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Abstract An increasing share of power production from sun
and wind energy in Europe led to an increasing interest in novel
energy storage technologies. The production of hydrogen from
electricity via electrolysis enables the conversion of electrical
energy into chemical energy, which can be stored with high
energy density, if further process steps are applied. The Fischer-
Tropsch process is well-known for the production of diesel fuel
from different fuel types. Within the present work, results of an
experimental campaign with a laboratory-scale Fischer-Tropsch
plant are illustrated. The described experimental campaign was
executed to determine the performance of a diesel fuel produc-
tion from biomass. Furthermore, the investigation included the
integration of hydrogen from wind power promoting a combined
power-to-gas and biomass-to-liquid process. As a result, the in-
vestigated process is aiming at the storage of wind energy by the
use of a chemical process enabling high energy density.
Therefore, extensive measurement data was collected illustrating
the influence of load changes on the operated laboratory-scale
Fischer-Tropsch plant. The experimental campaign showed that
an increased gas stream feed, enabled by the addition of hydro-
gen from wind power, leads to an increased output of Fischer-
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Tropsch products. Furthermore, the executed experimental cam-
paign proved the suitability of different catalysts with respect to
fluctuating load changes.
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n.CO.in Carbon monoxide exiting slurry reactor
[mol/h]

m Chain length number [—]

Wi Fraction share with specific chain
length [—]

Xco Carbon monoxide conversion [%]

1 Introduction

The latest agreements in Paris within the framework of the
United Nations Framework Convention on Climate
Change (UNFCCC) aim on a full replacement of energy
sources based on fossil carbon until the end of the present
century [1]. Energy policy in Europe has been focusing at
the development of innovative energy technologies as new
high performance low-carbon technologies. Nowadays, an
innovation strategy and the market implementation of in-
novative technology is foreseen to be carried out world-
wide [2]. As a part of this development, increasing produc-
tion capacities for electricity generation from sun and wind
energy were installed lately. Therefore, the future demand
for energy storage capacities became a part of the agenda.
Power-to-Gas (PtG) and Power-to-Liquid (PtL) technolo-
gies are discussed as promising options enabling energy
storage with high energy density. Due to the early stage
of technology development, the results of their economic
assessment vary in a wide range. Different studies investi-
gated investment costs and economic aspects of different
Power-to-Gas (PtG) processes. These studies showed that
mainly the necessary electrolysis stacks are responsible for
high investment costs of PtG plants. The reported total
investment costs vary in the range of 1-2 million EUR
per MW electrical input for plants with a capacity of 30
to 100 MW [3-7]. The cost of synthetic natural gas (SNG)
generated by such PtG plants was calculated 150 EUR/

MWh assuming 3000 full load operation hours per year.
If full load electrical surplus power is available only 1200
operation hours per year, the production costs can increase
up to 300 EUR/MWh [8, 9]. Similar results were reported
by another author [10]. A strategic overview between bio-
logical methanation and catalytic PtG results is given by
[7] illustrating even higher production costs. The main rea-
son for this is reported due to high hydrogen production
costs contributing between 100 and 200 EUR/MWh. These
reports illustrate important pre-conditions for the investi-
gated “wind-diesel” concept within the present work.
Besides, the current market price of diesel determines an
important benchmark for the ongoing process develop-
ment. The present work is focused on important technolog-
ical aspects for the scale-up of the investigated process.
The results achieved are used for an evaluation of a com-
mercial plant based on the described economic pre-
conditions for large-scale plants. First results indicate that
production costs below 100 EUR/MWh for Fischer-
Tropsch diesel could be reached.

The Fischer-Tropsch process is one option for the pro-
duction of liquid fuels. Since 2005, the Fischer-Tropsch
process is investigated in Giissing, Austria, by the use of a
laboratory-scale plant. Executed research activities fo-
cused on the production of diesel fuel from woody bio-
mass. Carried out investigations so far thereby have fo-
cused on the determination of ideal process conditions
allowing a maximum output of valuable products. The
results of several experimental campaigns were reported
by different authors [11-14].

The rising interest in energy storage capacity nowa-
days led to the following research questions within the
present work:

Which efficiencies can be reached by applying the
Fischer-Tropsch process as a technological pathway for
the chemical storage of wind energy?
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Table 1  Typical product gas composition from dual fluid gasification
[15]

Parameter Value

Fuel type Wood chips
Gasification agent Steam

Bed material Olivine
Hydrogen (H,) vol.-%ygp, 36-42
Carbon monoxide (CO) vol.-%gp 19-24
Carbon dioxide (CO,) vol.-%gq 20-25
Methane (CHy) vol.-%ygp, 8-12

Non condensable C,H, vol.-%g 2-3

Dust particles g/Nm® 1020

Tar g/Nm® 4-8

Which influence does the addition of hydrogen to the
conventional Fischer-Tropsch process have on the pro-
cess performance?

Fig. 1 illustrates a simplified flow chart of the inves-
tigated process idea for diesel production from biomass
and wind power by the use of the Fischer-Tropsch pro-
cess (FT synthesis).

Woody biomass is used as feedstock and gasified by
the use of a dual fluidized bed steam gasification process.
The product gas achieved is cooled by heat exchangers to
about 40 °C and cleaned with several gas cleaning steps.
The applied gas cleaning strategy aims at the removal of
dust, tar, water and all further substances which could
harm subsequent equipment as well as the used catalyst.
Afterwards, the product gas is compressed to around
20 bar and carbon dioxide (CO,) is removed from the
processed product gas.

The removed carbon dioxide (CO,) is fed to the gas-
ification reactor to enhance the reverse water-gas-shift
reaction (RWGS) as follows.

H, + CO,=H,0 + CO (1)

By the use of the reverse water-gas-shift reaction, ad-
ditional carbon monoxide (CO) can be supplied to the

Fig.2 Combined heat and power
plant Giissing (left) and
laboratory-scale Fischer-Tropsch
plant (right) [13]

Fischer-Tropsch reactions. Besides, hydrogen (H,) is pro-
duced from wind energy by the use of an electrolysis cell.
It can be seen, that both gas streams are mixed and sup-
plied to the Fischer-Tropsch (FT) synthesis. The overall
process concept aims at the supply of a synthesis gas with
a hydrogen (H,) to carbon monoxide (CO) ratio of 2:1 to
favor good process conditions for the subsequent FT syn-
thesis. The addition of hydrogen and the removal of car-
bon dioxide can contribute to an optimization of the over-
all process. The described process idea was used to design
and execute an experimental campaign in Giissing,
Austria, to determine the suitability of the Fischer-
Tropsch process for the purpose of energy storage.

Table 1 shows a typical product gas composition of the
used gasification process before the addition of hydrogen
(H,) and before the removal of carbon dioxide (CO,).
During the experimental campaign, real gas from the
power plant Giissing according to the shown composition
was used. Besides, hydrogen from compressed gas bottles
was mixed with the product gas to simulate additional
hydrogen supply from an electrolysis process. Overall,
the carried out investigations included a literature data
review, several experimental campaigns and the validation
of measured data enabling an experimental optimization
of the overall process.

2 Experimental and methodology

Between September 2014 and September 2016, five ex-
perimental campaigns were carried out. All campaigns
were operated with product gas provided by the combined
heat and power plant Giissing (8 MWy,) shown in Fig. 2
(left). Fig. 2 (right) shows a picture of the laboratory-scale
Fischer-Tropsch plant which was used to convert the pro-
vided gas into Fischer-Tropsch products.

In Fig. 3, a simplified process flow chart is illustrating
the experimental setup. Before the gas stream is fed to the
experimental setup, the provided gas already passed a
particle filter and a rapeseed methyl ester (RME) scrubber
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Fig. 3 Simplified process flow chart of laboratory-scale Fischer-Tropsch plant [5]

within the commercial power plant. Inside the laboratory-
scale Fischer-Tropsch plant, Fischer-Tropsch synthesis is
executed. The ingoing gas is cleaned and cooled to 10 °C
within a second RME scrubber to remove remaining water
and tar components. Subsequently, the gas stream passes
an activated carbon bed to remove sulphur, aromatics and
remaining tar components before the gas is compressed to
about 20 bar. Within the next process steps, the syngas
stream passes a zinc oxide (ZnO) and two copper oxide
beds (CuO) to protect the cobalt-based catalyst within the
Fischer-Tropsch reactor from deactivation. The overall ap-
plied gas cleaning strategy mainly aims at the removal of
sulphur, chlorine and tar. The Fischer-Tropsch synthesis
itself is processed within a slurry reactor containing about
2 kg of catalyst. The products achieved are finally sepa-
rated by the use of liquid separators to reach a gasoline/
naphta (Cs—Cy), diesel (C;g—C;9), wax (C,p—Cgo) and wa-
ter fraction. A detailed description of the laboratory-scale
plant can be found in literature [15]. Table 2 gives an
overview of main operation parameters during the execut-
ed campaigns. During the investigations, following main

Table 2  Main operation parameters

Parameter Unit Value
Experiments - 5

Catalyst — A;B; C
Catalyst load kg ~2
Temperature °C 200
Pressure bar 20
Duration h 500-1000
Gas flow base load Nm*/h 5

Gas flow load change Nm*/h 35-75
H,/CO ratio — ~2:1

@ Springer

process conditions have been analyzed: constant load vs.
fluctuating load and catalyst type.

The experimental campaign was aiming at the investi-
gating of important aspects of the “wind-diesel” concept.
Therefore, the experimental investigation included differ-
ent types of commercially available cobalt-aluminum ox-
ide (Co, Al,03) catalysts. As commercial catalysts have
been used, a detailed characterization of the catalyst has
not been carried out within the present work.
Furthermore, the experimental campaigns were carried
out at a constant base load in comparison with fluctuating
load changes representing fluctuating wind power occur-
rence. Within the present work, expected load changes
were simulated by feeding a fluctuating gas volume flow
into a laboratory-scale Fischer-Tropsch plant. During the
experimental campaigns, the fluctuating gas volume flow
contained a mixture of syngas as well as added hydrogen
from compressed gas bottles. Fig. 4 shows such a fluctu-
ation gas volume flow during a load change experiment.

The gas volume flow entering the laboratory-scale
plant and the resulting product mass flows were measured
during each experiment. Moreover, the gas composition
of the incoming gas flow and the outgoing off-gas flow
were measured by the use of a gas analyzer specified as
“Perkin Elmer—Clarus 500” and “ABB EL3020” (cf. gas
analysis Fig. 3). The liquid separators of the laboratory-
scale plant were used to separate water (H,0), a gasoline/
naphta (Cs—Cy), a diesel (C;o—C;9) and a wax fraction
(C20—Cgo) as final products of the laboratory-scale plant.
The composition of the achieved products was also ana-
lyzed by the use of a “Perkin Elmer—Clarus 500.” During
the described load change tests, additional hydrogen was
added to the process maintaining the optimal H,/CO ratio
around 2:1. Each single experiment was monitored by the
use of a process control system logging important mea-
surement data.
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Fig. 4 Gas volume flow entering laboratory-scale Fischer-Tropsch plant
during load change experiment (cf. gas analysis Fig. 3)

The data achieved was validated by the use of a
process simulation model allowing the calculation of
mean values reflecting the mass and energy balance
for each experiment. As a result, performance indicating
key figures such as product distribution () and carbon
monoxide conversion (Xco) were calculated to deter-
mine the performance of the observed process. The
main Fischer-Tropsch reaction can be understood as
exothermic polymerization reaction as follows [16]:

nCO + 2nH,=>(—CH,—)n + nH,O (2)

Fig. 5 Process simulation model
for the validation of measurement
data achieved
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The product distribution can be described by the use of the
Anderson-Schulz-Flory distribution as follows [17]:

Wi 1-a)?
log (—) = m=loga + logﬂ (3)
m (6%

Furthermore, the carbon monoxide conversion has been
defined according to the following equation:

XCO _ l_nCO.out (4)

Neo.in

The carbon monoxide conversion represents an im-
portant performance indicating key figure with respect
to the overall process efficiency. The described equa-
tions have been used for the evaluation of the executed
experimental campaigns by the use of process simula-
tion software.

3 Results and discussion

As aresult of the experimental campaigns, extensive measure-
ment data has been achieved. Several experimental points
have been selected to evaluate the efficiency of the operated
process. Fig. 5 shows the simulation model, which was used
for an analysis of the experimental data achieved with the
described experimental setup (cf. Fig. 4).

The described simulation model has been used to calculate
validated mass and energy balances for single operation
points. Table 3 shows the calculated results of the used
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Table 3 Validated experimental

results achieved by the use of the Parameter Unit Benchmark”  Base load  Load change Base load  Load change
described simulation model
Duration h 1000 500 500 500 500
Catalyst - A B B C C
Experiment - 1094 1035 1035 1125 1125
Temperature °C 200
Pressure bar 20
H,/CO ratio - 24 1.8 2.0 24 3.1
Mean gas flow feed Nm’h 4.5 46 5.6 48 52
Additional hydrogen Nm’h 0 0 1.0 0 0.4
Gasoline/naphta (Cs—Cy)  kg/h 0.028 0.036 0.040 0.028 0.027
Diesel (C1o—Cjo) kg/h 0.06 0.07 0.08 0.05 0.04
Wax (C0—Ceo) kg/h 0.10 0.13 0.15 0.05 0.04
Condensed water kg/h 0.29 0.30 0.35 0.25 0.20
Alpha (x) - 0.90 0.93 0.93 0.90 0.89
Gas flow off gas Nm’h 3.5 3.5 43 4.1 4.6
CO-Conversion (Xco) % 32 40 34 12 10

#Values slightly modified due to changed conventions

simulation model. As an outcome of the Fischer-Tropsch re-
actions, a water, a gasoline/naphta, a diesel, and a wax fraction
were generated as final products of the laboratory-scale plant.

Shown values represent validated measurement data of five
experimental points. As it can be seen, the complex configu-
ration led to varying process parameters. At the same time, the
experimental team tried to keep main process parameters as
constant as possible, whereas catalyst type and load type have
been intentionally changed. Furthermore, all experimental
points show quite similar results with respect to the perfor-
mance indicating key figures. The CO conversion (Xco) has
been measured between 20 and 40%. The product distribution
(o) was measured between 0.89 and 0.93. Besides, the results
show that catalyst B showed a better performance than cata-
lyst A and C.

As it can be seen, a higher gas flow feed leads to an
increased product output in case of catalyst B. Carried out

Fig. 6 Development of off-gas
composition during experimental
run (SSD soft shut down)
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load change experiments indicated, that product distribu-
tion () and CO conversion (Xco) are affected by higher
gas volume flows. Besides, catalyst C showed an unsatis-
factory process performance with respect to CO-
conversion rate (Xco). Additional, increasing abrasion of
the catalyst caused by a fluctuating volume flow was ob-
served during the experimental campaign. The observed
attrition indicated that a catalyst loss between 3 and
4 wt.-% per year is expected during base load operation.
Whereas, the catalyst loss during load change operation is
expected to increase up to 10-15 wt.-% per year.

The main goal of the overall process idea was the conver-
sion of the provided syngas into liquid products. Therefore,
the off-gas stream measurement gives a good indication about
the process efficiency. Fig. 6 shows the development of the
off-gas composition during a single experimental phase. The
hydrogen content (H,) and the carbon monoxide content (CO)
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Fig. 7 Temperature deviation in slurry reactor from 200 °C for base load (left) and load change (right)

in the off-gas stream is lower than in the gas feed (cf. Table 1)
due to the maintained Fischer-Tropsch reactions.

Furthermore, Fig. 7 shows the development of the process
temperature inside the slurry reactor. The temperature devel-
opment during base load operation is compared with load
change operation. As a result, the good heat transfer capabil-
ities of a slurry reactor can be identified. This aspect represents
an important result for the investigated process concept. It
leads to the conclusion that the production of diesel supported
by fluctuating wind energy can be realized without the addi-
tion of a cost-intensive gas buffer for hydrogen from
electrolysis.

4 Conclusion and outlook

Major points of the present investigations were to find out
which process efficiencies can be reached and which influence
can be achieved by the addition of hydrogen. The results of the
present work show that around 0.2 kg/h Fischer-Tropsch prod-
ucts can be produced from around 1 Nm>/h syngas by the use
of the described laboratory-scale plant. It has to be mentioned
that the present laboratory-scale plant was operated as single-
through process. If the off-gas is recycled, the production can
be increased significantly. Therefore, the presented data con-
tains valuable information for further scale-up steps.
Furthermore, the experimental campaign showed that the
addition of hydrogen can be used to increase the output of the
investigated process. The fluctuating addition of hydrogen
(H,) from wind power increased the output of the Fischer-
Tropsch plant in the case of catalyst B. This means that the
proposed process could be used for energy storage purposes.
Besides, it can be summarized that the laboratory-scale plant
showed good operational behavior during the experimental
campaigns. Catalyst B showed slightly better results than cat-
alyst A and significantly better results than catalyst C. The
results indicate once more the importance of the used catalyst
type. Future campaigns should focus on an improvement of
the catalyst performance and process integration as well as

economic aspects of large-scale applications. Assuming a sce-
nario of relevant times with a surplus of wind power in the
grid, the economy of such a process seems attractive.
Although there is still a need for further research to optimize
the synthesis process, the technology is about to be ready for
the demonstration at an industrial scale.
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