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Abstract: The production of sustainable, biomass-based synthetic natural gas (SNG) and Fischer—
Tropsch (FT) diesel can contribute significantly to climate neutrality. This work aims to determine
the commercial-scale production costs and CO, footprint of biomass-based SNG and FT diesel to
find suitable integration scenarios for both products in the Austrian energy system. Based on the
simulation results, either 65 MW SNG and 14.2 MW district heat, or 36.6 MW FT diesel, 17.6 MW FT
naphtha, and 22.8 MW district heat can be produced from 100 MW biomass. The production costs
with taxes for wood-based SNG are 70-91 EUR /MWh and for FT diesel they are 1.31-1.89 EUR /L,
depending on whether pre-crisis or crisis times are considered, which are in the range of fossil market
prices. The CO, footprint of both products is 90% lower than that of their fossil counterparts. Finally,
suitable integration scenarios for SNG and FT diesel in the Austrian energy system were determined.
For SNG, use within the energy sector for covering electricity peak loads or use in the industry sector
for providing high-temperature heat were identified as the most promising scenarios. In the case of
FT diesel, its use in the heavy-duty traffic sector seems most suitable.

Keywords: gasification; methanation; Fischer-Tropsch; simulation; techno-economic assessment;
CO; footprint

1. Introduction

The increasingly visible climate change around the world requires sustainable solu-
tions. The European Green Deal [1] aims to set the path to Europe’s climate neutrality
by 2050. Currently, only approximately 20% of Europe’s gross final energy consumption
is covered by renewable energy sources (RES). In Austria, even more ambitious targets
are being set for climate neutrality by 2040. Considering the RES share of 36.5% based on
Austria’s gross final energy consumption, sustainable solutions in the whole energy system
must be found quickly. The most considerable proportion of greenhouse gas emissions are
caused by generating electricity, heat, cold, and fuels using fossil feedstocks like natural
gas, coal, and mineral oil [2].

In addition to already proven renewable technologies, such as solar PV, wind power,
hydropower, and heat pumps using environmental heat, bioenergy can contribute signif-
icantly to achieving climate neutrality. The most significant advantage of bioenergy is
that there is great potential, especially in Austria, to produce the required energy sources,
such as electricity, heat, and fuels, with domestic raw materials. The use of lignocellulosic
biomass in the heat and power sector has already been proven for decades. Furthermore, oil
crops have been used to produce biodiesel for many years. Sugar and starch crops are used
within fermentation plants to produce bioethanol. Additionally, sugar and starch crops can
be fed together with biodegradable municipal solid waste to anaerobic digestion plants
to generate heat, power, and biomethane. Gasification technologies play a crucial role in

Energies 2023, 16, 6097. https:/ /doi.org/10.3390/en16166097

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16166097
https://doi.org/10.3390/en16166097
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1155-926X
https://orcid.org/0000-0001-9350-546X
https://orcid.org/0000-0001-6167-586X
https://orcid.org/0000-0001-8878-429X
https://orcid.org/0000-0001-6318-9072
https://doi.org/10.3390/en16166097
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16166097?type=check_update&version=3

Energies 2023, 16, 6097

2 0of 29

expanding the range of bioenergy products [3]. At TU Wien, dual fluidized bed (DFB)
gasification technology has been investigated for decades. It has been proven that this
technology is suitable for use with a wide range of raw materials. Almost all lignocellulosic
biomass and significant parts of biogenic residues can be converted to high-quality prod-
uct gas, mainly consisting of hydrogen, carbon monoxide, carbon dioxide, and methane.
After purification of the produced gas, it can be converted into high-value products such
as hydrogen, synthetic fuels, synthetic natural gas, or platform chemicals in addition to
electricity and heat production in a gas engine or gas turbine [4].

In 2002, the first demo plant based on DFB gasification technology for the production
of heat and power based on woody biomass went into operation in Giissing (AT), with a
thermal fuel power of 8 MWy,. In the following 15 years, more than 100,000 h of operation
were achieved. This successful demonstration resulted in the construction of further
commercial plants on a scale of 3.8 to 15.5 MWy, in Oberwart (AT), Villach (AT), Senden
(DE), Nongbua (TH), and Wajima (JP) in the last two decades. Many plants have been
forced to shut down recently due to high production costs for heat and electricity using
high-quality wood chips. As a result, research work in recent years has been focusing on
using lower-grade feedstocks [5] and producing higher-grade synthesis products such as
synthetic natural gas (SNG) [6] or Fischer-Tropsch (FT) diesel. In 2009, the world’s first
fluidized bed methanation pilot plant, with a SNG power of 1 MWgnGg, was integrated
into the existing DFB plant in Giissing. The largest DFB plant to date, with a scale of
33 MWy,, was commissioned in Gothenburg (SE) in the frame of the GoBiGas project
in 2013 [7]. In the GoBiGas project, the product gas was used to produce 20 MW SNG
in a fixed-bed methanation synthesis process. In 2022, a DFB plant using lower-grade
feedstocks with a scale of 1 MWy, was commissioned in Vienna (AT) at a waste processing
location. Additionally, the product gas in Vienna can be converted in a FT slurry reactor
to FT products [8-10]. Due to the large number of DFB facilities, nearly 200,000 industrial
operating hours could be collected, demonstrating the DFB gasification process. Therefore,
the DFB gasification process itself has already reached the commercial scale. The DFB
demo plant in Vienna helps to test and investigate the use of lower-grade feedstocks in an
industrial operational environment, thereby increasing the technological readiness level.
From a scientific and technical point of view, fixed-bed methanation has been successfully
demonstrated in Gothenburg. However, the Gothenburg plant was forced to shut down
for economic reasons. Alternatively, fluidized bed methanation can be used for SNG
production with the advantage that, instead of a multi-stage fixed bed methanation, only a
single-stage fluidized bed methanation unit is required for the production of the desired
raw-SNG. To commercialize fluidized bed SNG and FT diesel production based on product
gas from DFB gasification, a further demo plant in an operational environment, covering
the process from biomass supply until product use, is required to check the findings of the
pilot plants in long-term test runs [11].

Based on a study from TU Wien [11], the Austrian Government decided to fund the
establishment of a 5 MWy, demonstration plant for the biomass-based production of SNG
and FT diesel. With the help of this demo plant, the remaining knowledge gaps in terms
of long-term behavior should be closed. The findings should be used to promote the
commercialization of DFB technology in connection with SNG and FT diesel production in
Austria. Numerous researchers have investigated the technical feasibility of the primary
process units of the assessed process routes. The technical feasibility of the DFB gasification
process with different feedstocks, bed materials, and gasification temperatures has been
investigated intensively at the pilot scale [4,5,12]. Additionally, it was demonstrated at
the pilot scale that DFB gasification, coupled with oxyfuel combustion, can capture an
almost pure CO, stream in the flue gas in addition to a high-quality product gas [13-15].
Furthermore, intensive development work has already been carried out concerning the
layout and design of DFB plants [16]. Moreover, the large-scale demonstration of DFB
plants [7] and studies on their implementation in existing industries [17] have been executed.
Furthermore, the necessary gas cleaning steps following the gasification process have been
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successfully demonstrated [18,19]. The experimental validation and demonstration of the
methanation unit [6,20-22] and FT synthesis [23-27] have also been conducted.

Summing up, the technical feasibility of the production of biomass-based SNG and
FT diesel has been proven. After the first operation phase with the 5 MWy, demo plant,
the remaining knowledge gaps can be clarified, and commercialization can start. As-
sessments for similar process routes regarding the production costs [28,29] and the CO,
footprint [29,30] have been conducted and presented in the literature. However, neither a
techno-economic nor an environmental analysis have been performed yet based on, from
the current view, optimized commercial-scale concepts with the goal of reaching the status
of drop-in fuels according to the Austrian gas grid feed-in guidelines [31] and synthetic
fuel standards [32]. This analysis is urgently needed to determine a suitable integration
strategy for the two products in the Austrian energy system. Furthermore, the investigation
of energy system integration scenarios allows us to study socio-economic impacts such as
sectoral competitiveness.

For this reason, this paper investigates commercial-scale concepts for producing wood-
based SNG and FT diesel at a thermal fuel power of 100 MW for integration in the Austrian
energy system. In detail, the paper discusses the following sections:

Potential analysis of biogenic feedstock suitable for DFB gasification in Austria;
Modelling of commercial scale concepts for the production of biomass-based SNG and
FT diesel;

Techno-economic and ecological assessment of both routes;

Development of integration scenarios for biomass-based SNG and FT diesel in the
Austrian energy system.

Based on the developed commercial scale concepts, the mass and energy balances of
both process routes are calculated. The simulation results are the basis for determining the
production costs and CO, footprints. To consider the economic impact of the crises arising
from the Ukrainian war and COVID-19 on the Austrian energy market, the techno-economic
analyses are based on the reference years 2019 (pre-crisis level) and 2022 (crisis level). With
the help of the production costs, the CO; footprint, and the Austrian biomass potential, the
substitution possibilities, the influence on the sectoral greenhouse gas emissions, and the
sectoral gross value added can be calculated. Finally, suitable integration scenarios can
be proposed for using biomass-based SNG and FT diesel in the Austrian energy system.
Concluding, based on existing literature, the paper provides a novel comprehensive techno-
economic and ecological assessment of the commercial-scale production of biomass-based
SNG and FT diesel with the aim of reaching the status of drop-in fuels according to
the Austrian gas grid feed-in guidelines and synthetic fuel standards. Thus, the techno-
economic and ecological impact on various Austrian energy sectors can be calculated by
substituting fossil natural gas and diesel with biomass-based SNG and FT diesel.

2. Materials and Methods

In the following section, all applied methods are discussed. The biomass poten-
tial analysis builds the basis for defossilization capacities in the Austrian energy system.
Furthermore, commercial scale concepts are presented to provide information approxi-
mately assumptions within the process simulation. Additionally, the methodologies for the
techno-economic and ecological assessment are explained. Finally, scenarios for integrating
biomass-based SNG and FT diesel into the Austrian energy system are discussed.

2.1. Potential Analysis of Biogenic Feedstock

For the discussion of the integration possibilities of DFB plants into the Austrian
energy system, it is necessary to determine the biomass potential for such plants in Austria.
The evaluation of the biomass potential until 2050 is based on studies from the Austrian
biomass association [33], the feasibility study “Reallabor” [11], and studies from DifSauer
et al. [34] and Hammerschmid et al. [35]. A fluidized bed gasifier is able to process various
raw and residual materials since fluidized beds have proven to be robust and fuel-flexible
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for the thermo-chemical conversion of various feedstocks [4,5,11]. The following defined
biomass potentials refer to the year 2050 and can be understood as reduced technical
potentials [35,36]. The reduced technical potential in 2050 can be seen as the additional
amount of biomass made available by political and social changes and efforts without
endangering sustainable agriculture and forestry. Table 1 lists the technical biomass po-
tential from different literature studies. The value for woody biomass ranges between
50-126 PJ/a, including forest biomass, bark, and sawmill by-products. Thus, a reduced
technical potential of 75 PJ/a is assumed in this study. A range of 100-200 PJ/a can be
determined for the technical biomass potential of agricultural raw materials and residues,
which comprise short-rotation wood, straw, beet leaves, corncobs, grapevine pruning, and
miscanthus within this study. The available values of the mentioned studies are partly
based on very ambitious expansion targets for short-rotation wood and miscanthus. Fur-
thermore, ambitious targets for the energetic utilization of straw were adopted. To ensure
sustainable agriculture, a lower reduced technical potential of 80 PJ/a is assumed for the
present study. Furthermore, the technical biomass potential of other biogenic residues
and waste are investigated, including waste wood, sewage sludge, manure, and biogenic
rejects from several industries. The mentioned studies list an additional technical biomass
potential of 10-67 PJ/a, which corresponds to a reduced technical biomass potential of
30 PJ/a.

Table 1. Analysis of reduced technical biomass potential in 2050.

Additional Technical

Additional Technical Additional Technical Biomass Potential 2050 Additional Reduced
Property Classes Biomass Potential 2050 Biomass Potential 2050 Scenario “Hieh” and Technical Biomass
and Components (Study Difsauer (Study Biomass P 8 Y Potential 2050
et al. [34]) Association [33]) Biomasse Max (Present Study)
: (Study Kranzl et al. [37]) y
Woody biomass 126 PJ/a 50 PJ/a 110 PJ/a 75P]/a
Agricultural raw
materials and 126 PJ/a 200 PJ/a 100 PJ/a 80PJ/a
residues
Other biogenic 67 PJ/a 50 PJ/a 10 PJ/a 30P]/a

residues and waste

In total, an additional reduced technical biomass potential of 185 P]/a is defined within
this potential analysis based on literature values. Additionally, the potential analysis in [11]
showed that a plant size of 100 MWy, builds up a good compromise between low specific
investment costs due to economy of scale and sustainable biomass procurement. At this
point, it must be mentioned again that, in any case, attention must be paid to sustainable
agricultural and forestry management.

2.2. Commercial Scale SNG and FT Production Concepts

The underlying commercial-scale process concepts of the FT diesel and SNG routes
are presented as a basis for the techno-economic and ecological assessment and scenarios
for technology roll-out. The conceptual design of the biomass-based FT diesel and SNG
route described in this chapter is based on experience through the operation of laboratory,
pilot, and demonstration plants. Furthermore, commercial DFB plants were scientifically
monitored. The scalability of all the investigated individual process units has already been
demonstrated in other applications, at least on a demonstration scale.

Figure 1 depicts the proposed process routes for producing SNG and FT products
from woody biomass on a 100 MWy, scale. The process flowsheet is divided into four
main sections: resource supply, gasification, gas cooling, cleaning, and synthesis, and
gas upgrading. Both process routes only differ in the synthesis and gas upgrading steps,
depending on the desired product. Otherwise, the same process layout can be utilized,
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which reduces the engineering efforts for both routes. Note that the process routes are
meant as standalone SNG or FT production routes and are only displayed together to save
space and showcase their similarity. Furthermore, only the main process units are shown in
the simplified process flow diagram (PFD). Heat displacement and regeneration steps are
omitted for better legibility. Process simulation of this flow sheet was performed with the
process simulation software IPSEpro 8.0. The process simulation is based on wood chips as
the fuel. The assumed biomass composition can be found in the Supplementary Materials.
Furthermore, no variations were considered with regard to fuel. However, experiments
have shown that the main components of the resulting product gas hardly change, but the
impurities vary strongly due to the fuel variation [5]. Consequently, more impurities in
the product gas would require a more extensive product gas cleaning section. Moreover,
research is still needed for the large-scale use of low-grade fuels such as sewage sludge in
DEFB gasification. Therefore, the developed plant concept only applies to woody biomass.
A detailed list of the assumptions and process parameters used for the simulation is shown

in the Supplementary Materials.

synthesis & gas upgrading

| gasification
| reactor (GR)

resource supply gasification gas cooling & cleaning
tail gas tail gas
condenser  cooler reformed tal gas
=
€1-Cs + unceny. gas
29 e e e B oo steam
L : FTgas + - - reformer
] unceny_gas separation| tail gas,
§E2 solvent ® Cice healeri flue gas
2sg (MEA) FT - B n ar
8E8 ¢p, surry [ quench - combustion
=
13 % scrubber reactor | _column w0 = chamber FT
solvent © X & FT steam ° d
(RME) . . - |J gl liquids MD 1 QENETator products
e - ' guard - um h
£  pump eater naphtha
& g 5 . r(eza céo)r 182 hydro-
- w o H.0 H:0 n
@ . <1 £ _ s
o 8 8 2% 3 g% wen wax Cracker heat distilation
5
3 g ; @ g BE A syngas heater @ CuCy )
3 & o Q lose heat @ S i
product gas (PG) i 0, heat . hydro- . drop-in diesel
it | wax (G |yl
H.
solvent t;eééce .- 13 o H
regen. P L .
iz c8o uard ]
flue gas (FG) i SEE 9 g solvent . solvent
g 288 reactor  fluidized bed © S (glycol)
= 82 23 ’ o (MEA) S alyi
air 5 % DES (Zn0)  methanation 8 lycol
woody = 2 Se z : gy
d B =] EE syngas @ aw-SNG scrubber o dryer
biomass I ] 8 2 preheater 5 raw- Z
@ 5 " . & condenser W
2
S @ ggm
= e
emulsion H.0 heat heat heat

old bed fresh bed 5
material material

Steam gen solvent solvent

H.O
NH; *
methanation regen. regen.
0 H:0

MEA loss dlycal loss.

— —

steam pre- Post-
generation evaporator combustion

chamber steam FG filter
softened SH FG cooler
water

TUWien
heat W)LY [nstiute of chemical,
FG blower I Environmental and Bioscience

Y | Engineering

fly ash stack
CO,

cOo; 100 MWy, FTISNG plant

10,08.2023

Figure 1. Simplified process flow diagram of the 100 MWy, FT and SNG routes (note: FT and SNG
production are standalone routes but are displayed together in this picture).

The resource supply section consists of the on-site fuel handling and storage, as well
as a dryer to reduce the moisture content of the fuel to an optimal and constant level
for gasification, which is approximately 20%. In this study, the considered fuel is woody
biomass (cf. Section 2.1).

The heat required for drying is supplied internally through heat displacement. The
gasification section at approximately 820 °C is based on the advanced DFB steam gasifica-
tion technology, utilizing a mixture of olivine and limestone as a bed material (80/20 wt.%)
in contrast to the classical, industrially proven DFB steam gasification. The product gas,
which mainly consists of Hy, CO, CO,, CHy, and H;O, leaves the gasification reactor and is
cooled to 180 °C in heat exchangers (PG cooler). In the coarse gas cleaning section, dust
is removed in a baghouse filter (PG filter) and tars are separated in a biodiesel scrubber
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at 40 °C based on the solvent rapeseed methyl ester (RME). Additionally, water vapor
condenses in the biodiesel scrubber and enables the separation of water-soluble substances
from the product gas, like ammonia (NH3). The tar-rich RME and the condensed water are
directed into a phase separator (solvent regen). Here, the liquid separates into a clear RME
phase, an emulsion phase, and a water phase. The clear RME phase is recirculated to the
scrubber, while the water phase is evaporated, superheated, and reused as a gasification
agent in the gasification reactor. In this way, the freshwater consumption of the DFB system
is reduced. The emulsion phase consists of a mixture of RME, absorbed tars, and water,
and is utilized as additional fuel in the combustion reactor. Downstream of the biodiesel
scrubber, part of the product gas is recirculated to the combustion reactor to provide the
necessary heat for gasification. This way, there is no need for an external fuel supply to
the combustion reactor during the process. In the fine gas cleaning section, all remaining
impurities that harm the catalysts during the synthesis processes and are unwanted in
the final product are removed. Activated carbon filters (AC filters) remove light aromatic
compounds such as benzene, toluene, or naphthalene, as well as sulfur compounds such
as hydrogen sulfide (H,S). The activated carbon filters are operated through temperature
swing adsorption (TSA), and the regeneration is carried out with steam at 250 °C [38]. The
contaminated steam is disposed of in the post-combustion chamber. At this point, the
requirements of the FT and SNG processes, and, therefore, the process chains, start to differ.

For the SNG route, the product gas is compressed to 10 bar in a two-stage inter-
cooled compressor and preheated to 250 °C. ZnO acts as a protection layer against sulfur
breakthrough. The conversion of syngas to raw-SNG takes place in a cooled fluidized
bed methanation reactor at 320 °C in the presence of a nickel catalyst. A thermodynamic
equilibrium model is used for this stage. After heat recovery, a condenser separates water
from the raw SNG, and the gas enters an amine scrubber for CO, removal. The condensed
water is fully reused within the process, e.g., for steam regeneration of the activated carbon
or for steam addition upstream of the methanation reactor. In the last step, the gas is dried
in a glycol scrubber and transferred to the natural gas grid following the specifications of
the Austrian gas grid (OVGW G B210 [31]).

The product gas is compressed in three stages to 21 bar for the FT route. After the
second compression step, CO; is removed in an amine scrubber at 10 bar, and recycled tail
gas from the steam reformer is added to the product gas stream. Similar to the SNG route,
the syngas is preheated, passes a ZnO guard bed and enters a FT slurry reactor at 230 °C.
For the simulation of the FT reactor, the extended Anderson-Schulz-Flory distribution
from Fortsch et al. [39], with modeling parameters according to Pratschner et al. [40], and a
single-pass CO conversion of 50% are assumed. Liquid FT products are withdrawn from the
slurry reactor and pumped into a hydrocracker. The hydrocracker converts long-chain FT
products with hydrogen on a platinum catalyst to shorter molecules and thus increases the
output of the desired diesel fraction. A consecutive distillation separates the product from
the hydrocracker into different molecular weight fractions. Gaseous molecules (C;—-C3)
are directed to the steam reformer, and C4—Cg molecules are sold as a naphtha fraction
to a refinery. Long-chain waxes (Cy,) are recycled to the hydrocracker and converted to
low-boiling hydrocarbons (C1—Cig). The properties of the desired diesel fraction (C19p—Ci9)
are further adjusted in a hydrotreater, allowing the production of drop-in diesel fuel with
similar properties to its fossil counterpart, according to DIN EN 15940 [32]. The gaseous
phase leaving the FT slurry reactor consists of molecules with different chain-lengths and
unconverted syngas. Thus, a quench column condenses Cyg; hydrocarbons pumped to the
fractional distillation. A further condensation step separates a naphtha fraction from the
remaining gas. C;—C3 molecules and unconverted syngas are brought to a steam reformer
to reclaim CO and Hj. The necessary heat for the steam reformer is provided through
the combustion of a partial flow (15%) of the gas itself. The reformed tail gas is then
reintroduced to the process upstream of the FT slurry reactor for further conversion.

Furthermore, CO; and district heat are generated as side products from these processes.
Additionally, for the FT route, a naphtha fraction can be sold to the refinery. CO, is a main
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component in the product gas and is separated in amine scrubbers with an assumed purity
of 95%. After upgrading, the CO; is sold and creates additional revenues. District heat is a
result of the thermal nature of the involved processes. Heat sources and sinks are matched
in this study so that no external heat supply is required. Nevertheless, heat at temperature
levels above 100 °C remains, which can be utilized as district heat and create additional
revenues. The processes also generate water at various steps along the process chains
(e.g., RME scrubber, condensation steps, etc.), which is assumed to be internally reused for
steam production (e.g., gasification agent, regeneration of activated carbon, etc.). Because
of the water and hydrogen content of the biomass, typically more water is produced than
consumed. Therefore, wastewater disposal costs are included for the effluent streams.
However, a potentially necessary water upgrading for the internally recycled water is
neglected. For the DFB gasification process itself, the internal use of steam as a gasification
agent from the condensed water phase from the RME scrubber, with pre-evaporation to
remove unwanted impurities via the post-combustion chamber, is industrially proven.

2.3. Techno-Economic and Ecological Assessment

The techno-economic and ecological assessment is performed based on the process
simulation of the biomass-based SNG and FT diesel route. The techno-economic inves-
tigation follows the net present value method, which analyzes a pending investment by
discounting future payments and revenues to the present. The levelized costs of products
(LCOP) in terms of synthetic natural gas and FT diesel are calculated according to Equation
(1). Thus, the LCOP are influenced by the total capital investment costs of the plant (),
the annual expenditures (E), the annual revenues of secondary products (Rse. prod-), and
the annual quantity of the produced main product (Mt ygin proa-)- The discounting of the
revenues, expenditures, and the annual quantity of the produced main product is con-
sidered using the cumulative discount factor (CDF) according to Equation (2), which is a
function of the interest rate (i) and the plant lifetime (1) [41-44]. The total capital invest-
ment costs of the biomass-based SNG and FT diesel route with a 100 MWy, thermal fuel
power scale are based on the visualized methodology in Figure 2. For the techno-economic
assessment, the process route is divided into two sections. The first plant section, from
the biomass feeding system until the primary product gas cleaning, has been built already
several times worldwide at a commercial scale with a plant size from 8-32 MWy, [11].
According to the order of magnitude method [11,45], the inflation-adjusted total capital
investment costs of the plants in Giissing, Oberwart, and Senden are used to determine
the total capital investment costs of an average DFB plant with a thermal fuel power of
15 MWy,. The final total capital investment costs for a 100 MWy, scale for the first plant
section are calculated using the cost-scaling method [11] according to Equation (3). The
total capital investment costs of the second plant section are calculated via the cost-scaling
of inflation-adjusted literature values according to Equation (3). The purchased equipment
costs are multiplied by a Lang factor of 4.87 for solid-fluid-processing plants, according to
Peters et al. [46], to consider all additional costs like instrumentation and control, piping,
or electrical equipment. The expenditures and revenues are calculated based on simulation
results and cost rates for all operating utilities. Two base years for calculating the LCOP for
SNG and synthetic FT diesel are selected, namely 2019 and 2022. The year 2019 provides an
investigation concerning the pre-crisis level. The increased energy prices after COVID-19
and the Ukraine war are reflected by the base year 2022. For the SNG process route, the
expenditures are compensated by the revenues from the sale of district heat and captured
COs,. In the FT process route, naphtha is produced as a by-product in addition to CO,
and district heat. Additionally, the resulting LCOP values are based on a plant lifetime of
20 years. Further details on calculating the total capital investment costs and the considered
cost rates and assumptions for the techno-economic assessment are summarized in the
Supplementary Materials.
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Figure 2. Methodology for the calculation of total capital investment costs [11,45].

The resulting LCOPs for both routes are compared with the market prices of their
fossil equivalents and LCOPs of alternative renewable routes. Finally, a sensitivity analysis
is conducted to analyze the influences of assumed cost rates on the resulting LCOP values.
For further details on the determination of the LCOP, a reference is made to [46]
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LCOP = @)
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Additionally, an ecological assessment of both process routes is conducted to analyze
the CO, footprint of the produced synthetic products. The process balance boundaries are
defined by a Well-to-Tank approach [47,48]. The calculation of greenhouse gas emissions
is based on the unit CO, equivalents (CO,e) in order to achieve a standardization of the
climate impact of different greenhouse gases. Therefore, the CO, footprint of both process
routes is determined by calculating the direct and indirect greenhouse gas emissions of
the main utilities, including the built-in steel and concrete, via ecological factors. The
ecological factors are mainly based on databases from the Federal Environmental Agency
of Austria [49], Germany [50], and the database of the software tool GEMIS 5.0 [51]. For the
ecological factor of the consumed electricity, it is assumed that green electricity is used [49].
In accordance with the IEA [49], the energy allocation method was applied to allocate the
resulting absolute CO,e emissions to the primary and secondary products. The functional
unit for the techno-economic and ecological assessment is MWhgng for the SNG route
and Ipjeqel for the FT route. At this point, it must be mentioned that for a holistic life
cycle assessment of the two biomass-based products, many other ecological factors such as
acidification potential, eutrophication, and land use have to be considered in addition to
the CO, footprint. Further details on calculating the ecological footprint are summarized
in the Supplementary Materials.
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2.4. Scenarios for Integrating Biomass-Based SNG and FT Diesel in the Austrian Energy System

The techno-economic and ecological assessment of the 100 MW biomass-based SNG
and FT route form the basis for discussing the scenarios for integrating biomass-based SNG
and FT diesel into the Austrian energy system. The techno-economic assessment explained
in Section 2.3 is based on woody biomass. Other feedstocks like energy crops, straw, or
sewage sludge are mostly cheaper than woody biomass. However, the more complex gas
cleaning process in the case of non-woody biomass also induces higher investment and
operating costs. Furthermore, the ecological assessment is also based on woody biomass.
The use of different feedstocks influences the resulting CO, footprint. Nevertheless, for the
following scenarios, the whole biomass potential from the potential analysis is considered,
assuming that the production costs and CO, footprint of SNG and FT diesel remain constant
independent of the feedstock. In total, six scenarios for integrating drop-in FT diesel or SNG
into the Austrian energy system are discussed. The underlying demand for natural gas and
diesel is based on 2021 [2,52]. Below, the scenarios considered are explained, showing the
broad integration possibilities of the two products.

(@) SNG use in the energy sector

The first scenario is based on the use of SNG in the energy sector for defossilization of
existing heat, combined heat and power, and power plants. Due to the increasing share of
fluctuating renewable energy sources in the Austrian power grid, further flexibility options
have to be installed to ensure the security of supply. On the one hand, this can be achieved
through the increased interconnection to the European power grid with corresponding
national grid reinforcement and grid expansion projects, as well as the installation of
additional storage facilities [53]. On the other hand, existing gas-fired power plants could
be retained for peak load coverage and still be defossilized with SNG. Additionally, gas-
fired heat plants based on biomass-based SNG can decrease the CO; footprint of existing
district heating systems directly. Within this scenario, the natural gas consumption from the
energy sector is completely substituted with biomass-based SNG based on industry prices.
The defossilization potential assumes that the natural gas consumption in the energy sector
remains constant until 2050.

(b) SNG use in the private and public sector (without mobility)

In the second scenario, the use of SNG in the private and public sector is considered,
which means that existing gas boilers in private households, public and private services, and
aggregates in the agriculture and forestry sector are retained and driven by biomass-based
SNG. Of course, renewable heat supply in the private sector can also be achieved via other
technologies, such as heat pumps or solar thermal, but the necessary high inlet temperatures
in old apartments, as they are found in Vienna, can only be achieved satisfactorily by district
heat or wood-fired boilers [54]. Therefore, the defossilization of existing gas infrastructure in
the public and private sector using biomass-based SNG can also contribute to a sustainable
energy system. The following techno-economic assessment in this scenario is based on
household prices. The defossilization potential assumes that the natural gas consumption
in this sector remains constant until 2050.

(¢) SNG use in the industry

The third scenario for integrating biomass-based SNG in the Austrian energy system is
integration in the manufacturing sector. Natural gas in burners is used in different sectors
like the chemical, pulp and paper, cement, or steel industries to provide high-temperature
heat for several production processes. Integrating biomass-based SNG in the industry
would be an easy way to provide the necessary high-temperature heat without any changes
in the current utilized process chains [55]. Furthermore, the material use of natural gas
in the industry sector could be easily substituted with biomass-based SNG. The techno-
economic assessment in this scenario is based on industry prices. The defossilization
potential assumes that the natural gas consumption in the industry sector remains constant
until 2050.
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(d) FT diesel in private and public transport

Therein, the use of biomass-based FT diesel as drop-in fuel in conventional diesel
cars and buses is considered. For evaluating the defossilization potential, it is assumed,
according to [35], that the number of diesel cars and the associated diesel demand will be
reduced by half until 2050. The number of diesel buses will remain constant until 2050. The
techno-economic assessment in this scenario is based on petrol station market prices for
private consumers.

(e) FT diesel in heavy-duty traffic

The fifth scenario is based on integrating biomass-based FT diesel in the heavy-duty
traffic sector. In this sector, freight transport with light and heavy commercial vehicles (LCV
and HCV) and the diesel demand in agriculture and forestry is considered. Furthermore,
the diesel demand for inland navigation and railway is discussed. For calculating the
defossilization potential in this scenario, it is assumed that the number of LCVs will be
reduced, simultaneously with the number of cars, by half until 2050 [35]. The number of
diesel-driven HCVs, tractors, ships, and trains will remain constant until 2050 [35]. For the
techno-economic assessment, the mean value of the petrol station market price for private
consumers and the stock market diesel price is considered.

(f) FT diesel in heat and power

Finally, the sixth scenario includes the integration of FT diesel in the heat and power
sector. Therein, the diesel demand in the manufacturing and the public and private sectors
is considered. Similar to the use of SNG in industry, FT diesel can provide high-temperature
heat. The diesel demand in the public and private service sectors can be mainly attributed
to, e.g., emergency diesel aggregates in hospitals and other critical infrastructure. The diesel
demand in the manufacturing sector is assumed to remain constant until 2050, whereas a
reduction by half is assumed for the public and private sector due to a substitution with
other renewable technologies [35]. The techno-economic assessment is based on the stock
market diesel price.

These six scenarios are further investigated and compared to discuss the techno-
economic and ecological impact of each integration possibility. Therefore, the natural gas
and diesel demand in 2050 is estimated in all sectors and compared with the SNG and
FT diesel potential. Furthermore, the CO; reduction potential (COze,4 sector i) through the
substitution of natural gas with SNG or fossil diesel with FT diesel is investigated in each
scenario (see Equation (4)). For this, the annual amount of sectoral used gas or diesel
(Egas/iesel sector i) is multiplied by the difference in CO; footprints between the renewable
biomass-based product and its fossil counterpart (FP) and divided by the absolute an-
nual CO; emissions in the respective sector (COze;; sector i)- Finally, the techno-economic
comparison between the SNG and FT diesel production costs with the market prices (MP)
of the fossil counterpart shows the economic competitiveness (EC) of both products (see
Equation (5)). The comparison of the total additional costs or savings per year with the
gross value added (GVA) shows the economic impact in the respective sector. The GVA
is calculated from the gross production values achieved, reduced by all advance outlays.
Simplified, GVA could be described as a company’s revenue minus expenses for all kinds
of utilities. The resulting GVA is ultimately shared among all the stakeholders involved,
namely the employees, the company owners, and the state. Consequently, the EC deter-
mines the percentage by which the sectoral GVA or, in approximation, the profit changes as
a result of switching to biomass-based SNG or FT diesel.

Egas/diesel,sectori * (FPfos.gus/diesel - PPSNG/FTdiesel)

(4)

COze ;=
red,sector i
’ COZEtot sectori

Egas/diesel,sectori * (Mpfos.gas/diesel - LCOPSNG/FTdiesel)

ECupctor i =
sectort GVAtotal,sector i

©)
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Finally, alternative options for using SNG and FT diesel are discussed, which can
contribute to a sustainable energy system in the individual sectors. Consequently, in
addition to a quantitative comparison of the individual scenarios based on techno-economic
and ecological footprints, a qualitative comparison of possible alternatives can be used to
find the most suitable application for SNG and FT diesel.

3. Results and Discussion

In this chapter, all results are visualized and discussed. First of all, the input and
output streams of both commercial scale routes for producing wood-based SNG and FT
diesel with a thermal fuel power input of 100 MWy, are determined. Then, the techno-
economic and ecological competitiveness of each route, regarding levelized production
costs and CO; footprints, is assessed. Finally, the integration of biomass-based SNG and FT
diesel in several sectors of the Austrian energy system is discussed.

3.1. Input- and Output Streams of Commercial SNG and FT Production Plants

In Section 2.2, the commercial scale concepts for both investigated routes were pre-
sented. Based on these concepts, the process simulation results in terms of input and
output streams for both routes are presented in this chapter. In Table 2, the input and
output streams for the production of wood-based SNG based on 100 MWy, scale are sum-
marized. Thus, it can be concluded that approximately 65 MW of SNG can be generated
from 100 MWy, woody biomass. In addition, approximately 14.2 MW of district heat and
6150 Nm?/h of CO, for storage or utilization can be recovered.

Table 2. Input and output streams for producing wood-based SNG related to a thermal fuel power of
100 MW.

Plant Input Plant Output
Input Stream Unit Value Output Stream Unit Value
kg/h 33,250 . Nm?/h 6840
§ Synthet tural
Biomass (wood) KWhefore drying 94360 ~ CYMEHCTAIATEas KW 64,960
KWafter drying 100,000 District heat kW 14,170
Fresh bed material (80% olivine and Captured CO; for 3
20% limestone) kg/h 150 storage or utilization Nm®/h 6150
Fresh scrubber solvent (rapeseed ke/h 110 Ash and dust ke/h 350
methyl ester)
Fresh amine (monoethanolamine) kg/h 18.4 Waste water kg/h 320
Fresh glycol kg/h 0.1
Electricity kw 4340

Table 3 shows the input and output streams for the production of wood-based FT
diesel based on a 100 MWy, scale. Therein, it can be seen that through the gasification of
woody biomass with subsequent gas cleaning, FT synthesis, and FT upgrading, approxi-
mately 36.6 MW of drop-in FT diesel can be produced. Additionally, 22.8 MW district heat,
17.6 MW FT naphtha, and 3790 Nm?/h of CO, can be recovered.

In comparison, the SNG process yields a higher energetic efficiency than the FT process.
About 79% of the chemical energy from the woody biomass can be transferred to SNG and
district heat, whereas 77% is found in FT diesel, naphtha, and district heat. Furthermore,
more CO, needs to be captured in the SNG process due to a higher CO, capture rate and
less carbon in the product per molecule of CHy compared to FT products. Thus, more
amine is also needed for the scrubber. In the FT process route, more electricity is required
to reach higher synthesis pressure levels. Additionally, hydrogen is needed to upgrade FT
products in the hydrocracker and hydrotreater. The presented simulation results are the
basis for the calculation of the techno-economic and ecological results.
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Table 3. Input and output streams for producing wood-based FT diesel related to thermal fuel power
of 100 MW.

Plant Input Plant Output
Input Stream Unit Value Output Stream Unit Value
kg/h 33,250 FT diesel L/h 3850
Biomass (wood) KWhefore drying 94,360 1ese kW 36,563
KWater drying 100,000 FT naphtha L/h 2000

Fresh bed material (80% olivine and

20% i kg/h 150 kW 17,561

o limestone)

Fresh scrubber solvent (rapeseed methyl ester) kg/h 110 District heat kW 22,823
Captured CO,

Fresh amine (monoethanolamine) kg/h 115 for storage or Nm?/h 3790
utilization

Hydrogen (for hydrocracking and hydrotreating) kg/h 26.3 Ash and dust kg/h 350

Electricity kW 6120 Waste water kg/h 2635

3.2. Techno-Economic Results of Commercial SNG and FT Production Plants

Based on the simulation results, a techno-economic assessment determines the lev-
elized production costs for both commercial-scale routes. The underlying methodology
for determining the production costs for wood-based SNG and FT diesel is explained
in Section 2.3.

Figure 3 visualizes the production costs of wood-based SNG for the 100 MWy, scale.
They are compared with the household and industry market prices of fossil natural gas
based on the pre-crisis year 2019 and crisis year 2022. The production costs for SNG
consist of approximately one-third each, namely, of fuel, operation and maintenance, and
investment costs. For the base year 2019, the production costs of SNG, including taxes,
are around 70 EUR /MWh. For 2022, the production costs rose to approximately 91 EUR
/MWh. The increase in production costs is attributable to all three previously mentioned
cost drivers. While the investment costs increased by 37% and the fuel costs by 27%, the
most significant price increase, with 57%, was seen for operation and maintenance (O&M)
costs. This is due to the doubling of the industrial electricity price from 2019 to 2022.
However, the price increases were partially compensated by the rising purchase prices
for district heat and CO,. Meanwhile, market prices for fossil natural gas doubled in the
household sector and tripled in the industrial sector during the period under consideration.
Consequently, production costs of wood-based SNG are at household market price levels
in 2019 and at industrial market price levels in 2022 compared to fossil natural gas.

In Figure 4 (left), the determined production costs excluding taxes for wood-based
SNG for 2019 are compared with those for alternatives based on renewable energy sources
(RES), according to Terlouw et al. [56] and Go6tz et al. [57]. These alternatives comprise
e-fuels based on renewable electricity and CO; from biogenic sources and biomethane
based on manure and corn silage. The comparison shows that the production costs for
biomethane are 20-55% higher than the SNG production costs based on woody biomass in
the 100 MW scale. The e-fuels’ production costs are 175%higher than the production costs
for wood-based SNG. In this comparison, the plant scale for biomethane is considerably
lower, which is unfavorable regarding the economy of scale, and biomethane plants are not
being built much larger. In the case of e-fuels, the high production costs can be attributed
primarily to the high dependency on the underlying electricity price, which is the main
price driver.

In Figure 4 (right), the sensitivity analysis of the SNG production costs based on the
year 2022 is visualized. The most significant influence on SNG production costs is caused
by the annual operating hours, the plant lifetime, the fuel costs, and the investment costs.
Consequently, high plant availability and lifetime, and minimization of investment and fuel
costs must be realized to keep production costs low. Furthermore, a moderate influence on
SNG production costs is induced by interest rate, electricity price, maintenance, insurance
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and administration costs, and earnings through captured CO, and district heat. Other
operating utility costs have little to no impact on SNG production costs.
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Figure 3. Comparison of production costs of wood-based SNG with the market price of fossil
counterparts based on the years 2019 and 2022.
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Figure 4. Comparison of production costs of wood-based SNG with RES alternatives (left, base year
2019) [56,57] and sensitivity analysis of production costs of wood-based SNG (right, base year 2022).

In Figure 5, the FT diesel production costs are compared to the stock market and
petrol station prices for fossil diesel based on the pre-crisis year 2019 and the crisis year
2022. The FT diesel production costs are in the range of the petrol station prices but above
stock market prices for fossil diesel in both reference years. Furthermore, the FT diesel
production costs comprise 20-23% fuel costs, 36-39% operation and maintenance costs, and
40-41% investment costs, dependent on the base year. The FT diesel production costs with
taxes are approximately 1.31 EUR /L for 2019 and 1.89 EUR /L for 2022. The production
costs increase from 2019 compared to 2022 is in the same range as mentioned for the SNG

process route.
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Figure 5. Comparison of wood-based FT diesel production costs with market price of fossil counter-
part based on the years 2019 and 2022.

Additionally, the yearly operation and maintenance costs of the FT diesel route are
67-74% higher compared to the SNG route. This is because of the higher consumption of
catalysts and electricity and higher maintenance needs. The investment costs of the FT
diesel production route are approximately 70% higher than the investment costs of the
SNG process route, while the fuel costs remain constant.

In Figure 6 (left), the FT diesel production costs excluding taxes, based on 2019,
are compared with renewable alternative routes published by Maniatis et al. [58] and
Pratschner et al. [59]. The biodiesel production routes fatty acid methyl ester (FAME) and
hydroprocessed ester and fatty acid (HEFA) based on used cooking oil show production
costs of 0.86-0.87 EUR /L and are approximately 26% cheaper than the wood-based FT
diesel at 100 MW scale. The jatropha oil-based biodiesel from the HEFA route is more
expensive than the FT diesel due to the higher fuel costs. E-fuels based on RES electricity
and industrial CO, are approximately two to three times more expensive than wood-based
FT diesel due to the high dependency on the electricity price.

The sensitivity analysis regarding the wood-based FT diesel production costs for 2022
is visualized in Figure 6 (right). Similar to the SNG route, the main influences are the annual
operating hours, the plant lifetime, and the investment costs. However, the sensitivity to
varying fuel costs is lower in comparison to the SNG route due to their lower share within
the overall production costs.

If the techno-economics of the biomass-based SNG and FT diesel routes are com-
pared in an energy-related manner, it is noticeable that the production costs of SNG at
70-91 EUR /MWHh are much lower than FT diesel with 137-198 EUR /MWHh. This results
from the much higher investment costs for the production of FT diesel due to the signifi-
cantly more complex product upgrading steps. Furthermore, the O&M are higher because
more electricity is required for compression to a higher pressure level in synthesis and
hydrogen is needed in upgrading.

3.3. Ecological Results of Commercial SNG and FT Production Plants

In analogy to the techno-economic, the egologic assessment expressed by the CO,
footprint of both process routes is conducted. The underlying methodology for determining
the CO, footprint for wood-based SNG and FT diesel is explained in Section 2.3.

Figure 7 (left) shows a breakdown of the CO, footprint of the wood-based SNG
production route. The CO, footprint per produced unit of SNG is 0.027 kgCOe/kWhgne.
The direct and indirect emissions of wood are responsible for approximately 77% of the
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total CO, footprint. About 10% are related to using rapeseed methyl ester as a scrubber
solvent. All the other utilities, like steel, concrete, bed material, activated carbon, zinc
oxide, nickel catalyst, amine, glycol, and green electricity, cause the remaining 13% of the
overall CO; footprint. Regarding the CO, footprint for electricity, it must be mentioned
that the calculation is based on the utilization of green electricity. If the CO, footprint of the
Austrian electricity mix were chosen, the total CO, footprint of the produced SNG would
increase by 37% to 0.037 kgCOse/kWhgng.
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Figure 6. Comparison of wood-based FT diesel production costs with RES alternatives (left, base
year 2019) [58,59] and sensitivity analysis of production costs FT diesel (right, base year 2022).
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Figure 7. Breakdown of the CO; footprint of wood-based SNG (left) and comparison with fossil and
RES alternatives (right) [30,49,60].

In Figure 7 (right), a comparison of the CO, footprint from wood-based SNG with that
from fossil natural gas, according to Federal Environmental Agency Austria [49], and from
RES alternatives, according to a study from Jungmeier et al. [30,60], is shown. Therein, it
can be seen that using wood-based SNG at 100 MW scale instead of fossil natural gas can
save 90% of CO, emissions. Furthermore, the CO, footprint of wood-based SNG is also
lower compared to the renewable alternatives biomethane and e-fuel. The CO, footprint
per kWh of biomethane, based on the average substrate mix within the European Union,
is more than double as high as the value of synthetic natural gas, mostly caused by the
emissions due to the use of corn silage or energy plants. The CO, footprint of e-fuels using
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renewable electricity and biogenic CO, is also in the range of wood-based SNG and quite
low. However, the CO, footprint of e-fuels using fossil electricity is much higher than that
of fossil natural gas. Finally, it has to be mentioned that for the CO, footprint of the biomass-
based SNG, the 6150 Nm? /h of captured CO, during gas upgrading are not considered. If
this is considered a CO; sink, a negative CO, footprint of 0.127 kgCOye/kWhgn could be
achieved, and thereby, a below zero emission technology is possible.

In Figure 8 (left), the breakdown of the CO, footprint for the wood-based FT diesel
is shown. The CO, footprint of the wood-based FT diesel is 0.269 kgCOse/IpT giesel- The
distribution of CO, emissions is very similar to the SNG process route. Due to the larger
consumption of different catalysts in the synthesis and upgrading step, the category “other
utilities” has a slightly larger impact on the CO, footprint compared to the SNG route.
The electricity consumption is also slightly higher due to the higher pressure level in
the synthesis step. Additionally, hydrogen is required in the upgrading steps of the FT
diesel, which also accounts for a small share of the CO, footprint. The CO; footprint of the
electricity is based on green electricity. If the CO, footprint of the Austrian electricity mix
were chosen for calculating the CO; footprint of electricity and hydrogen, the total CO,
footprint of the produced FT diesel would increase by 64% to 0.440 kgCOse/IpT diesel-
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Figure 8. Breakdown of the CO; footprint of wood-based FT diesel (left) and comparison with fossil
and RES alternatives (right) [49,61,62].

In Figure 8 (right), the CO; footprint of the wood-based FT diesel is compared with
that of fossil diesel, according to Federal Environmental Agency Austria [49], and of RES
alternatives, according to studies from Aichmayer et al. [61] and Pratschner et al. [62]. The
CO; footprints of the wood-based FT diesel and the e-fuels, both based on green electricity,
are the lowest and more than 90% lower compared to the CO; footprint of fossil diesel.
If using fossil-based electricity as an energy source for e-fuels, the CO; footprint is much
higher than the CO; footprint of fossil diesel. The CO, footprint of the FAME and HEFA
process routes based on an Austrian fuel mix is 65-70% lower compared to the fossil diesel.
If cooking oil is used as a feedstock for the FAME and HEFA processes, CO, footprints in
the same range as those of e-fuels and wood-based FT diesel can be achieved. Similar to
the SNG process route, the capturing of CO, is not considered. By taking the capture of
approximately 3790 Nm?/h of CO; in the upgrading step into account as a CO; sink, a
footprint of 0.657 kgCOse/lpT giesel could be achieved.

If the CO, footprints of the two biomass-based products are compared, hardly any differ-
ence can be detected. The energy-related CO, footprint of FT diesel is 0.028 kgCOye/kWhgr giesel,
nearly the same as the SNG footprint of 0.027 kgCO,e/kWhgng. The reason is that the
same amount of biomass is used for the production of an energy-related product unit, with
approximately the same energetic process efficiencies. In contrast to the techno-economy;,
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the higher electricity demand and the use of hydrogen have not as strong of a impact, since
green electricity with a very low CO; footprint was assumed.

3.4. Integration of Biomass-Based SNG and FT Diesel in the Austrian Energy System

The biomass potential analysis (from Section 2.1) and the techno-economic (from Section 3.2)
and ecological (from Section 3.3) results form the basis for discussing integration possi-
bilities of biomass-based SNG and FT diesel in the Austrian energy system. Based on the
biomass potential analysis, an additional biomass potential of 185 PJ/a can be determined
in Austria in the year 2050. It should be mentioned that this potential does not consider
competitive use by other biomass-based technologies. Considering the energetic efficiencies
for the SNG and FT diesel process route, 120 PJ/a of SNG or 67.5 P]/a of FT diesel can be
produced out of the raised biomass potential. Additionally, the by-products of FT diesel,
naphtha, district heat, and captured CO,, are produced. In Figure 9, the annual Austrian
energy demand for fossil natural gas and fossil diesel, distributed to six sectors related
to the scenarios explained in Section 2.4, is compared to the biomass-based SNG and FT
diesel potential in 2050. It can be seen that there is enough potential to substitute the
whole natural gas demand in the energy sector or private and public sector, or nearly the
whole industry sector. Instead of producing SNG, biomass-based FT diesel can substitute
approximately half of the fossil diesel demand in private and public transport sectors or
the heavy-duty traffic sector, or the whole demand in the heat and power sector.
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Figure 9. Annual Austrian energy demand for natural gas (left) and diesel (right) in 2021 compared
to the SNG and FT diesel potential in 2050.

In Table 4, the six scenarios for the use of SNG and FT diesel as drop-in fuels in several
sectors are summarized and compared. Therein, the substituted fossil natural gas and fossil
diesel demands are compared with the change in the sectoral gross value added (GVA) for
the pre-crisis year 2019 and crisis year 2022 and the CO, reduction potential of the sector.

It can be seen that the highest sectoral CO; reduction, 89%, can be reached in the
energy sector through a nearly complete defossilization of the electricity and district heat
mix with SNG. Regarding the economic impact, it can be seen in Figure 3 that the SNG
production costs in the pre-crisis year 2019 were more than double and in the crisis year
2022, nearly on the same level compared to the related industrial natural gas market prices.
This comparison shows that by integrating SNG into the energy sector, the electricity
and heat price can be decoupled from the natural gas price. However, because cheaper
alternative electricity and heat production technologies like wind power or solar PV exist,
the SNG use in the energy sector should be focused on gas-fired power plants for the
coverage of peak-loads.
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Table 4. Comparison of possible implementation scenarios of biomass-based SNG and FT diesel in the Austrian energy system.

Economic Competitiveness

Implementation Natural Gas or Diesel ~ Substituted Natural Gas  Additionally Produced Sectoral CO, (Change of Possible
Scenarios Demand in 2050 or Diesel Demand in 2050 by-Products Reduction Potential Sectoral GVA) Renewable Alternatives
2019 2022

Peak-load power coverage

e  increased interconnection
to the European power

grid
e  additional storage
facilities
i e  sector couplin:
SNG use in 110 PJ/al 110 PJ/a 24 PJ/a district heat 89.1% ~12.4% ~0.5% = HPIng
energy sector Provision of district heat
e heat pumps
e  biomass heating plants
e  solar thermal systems
e  waste heat utilization
e  hydrogen
SNG . Provision of decentral heat
use in
private and *  heatpumps
public sector 85PJ/al 85 PJ/a 18.5 PJ/a district heat 70.6% 0% 8.6% e  solar thermal systems
(without e  wood-fired boilers
mobility) e  district heat
Provision of high-temperature
heat
SNG use in 1 . o o o e  waste heat recovery
industry 128 P]/a 120 PJ/a 26.2 PJ/a district heat 30.3% —2.0% —0.1% e  hydrogen

° high-temperature heat
pumps
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Table 4. Cont.

Economic Competitiveness

Implementation Natural Gas or Diesel  Substituted Natural Gas Additionally Produced Sectoral CO, (Change of Possible
Scenarios Demand in 2050 or Diesel Demand in 2050 by-Products Reduction Potential Sectoral GVA) Renewable Alternatives
2019 2022

Alternative mobility options
e  battery electric vehicles

FT diesel in 38.4 PJ/a district heatand o  fuel cell electric vehicles
private and 61.5 P]/a 2 61.5 P]/a 29.6 P]/a 40.2% —0.2% 0.2% ° hydrogenated Vegetable
public transport FT naphtha oil

. e-fuels

Alternative mobility options

e  Dbattery electric vehicles
(limited)
FT diesel in 42.2 PJ/a district heatand o fuel cell electric vehicles
heavy-duty 119 PJ/a 2 67.5P]/a 325P]/a 58.5% ~1.8% —0.8% e  hydrogenated vegetable

traffic FT naphtha oil
e  e-fuels

compressed natural gas
vehicles

Provision of high-temperature

heat
FT diesel in 5.5 PJ/a district heat e  wood-fired boilers
heat and 9PJ/a’ 9P]/a and4.2 PJ/a 2.6% —0.1% —0.1% e  waste heat recovery
eat and power FT naphtha e hydrogen
e high-temperature heat

pumps (limited usability)

! gas demand remains constant until 2050. % diesel demand for cars and LCV was reduced by half compared to 2021, because of vehicle fleet predictions [35]/diesel demand for busses
and other heavy-duty traffic vehicles remain constant until 2050. 3 diesel demand for aggregates in public and private sector was reduced by half compared to 2021/diesel demand in
manufacturing remains constant until 2050.
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SNG use in the private and public sector also helps to reduce the sectoral CO, footprint
by more than 70%, while raising the sectoral GVA. This would mean that using SNG in
private households in times of crisis would help relieve household budgets. In comparison
with alternative decentralized heat production technologies, it has to be mentioned that
heat pumps and district heat should be used preferentially, because biomass-based SNG is
not infinitely available. However, using SNG in private households, where no district heat
or other renewable options are available, could be favorable.

Furthermore, the industry can use SNG to defossilize the gas demand for burners and
direct material use without major changes in the process chains. In this way, nearly a third
of the industrial CO, emissions can be reduced. The economic impact in this scenario is
limited, with a sectoral GVA change of up to 2%. Consequently, the use of SNG could be a
viable option in the defossilization process of the industry where the use of heat-pumps or
waste heat cannot be realized.

In addition to the three integration scenarios for biomass-based SNG, three scenarios
for integrating FT diesel in the Austrian energy system are discussed. According to the
biomass potential, approximately half of the private and public transport diesel demand
can be substituted with FT diesel. Consequently, according to future vehicle fleet predic-
tions [35], it was assumed that only half of the diesel demand for cars could be replaced
by synthetic fuels, thus leading to a sectoral CO, reduction of approximately 40%, while
the sectoral GVA remains nearly constant. However, besides FT diesel, there are several
alternative options for the public and private transport sector, first and foremost e-mobility.

The use of FT diesel in the heavy-duty traffic sector would be another option for using
biomass-based products in the Austrian energy system. If the entire biomass potential is
used to produce FT diesel for the heavy-duty traffic sector, the sectoral CO, footprint can be
reduced by over 58%, while the sectoral GVA would be reduced by up to 2%. Furthermore,
alternative options in this sector are, to date, limited; thus, the integration of FT diesel into
the heavy-duty traffic sector is a promising solution. Moreover, it must be mentioned that
the use of FT diesel in mobility can only take place if this fuel is approved for use in the
most common diesel engines, regardless of the standard to be met.

The last scenario is based on the use of FT diesel in the heat and power sector, which
comprises public and private heat production and the diesel demand in the manufacturing
sector. The substitution of the diesel demand in this sector can only lead to a sectoral CO,
reduction of 2-3%, much less than in the other scenarios. Consequently, it can be concluded
that using high-quality FT diesel in the heat and power sector is not a viable option.

The scenarios examined aim to ensure that the released biomass can be used in either
one sector or another. This means that several scenarios can only be implemented if the
total amount of biomass used does not exceed the calculated biomass potential of 185 PJ/a.

4. Conclusions and Outlook

Based on a study from TU Wien [11], the Austrian Government could be convinced to
fund the establishment of a 5 MW demonstration plant for the biomass-based production
of SNG and FT diesel. The remaining knowledge gaps regarding the long-term behavior
of different process units and utilities can be clarified within this demonstration phase.
This includes exemplifying the technical investigation of the influence of fluctuating fuel
qualities on product quality, the lifetime of catalysts and other utilities, and the required
maintenance intervals with regard to plant availability. Furthermore, non-technical aspects,
such as the examination of the all-season regional provision of biomass and the creation
of social acceptance of the novel technology, should be investigated. In addition to the
knowledge gaps described above, the competitive use of biomass must also be mentioned
here as a possible limitation for the roll-out process.

After this demonstration phase, the lessons learned should be used to roll out the inves-
tigated technology commercially in Austria. This publication investigated the commercial
scale concepts for producing wood-based SNG and FT diesel based on a 100 MWy, scale.
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The simulation of both process routes showed that the energetic efficiency of the SNG
process route is 79%, slightly higher compared to the 77% of the FT diesel process route.
At the same time, it must be mentioned that within the SNG process, 65% of the chemical
energy of the biomass can be converted to the main product, SNG. In comparison, within
the FT process, only 36.6% of the biomass input is converted to the main product, FT diesel.

The techno-economic assessment showed that biomass-based SNG and FT diesel
production costs can compete with the market prices of their fossil counterparts. The
production costs of wood-based SNG related to the pre-crisis year 2019 are approximately
70 EUR /MWh. The market price range for fossil natural gas in the same year was
30-70 EUR /MWh, depending on the quantity purchased in industrial and household
sectors. Based on the crisis year 2022, the SNG production costs were 91 EUR /MWh,
slightly higher due to inflation. However, the market price for fossil natural gas increased
to 89-150 EUR /MWh. Thus, it can be seen that the SNG production costs based on
2019 are in the range of the household prices, and when based on 2022, in the range of
industrial market prices. Consequently, wood-based SNG production can help to decouple
the domestic natural gas price level from the global market price level. The production
costs for wood-based FT diesel are 1.31-1.89 EUR /L in the reference years 2019 and 2022.
In comparison, the petrol station price level for fossil diesel was between 1.24-1.94 EUR /L.
This comparison shows that the FT diesel production costs approximately match the
petrol station price level, independent of the reference year. The economical comparison
also showed that biomass-based SNG and FT diesel can compete with other renewable
alternatives. The energy-related comparison of production costs for both biomass-based
products shows that FT diesel, with 137-198 EUR /MWh, costs approximately twice as
much as SNG, with 70-91 EUR /MWh. The reason for this is the much higher investment
costs for the FT diesel route due to the more complex product upgrading and the additional
costs for the higher electricity and hydrogen demand.

Furthermore, the CO, footprints of the wood-based SNG and FT diesel were de-
termined. The CO,; footprint for wood-based SNG is 0.027 kgCO,e/kWhgng, and it is
0.269 kgCOqe/IfT giesel for wood-based FT diesel, which are more than 90% lower than
their fossil counterparts. Compared to renewable alternatives, wood-based SNG and FT
diesel are among the products with the lowest CO, footprint. The energy-related compar-
ison of the two biomass-based products shows hardly any differences, since the higher
consumption of electricity and hydrogen due to the use of green electricity is not significant.
Moreover, it has to be mentioned that if the additional CO, capturing in both process
routes were considered, the production of wood-based SNG and FT diesel would create
a CO, sink.

Moreover, six integration scenarios for producing biomass-based SNG and FT diesel
were investigated to find possible applications in the Austrian energy system. The biomass
potential analysis, based on several literature studies, showed that, in 2050, an additional
biomass potential of 185 PJ/a would be available. Hence, a potential for biomass-based
SNG of 120 PJ/a or biomass-based FT diesel of 67.5 PJ/a can be assumed. The scenar-
ios demonstrated the various application possibilities for biomass-based SNG and FT
diesel. Therein, the sectoral change of gross value added and the CO, reduction potential
were calculated to investigate the economic and ecological impacts. The most promising
applications for biomass-based FT diesel and SNG are summarized below:

e  SNG use for covering electricity peak loads in the energy sector = helps to prevent
blackouts and to decouple the domestic electricity market from the gas market;

e  SNG use in the industry sector for the provision of high-temperature heat = economi-
cally feasible and a good option, when no waste heat or heat pumps can be used;

e  FT diesel in heavy-duty traffic = economically feasible and an excellent option to
facilitate the defossilization of inland navigation, railway, freight transport, agriculture,
and forestry.

Further, the use of biomass-based FT diesel in private and public transport, as well
as the use of biomass-based SNG in the private and public heat provision sector, could
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be an additional economically favorable option to accelerate the transition phase towards
defossilization of these sectors. However, the sectoral view neglects the fact that individual
enterprises and households certainly experience different economic and ecological impacts
from transitioning to sustainable FT diesel and SNG, since the used energy sources and
energy quantities can vary significantly.

To accelerate the rollout of the two biomass-based technologies, regulatory measures
must be applied. The associated EU directive on the expansion of renewable energy sources
in the EU (RED II) [63] already set mandatory quotas for the share of advanced biofuels,
such as FT diesel, until 2030. Furthermore, the Austrian Renewable Energy Expansion
Act [64] specifies that a fixed annual amount of biomethane, such as SNG, must be fed into
the grid by 2030. A further increase in quotas with associated financial support measures
would help to accelerate the roll-out process.

Besides determining the energetic efficiency, production costs, and CO, footprint,
further sustainability indicators like the acidification potential, ground air quality, eu-
trophication, land use, payback time, or changes in gross domestic products should be
investigated. Future research should focus on validating the calculated sustainability in-
dicators after the scale-up to the demonstration plant. The process simulation focused
mostly on each unit’s mass and energy balances to define the main streams of the whole
process unit. More detailed simulation models based on experimental test rigs can help to
refine the whole process chain. In addition, future research should focus on biomass price
changes caused by greater demand. The biomass price depends very much on the market
situation and is dominated by supply and demand. Therefore, an increase in biomass use
must be expected to lead to an increase in biomass price, unless regulatory measures follow.
The continuous improvement of the sustainability criteria for the use of biomass must
contribute to sustainable agriculture and forestry in Austria.

Summing up, the extensive investigation of biomass-based SNG and FT diesel produc-
tion showed significant potential and enables the implementation of different defossiliza-
tion strategies in the Austrian energy system. Nevertheless, the technical feasibility must
first be tested within the framework of long-term trials in the planned demonstration plant.
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AC

AT
C1-C3
C4—Co
C10-C19
Cro+
Coos
CHy
CO

CO,
COze
DE

DFB

EC
FAME
FT
GEMIS
GVA

H;

H,O
H,S
HCV
HEFA
IEA
IPSEpro 8.0
P
LCOP
LCV
MP
NH;
O&M
PFD

PG

PV
raw-SNG
RES
RME

SE

SNG
TH

TSA
ZnO
Symbols:
0/0

CDF
CEPClI 10

2022

CEPClygse year
Ceq,buse
Ceq,design
COZEred,sector i

COZEtot,sector i
E

Ecsector i

activated carbon

Austria

gaseous short-chain hydrocarbons recycled in Fischer-Tropsch tailgas
naphtha fraction (raw product for producing gasoline)
middle distillate fraction (after upgrading equivalent to diesel)
middle distillate fraction and long-chain waxes
long-chain waxes

methane

carbon monoxide

carbon dioxide

carbon dioxide equivalent

Germany

dual fluidized bed

economic competitiveness

fatty acid methyl ester

Fischer-Tropsch

software tool with database for life cycle analysis
gross value added

hydrogen

water

hydrogen sulfide

heavy commercial vehicles

hydroprocessed ester and fatty acid

International Energy Agency

software tool for process simulation from company SimTech GmbH
Japan

levelized costs of products

light commercial vehicles

market prices

ammonia

operation and maintenance

process flow diagram

product gas

photovoltaic

synthetic natural gas after methanation unit and before upgrading
renewable energy sources

rapeseed methyl ester

Sweden

synthetic natural gas

Thailand

temperature swing adsorption

zinc oxide

percent

cumulative discount factor

Chemical Engineering Plant Cost Index based on 2019 or 2022
Chemical Engineering Plant Cost Index based on base year of literature
equipment costs based on base year and base scale of literature

overall costs for installed equipment based on 2019 or 2022

carbon dioxide reduction potential in sector i

total carbon dioxide equivalent in sector i

annual expenditures

economic competitiveness in sector i based on 2019 or 2022
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Eqas /diesel sector i substituted annual fossil gas or diesel demand in sector i

FP fo5.gas/ diesel carbon dioxide equivalent footprint of fossil natural gas or diesel
FPgNG/FTdiesel carbon dioxide equivalent footprint of biomass-based SNG or FT diesel
GVAiotal sector i total gross value added in sector i based on 2019 or 2022

i interest rate

Iy total capital investment costs of plant

) liter

LCOP levelized costs of products

LCOPsNG/FTdiesel levelized costs of products for SNG or FT diesel based on 2019 or 2022
IDiesel liters of diesel

MP t45.gas/ diesel market prices of fossil natural gas or diesel in 2019 or 2022

Mt ain prod. annual quantity of the produced main product

MW megawatt

MWh megawatt hours

MWhy, megawatt hours of thermal fuel power

MWhgng megawatt hours of synthetic natural gas

n plant lifetime

PJ/a petajoule per year

r scaling factor

Rsec.prod. annual revenues of secondary products

Spase base scale

Sdesign desired scale

Z overall installation factor
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