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HIGHLIGHTS:


Process model of the generation of synthetic fuels from CO2, power and H2O developed.



100 𝑀𝑊𝐿𝐻𝑉 of H2 yields 1260 𝑏𝑏𝑙/𝑑 of liquid hydrocarbon product.



A Power-to-Liquid efficiency of 43.3% arises.



Heat integration can reduce the energy losses to 25.6%.
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ABSTRACT
Future aviation, shipping and heavy load transportation will continue to depend on energy
carriers with a high energy density. The Power-to-Liquid technology is an approach to produce
synthetic hydrocarbons, which fulfill this requirement. The proposed concept is based on H2
from electrolysis, which reacts with CO2 via the reverse water gas shift reaction to syngas.
Syngas is then synthesized to liquid hydrocarbons by Fischer-Tropsch synthesis. A downstream
product separation and upgrading section allows the production of defined fractions for specific
applications. A flowsheet process model is build and heat integration is conducted. The input
capacity is set to 100 𝑀𝑊𝐿𝐻𝑉 of H2. A total amount of 1260 𝑏𝑏𝑙/𝑑 liquid hydrocarbons
(67.1 𝑀𝑊𝐿𝐻𝑉 ) is generated. The carbon conversion and the Power-to-Liquid efficiency, which is
defined as the fraction of the electrical energy chemically bound into liquid hydrocarbons, are
identified as the parameters to evaluate the overall process performance. The Power-to-Liquid
efficiency is found to be 43.3%. The carbon conversion rate of 73.7% indicates the exploiting of
the introduced CO2.
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1. Introduction
The transportation and the energy sector depend globally mainly on fossil fuels. An increasing
share of renewable energy production is observed in the energy sector. Nevertheless, the
transportation sector is still fueled by nonrenewable resources. Crude oil covers today about
92% of the energy demand for transportation [1]. Moreover, the demand for transportation fuels
is likely to increase by about 30 % or 10 𝐸𝐽 by 2050. This prediction foresees a doubling of the
demand for diesel fuel and a triplication of the jet fuel demand by 2050 [2]. The rising
consumption faces finite reserves of crude oil, which are forecasted to last for the next 34 to 40
years [3].
Today, compressed or liquefied natural gas is used as transportation fuel for motor vehicles as
alternative to crude oil based liquid fuels. Natural gas can be synthesized by methanation from
renewable hydrogen, called Power-to-Gas [4], [5]. However, aviation, shipping and heavy-load
transportation depend on fuels with a high volumetric energy density [6]. The volumetric energy
density of compressed natural gas is about a fifth of that of liquid fuels. For liquefied natural gas,
the difference reduces to about one half of the volumetric energy density of liquid fuels.
Research on alternative propulsion technologies for heavy-load transportation focuses on hybrid
systems like the hydraulic hybrid vehicle technology, which still relies on liquid fuels [7]. In the
maritime sector, fuel consumption is reduced by optimizing the cruising speed on shipping
routes. Alternative fuel concepts comprise the use of liquefied natural gas from fossil resources
[8]. Conventional aircrafts can be operated also on a long-term perspective only by liquid fuels.
As a consequence, an increase of activities on blended biofuels and synthetic fuels is observed in
the aviation industry in order to decrease the consumption of crude oil based fuels [9], [10].
Alternative fuels like hydrogen cannot be introduced without conceptual changes in aircraft and
engine design as well as in infrastructure [11].
To secure the supply of liquid fuels for airborne, maritime and land applications, synthetic fuels
from resources other than crude oil must be provided. The production of synthetic fuels is
dominated by processes, which produce syngas followed by a synthesis process step to liquid
hydrocarbons. One of the major technologies to convert syngas into synthetic liquid fuels is the
Fischer-Tropsch (FT) synthesis. FT synthesis is an energy intense process with a wide variety of
products requiring a complex product upgrading section [12]. However, liquid FT fuels can
directly be used in the existing transportation infrastructure or as drop-in fuel to reduce the share
of crude oil based fuels. Existing conventional routes utilize natural gas or coal as feedstock for
the generation of syngas. These technologies are known as Gas-to-Liquid (GtL) and Coal-toLiquid (CtL). The depletion time of natural gas and coal reserves exceeds the one of crude oil by
approximately 1.75 and 5, respectively [3]. Nevertheless, those resources are also finite.
Therefore, sustainable and renewable processes converting biomass to high quality fuels are
currently under investigation. In principle, those process concepts include biomass gasification, a
gas cleaning and conditioning section, the synthesis reaction step and a separation and upgrading
section of the synthesis product to the desired biofuels (gasoline, kerosene and diesel). Technoeconomic analyses of these Biomass-to-Liquid (BtL) processes were carried out in literature. The
efficiency depends on the process concept, technologies and operation parameters and it varies
between 33% − 50 % [13], [14], [15], [16], [17]. The potential and availability of biomass is
limited [18]. The long-term idea of a closed-loop carbon cycle drew the attention to concepts that
use H2 and CO2 as feedstock [19] [20] [21]. One option is the separation from industrial sources,
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such as cement or iron and steel plants. By the application of carbon dioxide capture methods
932 Mt and 646 Mt of CO2 could annually be separated from effluent gases of the cement
industry and the iron and steel industry, respectively [22]. The production of synthetic fuels from
solar energy and CO2 was investigated by [23]. The study carried out a detailed techno-economic
assessment of the production of methanol. Becker et al. [24] and Stempien et al. [25] conducted a
thermodynamic analysis of the combination of the co-electrolysis of steam and CO2 in a solid
oxide electrolyzer cell with Fischer-Tropsch synthesis. The techno-economic performance of
various gaseous and liquid fuels was analyzed by Tremel et al. [26], where the overall
efficiencies of the respective processes were based on literature values. The study did not
investigate the processes in detail and did not account for heat recovery and by-product use. Pilot
or testing plants show early efforts to commercialize the Power-to-Liquid concept [27] [28]. For
industrial application at larger scale, new developments and technical parameters, such as
efficiencies, need to be revised and implemented. The objective of this work is to evaluate a
process concept, which utilizes captured CO2 and combines it with H2 to produce liquid fuels.
Based on the concept, the process components are selected and modeled with literature data. The
model allows detailed insight into the interrelation of the single units and their effect on the
overall process. The flowsheet model is developed in the flowsheet and process simulation
software Aspen Plus®. A pinch point analysis is carried out with Aspen Energy Analyzer® to set
up a heat integration network and determine to the required utility loads.

2. Process Description
In general, Fischer-Tropsch based synthetic fuel production processes consist of three main
process steps: syngas generation including gas conditioning, Fischer-Tropsch (FT) synthesis and
product separation and upgrading. Additional process steps are waste water treatment, exhaust
gas treatment and solid waste extraction [29]. Fehler! Verweisquelle konnte nicht gefunden
werden. depicts a simplified block diagram of the process concept under investigation.
Fehler! Verweisquelle konnte nicht gefunden werden. illustrates the flowsheet of the process
concept. The capacity of the plant is set to 100 MW of hydrogen input based on the lower
heating value (LHV). This corresponds to the current and planned scale of large renewable
energy installations, for instance wind farms or solar power stations. H2 is produced by
electrolysis, which is powered by these renewable energies. The mass flow of the H2 feed (S-3)
is calculated to equal the energy input of 100 MW. It was assumed that CO2 (S-1) is provided at
0.1 MPa and 20°𝐶. It is compressed by a multi-stage compressor to the required process pressure
of 2.5 MPa. The reactants H2 and CO2 are mixed and preheated (S-4). The preheated feed is then
mixed with the external recycle (S-18) and additional steam to increase the chemical conversion
of the entire process and to adjust the reaction conditions for the downstream high temperature
reformer (RWGS). The external recycle is a split of the total recycle stream (S-17). The recycle
concept consisting of the external and internal recycle was applied to increase the overall carbon
conversion. The combined stream (S-5) is fed to the RWGS. Water is knocked-out from the
reformer product gas (S-6) before it is mixed with the internal recycle (S-19). The mixed stream
(S-9) is heated to FT reaction temperature of 225 °𝐶 and fed to the FT reactor (FTS). A gaseous
(S-10) and liquid (S-09) output stream are generated. The products of the FT synthesis are called
syncrude [29] [12]. While the liquid product stream consists solely of syncrude the gas stream is
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composed of the gaseous syncrude, unreacted reactants and inert components. The liquid stream
is further supplied to the hydrocracker. The gaseous stream is cooled stepwise and
simultaneously flashed (F-1 through F-4). Stepwise cooling at the pressure of the FT reactor is a
widespread method of syncrude recovery and separation of gases and reaction water [15]. After
the last separation stage (F-4 and C-2) the total recycle stream is split into the internal recycle,
the external recycle and a fuel gas stream (FG-1). The fuel gas streams (FG-1 through FG-4) are
the fuel supply of the burner of the RWGS. The liquid product (S-20) of the first flash (F-1) is
split into a liquid phase (S-27) and waxy phase. The light waxes are combined with the liquid
syncrude and supplied to the hydrocracker (S-21). The hydrocracker product (S-22) is flashed by
F-7 to ambient conditions. The liquid products of the separation sections C-1, C-2, F-2 and F-3
are collected and brought to ambient conditions as well (F-6, F-5). S-24 represents a condensate
at −15℃, S-25 a condensate at 40℃, S-26 a condensate at 70℃ and S-27 a condensate at
150℃. These liquid streams are mixed to form the final liquid fuel.
3. Simulation Model
To assess and evaluate the generation of synthetic liquid fuels from CO2 and H2 a flowsheet
simulation model has been developed in Aspen Plus®. Reaction rates are based on the
thermodynamic equilibrium. A pressure drop of 0.3 MPa for the recycle stream is estimated [30]
to account for pressure losses in the process. Heat losses of reactors, heat exchangers and piping
are neglected.
3.1. Components and Thermodynamic Model
The model is based on pure components to describe the chemical reactions and the properties of
mixtures within the process. H2, CO2, CO, H2O and the n-alkanes CH4 through C30H62 were
selected from the Aspen database. Additionally the n-alkanes C32H66 and C36H74 were selected.
Solid carbon represents coke to account for coke formation in the corresponding process steps.
Air is composed out of 79% of N2 and 21% of O2.
It is assumed that the gasoline, kerosene, diesel and wax fractions are represented by n-alkanes,
since the main product of cobalt based low temperature FT synthesis are n-alkanes [12] [31].
Fehler! Verweisquelle konnte nicht gefunden werden. displays the hydrocarbon chain length
definitions for the corresponding product fraction.
Thermodynamic property models are used to describe the chemical and physical behavior as well
as the phase equilibrium of pure components and mixtures. In this work the Peng-Robinson
equation of state in combination with the Boston-Mathias alpha function are used to describe the
phase behavior in the process. The Peng-Robinson [32] equation of state is widely applied in the
fields of gas processing, refining and synthetic hydrocarbon production [31] [33] [34] [35]. The
alpha function derived by Boston and Mathias is applied at temperatures higher than the critical
temperature and is useful for the description of light gases [36].
3.2. Syngas preparation - RWGS
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The reactant CO2 is a highly stable molecule. It requires a substantial amount of energy, high
temperatures and active catalysts for its chemical conversion [37]. The conversion of pure CO2
to CO and O2 (1) requires a large amount of energy.
𝐶𝑂2 ⇌ 𝐶𝑂 + 1⁄2 𝑂2

Δ𝐻𝑅0 = 283.8 kJ⁄mol

(1)

Combining CO2 with a co-reactant such as H2 the energy demand can be reduced. This reaction
is the hydrogenation of CO2 by the reverse water gas shift reaction (2), which is a heterogeneous
catalyzed reaction:
𝐶𝑂2 + 𝐻2 ⇌ 𝐶𝑂 + 𝐻2 𝑂

Δ𝐻𝑅0 = 41.2 kJ⁄mol

(2)

Technically effective reaction conditions are realized in a reformer, which is equipped with fixed
bed catalyst reactor tubes. Typical catalysts are based on nickel [38]. Due to the applied recycle
concept to increase the conversion of the introduced carbon into hydrocarbons, the fresh feed of
CO2 and H2 to the RWGS is mixed with a recycle stream consisting of light gases. These light
gases are H2, CO, CO2, CH4 and traces of longer hydrocarbons such as C2H6, C3H8 and C4H10.
Furthermore steam is introduced to reduce coking in the reformer. Therefore, several parallel and
side reactions apart from the reverse water gas shift reaction occur. These reactions are the
Sabatier reaction (3) and the methanation reaction (4):
𝐶𝑂2 + 4𝐻2 ⇌ 𝐶𝐻4 + 2𝐻2 𝑂
𝐶𝑂 + 3𝐻2 ⇌ 𝐶𝐻4 + 𝐻2 𝑂

Δ𝐻𝑅0 = −165.0 kJ⁄mol
Δ𝐻𝑅0 = −206.2 kJ⁄mol

(3)
(4)

Unwanted side reactions which can lead to coking are the Bosch reaction (5) and Boudouard (6)
reaction.
𝐶𝑂2 + 2𝐻2 ⇌ 𝐶 + 2𝐻2 𝑂
2𝐶𝑂 ⇌ 𝐶 + 𝐶𝑂2

Δ𝐻𝑅0 = −178.3 kJ⁄mol

Δ𝐻𝑅0 = −172.5 kJ⁄mol

(5)
(6)

It was shown that at elevated temperatures the thermodynamic equilibrium is achieved for the
reverse water gas shift reaction [38] [39] [40]. To account for all side reactions a reactor model,
which is based on the minimization of the Gibbs energy, is chosen to model the RWGS reformer.
The reactor temperature is fixed to 900 ℃ [38]. The pressure is set equal to the overall process
pressure of 2.5 𝑀𝑃𝑎 to minimze compression work. Since reactions (4), (5) and (6) are
thermodynamically not favored at high temperatures a steam mole fraction of 𝑥𝐻2 𝑂 = 0.05 is
estimated to be sufficient to avoid coking in the RWGS [39]. Downstream the RWGS reactor a
water knockout at 30 ℃ is included.
The burner provides the required temperature level and energy demand of the reaction.
An adiabatic model, which is based on a Gibbs energy minimizing reactor model, is selected to
model the burner. The fuel is provided by the internal generation of gaseous hydrocarbons and
unreacted H2. The heat of the hot flue gas is recovered. The exit temperature of the flue gas is set
to 150 ℃ to avoid condensation.
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To increase the overall conversion a recycle is configured. The recycle is composed of
unreacted reactants, inert components and light hydrocarbons and corresponds to S-17 in Fehler!
Verweisquelle konnte nicht gefunden werden.. As shown in Fehler! Verweisquelle konnte
nicht gefunden werden. the recycle stream was split in three streams. The split fractions of the
splitter (Split) are determined by the internal recycle (S-19) and the fuel gas stream (FG-1). The
internal recycle is set by the FT operation parameters, see for details section 3.3. The fraction of
the fuel gas stream is iteratively calculated by the required heat of the RWGS. The external
recycle (S-18) is variable and calculated in dependence of FG-1 and S-19.
3.3. Fischer-Tropsch synthesis
The FT synthesis is a heterogeneous catalyzed reaction, which is categorized into high
temperature and low temperature FT synthesis. High temperature FT synthesis is applied when
the main products are alkenes or straight run fuels. Low temperature FT synthesis produces
mainly hydrocarbons in the range of liquid waxes [29]. In this study low temperature FT
synthesis was selected. In commercial plants, typically iron or cobalt based catalysts are
employed. While the iron catalyst can either be used in the high or low temperature
configuration, cobalt based catalysts are limited to low temperature FT processes [29]. The FT
synthesis is defined as the process to convert syngas to synthetic crude oil. Syncrude can be
composed of alkanes, alkenes, alcohols, carbonyls and carboxylic acids [12]. Beside these
different compound classes also the corresponding homologous series of the compound classes
are generated. The carbon number distribution describes the extent at which a particular
compound is produced. The carbon number distribution is determined by the chain growth
probability 𝛼. At constant reaction conditions the chain growth probability is a measure of the
likelihood that either chain propagation or termination occurs at the catalyst surface. The relation
of the chain growth probability and the carbon number distribution of the FT product is called
the Anderson-Schulz-Flory (ASF) distribution. The ASF (7) relates the carbon number 𝑛 and the
chain growth probability 𝛼 to the mass fraction of the particular compound with the same carbon
number 𝑤𝑛 . Increasing the chain growth probability of the FT synthesis will lead to longer chain
hydrocarbons.
𝑤𝑛 =

(1 − 𝛼) 𝑛
∙𝛼 ∙𝑛
𝛼

(7)

The chain growth probability and therefore the product distribution depend on the catalyst type
and the reaction conditions. Typical chain growth probabilities for iron and cobalt catalysts are
reported in the range of 0.50 − 0.70 and 0.70 − 0.95, respectively [41]. In this study a cobalt
catalyst is selected. Application of the low temperature FT synthesis with a cobalt catalyst yield
mainly alkanes as products [29]. Therefore, it was assumed that the generated syncrude is solely
composed of linear alkanes. This assumption is reasonable in terms of significance of this work
and was applied in several other studies as well [13] [31] [33] [42]. The synthesis of alkanes is
formulated in (8).
𝑖 ∙ 𝐶𝑂 + 2𝑖 ∙ 𝐻2 → (−𝐶𝐻2 −)𝑖 + 𝑖 ∙ 𝐻2 𝑂

Δ𝐻𝑅0 = −152 kJ⁄mol

(8)

The term (−𝐶𝐻2 −)𝑖 represents a methylene group of the alkane chain with the length 𝑖. The FT
reaction (8) is an exothermic reaction. To model the FT reactor a stoichiometric model is
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selected and 32 reactions for the alkanes CH4 through C30H66 and C32H74 and C36H74 are
implemented. The respective fractional conversion of each reaction is calculated on basis of the
ASF. The operating parameters of the FT reactor model are summarized in Fehler!
Verweisquelle konnte nicht gefunden werden..
The overall CO conversion is increased by the described recycle configuration. The internal
recycle (S-19) is led to the FT reactor to be mixed with the fresh feed from the RWGS. The split
fraction of the internal recycle is calculated from the predefined fraction of reactants in the FT
feed gas 𝑓𝐻2 +𝐶𝑂 . 𝑅𝐻2⁄𝐶𝑂 is determined by adjusting the amount of fresh CO2 feed to the process.
There are two product streams of the FT reactor. One is composed of heavy hydrocarbons, which
are liquid (S-9) at the reaction temperature and the other is composed of the gaseous products (S10) and unreacted compounds.

3.3. Product separation and upgrading section
In the product upgrading section the syncrude is separated into five fractions, which are
characterized by their boiling points and therefore by their chemical composition. The gaseous
part of the syncrude and the included unreacted and reactive compounds are stepwise cooled and
flashed, while the respective condensate is separated and forwarded as product fraction. In this
work four separation steps (F-1 to F-4) are modeled. The temperature of the first flash (F-1) is set
to 𝑇1 = 150℃, so that longer hydrocarbons are separated but no water condensation occurs in
the flash drum. The longer hydrocarbons are expanded to ambient pressure and fractionated into
two liquid streams in a distillation column (C-1). The light oil (S-27) includes hydrocarbons with
a carbon number less than C20. Hydrocarbons with a carbon number higher than C20 are collected
as light waxes in the bottom of the column. In the second and third separation step (F-2 and F-3)
the gases are cooled to 𝑇2 = 70℃ and 𝑇3 = 40℃, respectively [12]. In both flash drums water,
which is produced during the FT synthesis, is separated as a second liquid phase from the
hydrocarbons. The liquid streams (S-25 and S-26) are expanded to ambient pressure. The
remaining gaseous stream of the third flash drum is cooled to 𝑇4 = −15℃ [12] and the liquid
fraction is forwarded to a distillation column (C-2). Here hydrocarbons with a chain length C5
and longer are separated from the gaseous compounds which include hydrocarbons with a chain
length of C4 and shorter. While the liquid stream is expanded to ambient pressure (S-24), the
gaseous stream is mixed with the gases from the fourth flash drum and represents the recycle (S17) of the process. The light waxes separated in F-1 were combined with the liquid syncrude (S9). These waxes were compressed to the operation pressure of the hydrocracker, which is
assumed to be 6.0 MPa and preheated to the operation temperature of 𝑇𝐻𝐶 = 350℃ [45].
Hydrocracking is the catalytic cracking of longer hydrocarbons into desired fuel fractions. The
cracking reaction is done in the presence of H2. The hydrocracker is modeled as a yield reactor
with a given product distribution. The product distribution was taken from [46].
4. Results
4.1. Model results
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The definitions and operation parameters described in the simulation model section are the basis
for the calculations. The capacity was set to a fresh input flow of 100 MW of H2 based on its
LHV. The additional H2 required by the hydrocracker is treated as an additional input. This
corresponds to a total H2 mass flow into the process of ṁH2 = 3.01 t⁄h (33,370 Nm3 ⁄h).
Fehler! Verweisquelle konnte nicht gefunden werden. depicts a mass flow based block flow
diagram of the process.
The specific energy consumption of a proton exchange membrane (PEM) electrolysis system is
reported in the range of 4.5 − 7.5 kWh⁄Nm3 . On a long-term perspective a specific system
energy consumption of 4.1 − 4.8 kWh⁄Nm3 is expected [47]. In this work, a specific system
energy consumption of 4.3 kWh⁄Nm3 is selected and it is assumed that the electrolysis is
operated under the operational pressure of the plant. A DC electrical power input of 144.1 MW
is needed resulting in a LHV based electrolysis efficiency of 69.7 %. The efficiency of the
rectifier to convert alternate current into direct current, which is required by electrolysis, was
assumed to 96 % [24]. The AC electrical power input into the electrolyzer is 150.1 MW. The
total inlet flow of CO2 is calculated to 22.9 t⁄h based on the RGWS and FT reaction conditions.
A multi-stage compressor is modeled to compress the CO2 at atmospheric pressure to the
operation pressure 2.5 MPa. Three stage compression with intercooling is modeled and usual
polytrophic and mechanical efficiencies of 72% and 95% are assumed [48]. After mixing the
fresh feed with the internal recycle and steam the CO2 is hydrogenated with H2 in the high
temperature reformer. The heat demand of the endothermic reverse water gas shift reaction is
determined to be 11.5 MW. This heat demand is provided by the burner. The burner is fueled by
3.9 𝑡/ℎ fuel gas, which is generated by the atmospheric flashes. Additionally 24.2 𝑡/ℎ of supply
air are required and 28.1 𝑡/ℎ of flue gas are emitted.
The stepwise cooling and separation of the product of the FT reactor leads to five intermediate
product streams. The fractional composition is shown in Fehler! Verweisquelle konnte nicht
gefunden werden.. Depending on the separation temperature, the particular condensing
hydrocarbons are collected and represent the respective fraction.
The fraction “Cracked” is the product of the hydrocracker and is composed of hydrocarbons in
the chain length range between C3 and C15. The maximum is located at a chain length of C9. The
condensates at −15°𝐶 and 70°𝐶 represent with about 60% the largest share in the total product
distribution. A total amount of 5.5 t/h (1260 bbl/d) of liquid fuels is generated in the process,
which corresponds to a chemical energy of 67.1 MWLHV . In accordance to Fehler!
Verweisquelle konnte nicht gefunden werden. the final product can be fractionated into 3
transportation fuel types: gasoline, kerosene and diesel. Due to the assumption of taking only nalkanes in consideration the fractions do not represent engine compatible fuels. But a good
estimation is given, how the product of the proposed process concept would be divided into the
corresponding fuel fractions. The results are shown in Fehler! Verweisquelle konnte nicht
gefunden werden.. Beside the hydrocarbon product the exothermic Fischer-Tropsch reaction
generates heat (21.86 MW), which is converted into 40.6 t/h of steam at 225°𝐶 and 2.0 MPa.
To account for the pressure drop within the process a single stage compressor was modeled. A
polytropic efficiency of 72% and a mechanical efficiency of 95% were assumed. Fehler!
Verweisquelle konnte nicht gefunden werden. summarizes the results of the flowsheet
simulation.
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4.2. Heat Integration
A pinch point analysis is performed to determine the utility requirements for cooling and heating
of the process. The composite curve diagram shown in Fehler! Verweisquelle konnte nicht
gefunden werden. illustrates the heating and cooling composite curves. As shown in Fehler!
Verweisquelle konnte nicht gefunden werden. the heating demand of the cold streams can be
satisfied by the hot streams of the process. Hence, no additional heat sources are needed. A target
cooling demand of 44.9 MW is calculated. Refrigeration, cooling water, low pressure steam
generation (LP steam) and medium pressure steam generation (MP steam) are identified to
satisfy the required cooling demand of the process. Additionally, the heat generated by the
exothermic FT reaction is used to generate steam (FT steam), which can be utilized within the
process or in further processes. Fehler! Verweisquelle konnte nicht gefunden werden. lists the
required types and corresponding cooling loads of the cooling applications.
Cooling water is taken from a river with a average annual temperature of 15°𝐶 and an allowed
effluent temperature increase of 5°𝐶. Assuming a pressure drop of 0.5 MPa for cooling water,
1.1 MW of electrical energy for pumping is required. Due to the different temperature levels of
the hot streams in the process two different types of steam are generated beside the FT steam.
The produced steam is excess heat, which could be used in other plants. As depicted by Fehler!
Verweisquelle konnte nicht gefunden werden. and Fehler! Verweisquelle konnte nicht
gefunden werden. 3.8 MW of the FT steam are used internally by the process. A vaporcompression refrigeration system is installed to cool down the stream S-13 to −15°𝐶. Assuming
an air cooled condenser at an air temperature of 45°𝐶 an ideal coefficient of performance (COP)
of 3.5 was calculated. Taking the non-idealities into account a COP of 2.1 is determined [48]
resulting in an electrical energy load for refrigeration of 0.5 MW.
4.3. Process Performance
Four parameters are defined to evaluate and compare the performance, chemical conversion and
efficiency of the process. The overall efficiency relates the electrical energy input to the
chemical energy content of the liquid products. It is defined as the Power-to-Liquid efficiency
𝜂𝑃𝑡𝐿 (9).
𝜂𝑃𝑡𝐿 =

𝑚̇𝑆𝐹 ∙ 𝐿𝐻𝑉𝑆𝐹
𝑃𝐸𝐿 + 𝑃𝑈

(9)

where 𝑚̇𝑆𝐹 represents the mass flow of the generated synthetic fuels, which is multiplied by the
related lower heating value 𝐿𝐻𝑉𝑆𝐹 . The electrical energy is represented by the part of electrical
energy consumed by the electrolyzer (𝑃𝐸𝐿 ) and the part consumed by the utilities required in the
process (𝑃𝑈 ). The chemical conversion efficiency 𝜂𝐶𝐶𝐸 (10) is specified as the efficiency of the
chemical conversion of CO2 and H2 to liquid hydrocarbons.
𝜂𝐶𝐶𝐸 =

𝑚̇𝑆𝐹 ∙ 𝐿𝐻𝑉𝑆𝐹

(10)

(𝑚̇𝐻2,𝐹𝐸𝐸𝐷 +𝑚̇𝐻2,𝐻𝐶 ) ∙ 𝐿𝐻𝑉𝐻2

The chemical energy of the products is calculated by 𝑚̇𝑆𝐹 ∙ 𝐿𝐻𝑉𝑆𝐹 . The chemical energy of the
introduced H2 is the sum of the H2 fed to the RWGS (𝑚̇𝐻2 ,𝐹𝐸𝐸𝐷 ) and the H2 fed to the
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hydrocracker (𝑚̇𝐻2,𝐻𝐶 ) multiplied by 𝐿𝐻𝑉𝐻2 . Energy losses due to utilities are neglected. The
chemical conversion of the carbon atom of CO2 to synthetic fuels is defined as 𝜂𝐶
𝜂𝐶 =

𝑛̇ 𝐶,𝑆𝐹

(11)

𝑛̇ 𝐶,𝐹𝐸𝐸𝐷

where 𝑛̇ 𝐶,𝑆𝐹 is the molar flow of carbon atoms in the synthetic hydrocarbons and 𝑛̇ 𝐶,𝐹𝐸𝐸𝐷 the
molar flow of carbon atoms in the CO2 feed stream. In PtL processes CO2 is a valuable reactant,
which must be purchased or separated by energy intense technologies from flue gases. Hence,
the CO2 conversion is a good measure to evaluate the efficiency of the conversion of CO2 to
liquid fuels. The mass based recycle ratio 𝑅 is selected as the fourth evaluation parameter.
𝑅=

𝑚̇𝐹𝐸𝐸𝐷 + 𝑚̇𝑅𝐸𝐶𝑌𝐶𝐿𝐸
𝑚̇𝐹𝐸𝐸𝐷

(12)

𝑚̇𝐹𝐸𝐸𝐷 is the total mass flow of fresh feed and 𝑚̇𝑅𝐸𝐶𝑌𝐶𝐿𝐸 is the total mass flow of the respective
recycle stream. The recycle ratio is introduced to rate the extend of recycling. Fehler!
Verweisquelle konnte nicht gefunden werden. depicts the formulas of the recycle ratios under
investigation. Fehler! Verweisquelle konnte nicht gefunden werden. summarizes the results of
the flowsheet simulation and of the energy balance. Additionally, the results of the evaluation
parameters are shown. 𝑅𝐹𝑇𝑆 relates the internal recycle stream and the product stream of the
RWGS, which represents the fresh feed to the FT synthesis. The ratio 𝑅𝐹𝑇𝑆 = 5.44 indicates that
the internal recycle stream is 4.44 times larger than the fresh feed from the RWGS. Analogous,
𝑅𝑅𝑊𝐺𝑆 was defined as the ratio of fresh feed to the RWGS plus the external recycle stream
divided by the fresh feed. The fresh feed to the RGWS is about 2.56 times larger than the internal
recycle. It results from 𝑅𝑇𝑂𝑇𝐴𝐿 = 6.03 that the total recycle is 5.03 times larger than the fresh
feed to the process. Recycle ratios in the range of 𝑅𝑇𝑂𝑇𝐴𝐿 = 2.56 − 4.48 are reported for a perpass CO conversion of 80% in the FT [49]. Applying a CO conversion of 80%, a 𝑅𝑇𝑂𝑇𝐴𝐿 of 3.24
is determined in this work, which is in good agreement with the reported literature value. A
chemical conversion efficiency of 66.8% is calculated for the process. The supply of the heat
demand of the RWGS accounts for about 35% of the losses. 65% of the losses are excess heat of
the FT reaction, which is converted into steam. Using the excess heat by processes with a
significant heat demand, for instance carbon dioxide separation from flue gases could increase
the overall efficiency dramatically. The chemical conversion efficiency of the process represents
also the maximum efficiency of the conversion of H2 and CO2 to liquid fuels of the proposed
concept. The Power-to-Liquid efficiency accounts for the losses by the electrolysis of water and
utility loads. The energy losses of the electrolysis are 21.4%, the loss of the utilities are 2.1%.
Thus, 43.3% of the introduced electrical energy can be converted into chemical energy in form
of liquid hydrocarbon. 1260 bbl⁄d of liquid hydrocarbons could be produced with the assumed
input capacity of 3.01 t⁄h H2.
4. Discussion
Recent research adapted the principle of natural photosynthesis to convert CO2 and H2O to
hydrocarbon compounds using solar energy [50], [51]. Herron et al proposed the synthesis of
methanol by photo-catalytic CO2 reduction [23]. Conventional technologies are combined with
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renewable energy sources to produce sustainable fuels [19], [52], [53], e.g. the combination of
FT synthesis with steam co-electrolysis was investigated by Becker et al [24] and Stempien et al
[25]. In contrast, this study combines a PEM electrolyzer with RWGS to decouple the H2
production and the chemical plant.
Greenhous gas emission free power sources are nuclear power and renewable power sources.
Nuclear power generation is characterized by low electricity prices and high full load hours [54].
However, safety concerns and open questions of nuclear waste handling are still not entirely
answered [55]. Therefore, this study focuses on renewable power technologies. The highest
growth rates and future investments into the renewable power sector are expected for wind
power and photovoltaics [56]. They depend on natural conditions, namely the wind speed and the
solar irradiation and on the day-night rhythm. These renewable technologies are characterized by
a fluctuating generation pattern following natural conditions. Therefore, the fluctuating power
source must be coupled with the stationary synthesis process by an intermediate storage to
balance the dynamic power generation.
The proposed PEM electrolyzer is characterized by the ability to cover large power density
ranges and is able to follow the power generation pattern of renewable energy resources [57]. In
combination with hydrogen storage in caverns PEM electrolysis is a technology option to link
the fluctuating power and the stationary synthesis. The option of a hydrogen grid, where
hydrogen is supplied to chemical plants, was discussed elsewhere [26]. The annual capacity
factors have to be considered for using renewable electricity generation. Photovoltaic has a
typical capacity factor between 20 % and 30 %. The capacity factors for wind power range from
20 % – 50 % [58]. If the proposed plant shall be powered solely by wind power, a minimum of
twice the installed electrolyzer capacity will be required to produce the equal amount of fuel
compared to a stationary power supply. The 100 MWLHV H2 plant requires annually about 1,315
GWh of electrical energy input. Current electricity costs for offshore wind power are reported to
160 𝑈𝑆$⁄𝑀𝑊ℎ [59]. Taking only these electricity costs into account a synthetic fuel price of
about 460 𝑈𝑆$⁄𝑏𝑏𝑙 arises, which is more than four times the average Brent crude oil spot price
of 109 𝑈𝑆$⁄𝑏𝑏𝑙 in 2013 [60].

5. Conclusion
A concept to generate liquid hydrocarbon fuels from H2 and CO2 was presented. The process was
modeled in Aspen Plus. The process model includes a reverse water gas shift reactor, a FischerTropsch reactor, a hydrocracker and a product separation section. The energy and mass balances
were calculated and a pinch point analyses was conducted. The carbon conversion and the
Power-to-Liquid efficiency were identified as the parameters to evaluate the overall process. A
Power-to-Liquid efficiency of 43.3% arises. The carbon conversion is calculated to be 73.7%.
Additionally to the desired product, a total of 25.7 MW excess heat in form of steam (see
Fehler! Verweisquelle konnte nicht gefunden werden.) is produced.
The production of synthetic liquid fuels from renewable power faces two major challenges. First,
the fluctuation in the renewable power generation implicates low full load hours which require
intermediate storage, fast response time of the electrolyzer and high installed capacities. Second,
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the economics indicate high electricity price impact on the production cost. At electricity prices
of about 38 𝑈𝑆$⁄𝑀𝑊ℎ market price level may be obtained if capital costs are neglected.
Further improvements regarding electrolyzer cost and efficiency, as well as general advances of
plant construction are necessary to reach market entry level.
Based on a reasonable set of assumptions a specific solution and parameter set for the process
concept has been generated. Sensitivity analyses will be part of a subsequent study to evaluate
and optimize the Power-to-Liquid process concept. The chain growth probability (see equation
(7)) will affect the share of intermediate product forwarded to the hydrocracker and subsequently
the calculated production cost per barrel product. Therefore, an optimal match of technical
feasible chain growth probability and hydrocracker product distribution will be investigated to
meet current and future fuel demands. Additionally, the pressure of the RWGS will be optimized
instead of linking it to the FT synthesis pressure. Its effect on the overall system efficiency will
be investigated and the Power-to-Liquid efficiency optimized. Using the by-product steam
internally to increase the overall efficiency is another option to be investigated, too. When an
optimized process has been obtained, the production cost of liquid fuels from renewable sources
can be assessed by a capital and operation cost estimation.
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NOMENCLATURE
AC
Alternate current
ASF
Anderson-Schulz-Flory distribution
𝛼
Chain growth probability
BtL
Biomass-to-Liquid
COP
Coefficient of performance
CtL
Coal-to-Liquid
DC
Direct current
EL
Electrolysis
𝜂𝐶
Carbon conversion
𝜂𝐶𝐶𝐸
Chemical conversion efficiency
𝜂𝑃𝑡𝐿
Power-to-Liquid efficiency
𝑓𝐻2 +𝐶𝑂
Molar fraction of H2 and CO
FT
Fischer-Tropsch
FTS
Fischer-Tropsch synthesis reactor
GtL
Gas-to-Liquid
0
∆𝐻𝑅
Standard enthalpy of reaction (𝑘𝐽⁄𝑚𝑜𝑙)
LHV
Lower Heating Value
LP
Low pressure steam
𝑚̇
Mass flow (𝑡⁄ℎ)
MP
Medium pressure steam
n
Carbon number
p
Pressure (𝑀𝑃𝑎)
P
Power (𝑀𝑊)
PEM
Proton exchange membrane
PtL
Power-to-Liquid
R
Recycle ratio
𝑅𝐻2⁄𝐶𝑂
H2-to-CO ratio
RWGS
High temperature reformer
SF
Synthetic fuel
T
Temperature (℃)
U
Utilities
w
Mass fraction
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