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Abstract

Electricity-based fuels are one promising option to achieve the transition of the energy system, and
especially the transport sector, in order to minimize the role of fossil energy carriers. One major problem
is the lacking compatibility between different techno-economic assessments, such that
recommendations regarding the most promising Power-to-Fuel technology are difficult to make. This
work provides a technically sound comparison of various Power-to-Fuel options regarding technological
maturity and efficiency, as well as cost. The investigated options include methanol, ethanol, butanol,
octanol, DME, OME;s and hydrocarbons. To guarantee the comparability, all necessary chemical plants
were designed in Aspen Plus® to determine material and energy consumption, as well as investment
costs within the same boundary conditions and assumptions in all simulations and calculations.
Individual technical aspects of the various synthesis routes, as well as their advantages and
disadvantages, are highlighted.

With an assumed electrolysis efficiency of 70% and considering the energy demand for the CO, supply
and the energy and operating material demand of the chemical plants, depending on the selected
electrofuel, 30—-60% of the primary energy in renewable electricity can be stored in the lower heating
value of the electrofuel. In the presented results, the costs of H, supply are responsible for 58—-83% of
the total manufacturing costs and thus have the greatest potential to reduce the latter. For the base case
(4.6 €/kgy,), various electrofuels will have costs of manufacturing of between 1.85-3.96 €/ly¢, with DME
being the cheapest.

1. Introduction

To limit anthropogenic climate change [1], a holistic transformation of the energy system that minimizes
the role of fossil energy carriers is essential, which also requires a transformation of the transportation
sector [2]. As stated by several studies [3-9] and position statements [10-14], Power-to-Fuel (also known
as Power-to-Liquid/PTL) technologies are indispensable for achieving a largely greenhouse gas-neutral
energy supply in the future. This is particularly the case for air, shipping and heavy goods traffic [15, 16].
In the PTL concept, regeneratively-generated electricity is used to produce hydrogen (H,) via water
electrolysis. Then, H, and CO, are used in a chemical process to synthesize fuels. These fuels are often
called electrofuels [17]. Conversion to other chemicals is also possible, which allows coupling between
the energy and chemical sectors. The required CO, can, for instance, be sequestrated from industrial
exhaust gases or ambient air. Although the production costs of electric fuels are currently well above the
market prices of conventional fuels [18], they have the potential to compete with conventional fuels [5,
16, 19].

The use of electrofuels promotes the development and expansion of hydrogen technologies while
simultaneously using the existing fuel infrastructure and vehicles. With the PTL concept, the secondary
energy carrier H, can be used in all parts of the transport sector with comparatively little effort. The high
energy demand of the entire transport sector creates promising storage possibilities for the fluctuating
energy supply from renewable sources. As with all H, technologies, this paves the way for the expansion
of renewable energy generation. Amongst others, due to omitting market entry barriers, electrofuels are
ideal for supplementing electro mobility with H,/fuel cells and batteries, as well as biofuels. As discussed
by Schemme et al. [20], such a diversification will be needed in the future, as is the case with today’s
available fuels and mobility technologies.

As pointed out by Bongartz et al. [21], on the one hand, the direct use of H, in fuel cell vehicles has
better well-to-wheel efficiencies, higher greenhouse gas reduction potential in relation to conventional
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fuels, lower emissions and lower fuel costs compared to the use of electrofuels. On the other hand, fuel
cell vehicles have higher costs due to their recent market introduction; in addition, the necessary
infrastructure requires corresponding investment.

Various technologies are currently under discussion for the technical implementation of the power-to-
fuel concept. Especially alcohols, ethers and hydrocarbons are of great interest for the use as fuels [20].
Schemme et al. [22] developed new H,-based synthesis routes for higher alcohol synthesis by adapting
known and novel chemical processes and assessing the technical maturity via TRL. The synthesis routes
towards higher ethers published by Burger [23] are suitable for the power-to-fuel concept since they all
start with the intermediate product methanol.

Brynolf et al. [24] published a literature review of calculated production costs of electric fuels in early
2017, finding the following number of sources per electric fuel: 12 x CH,, 5 x methanol, 2 x DME, 6 x
Fischer-Tropsch (FT), 2 x Methanol-to-Gasoline (MTG) . Additionally to the literature reviewed by Brynolf
et al. [24], recently, H,-based OME;; synthesis routes has been analyzed in terms of energy efficiency
[25]. However, it is not clear how technically mature, efficient and expensive different PTL technologies
are, as the comparability of different publications is not guaranteed due to the varying choice of
assumptions and methodologies. The problem of the unguaranteed compatibility is clearly evident in the
works of Haarlemmer et al. [26] and Brynolf et al. [24] in the comparison of techno-economic analyses of
various working groups with regard to coal, natural gas and biomass or electricity-based fuel synthesis.
Thus, one important message from Haarlemmer et al. [26] is that the interpretation of a single
calculation may lead to false inferences due to the influence of the assumptions.

The scientific contribution of this work is a simulation-based techno-economic analysis and a
comparative assessment of the necessary process steps for the production of promising electrofuels.
Additionally, the technical maturity is compared via the technology readiness level (TRL) [27, 28]. The
uniqueness of the presented work is that all process simulations and calculations are carried out under
identical boundary conditions and with the same assumptions.

2. Selection of Electrofuels

For the comparison, the following electrofuels are selected:

e Methanol in accordance with IMPCA [29], permitted by EN 228 [30]

e Ethanol in accordance with EN 15376 [31] (USA: ASTM 4806), permitted by EN 228 [30]
e 1-Butanol in accordance with ASTM D7862 [32], permitted by EN 228 [30]

e 2-Butanol in accordance with ASTM D7862 [32], permitted by EN 228 [30]

e iso-Octanol (no standard available)

e DME in accordance with ISO 16861 [33]

e OME; (no standard available)

e OME;s; in accordance with DIN 51699 (proposal) [34]

e Synthetic gasoline in accordance with EN 228 [30]
e Paraffinic diesel in accordance with EN 15940 [35]
e Paraffinic kerosene (FT-SPK) in accordance with ASTM D7566 [36]

DME and OME,, are abbreviations for dimethyl ether and polyoxy dimethyl ether. As stated by Schemme
et al. [22], methanol, ethanol, 1-butanol and 2-butanol, as well as 1-octanol, are promising alcohols for
fuel use. However, for 1-octanol, no suitable synthesis route based on H, and CO, has yet been
identified. Therefore, in this work, iso-octanol, instead of 1-octanol, was selected for comparison, as
their physical properties are very similar.
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Figure 1 shows the synthesis routes selected for comparison. The selection of the synthesis routes
towards higher alcohols to compare is illustrated in Figure 1 and in accord with the work of Schemme et
al. [22], whereby only synthesis route with process steps with TRL > 4 were selected. Therefore, the
process steps for butanol and octanol are based on the aldol condensation. TRL > 4 means that it is
validated at least at the laboratory scale.

For DME synthesis, the state-of-the-art synthesis via methanol was selected (see Figure 1). The selected
synthesis routes, A, B and C, towards OMEs illustrated in Figure 1 are derived from Burger [23] with the
variation that with Formalin | and Formalin Il, aqueous and methanol-containing formaldehyde solutions
with different methanol contents are used. As it is the case for the alcohol synthesis routes, all required
process steps for the OME;s synthesis routes have TRL > 4 (see Supplementary Material). In case
synthesis gas is required (see Figure 1), a reverse water-gas shift (RWGS) reactor is used. This technology
has a TRL of 6 [37]. For the synthesis of paraffinic diesel and kerosene, the Fischer-Tropsch (FT) process is
selected, as this process is industrially in use and special fuel standards exist (EN 15940 [35] and the
ASTM D7566 (FT-SPK) [36]).
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Figure 1. Selected synthesis routes for comparative assessment.

3. Methodology

To ensure comparability in a techno-economic analysis, uniform system boundaries, a uniform
methodology and the use of identical assumptions are fundamental. To simplify the integration of the
results into system analytical investigations, the system boundary was chosen to be as small as possible.
This work does not explicitly distinguish between central and decentralized plants, as this is only relevant
at a system analytical level. The educt supply of water electrolysis and CO, sequestration is not part of
the analysis framework. By decoupling H, production from the chemical plant, the system framework is
compatible with pipeline-based energy systems that aim to supply H, to the road transport sector, such
as those developed by Seydel [38] and Krieg [39]. These concepts of a complete H, infrastructure include
production from wind power, compression, storage in salt caverns, and distribution. Within these energy
concepts, flexibly operable PEM electrolyzers are to be used that already have a comparatively high
degree of technological maturity (TRL). This also allows the chemical plant to run continuously without
4
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any major temporary storage, which makes the entire system more flexible. In a study published by LBST
in 2016, full market penetration of PEM electrolysis is expected by 2040 [40]. A successful large-scale
market entry would be supported by automated and standardized production, which is especially true
for PEM electrolysis [41]. PEM electrolysis has been extensively reviewed by Carmo et al. [42].

For practical and efficient simulations, the sub-processes of the synthesis routes are not simulated in a
coherent way, but rather individually and then reassembled into synthesis routes according to a modular
principle. With the help of the process simulations, the raw material and utility demand for each
modular sub-process are determined in a standardized manner on the respective product. The raw
material and energy consumption of a synthesis route or production chain results from the material and
energy balancing based on the mass and energy balances arising from the individual sub-processes.
When handing over an intermediate product stream across the system boundary of a sub-process,
pressure and temperature levels, as well as compositions, are maintained, and mass balances complied.
The precise pressures and temperatures depend on the process on the one hand and on the material
properties, such as melting and boiling points, on the other. The impurities of the intermediates are
neglected, so that at the interfaces, material streams with a purity of 100% are handed over to the next
module. Therefore, for intermediates, a purity of at least 99 wt.-% is ensured. The calculated efficiency
and costs for the H,-based production of a specific fuel includes the energy demand and cost for all
process steps towards intermediates on the synthesis route.

3.1. Assumptions and boundary conditions

For an overview, reproducibility and traceability, important assumptions made in the context of this
work and the boundary conditions are listed in Table 1. Discussion regarding the assumptions can be
found in the Supplementary Material. The target products of the simulated processes are fuels in
accordance with the corresponding fuel standard (see Section 2).

A plant size of 300 MW fuel output based on the lower heating value is a realistic capacity. It is in the
upper capacity range of decentralized biofuel production plants [43] and a global average cement plant
emits enough CO, to cover the raw material demand of a 300 MW synthesis plant (see Supplementary
Material). The values of the energy demand and the cost for CO, supply listed in Table 1 are not
correlated. The value for the energy demand is used to calculate the Power-to-Fuel efficiency (Eq. 5). The
value for the CO, cost is used in the economic analysis. The H, price of 4.6 €/kg is based on a scenario
analysis of a complete H, infrastructure (including fluctuating production from wind power, compression,
storage in salt caverns and a pipeline system) for the transport sector, minus the costs for refueling
stations and the distribution network [44]. A complete nationwide H, infrastructure ensures a
continuous H, supply and thus enables the chemical plants to operate continuously.
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Table 1. Assumptions and boundary conditions.

Parameter Value Reference / Notes
Efficiency of PEM electrolysis based on LHV 0.7 [45-47]
Energy expenditure of CO, sequestration 1.2 MJe/kgco2 [48], see Supp. Material
CO, feed conditions 3205b§r [4-9]
H, feed conditions 3205b§r [50:51]
Temperature change of cooling water 20-25°C -
Temperature change of cooling air 30-35°C -
High pressure (HP) saturated steam 250 °C, 39.7 bar
Medium pressure (MP) process steam 175 °C, 8.9 bar -
Low pressure (LP) process steam 125°C, 2.3 bar
Isentropic efficiency of compressors 76% [52, 53]
Efficiency of pumps 60% [52, 53 (p. 762)]
Maximum compression ratio per stage 3 -
Minimum temperature difference 10K -
Pressure losses - -
Cost of H, 4.6 €/kgn> according to [44]
Cost of COZ 70 €/tc02 [24]
Cost of saturated steam 32 €/t [54]
Cost of high-pressure steam (250 °C) 0.0187 €/MJ
Cost of medium-pressure steam (175 °C) 0.0158 €/MJ calculated from 32 €/t
Cost of low-pressure steam (125 °C) 0.0146 €/M)
Cost of operating electricity 0.0976 €/kWh [55]
Cost of cooling water 0.1€/t [54]
Cost of cooling air 0 -
Plant size = 300 MW -
Lifespan of the plants 20 year [3, 56-58]
Interest rate 8% [57]
Currency conversion uss/€=1.21 [59]
Operating hours per year 8000 h/a -
Depreciation method Annuity -
Lower heating value of diesel (LHV) 35.9 MJ/I [60 (p. 13)]

3.2. Utilities and processing mediums

Various utilities and processing media are required for the operation of chemical plants. Similar to a

composite site (in German: Verbundstandort) [61] within the simulations, saturated steam (also: process
steam) at different temperature levels provides external process heat. This is particularly necessary for
distillative separations, but is also used in other process operations, such as the regeneration of

molecular sieves. In this work, the availability of saturated steam at three different pressure levels, which
are common in the chemical processing industry, is assumed (see Table 1). The saturated steam can be
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used for heating as well as cooling operations and serves as a heat transfer medium. Due to the choice of
three different pressure levels, the use of waste heat at lower temperatures and a more cost-effective
heat supply are possible. In addition, the heat integration of several sub-processes of a synthesis can be
more flexibly and efficiently implemented in this way.

Considering a minimum temperature difference of 10 K, cooling water allows a process stream to be
cooled to 30 °C. Process operations, which operate at a lower temperature, must be cooled with
coolants. Coolants are not provided externally, but cooling is instead carried out locally in the plant by
compression refrigerators.

The energy demand for cooling is determined by the operational power required for the compressor of
the compression refrigerator. High pressure steam is not hot enough to provide heat at temperatures
> 240 °C. Therefore, if heat cannot be internally provided in a process, electrical heating or firing is
necessary.

3.3. Process optimization

In PTL processes, the cost for H, makes up by far the highest share of production costs. The adapted and
developed processes are therefore first optimized in terms of conversion and vyield. The next
optimization step is local heat integration within the respective sub-processes. This step is taken directly,
using heat exchanger networks, as well as indirectly with the help of saturated steam. The supply and
withdrawal of the required and excess steam from sub-processes across their system boundaries enables
the global heat integration of the respective synthesis routes. This minimizes the intra-route heat
demand by using waste heat from individual sub-processes. At this point it should be noted that a heat
integration bound to process steam pressure levels differs from the commonly used ideal heat
integration via pinch-analysis. The strict compliance with the use of specified utilities can lead to a higher
heat demand compared to the ideal heat integration. However, it is closer to the technical
implementation.

3.4. Process efficiencies
Unlike most chemical processes, either the raw materials and products are energy carriers, or their
provision can be presented in the form of energy expenditure in the processes analyzed and assessed in
this work. Additionally, all processing mediums can be indicated in terms of energy demand. This allows
for a straightforward calculation of efficiencies. The efficiency of each synthesis route is evaluated using
the energetic efficiency according to equations 2 to 5. These are common definitions in the literature
[18, 25, 57, 62-65].

Electrolysis efficiency _ My - LHVy,
. ) Mgz = Eq. 1
(system efficiency based on the LHV): P

electrolysis

m - LHV,
Chemical conversion efficiency: Ny = l,cuel Fuel Eq. 2
mH2 * LHVH2

m - LHV,
Plant efficiency: NPlant = s FZZV +F;ell Eq. 3
H2 H2 Plant

Ui
Efficiency factor: = lant Eq. 4
NLHY
_ Meyer " LHVpyer
Power-to-Fuel efficiency: NprL = Eg. 5
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3.5. Fuel equivalent

The fuel equivalent is used for energy standardization, as the different electrofuels have different
heating values. Thus, the specific cost and energy demand can be compared, for instance. The energy
content of conventional fuels is not clearly defined and is based on the composition. In this work, we use
the values published by the Joint Research Centre (JRC: CONCAWE, EUCAR, European Commission):
LHVpiesel = 35.9 MJ/I (43.1 MJ/kg) and LHVgasoiine = 32.2 MJ/I (43.2 MJ/kg) [60 (p. 13)]. The energy content
of 1kg H, with 119.96 MJ/kg [66] corresponds to the energy content of 3.34 liters of conventional
petroleum-based diesel fuel or 3.73 liters of conventional petroleum-based gasoline. Diesel equivalent
(DE) is used for comparability, as most of the electrofuels investigated in this work are suitable for diesel
engines. To calculate the values in relation to the gasoline equivalents, the respective values must be
multiplied by 1.115 (35.9/32.2).

3.6. Economic analysis and evaluation
The costs of manufacturing (COM) are estimated on the basis of the total capital requirements and
operating costs. The capital-related costs are included in the production costs as an imputed
depreciation, as well as interest. Except for the costs for raw materials and processing mediums, all
operational expenditures (OPEX) depend on the investment costs [67-69]. The fixed capital investment
(FCI) for the simulated chemical plants are estimated by means of the component-specific cost
calculation method developed by Turton et al. [68]. The authors give a detailed breakdown of the
derivation of specific apparatus costs up to the final investment amount.
The direct and fixed manufacturing costs and the general expenses, which are based on the FCl, are also
calculated in accordance with Turton et al. [68] using the proposed average values. To determine
personnel costs, the method discussed by Alkhayat and Gerrard [70] is used. A working capital of 15% of
the FCl is assumed. Personnel costs are part of the direct OPEX and determined by the number of unit
operations.
The component cost approach for estimating the FCl is a recognized method that is frequently used in
scientific and feasibility studies. According to the definitions of AACE International [71], the estimation
accuracy of this approach is -30% to +50%. Using component-specific rather than global surcharge
factors, the estimation accuracy can vary in direction by -15% to +20%.
The component sizing is based on the flowsheet calculations in Aspen Plus®. The dimensioning of the
components considers a minimum and a maximum component size. For example, if a distillation column
with a diameter of 12 m is theoretically required to ensure the desired throughput, nine columns are
used instead due to the maximum diameter value of 4 m.

4. Simulations

In the following, the different sub-processes for the synthesis routes shown in Figure 1 are briefly
described. Linking the sub-processes leads to cost and energy demand of whole synthesis routes. All the
sub-processes are simulated using the process simulation software, Aspen Plus®, for the steady state.
Additional information on the modeling of RWGS reactors as well as flowsheets, reaction equations,
energy balances, product quality, and important aspects of the processes described in the following are
given in the Supplementary Material.

4.1. Methanol from H, and CO,
The process developed in the course of this work for the synthesis of methanol from H, and CO, is based
on the process concept proposed by Otto [72]. Hansen and Nielsen [73] report that commercial copper
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catalysts achieve high selectivities of 99.9% and that the use of CO, instead of CO further reduces the
amount of by-products. Therefore, by-products are neglected and only one distillation column is needed
for the treatment of the raw methanol. Thus, the product purification is similar to the process concepts
described in the literature [21, 72, 74-76]. No external heat supply is required for the operation of such
plants, as the heat demand can be met internally by making use of the reactor’s waste heat. Real plants
for the synthesis of methanol from synthesis gas have two or three distillation columns for product
treatment due to possible by-products. According to the process simulation, the product purity is
99.9 wt.-%.

4.2. DME from Methanol

The simulation model was designed on the basis of the processes proposed by Inclusive Science
Engineering [77] and Otto [72] and optimized by customized pressures in the columns, as well as
improved heat integration. Referring to Miller and Hiibsch [78], the selectivity for the DME synthesis via
methanol dehydration is close to 100%. By-products are therefore neglected in the simulation. The
mixing gap of the ternary component system methanol / water / DME is bypassed. The product achieves
the desired DME purity of > 99.9 wt.-% for intermediates. At the same time, containing the requirements
for DME as a fuel according to ISO 16861 [33] are fulfilled.

4.3. Ethanol from DME, H, and CO,

The raw materials for the ethanol synthesis are DME and synthesis gas. The required synthesis gas is
provided via a RWGS reactor from H, and CO,. Due to thermodynamic factors, the use of the RWGS
reactor leads to residues of CO, and CH, in the synthesis gas. The influence of methane on ethanol
synthesis is neglected in this work due to the data situation, while methane is considered as an inert
component in the ethanol reactor. In the ethanol reactor, CO and DME are first converted into methyl
acetate through carbonylation. Methyl acetate is then hydrated to methanol and ethanol. Possible by-
products of this reaction are CO, and ethyl acetate [79, 80]. Even without water, the present component
system has four binary azeotropes: methanol / methyl acetate, methanol / ethyl acetate, ethanol / ethyl
acetate and DME / ethanol. For process-analytical modelling, the thermodynamic model used
determines these azeotropes with sufficient accuracy. For example, the composition and temperature of
the azeotrope ethanol / ethyl acetate is determined with a deviation of < 4% and < 1%, respectively,
from the measurement data of Pavlicek et al. [81]. In addition to the azeotropes, another aspect is that
the boiling points of ethanol and ethyl acetate, as well as those of methanol and methyl acetate, are
close together. Both aspects represent a challenge for distillative treatment. Due to recycling streams
and the integration of a reformer operated with oxygen to convert non-recyclable by-products, no by-
products other than water leave the process. With a purity of 98.7 wt.-%, ethanol and the other shares,
the product corresponds to EN 15376 [31] for fuel ethanol.

4.4, 1-Butanol from Ethanol
This process was developed for the first time in the course of this work, using the reaction kinetics
developed by Riittonen et al. [82]. In addition to 1-butanol, the by-products of acetaldehyde, ethyl
acetate and diethyl ether are also formed from ethanol due to the aldol condensation of ethanol in the
reactor [82]. Furthermore, ethanol reacts with the by-product acetaldehyde to 1,1-diethoxy ethane. The
reactions take place in the liquid phase. The by-products, which cannot be recycled back into the reactor,
are reformed using oxygen and water and used as raw materials for the methanol synthesis. This must
be taken into account when linking the sub-processes to a synthesis route. With 99.9 wt.-%, the purity of
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1-butanol exceeds, for instance, the value of 99.8 wt.-% in the safety data sheet for 1-butanol of the Carl
Roth GmbH + Co KG [83].

4.5. 2-Butanol from 1-Butanol

According to the process concept developed in this work, 1-butanol is first dehydrated to butene. The
corresponding reactor is designed on the basis of the investigations carried out by Khan et al. [84]. To
provide the heat, an H, burner is used to avoid CO, emissions. In a subsequent reactor, butene is
hydrated to 2-butanol. The technical implementation can be carried out, for instance, by the strong-acid
process [85]. Here, instead of indirect hydration, direct hydration is assumed. For the chosen reaction
conditions, the thermodynamic equilibrium is entirely on the product side, resulting in 100% conversion
and selectivity.

4.6.1so-Octanol from 1-Butanol

This process concept for the synthesis of iso-octanol (1- ethyl hexanol) was first developed in the course
of this work and is based on the aldol condensation starting from 1-butanol. As it has the potential,
according to Patankar and Yadav [86], to reduce manufacturing costs compared to the industrial
standard synthesis with two reaction steps, in this work the direct synthesis is simulated. The reactor
design for the dehydration of 1-butanol to butanal is based on the studies of Raizada et al. [87]. The
required supply of heat at high temperatures is covered using an H, burner to avoid CO, emissions. In the
next step, butanal is converted by the aldol condensation into the unsaturated aldehyde iso-octenal (2-
ethyl-2-hexenal) and then hydrated into iso-octanol. According to the simulation, the iso-octanol
produced within the developed process has a purity of 99.7 wt.-% (99.7 mol.-%).

4.7. Formaldehyde from Methanol

The process concept for the formaldehyde synthesis is based on the catalytic oxidation of methanol with
partial methanol conversion of the chemical company ICI (Imperial Chemical Industries), whose technical
implementation was described by Reuss et al [88] and Chauvel and Levebre [89].

To enable the thermodynamic modelling of the aqueous and methanol-containing formaldehyde
solutions, a UNIFAC-based reaction model based on the work of Maurer [90] and Albert et al. [91] is
implemented. The missing component data of hemiformals, methylene glycols and OME, with n > 1, are
partly estimated using data from the literature and predicted using the Aspen Plus® Property Constant
Estimation System. The implemented model considers the strongly non-ideal thermodynamic behavior
due to the constantly reacting component equilibrium, even outside the reaction zones of the simulation
model. The implemented model is validated using binary and ternary phase diagrams, as well as the
concentration and temperature profiles of the distillation columns. The reactor is modeled using an
Aspen Plus® RPlug reactor model in which the kinetic published by Panzer and Emig [92] is implemented.
Special features of the designed processes are the process variations for the synthesis of formaldehyde
solutions with different compositions (see Figure 1: formalin | and formalin Il; see Supplementary
Material). Thereby, in the case of the synthesis of formalin I, the process economy was improved
compared to the standard process design. In addition, the absorber unit was optimized by integrating
waste water streams from other sub-processes of the OME; s synthesis routes B and C.

4.8. Trioxane from Formalin
For the synthesis of trioxane from formalin, the process developed by Gritzner [93] is simulated,
optimized and analyzed. The technical feasibility of the process concept proposed by Griitzner [93] has
been demonstrated both in simulations and in laboratory experiments and studies on pilot plants are
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currently being planned [94]. In addition, the purification process by means of pressure swing
rectification is patented [95]. The technical maturity of the process is estimated to be TRL 5.

To increase the separation effect, the interconnection of the columns was changed and the number of
theoretical separation stages of some columns specified by Gritzner [93] was slightly increased. The
reflux ratios of the distillation columns have also been adjusted. Furthermore, the pressures of individual
columns were increased to enable heat recovery via steam generation in the condensers. As a result,
47% of the required heat can be recovered in the form of low-pressure steam through steam generation.
Despite the further optimization of Griitzner’s already innovative distillative process [93], the trioxane
synthesis is a highly energy-intensive process. In addition to the large recycle streams resulting from the
unfavorable equilibrium of the reaction, the high energy demand due to large distillate streams should
be noted. The product purity of trioxane is 99.98 wt.-%.

4.9. OME; from Formalin and Methanol

The synthesis of OME,; (methylal) was designed in accordance with the patented concept [96] described
by Drunsel [97]. The TRL of this process concept is estimated at TRL of minimum 5. The reaction is
modeld using the activity coefficient based kinetic model published by Drunsel [97].

Due to the azeotropic component system methanol / OME,, a pressure swing distillation is used. In the
simulation, the formaldehyde content of <1wt.-% in the reactor product and the associated
oligomerization reactions are considered. Thanks to this detailed simulation, an optimization option for
the process to produce formalin | in the upstream of the OME; synthesis has been identified. The
product has a purity of 99.9 wt.-% OME;. In the context of process interconnection, a special feature of
this work is that bottom streams that contain only water and low shares of formaldehyde are used as
absorbents in the formalin synthesis.

4.10. OME5_s via synthesis route A

The simulated process concept for the synthesis of OME;s from methanol and formalin is based on the
concept published by Schmitz et al. [98] and patented by the OME Technologies GmbH [99]. The
technical maturity of this process concept is estimated to be TRL of minimum 4.The product composition
of the reactor was modeled with the substance quantity based equilibrium constants published by
Oestreich et al. [100]. In the process concept of Schmitz et al. [98], the reactor requires a feed with a
water content of 0-0.2 wt.-%. However, formaldehyde synthesis through the oxy dehydration of
methanol delivers an aqueous formaldehyde solution with equal molar shares of formaldehyde and
water. To ensure the correct interconnection of both synthesis plants, the concept published by Schmitz
et al. [98] was modified to consider purification of the formaldehyde. Additionally, the process concept
was arranged with the available utilities (process steam at three different pressure levels). The special
features of the process developed and simulated in the course of this work are the installation of
molecular sieves between the reactant compression and the reactor and between the reactor and the
pressure swing distillation, improved heat integration and a modified arrangement of distillation
columns and recycle streams. The product purity is 99 wt.-%. The product composition is given in the
Supplementary Material.

4.11. OMEs_s via synthesis route B
The process concept for the OME; s synthesis from trioxane and OME; simulated in this work is proposed
by Burger et al. [101]. The technical maturity is assessed with TRL of minimum 4. As the component
system of OME,, trioxane and formaldehyde does not contain water or methanol, no oligomerization
reactions of formalin take place. The energy required for operating the vacuum distillation is also
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considered in the energy balance. The product purity is 99 wt.-%. The product composition is given in the
Supplementary Material.

4.12. OME3_s via synthesis route C

The process concept for the OME; s synthesis from DME and trioxane is based on the process concept for
the OME;.; synthesis from OME; and trioxane. Since the synthesis was validated on laboratory scale, the
TRL is estimated to be 4. For the simulation, the reaction mechanism is described by pseudo-equilibrium
constants which are determined based on the work of Haltenort et al. [102]. The simulated process
concept is a best case, as the separation in the distillation columns tends to be more complex due to the
occurrence of unforeseen thermodynamic effects. The product purity is 99 wt.-%. The product
composition is given in the Supplementary Material.

4.13. Hydrocarbons via Methanol-to-Gasoline Process

Target product of the MTG-process is synthetic gasoline which is in accordance with the conventional
standard EN 228 [30]. In the designed process concept, the methanol synthesis from H, and CO, and the
MTG process are directly linked. The MTG reactor is assumed to be an innovative fluidized bed reactor.
This technology is industrially demonstrated [103]. The product distribution of the MTG-reactor is
derived from the work of Phillips et al. [104]. Special feature of the process concept is that light gases
which do not correspond to the gasoline fraction are reformed using pure O, and H,0. The reformer is
operated auto thermal and the product distribution is determined by calculating the minimum Gibbs free
energy using the Aspen Plus® RGibbs reactor model. The outlet temperature of the reformer is
controlled by the O, supply and set to be 900 °C to ensure the technical feasibility with regard to
adiabatic combustion temperatures in the oxidation zone of the reformer. The generated synthesis gas is
fed to the methanol reactor. Thereby, the process has no by-products except water and the only product
is synthetic gasoline. Further information on the process concept and regarding the product quality can
be found in the Supplementary Material.

4.14. Hydrocarbons via Fischer-Tropsch Process

The simulated process consists of a RWGS reactor, a reformer, a Fischer-Tropsch (FT) reactor, a
hydrocracker and a distillation column. In the distillation column, steam is used as an entrainer. Referring
to de Klerk [105, 106] and Dry [107], for low temperature FT synthesis using cobalt catalysts, only
unbranched alkanes with the molecular formula of C H,,,, are considered. The product distribution is
determined using the Anderson-Flory-Schulz (ASF) approach [108, 109]. The chain growth probability is
described using the model of Vervloet et al. [110]. Cso. hydrocarbons are split into three groups of
pseudo-components: C3p-Css, C36-C47 Und Cug,. The average molecule of the Chs. component group is
Cs1H124. The supply of synthesis gas for the FT reactor is covered by the RWGS reactor and the reformer.
In particular, the use of the reformer to recycle C-fractions, which are too short to be assigned to the
kerosene fraction, is a unique aspect of the overall process. In the reformer, these C-fractions are
converted into synthesis gas using O, and H,0. The recycling of short hydrocarbons separated by
stepwise cooling from the FT product stream to the RWGS reactor is typical for low temperature FT
synthesis with cobalt catalysts [111]. In the developed process, these gases are partly directed to the
reformer, which relieves the electric preheating of the input stream of the RWGS reactor. The developed
process has no CO, emissions, does not require an external heat supply and the only products are
paraffinic diesel, paraffinic kerosene and the water by-product. The products meet the requirements of
the fuel standards EN 15940 [35] and ASTM D7566 (FT-SPK), respectively [36] (see Supplementary
Material).
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5. Results and Discussion

Figure 2 shows the comparison of the energy demand as well as the Power-to-Fuel npr, and chemical
conversion efficiencies ny of the various synthesis routes towards alcohols, ethers and hydrocarbons
based on H, and CO, presented in Figure 1. The values shown in Figure 2 are listed in the Supplementary
Material. The energy demand presented is the energetic equivalent of one liter of diesel, the values
being independent of the size of the plant.

The dotted connecting lines of the displayed efficiencies of ner, and nyy in Figure 2 serve to improve
orientation. For H, nuyis 1 and npr is equal to the electrolysis efficiency of 0.7. Figure 2 also shows the
energy surpluses of saturated steam and the heat to be discharged by cooling water as a negative energy
demand. This surplus saturated steam can be used, for instance, to cover or reduce the heat demand of
raw material supply concerning electrolysis or CO, sequestration. In the case of the CO, sequestration,
this would reduce or eliminate the red bars in Figure 2 and thus increase the Power-to-Fuel efficiency
Nere. With 4.66 MJsteam/kgco2 medium-pressure steam and 1.91 MJgieam/Kgco, low-pressure steam, the FT
process has a total surplus heat of 6.57 MJsicam/K8co2. This is, for example, in the range of heat demand of
5.4-7.2 MJ/kgco, (at 95 °C) [16, 40] of the adsorption/desorption process for carbon capture from the
ambient air of Climeworks AG. In case the energy demand for the CO, supply in the Power-to-Fuel
efficiency npr. (EQ. 5) is set to zero due to the use of surplus heat for CO, sequestration, the FT synthesis’
efficiency (ner) would increase from 50.6% to 52.8% and the red bar of FT in Figure 2 would disappear.
Thus, FT plants are suitable for operation even without an industrial CO, point source supplying enough
heat for CO, sequestration from ambient air. This is a particular advantage for the FT process. Another
option for use of the surplus heat is to provide steam for high temperature electrolysis, which allows an
ner. of up to 70%, as demonstrated by sunfire GmbH [112].
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Figure 2. Comparison of the energy demand for the synthesis of 1 I, electrofuel.
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Figure 2 also illustrates the increasing energy demand along the synthesis routes to higher alcohols. The
biggest drop in efficiency is due to the synthesis step from methanol to ethanol. The reason for this is,
amongst others, the necessary use of a RWGS reactor with the preheating input stream for the synthesis
gas supply from H, and CO,, as well as the reformer for the recycling of not directly recyclable by-
products. The reformer used in the 1-butanol synthesis from ethanol to recover by-products also leads to
higher H, demand.

In the FT process, 53.0 wt.-% of the water-free reactor product is passed to the reformer. In the MTG
process, this amount is only 18.8 wt.-%. The reformer of the FT process has a O, demand of
0.386 kg02/Kgrr products  (0.315 kgoa/Ipe). In the MTG process, in contrast, the reformer requires
0.134 kgoa/kgmte product (0.111 kgoy/Ipe). Since the O, must be sequestrated from the process due to
formation of water, the increased O, demand of the FT process also increases the demand of H2, as
shown clearly in Figure 2 and Table Al.

Although DME is a follow-up product of methanol, DME has, with 60%, the highest Power-to-Fuel
efficiency #pr.. This is mainly because methanol is liquid and DME is gaseous under standard conditions.
A further explanation and a plausibility test regarding the efficiencies is given in the Supplementary
Material. As listed in

Table A2 in the Appendix and illustrated in Figure 2, the amount of excess heat in the form of process
steam is lower in the synthesis of DME in MJ/le as well as in MJ/kgco,. The reason for this is that steam
produced via the waste heat from the methanol reactor is used to cover the heat demand of the product
treatment in the DME synthesis. As a result, the potential to reduce the energy demand of the CO,
sequestration (red bars in Figure 2) is lower for DME production than for methanol production.

In OME; production based on H, and CO,, a Power-to-Fuel efficiency of #pr. = 0.448 is achieved on the
condition that the formaldehyde-containing waste water of the OME; synthesis plant is used as an
absorbent in the upstream synthesis of formalin I. Using pure water instead of waste water as an
absorbent results in #pr. = 0.443. By using the waste water, the H, demand drops from 0.275 kg/kgome: to
0.270 kg/kgome1 While the CO, demand drops from 3.039 kg/lye to 2.987 kg/lpe. The H, demand for OME,
production is significantly lower than for OME;_s production, because less formaldehyde is needed per
Ipe.

The relatively low maximum chemical conversion efficiencies #uy max (S€€

Table A2 in the Appendix) show a non-influenceable limitation of the OME;5 synthesis. Due to the
complex separation processes for water separation, the plant efficiency npan: (Eg. 3) is also low, which is
also reflected in the comparatively low efficiency factors of the OME;_5 synthesis routes. As is shown in
Figure 2, the most energetically advantageous OME;s synthesis route is synthesis route A. However,
OMEj;_s synthesis via route A requires high pressure steam.

Heat surplus in the form of saturated steam at a higher temperature level can be used to cover the
demand for steam at a lower temperature level. This is performed with the synthesis route to OME;,
which reduces the low pressure steam demand from 15.6 MJ/lye auf 5.0 MJ/Ipe. The process no longer
has a surplus of high and medium pressure steam, as is shown in Figure 2. Without this internal heat
recovery, the plant efficiency #pant Would not be 0.543, instead of 0.643 (npy_ drops from 0.448 to 0.401).
For the sake of completeness, the specific raw material demands of H, and CO,, the surplus heat in the
form of saturated steam after intra-route heat integration, as well as the technology readiness level
(TRL) as an indicator of the technical maturity, and finally the efficiencies of all synthesis routes,
according to equations 2 to 5, are given in Table Al and

Table A2 in the Appendix.
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Figure 3 shows the comparison of the specific shares of the costs of manufacturing of the various
electrofuels in the base case. The values shown in Figure 3 are listed in the Supplementary Material. The
value of 1.38 €/l for H, given in Figure 3 represents the cost of 4.6 €/kg,. (see Table 1). This value is
added to the figure to present the starting point.
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Figure 3. Comparison of base case costs for the synthesis of 1 I electrofuel.

Referring to the energy content, DME and methanol exhibit the lowest costs of manufacturing, with
1.85 €/l and 1.89 €/l respectively. Mass based, the costs of manufacturing for methanol and DME are
1.05 €/kg and DME 1.49 €/kg, respectively. That, referring to the energy content, a follow-up product can
be less cost intensive than the intermediates product is also the case for MTG products.

These are followed by ethanol and Fischer-Tropsch fuels, with 2.22 €/l and 2.30 €/Ip¢. 1- and 2-butanol,
with 2.53 €/l and 2.60 €/l have similar costs to OME; with 2.63 €/lyc. The remarkably high demand of
processing mediums in the form of saturated steam in the OME;s synthesis in Figure 2 also has a
significant impact on the costs of manufacturing, as Figure 3 illustrates. The cost share of operating
electricity is relatively small. As illustrated in Figure 3, the specific cost for the process steam in €/l for
the OME;_s synthesis via route A are higher than those for OME; 5 synthesis via route B, even though the
specific energy demand in MJ/I¢ is lower, as is shown in Figure 2. This is due to the different cost for the
process steam at different temperature levels (see Table 1). The comparison of the cost components in
Figure 3 shows the impact of required investment costs (ACC), which entail further costs caused by
OPEX, such as maintenance, insurance and tax.

Sensitivity analyses are carried out to assess the sensitivity of the calculated values. The varied
parameters are listed in Table 2. The FCI are varied within the range of the estimation accuracy as per
AACE International. According to Machhammer et al. [113], H, produced via electrolysis using wind and
grid power without grid charges costs, on average, 6 €/kg and 3 €/kg, respectively. These two values are
used to vary the H, costs. For the costs of the CO, supply, the minimum value given by Brynolf et al. [24]
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is used for CO, capture from exhaust gas from natural gas power plants (0.02 €/kgco,) and the maximum
value for capture from exhaust gases from coal-fired power plants (0.17 €/kgco,). The costs for cooling
water and process steam are varied between +/-50%. The limits of the costs of operating electricity come
from the BDEW electricity price analysis from 2016 for large industrial customers [55]. It should be noted
here that, in accordance with the method of Turton et al. [68], the variations in raw material and
operating medium costs, as well as investment costs, have an impact on the OPEX and thus an additional
indirect impact on the costs of manufacturing.

Table 2. Upper and lower bound of parameters for the sensitivity analysis.

Unit Lower bound | Base case | Upper bound

Cost of H, €/kg 3 4.6 6

Cost of CO, €/kg 0.02 0.07 0.17
CAPEX - -30% - +50%
Interest rate - 2% 8% 12%
Process steam £/t 16 32 48

Cooling water £/t -50% 0,1 +50%
Operating electricity = €ct/kWh 4 9.76 14.7

Of the eleven compared synthesis routes, two representative synthesis routes are used at this point for
the sensitivity analysis in the form of tornado diagrams. These are the synthesis routes with the lowest
and highest share of H, costs as part of the manufacturing costs: OME;_5 via route C, with 58.1%, and
methanol, with 82.8%.

Figure 4 and Figure 5 illustrate the corresponding sensitivity analysis results using values listed in Table 2.
For the simpler comparison, the intervals of the y-axes are identical. In case only the lower or upper
limits of the parameters listed in Table 2 are used for calculating the costs of manufacturing, the cost
range for methanol is 1.15-2.71 €/l and for OME;.5 (C), 2.28-5.91 €/I¢.

H2 1.34 I 2.37
co2 1.77 IR 2.14
FCl 1.86 I 1.84
Interest rate 1.86 I 1.91
Process steam 1.85 1.89
Coolilng water 1.85 1.89
Operating electricity 1.88 | 1.91

1.0 1.2 14 16 18 2.0 2.2 24 2.6 2.8
€/15¢

Figure 4. Sensitivity analysis regarding the synthesis costs of methanol from H, and CO,
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H2  3.15 I 4.66
co2 3.77 N 4.32
FCI 3.7¢ I 4.28
Interest rate 3.7¢ 1IN 4.09
Process steam 3.63 I 4,28
Coolilng water 3.95 | 3.96
Operating electricity 393 0 3.98

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8
€/l

Figure 5. Sensitivity analysis regarding the synthesis costs of OME;_s via route C from H, and CO,.

Due to the low or non-existent demand for process mediums, the variation in the associated costs has
almost no influence on the methanol process. With specific investment costs of 235.4 €/kW, the plant is
also significantly cheaper than those required for the OME;_s synthesis via route C with 1625.5 €/kW.
Amongst other reasons, this is because of the significantly different FCI, ACC and OPEX accounting for
6.6% of the manufacturing costs in the methanol base case and 17.9% in the OMEs_s (C) base case. The
influence of the FCl estimation accuracy and interest rate varies accordingly. The costs of manufacturing
of OME;;s (C) are more sensitive to the H, costs. This is due to the O, input for oxy dehydration in the
formalin synthesis, which leads to additional H,0 generation, resulting in increased H, demand. Figure 5
shows that the cost of manufacturing of OME; 5 via synthesis route C from H, and CO, are also sensitive
to the cost of process steam, which in the base case accounts for 16.1%. If there is a lot of waste heat at
the production site, for example due to a steel mill process, it could be utilized wisely to supply the
OME;s production. Further sensitivity analysis results regarding the synthesis of the remaining
electrofuels shown in Figure 3 can be found in the appendix.

Overall, the production of OME;_s from H, and CO, is significantly more energy- and cost-intensive than
the production of alcohols, DME and hydrocarbons. For a deeper overview, the production of the various
electrofuels is discussed and evaluated separately below.

Methanol and DME

The processes for synthesizing methanol and DME are less complex and more technically mature
compared to other processes studied in this work. The production of DME from methanol is also state-
of-the-art and widely used. If, in contrast to the usual technical application, the methanol process is
driven with only one column, as is often suggested in the literature, no external heat supply is required.
By-products are also not a challenge to the already highly developed catalysts. It should be noted that
using reactor models that predict product distributions based on thermodynamic equilibrium is an
estimation of the best case potential.

Ethanol

The developed process concept for the synthesis of ethanol is based on laboratory results from the
literature and therefore has a TRL of 4. Although Mixed-Alcohol-Synthesis is an already technically
realized process, it has insufficient selectivity for large-scale production. One challenge is the product
separation, as by-products and intermediates in the reactor product lead to a mixture with several binary
azeotropes. In the process developed in the course of this work, the high reactor pressure of 140 bar, as
well as the use of a RWGS reactor whose feed gases must be electrically preheated, the compression
refrigerator and reformer for the utilization of non-recyclable by-products lead to an increased need for
electrical energy and H, input. If the kinetics were known, it could be investigated whether an adapted
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reactor control would decrease the share of by-products. Therefore, at this point, the process concept
seems to have an optimization potential.

Butanol

As is shown in Figure 2 and Figure 3, the specific H, demand increases when moving from ethanol to 1-butanol, although ethanol
is the only raw material in the 1-butanol synthesis. The increase in H, demand is also reflected in the chemical conversion
efficiency n,ny, which decreases from ethanol to 1-butanol by almost 6.8 percentage points, although the M;yy max Only decreases
by 1.7 percentage points (see

Table A2 in the Appendix). The reason for this is the use of a reformer for the recovery of by-products
and the associated O, feed into the system, which must be separated by water formation. The synthesis
gas obtained by reforming by-products can be fed into the ethanol synthesis. This has a positive impact
on the efficiency of the synthesis route. Although no by-products are produced in the process of
synthesizing 2-butanol from 1-butanol, the H, demand increases. This is due to the required H, burner to
provide heat at high temperatures. An electric heater could also be used at this point. However, the
technical feasibility could not be assessed in the context of this work. The H, demand of the burner
increases the H, costs by 0.042 €/Ip.

Octanol

As with the process concept to convert 1-butanol to 2-butanol, the process concept of iso-octanol
synthesis requires an H, burner for the heat required by the dehydration of 1-butanol to butanal. When
comparing the bars of 1-butanol and iso-octanol in Figure 3, there is an increased demand for process
steam and higher annual capital costs (ACC). The main reason for this is the highly energy- and cost-
intensive product treatment. The azeotropic reactor product contains 36 mol.-% iso-octanol in the
thermodynamic equilibrium. Iso-octanol has the highest boiling point of the mixture and is therefore
subtracted through the bottom stream of the distillation column. Amongst the five sub-processes for the
synthesis of iso-octanol, the last plant on the route is responsible for 40.3% of the investment costs. The
distillation column to separate the iso-octanol is responsible for 18.2% of the total investment costs of
the whole synthesis route.

OME; s

The sub-processes of the OME;s synthesis routes known from the literature have been adapted and
further developed. These adjustments include, for example, the use of three process variants in
formaldehyde synthesis, in particular the saving of the separation column of the formaldehyde process
for route A. Thus, subsequent sub-processes can be provided with an increased surplus of process steam
and investment costs can be saved. A second example is the improved heat recovery by steam
generation in the condensers of the distillation columns of the trioxane process. A third example is the
optimization of the OME;;s synthesis from methanol and formalin known from the literature. An
alternative arrangement of adsorber beds for water separation reduces the loading of the distillation
columns and, additionally, shifts the chemical equilibrium in the reactor towards the products. Overall,
the OME;_s synthesis routes are already highly optimized from a process engineering point of view and a
decisive potential for further energy savings is not currently apparent to the authors of this work.
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Figure 2 shows that the sole process analysis does not yet show which of the three OME ;s synthesis routes is preferable. In
accordance with the lower process steam demand, the plant efficiency n, (Eq. 3) of the synthesis via route A is three percentage
points higher than for route B (see

Table A2 in the Appendix) and more than five percentage points higher than for route C. It should be
noted here that the calculations of the efficiencies do not consider the different pressure levels of the
saturated steam. These generate different energy-related costs (base case: 32 €/ty..m) and temperature
and pressure-dependent enthalpy of evaporation. The costs for process steam for production via
synthesis route A in the base case is 0.489 €/|y. For route B, the cost is lower (0.439 €/Iy¢) and for route
C higher (0.637 €/Iy). As is shown in Figure 3, the economically-preferable OMEss synthesis route is
route A. The main reasons for this include the significantly higher capital-related and operating costs of
routes B and C, mainly caused by the sub-process of trioxane synthesis.

Hydrocarbons

H,-based hydrocarbon syntheses via Fischer-Tropsch (FT) and Methanol-to-Gasoline (MTG) have a high
technological maturity of TRL 6 and TRL 9, respectively. In both processes, short hydrocarbons are
produced in the synthesis reactor, which do not correspond to the fractions of the desired products.
These are reformed under O, and H,0 intake. The fed-in O, is removed from the process by water
formation and separation. This results in an increased H, demand. For this reason, as few hydrocarbons
as possible should be reformed. As the formation reactions are chain growth reactions, the reactor
control also affects the product distribution. Since the amount of short hydrocarbons which needs to be
reformed is significantly larger in the FT process, the H, demand of the FT process is significantly higher
than the H, demand of the combined methanol and MTG process.

In the FT process, there is further H, saving potential through improved process arrangement and
control. Overall, the process has a lot of adjustment options whose effects are influenced by each other,
which makes process optimization highly complex. By increasing the size of the plant, there is further
potential to save investment costs.
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The comparison in Table 3 serves to answer the central research question of this work, namely how technically mature, energy- and cost-intensive
Power-to-Fuel processes are compared to one another. The values result from the techno-economic analysis. MP and LP are abbreviations for
medium pressure and low pressure steam (see Table 1). The CAPEX values refer to the LHV of the fuel output.

Table 3. Overview of key values and results of the techno-economic assessment of different electrofuels.

Methano iso- OME; synt!\. S
| Butanol Butanol | Octanol (Route A) Gasoline Kerosene
(MTG) (FT)
TRL 9 4 4 4 4 9 (SoA) 5 4 9 (SoA) 6 (S0A)
LHV / MJ/kg 19.92 26.76 33.10 33.00 37.56 28.83 19.92 19.22 43,5 43.9 44.2
€/Ioe 1.891 2.216 2.527 2.599 2.859 1.849 2.628 3.463 1.883 2.303
CAPEX/€/kW = 2354 557.9 673.0 7288 | 11373 | 297.9 577.9 793.9 312.5 666.6
Excess heat (1|\./|2Pl) (OI\'/?; 1.23 (MP)  1.62 (MP)  0.45 (MP)  0.04 (MP) ] 1.30 (MP) 3’555 ((I\I-/III:’)) 4.66 (MP)
/ Mi/Kgcon 0.07(1p) 038(lp) O7L(P) 078(P) 123(LP) 037(lP) 034(P) 1 up) 1.91 (LP)
kena/Ioe 0.340 0.380 0.416 0.425 0.426 0.327 0.270 0.500 0.333 0.391
v (EQ. 2) 0.880 0.788 0.720 0.704 0.702 0.916 0.729 0.598 0.899 0.765
na(EQ. 3) 0.859 0.744 0.662 0.612 0.593 0.894 0.643 0.409 0.875 0.749
ner (EQ. 5) 0.576 0.507 0.457 0.438 0.420 0.600 0.448 0.305 0.589 0.506
Available
IMPCA, ASTM ASTM IS0 (DIN EN ASTM
standard pa-Grade TN1P376 n7ger | D862 ; 16861 ; 51699) °N228 15940 | D7566

specification
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6. Conclusion

All products of the simulated processes meet the requirements of the corresponding fuel specifications
or, in case of OME;s, of a proposal for a fuel specification. The comparability of the synthesis processes
is fully guaranteed, as all simulations and calculations have been carried out with identical assumptions
and boundary conditions.

The Power-to-Fuel technologies that are techno-economically compared in this work already have a high
technological maturity (TRL 9 or at least TRL > 4) and the production of high-quality synthetic fuels is
technically feasible. Assuming an electrolysis efficiency of 70%,,, a Power-to-Fuel efficiency of 30—-60%
can be achieved to produce the different electrofuels studied. This already includes the electrolysis
efficiency. Accordingly, depending on the selected electrofuel, 30-60% of the primary energy in
electricity can be stored in the lower heating value of the electrofuel. In the presented cases, the costs of
H, supply are responsible for 58—83% of the total manufacturing costs, depending on the electrofuel and
synthesis route. H, supply is, accordingly, the main cost driver and thus has the greatest potential to
reduce the cost of manufacturing of the electrofuels. For the base case (4.6 €/kgy,), the various
electrofuels will have costs of manufacturing between 1.85-3.96 €/I,¢, with DME being the cheapest and
OME ;s produced via synthesis route C the most expensive electrofuel.

Compared to the other options, the syntheses of methanol and DME have the highest technical maturity,
the highest Power-to-Fuel efficiencies and the lowest manufacturing costs. The selective synthesis of
higher alcohols based on H, and CO, is technically feasible. The main challenges are the formation of by-
products and low technical maturity. Further catalyst improvements are needed to enhance the process
efficiency and decrease the costs of manufacturing. The production of OME;s from H, and CO, is
significantly more energy- and cost-intensive than the production of alcohols, DME and hydrocarbons.
For the OME;_5 synthesis, route A is the most preferable in terms of energy and cost efficiency.

The MTG synthesis with combined with methanol synthesis from H, and CO, and a reformer to recycle
light gases has been found as an efficient to produce H,-based gasoline. The adaption and process
optimization of the Fischer-Tropsch process, which is already well-established in terms of technology,
has promising future applicability as it is the only method for producing jet fuel based on H, and CO, with
high technical maturity. Improved process arrangements and reactor control strategies can enhance the
synthesis. In particular, the Fischer-Tropsch process is well suited to an interconnection with CO,
sequestration from ambient air, as the corresponding heat demand can be covered through the reactor
waste heat.

7. Abbreviations and Subscripts

AACE Association for the Advancement of Cost Engineering
ACC Annual capital costs
BuOH Butanol

CAPEX Capital expenditures

DE Diesel equivalent

DME Dimethyl ethers

e-fuel Electrofuel

EtOH Ethanol

FCI Fixed capital investment
FT Fischer-Tropsch

GE Gasoline equivalent
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HP
LHV
LP
max
MeOH
MP
OcOH
OME,
OPEX
PEM
PTL
RWGS
SM
TRL
NetL
Nplant

Nikv
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High pressure steam

Lower heating value

Low pressure steam

Maximum possible

Methanol

Medium pressure steam
Octanol

Polyoxymethylene dimethyl ethers
Operational expenditures
Polymer electrolyte membrane
Power-to-Liquid

Reverse water-gas shift
Supplementary Material
Technology Readiness Level
Power-to-Fuel efficiency

Plant efficiency

Chemical conversion efficiency
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Appendix

Table Al. Educt demand of fuel syntheses based on H, and CO,.

Product kgna/Kgruel kgna/loe kgcoa/kgruel kgcoz/loe MJsteam/kgco2
Hydrogen 1 0.299 - - -
Methanol 0.189 0.340 1.373 2476 | 1.21(175°C) + 0.07 (125 °C)
Ethanol 0.283 0.380 1.872 2511 | 0.99 (175 °C) + 0.39 (125 °C)
1-Butanol 0.383 0.416 2316 2512 | 1.23 (175 °C) +0.71 (125 °C)
2-Butanol 0.391 0.425 2.316 2.519 1.62 (175 °C) + 0.78 (125 °C)
iso-Octanol 0.446 0.426 2.637 2.520 0.45 (175 °C) + 1.23 (125 °C)
DME 0.263 0.327 1.911 2379 | 0.04 (175 °C) + 0.37 (125 °C)
OME, 0.270 0.410 1.968 2.987 0
OME; 5 A 0.268 0.500 1.949 3.640 | 1.30 (175 °C) + 0.34 (125 °C)
OME;; B 0.269 0.505 1.961 3.673 0
OME;3;; C 0.267 0.500 1.941 3.637 0

0.85 (250 °C) + 1.346 (175 °C)
+0.11 (125 °C)
FT 0.480 0.391 3.056 2.494 | 4.66 (175 °C) + 1.91 (125 °C)

MTG 0.403 0.333 2.874 2.373

Table A2. Technology readiness level and efficiencies of fuel synthesis based on H, and CO.,.

Product of Chemical Plant Efficiency Power-to-Fuel
synthesis TRL conversion LRV, max efficiency factor efficiency
route NLHV (Eq. 2) (Eq. 2) ne (Eq.3) f (Eq. 4) NetL (Eq. 5)

Hydrogen - 1 1 - - 0,7
Methanol 9 0.880 0.880 0.859 0.976 0.576
Ethanol 4 0.788 0.851 0.744 0.944 0.507
1-Butanol 4 0.720 0.834 0.662 0.920 0.457
2-Butanol 4 0.704 0.831 0.612 0.869 0.438
iso-Octanol 4 0.702 0.843 0.593 0.845 0.420
DME 9 0.916 0.916 0.894 0.976 0.600
OME;, 5 0.729 0.827 0.643 0.882 0.448
OME;3;5 A 4 0.598 0.736 0.409 0.684 0.305
OME; ;s B 4 0.593 0.725 0.379 0.639 0.288
OME; ;s C 4 0.599 0.715 0.354 0.591 0.274
MTG 9 0.899 - 0.875 0.973 0.589
FT (Ci6H34) 6 0.765 (0.840) 0.749 0.981 0.506

A plausibility test regarding the efficiencies shown in

Table A2 is given in the Supplementary Material.
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H2 1.60 NG 2.75
coz2 2.0 1IN 2.47
FCI 217 A 2.30
Zinssatz 227 W 2.25
Dampf 221 2.22
Kihlwasser 221 | 2.22
Betriebsstrom 218 W 2.25
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
€/15e
Figure A1. Sensitivity analysis regarding the synthesis costs of ethanol from H, and CO.,.
H2 1.85 I 3.11
co2 2.40 N 2.78
FClI 245 I 2.66
Interest rate 245 Il 258
Process steam 2.51 | 2.54
Coolilng water 251 | 2.54
Operating electricity 243 W 257
1.5 1.7 1.9 2.1 23 25 2.7 2.9 3.1 3.3
€/loe
Figure A2. Sensitivity analysis regarding the synthesis costs of 1-butanol from H, and CO.,.
H2 191 I 3.20
co2 2.47 N 2.85
FCl 251 1N 2.74
Interest rate 251 Il 266
Process steam 258 1 2.61
Coolilng water 259 | 261
Operating electricity 255 Il 2564
1.7 1.9 21 2.3 25 2.7 2.9 3.1 33 3.5
€/l
Figure A3. Sensitivity analysis regarding the synthesis costs of 2-butanol from H, and CO,.
H2  2.17 I 3.46
co2 e | 3.11
FCl 272 I 3.08
Interest rate 2.72 I 2.95
Process steam 280 291
Coolilng water 284 | 2.86
Operating electricity 280 M 290
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8
€/l

Figure A4. Sensitivity analysis regarding the synthesis costs of iso-octanol from H, and CO,.
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H2 265 NG 4.17
CO2 3.2s 3.83
FCI 3.37 1R 3.62
Interest rate 337 0 3.53
Process steam 3.22 I 3.71
Coolilng water 3.46 | 3.47
Operating electricity 344 I 3.48
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Figure A5. Sensitivity analysis regarding the synthesis costs of OME ;s via route A from H, and CO,.

H2 2.92 I 4.45
co2 3.55 I 4.11
FCI 3.5c I 4.03
Interest rate 3.56 I 3.86
Process steam 3.51 I 3.96
Coolilng water 3.72 | 3.75
Operating electricity 371 1 3.76

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6
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Figure A6. Sensitivity analysis regarding the synthesis costs of OME ;s via route B from H, and CO,.

H2 ey | 3.21
co2 248 N 2.93
FCl 256 W 2.74
Interest rate 256 I 268
Process steam 251 1R 2.74
Coolilng water 2611 264
Operating electricity 2.63 2.63

1.7 1.9 2.1 2.3 2.5 2.7 29 3.1 33 3.5
€/l

Figure A7. Sensitivity analysis regarding the synthesis costs of OME; from H, and CO.,.

H2  1.67 NG 2.85
co2 2.17 N 2.55
FClI 222 1R 2.43
Interest rate 222 Il 235
Process steam 2.30 2.30
Coolilng water 2.30 2.30
Operating electricity 229 | 2.31

15 1.7 1.9 21 23 25 2.7 2.9 31 3.3
€/lpe

Figure A8. Sensitivity analysis regarding the synthesis costs of hydrocarbons from H, and CO, via Fischer-Tropsch.
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H2 1.32 I 2.31
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Process steam 1.85 1.85
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Figure A9. Sensitivity analysis regarding the synthesis costs of DME from H, and CO,.

H2 1.35 I 235
coz 1.76 1N 212
FCI 1.85 0 1.94
Interest rate 1.85 0" 191
Process steam 1.88 1.88
Cooling water 1.88 1.88
Operating electricity 1.87 I 1.90
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Figure A10. Sensitivity analysis regarding the synthesis costs of hydrocarbons from H, and CO, via MTG.
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