confidence interval), with the base case at 3.89 €2019/kgC5+. 

 

Figure 11: Uncertainty of the net production cost before (Initial uncertainty, 60/9 uncertain 
variables) and after fixing the electrolyzer full load hours (Final uncertainty, 7 uncertain variables). 
CI - Confidence Interval. 

Estimators for global sensitivity analysis:   

Main and total order sensitivity indices are calculated in order to rank influential input variables and 

to identify non-influential input variables, respectively. Several estimators are available in the 

literature to calculate these sensitivity indices [64, 65]. For a selection of them it is investigated which 

estimator requires the lowest computational effort in order to calculate the main and the total order 

sensitivity index individually as well as simultaneously. The performance indicator for the 

computational effort is the amount of model evaluations that are required in order to yield a 95 % 

confidence interval below a predefined threshold for stochastic convergence (see Figure 12). The 

95 % confidence intervals are obtained from bootstrapping (resampling from the original sample with 

replacement). Comparing the different estimators results in the following rankings for the main order 

index Si: Azzini 21 [69] > Jansen 99 [70] > Saltelli 10 [64] and for the total order index STi: Azzini 20 

[71] ≈ Jansen 99 [70] >> Sobol 07 [72],[64]. If both main and total effect index are to be determined 

simultaneously, the optimum use of the function evaluations results for the combination Si,Azzini 21 and 

STi,Azzini 20.  
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Figure 12: Main and total effect indices at varying sample sizes (model evaluations) as well as the 
respective 95 % confidence intervals (bootstrapping sample size equals sampling size for calculating 
Si/STi, number of re-evaluations for bootstrapping is 1 000). The threshold for stochastic convergence 
is assumed to be TCI = 0.05 (reproduced from Paper 3). 

Discussion: 

Comparison with literature: Different estimators are also compared in other studies. Puy et al. 

compare eight estimators to calculate the total order index [65, 66]. They state that different 

conclusions may be drawn for a comparison depending on the sampling method, form and 

dimensionality of the model function, distribution of the model inputs and the performance measure 

applied [65]. They rate the Azzini 20 [71] and Jansen 99 [70] estimators over most of the other 

estimators investigated. Han [73] also compares two estimators for the total order index – resulting in 

the suggestion of using the Jansen 99 [70] estimator over the Sobol 07 [72], [64] estimator. Similar 

results are achieved by Saltelli et al. [64]. This is in good agreement with the results obtained in this 

thesis. 
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Methodology applied for the comparison: Typically, the performance measure used in these 

comparisons is the mean absolute error. This requires the knowledge of the analytical value of the 

sensitivity indices. However, the analytical value here was not known as the actual aim was to calculate 

the sensitivity indices. Instead, in alignment with the work from Han [73], a measure was applied to 

assess the stochastic convergence of the sensitivity indices through bootstrapping. Based on this 

method, the different estimators are compared in order to identify which estimator yields the lowest 

computational effort to reach the target threshold TCI. Interestingly, it is observed that even though 

some estimators require a very large sample size (e.g. Saltelli 10) to reach the target, they already yield 

similar sensitivity indices at small sample sizes. However, further analysis would be necessary in order 

to investigate this observation in more detail. 

Conclusions: The results of economic analyses are a priori uncertain [74]. Error bars are used 

frequently in the assessment of experimental results, whereas this is not very common in economic 

evaluations. However, making use of confidence intervals obtained from the uncertainty analysis helps 

the interpretation of the results. Furthermore, it allows comparisons of different approaches under 

uncertainty. In this thesis, the resulting confidence intervals indicate that no clear ranking of the RWGS 

operating conditions is possible within the observed plateaus. In order to obtain robust RGWS 

operating conditions, however, it is further recommended to choose a temperature and pressure 

combination such that small changes in pressure and temperature do not lead to severe changes in 

NPC. For example, at high hydrogen cost, the minimum is observed at 1 bar and 700 °C. However, an 

increase in pressure from this optimum would severely increase the NPC. Thus, a robust choice would 

be in the intermediate pressure and temperature range (for example at 800 °C and 5 bar) as changes 

in RWGS operating conditions and hydrogen cost do not have a large impact on the NPC. Although 

uncertainty analysis may aid practitioners to quantify the uncertainty, the definition of the input 

probability functions reflecting the uncertainty of the input variables is not trivial. Further research for 

the assessment of these probability functions and comprehensible guidelines might encourage 

practitioners and result in a broader application of the methodology. Sensitivity analysis is highly 

recommended to complement the uncertainty analysis as it helps with the interpretation of the 

results. It allows to identify main contributors to the uncertainty and therefore can help to prioritize 

subsequent efforts in order to reduce the uncertainty. Moreover, global sensitivity analysis is not 

limited to uncertainty analysis. It may also be used in the technical analysis to identify process 

parameter that have a high impact on the process efficiencies in order to prioritize more detailed 

(deterministic) analyses as well as to identify process parameter that can be fixed without further 

investigations.    
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4. Summary and Outlook 

Scope and objectives: A Power-to-Liquid process model was set up in Aspen Plus® for the conversion 

of carbon dioxide, obtained from amine scrubbing of cement plant off-gas, and hydrogen, from PEM 

electrolysis, to syncrude for utilization in aviation and shipping. Carbon dioxide and hydrogen react in 

the reverse water-gas shift (RWGS) reactor to convert the very stable CO2 molecule to CO, which is 

then further converted in a Fischer-Tropsch reactor. The process concept is investigated with the 

objectives of maximizing the efficiency and minimizing the net production cost while taking into 

consideration the uncertainty in the cost calculations. The obtained confidence intervals are further 

examined in a global sensitivity analysis to identify the main drivers for the uncertainty. 

RWGS operating conditions: The RWGS reactor is a central unit operation within the Power-to-Liquid 

process concept. Therefore, the impact of variable RWGS operating conditions on the net production 

cost and efficiencies is investigated. Divergent results are obtained for maximizing the carbon and the 

hydrogen efficiency. With the economically and energetically inexpensive cement plant off-gas as 

carbon source, it is more relevant to target a higher hydrogen efficiency from both energetic as well 

as economic perspective. Hydrogen and Power-to-Liquid efficiency correlate closely as the electricity 

for the hydrogen production is the main energy consumer. An optimum Power-to-Liquid efficiency is 

found at 800 °C and 5 bar. This optimum is robust to changes in technical parameters like Fischer-

Tropsch operating conditions or electrolyzer efficiency. The Power-to-Liquid efficiency and the 

economic analysis show pressure dependent temperature plateaus where changes in temperature 

only have a minor impact. The confidence intervals obtained from the economic uncertainty analysis 

show overlaps throughout these plateaus. Thus, it is not possible to clearly identify one temperature 

and pressure combination as the economically optimum choice of operating condition. However, a 

robust economic optimum is obtained in the intermediate pressure and temperature range, e.g. at 

800 °C and 5 bar, where slight changes in operating conditions at variable hydrogen cost have 

negligible impact on the net production cost. No unwanted graphite formation occurred in the 

equilibrium calculations in the temperature region of the plateaus. Experiments further indicate that 

a suitable catalyst may also aid in pushing the carbon formation boundaries to broaden the possible 

RWGS operating window. 

Electrolysis operation: One of the main net production cost contributors is the electricity cost for the 

electrochemical hydrogen production. Wholesale electricity prices fluctuate during the year. The 

average electricity price can be reduced, if the electrolyzer is operated at times when wholesale 

electricity prices are lower. However, the results indicate that the oversizing of the electrolyzer 
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outweighs the benefit of reduced electricity cost. Conclusively, it is economically more beneficial to 

operate the electrolyzer at maximum full load hours at the expense of more costly electricity.  

Uncertainty and global sensitivity analysis: In order to quantify the uncertainty in the net production 

cost calculations, DLR’s tool for techno-economic process evaluation (TEPET) was extended to conduct 

a Monte-Carlo based, derivative-free, uncertainty analysis. Furthermore, an intuitive workflow was 

introduced that allows to simultaneously conduct the uncertainty and global sensitivity analysis. The 

global sensitivity analysis targets to allocate the uncertainty to the uncertain input variables which 

consequently enables fixing of unimportant input variables and ranking of important input variables. 

This is the first work to conduct an uncertainty and global sensitivity analysis of a Fischer-Tropsch based 

Power-to-Liquid process. The results indicate that seven relevant input variables contribute to an 

overall uncertainty, 95 % confidence interval, in the range of 2.8-5.3 €2019/kgC5+. The most important 

variables are levies and taxes for electricity as well as electrolyzer equipment cost. Furthermore, 

different estimators are compared to calculate the main and total order indices in the global sensitivity 

analysis with respect to the resulting computational effort. If both, main and total order index, are to 

be determined, the minimum computation effort is achieved for the combination of the Azzini 

estimators (Si,Azzini 21 and STi,Azzini 20). 

Outlook: Although a few promising experiments were conducted, the final experimental validation of 

a safe and stable RWGS operation at the obtained optimum RWGS operating conditions remains yet 

to be proven. Additionally, a more sophisticated RWGS reactor model complementing experimental 

investigations may aid to identify possible carbon formation potential. Utilizing the RWGS product to 

preheat the RWGS feed in a heat exchanger has a large potential to increase the Power-to-Liquid 

efficiency. However, experimental research is necessary to investigate possible metal dusting and 

reverse reaction in the heat exchanger. From a holistic process analysis point of view, a detailed life 

cycle assessment would help to quantify and reduce the impact on the environment, e.g. through 

ecological optimization of the RWGS operating conditions. Additionally, complementing life cycle 

assessments with uncertainty and global sensitivity analysis could support the interpretation of the 

results. Moreover, when investigating process models at a rather early stage, with decision variables 

undecided, global sensitivity analysis may be useful in order to prioritize the subsequent research 

effort (at the cost of computational effort).  

The findings lead the author to the conclusion that the global implementation of the Power-to-Liquid 

process will depend on the availability of inexpensive sustainable hydrogen, which heavily relies on 

electricity obtained at low cost and low carbon footprint. Therefore, it will require a united effort from 

policymakers, industry and society on a worldwide scale to make the process a viable option. 
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A RWGS experiments 

Carbon formation was experimentally investigated using a monolithic noble metal catalyst (Pt, Pd, Rh 

on γ-Al2O3). Preliminary tests indicated a high activity of the Ni-containing steel tubes. Therefore, 

experiments were conducted in a tube-in-tube (quartz glass tube inside a high temperature steel tube) 

configuration to prevent wall catalysis on the steel wall (see Appendix 1). To achieve similar conditions 

compared to the industrial application, the amount of catalyst was chosen with the aim of reaching 

equilibrium at the outlet of the reactor. The experiments were conducted over several hours in order 

to detect any loss of catalytical activity through carbon formation on the active sites. The resulting gas 

composition is compared with the equilibrium calculations. Furthermore, air is flushed through the 

system at elevated temperature after each experiment to oxidize any possible carbon depositions at 

the catalyst. 

Appendix 1: Experimental RWGS setup to investigate possible carbon formation. 

Equilibrium calculations are conducted to identify the risk of carbon formation at varying operating 

conditions. The results indicated that a higher methane content and lower RWGS temperature 

increases the risk of carbon formation (see Appendix 2). Experiments are conducted at varying 

methane contents using a noble metal monolithic catalyst. Even at severe operating conditions (600 °C, 

H2/CO2 = 2 and 31 mol % CH4), the product composition remained stable during 50 hours on stream 

(see Appendix 3, left). Furthermore, no CO/CO2 formation was detected when sending air through the 

reactor after the experiment. This indicates that no measurable amount of carbon was formed during 

the experiment. Additionally, the measured product composition is compared to the equilibrium 

composition calculated in Aspen Plus® (see Appendix 3, right). The calculations are conducted for two 

scenarios, one considering carbon in the form of graphite as a possible product and one neglecting any 

carbon formation. A good agreement of the experimental composition with the composition applying 

carbon suppression is observed. This also indicates that no carbon was formed during the experiment. 

To summarize, it was demonstrated that it is possible to operate the RWGS unit even at severe 
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operating conditions (stable 50 hours on stream, no CO/CO2 detection when treated with oxygen, 

superior fit of experiment with equilibrium calculations applying suppression of graphite formation). 

For the sake of completeness, the results obtained at less severe operating conditions (lower methane 

content) are also shown in Appendix 4.  

 

Appendix 2: Graphite (carbon) formation in Aspen Plus® (Gibbs minimization) at 1.5 bar and constant 
H2/CO2 = 2. 

The most important findings of the experimental investigations and the conclusions derived for the 

process model can be summarized as follows: 

 The reaction is catalyzed substantially through the high temperature stainless steel tube walls: 

As a result, it is essential to assure inert tube walls in order to conduct kinetic experiments. For 

the Aspen Plus® model it was decided that the risk of a reverse reaction of the RWGS product 

in a heat exchange is too high such that the product gas should be cooled down rapidly, for 

example in a waste-heat boiler. This also reduces the risk for metal dusting. 

 Equilibrium was reached at comparably low residence times: For the Aspen Plus® model it was 

assumed that equilibrium is reached at the outlet of the reactor. 

 No indication for carbon formation even at severe operating conditions observed: No 

limitation of the possible operating window for the technical and economic analysis is 

predefined. Still, it is worth to mention that the experimental investigations were limited to a 

rather low pressure of 1.5 bar. Further experiments would be needed to proof the findings at 

elevated pressure. 
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Appendix 3: Left: Transient product composition at p = 1.5 bar, T = 600 °C, H2/CO2 = 2, CO2/CH4 = 0.67 
and the modified retention time τmod = 41 kgcatalyst s /m3

Fluid,norm. Right: Comparison of the 
experimental product composition (experiment) with the results obtained from the equilibrium 
calculations with (eq., no C) and without (eq., with C) suppression of graphite carbon formation. 
Operating conditions: p = 1.5 bar, H2/CO2 = 2, and CO2/CH4 = 0.67. 

 

Appendix 4: Experimental product composition (exp) and the results obtained from the equilibrium 
calculations with suppression of carbon formation (eq) at varying methane content. Operating 
conditions: p = 1.5 bar, τmod = 41 kgcatalyst s /m3

Fluid,norm and H2/CO2 = 2. 
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B Reverse water-gas shift reactor 

Reactor types:  

There is no RWGS reactor available at the target scale, yet. However, a lot can be transferred from 

methane steam reforming as this well-known process has a lot of similarities, e.g. regarding the 

operating conditions and the reaction network (see Table 6 in Paper 2 for a list of similarities and 

deviations). The reverse water-gas shift reaction is an endothermic reaction. Different strategies are 

possible to provide the high-temperature heat for the endothermic reaction: 

 Allothermal operation through combustion with air in a tubular fired furnace as applied for

several decades in steam methane reforming [75].

 Autothermal operation through combustion with oxygen inside the reactor, e.g. BASF/TKIS

[76].

 Electrical heating through induction or ohmic heating, e.g. Haldor Topsoe [77].

A comparison of these three possibilities showed that, for the investigated PtL process concept, the 

allothermal operation with oxygen combustion and electrical heating are favored over autothermal 

operation regarding the Power-to-Liquid efficiency [78]. It was found that electrical heating is favorable 

at electrolyzer efficiencies below 83 %LHV, while the allothermal operation is favored for very high 

efficiencies [78]. Current electrolyzer efficiencies (≈ 67 %LHV) are well below this electrolyzer efficiency. 

However, the TRL of the electrically heated RWGS was comparably low at the beginning of this work 

whereas allothermal operation of methane steam reformers is a well-known and established 

technique. Moreover, electrical heating leads to more severe operating conditions in the RWGS reactor 

regarding carbon formation as more short chained hydrocarbons are recycled to the RWGS instead of 

being combusted in the oxyfuel burner. Therefore, the allothermal type of operation was chosen for 

the design of this process. Additionally, it is also worth to mention that, the preliminary studies indicate 

that the technically optimum operating conditions of the electrically heated RWGS do not differ 

substantially from the optimum operating conditions found in case of allothermal operation [78]. 

Reaction network and operating conditions: 

The relevant reaction network in the RWGS reactor is similar to the reaction network in methane steam 

reforming (see Appendix 5). The RWGS is an endothermic and equimolar reaction and thus favored at 

high temperature and not affected by pressure. However, side-reactions such as carbon and methane 

formation are indeed affected by pressure. The optimum with respect to maximizing the CO yield by 

minimizing the CH4 yield is straightforward. Maximum temperature and minimum pressure favor high 

CO yields.  
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Appendix 5: Reaction network for the RWGS unit including reaction enthalpies. DRM-dry reforming 
of methane, SRM-steam methane reforming. 

Catalytical requirements: 

Most researchers target to develop catalysts that obtain the conversion via RWGS reaction while 

suppressing the methanation reaction in order to have high carbon monoxide yields while having only 

little methane production. A detailed list of catalysts investigated can be found for example in [79]. In 

the process design of this thesis, however, the target is to allow for optimum RWGS reactor operation 

with respect to the overall concept. The task for the RWGS is therein extended from converting only 

CO2 to CO to also reforming short chained hydrocarbons (mainly methane and little C2-C4 components 

formed in the FT reactor). Therefore, the catalyst should also allow for reforming of these short-

chained hydrocarbons and must therefore in contrast be active for the methanation reaction. 

Furthermore, Wismann et al. found that RWGS selective catalysts induce a higher carbon formation 

potential than those that are also active for the methanation reaction [77]. Thus, a methanation active 

catalyst seems more beneficial from a system level (reforming of methane) and unit level (suppression 

of carbon formation). 

Model: 

Experiments using a monolithic, noble metal catalyst indicated that it is possible to reach equilibrium 

composition at reasonable residence times (τmod = 41 kgcatalyst s/ m3
Fluid,norm, see Appendix A and [80]). 

As a result, the RWGS reactor is modelled as a Gibbs reactor equaling the assumption of 

thermodynamic equilibrium at the exit of the reactor. Moreover, the experiments showed that it is 

possible to operate the RWGS at a broad range of methane concentrations without observing carbon 
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formation (see Appendix A). Thus, the whole pressure and temperature window was investigated. Still, 

the operating conditions that lead to the formation of carbon in the form of graphite are highlighted 

in Paper 2. 

Metal dusting is a severe kind of high temperature corrosion where graphite enters the steel surface. 

This results in a break-up of the bulk material to metal powder. The properties of the RWGS product 

stream lead to an environment that is prone for material problems regarding metal dusting (high CO 

concentration and 450-800 °C [52]). Therefore, a waste-heat boiler is used to rapidly cool down the 

RWGS product to allow for safe operation. However, it is worth to mention that preliminary 

investigations indicated that using the RWGS product gas for preheating the RWGS feed has the 

potential to increase the PtL efficiency drastically (in that case from 39.9 % to 47.5 %) [78]. As a result, 

it seems that there is a very large potential to increase the efficiency if the technical challenges of 

metal dusting can safely be ruled out. 
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C Fischer-Tropsch synthesis 

Reactor types, catalyst and operating conditions: 

The Fischer-Tropsch process targets to produce hydrocarbons from syngas. It is a well-established 

technology that has been implemented and running at large industrial scale for several decades. As it 

is highly exothermic, a good heat transfer is necessary in order to avoid e.g. hotspots in the reactor. 

Established reactor types are slurry bubble column, fixed-bed and fluidized bed reactors. The main 

challenge using slurry reactors is the separation of the product waxes from the catalyst particles. In 

contrast to the slurry reactor, more attention needs to be paid in a tubular fixed-bed reactor regarding 

the heat transfer. Dilution with inert components and lower once-through conversion reduces the risk 

of problems induces by the high exothermicity. There are two types of operation modes regarding the 

operating temperature of the FT reactor: low- and high-temperature FT meaning 200-240 °C and 300-

350 °C, respectively. The higher the temperature the shorter the chain length of the product. High 

temperature FT is typically carried out using iron catalysts, whereas Fe and Co catalysts are both 

common for low-temperature FT. Cobalt catalyzed synthesis tends to produce linear paraffinic 

hydrocarbons whereas iron catalyzed FT also tends to produce a relevant amount of olefins (not 

suitable for jet engines). The reaction is typically performed at elevated pressure, 20-30 bar. The 

stoichiometric H2/CO ratio is > 2, depending on the average hydrocarbon product chain length. Cobalt 

catalysts require a H2/CO feed ratio between 2 and 2.3 (lower WGS activity) and iron catalysts between 

0.5 and 2.5. In this work, a fixed-bed low-temperature system with Cobalt catalyst is chosen, based on 

Shell’s FT plant in Bintulu, Malaysia (Shell Middle Distillate Synthesis, four FT reactors, each with a 

capacity of 8,000 barrels per day). A list of commercial plants (2,500-140,000 barrel per day) and 

testing units (3-1,000 barrel per day) with the applied reactor types, catalyst and temperature modes 

is available for example in [81] (this work: 1,900 barrel per day). 

Model: 

The Anderson-Schulz-Flory (ASF) distribution is a well-acknowledged approach to describe the FT 

product distribution. It relies on the chain growth probability α. From this the weight fraction of a 

certain carbon number can be estimated: wn = n (1- α)2 α(n-1). In this work, the chain growth probability 

is calculated based on the equation proposed by Vervloet et al. [55], see Paper 1. Therein, α is 

calculated based on temperature and H2/CO ratio. The overall process is setup to establish a constant 

inert gas content and H2/CO ratio in the feed of the FT reactor independent of the RWGS operating 

conditions. However, in order to identify robust optimum RWGS operating conditions, local sensitivity 

analyses are conducted that investigate the impact of different FT operating conditions (temperature, 

inert gas content and CO conversion) on the optimum RWGS operating conditions. 






