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Abstract

A novel system concept is presented for the thermochemical conversion of very wet biomasses such as
sewage sludge and manure. The system integrates steam drying, solid oxide electrolysis cells (SOEC) and
gasification for the production of synthetic natural gas (SNG). The system is analyzed by thermodynamic
modelling and the analysis shows that the system can handle mechanically dried biomasses with a water
content of 70 wt% and an ash content of up to 50 wt% (dry basis). A high tolerable ash content is an
advantage because very wet biomasses, such as sewage sludge and manure, have a high ash content.
The analysis shows that the total efficiency of the novel system is 69-70% depending on the biomass ash
content, while the biomass to SNG energy ratio is 165%, which is near the theoretical maximum because
electrolytic hydrogen is supplied to the synthesis gas. It is proposed to combine the novel system with
an anaerobic digester for conversion of biomasses with high nitrogen content, such as sewage sludge.
The organic nitrogen in the sewage sludge will be mineralized in the digester instead of ending up as N,
in the SNG product.

Keywords: steam drying, gasification, electrolysis, SOEC, synthetic natural gas, thermodynamic analysis.

1. Introduction

Very wet biomasses, such as sewage sludge and manure, are typically converted by anaerobic digestion
to produce biogas. An issue with anaerobic digestion is however the low conversion efficiency, meaning
that a significant amount of the chemical energy stored in the biomass is still available in the digested
biomass. Thermochemical processes such as gasification can have a much higher conversion efficiency,
leaving very little carbon in the gasification ash. To use very wet biomasses (water content above 70
wt%) for gasification, a drying process is required. This drying process has a high energy demand and can
therefore have high operational cost. However, if waste heat is available in the downstream processing
of the biomass, the drying may not be a significant issue. This paper shows how very wet biomasses can
be used for production of biofuels through gasification by using a steam dryer integrated with solid
oxide electrolysis cells (SOEC). This novel concept is shown in Fig. 1 and can be compared with a more
“conventional” system in Fig. 2. The novelty of the concept is the use of excess steam from the steam
dryer in the SOEC, whereas the “conventional” system would have a separate boiler for raising steam to
the SOEC.

*Corresponding author. Tel.: +45 20712778; fax: +45 45884325. E-mail address: Irc@mek.dtu.dk (L.R. Clausen).
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Fig. 1. Simplified flowsheet of the proposed system for utilization of wet biomass and electricity for biofuel production. Color
description: green = biomass, blue = electricity, yellow = biofuel, red = heat.
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Fig. 2. Simplified flowsheet of a “conventional” system for integration of steam electrolysis and biomass gasification for biofuel
production. *only if a steam dryer is used. Color description: green = biomass, blue = electricity, yellow = biofuel, red = heat.

In the novel concept, more waste heat will therefore be available for the steam dryer and the system
can therefore tolerate biomasses with a much higher water content. Previous work within this field of
integrating gasification and electrolysis for synthesis of fuels or chemicals include [1-8]. The biofuels
produced in these references are: methanol [1,4-7], Fischer-Tropsch fuels [2], synthetic natural gas
(SNG) [3], and dimethyl ether (DME) [8]. Liquid water electrolysis is used in these studies, except for
[2,8], in which steam electrolysis is used instead. None has considered using these systems for
conversion of very wet biomasses, and none has considered supplying steam to the SOEC from a steam
dryer. The use of wet biomasses for gasification has been studied before. In [9], gasification of dried
sewage sludge is compared to pyrolysis of dried sewage sludge with subsequent gasification of the
pyrolysis char. The energy demand of the drying and pyrolysis is found and compared with the available
energy in the output gas and bio-oil. In [10], a process for bio-char production from sewage sludge is
evaluated. In this study, the sewage sludge is first dried and pyrolyzed, and then some of the produced
bio-char is gasified, and finally co-combusted with the volatiles from pyrolysis to cover the energy
demand for pyrolysis and drying. Neither of these two references utilize waste heat for the drying of the
wet biomass before gasification. In this paper, the novel system concept (Fig. 1) is analyzed by
thermodynamic modelling and compared with the more “conventional” system (Fig. 2). Focus is on
determining the maximum water content of the biomass that the system can tolerate, and show how
this maximum depends on the biomass ash content, since these very wet biomasses can have a very
high ash content.



Steam quality required by the SOEC

The concept of using steam from a steam dryer in an SOEC has not been tested, and will only work if the
steam is free of unwanted species. The unwanted species include particles, sulfur compounds, alkali
compounds and halides [11]. The required cleaning could be limited to a bag house filter for particle
removal, but if sulfur or alkali compounds or halides are released at these very low temperatures, which
is considered unlikely, a guard bed would also be needed [11]. When drying biomass in steam at up to
200°C, some organic compounds will be released according to [12]. In Fig. 3, the release of organic
material vs. temperature is shown.
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Fig. 3. Schematic dependence of total amount (wt%, dry basis) of organic compounds released in atmospheric drying of
biomass on temperature. From [12].

In the temperature range of approx. 100-150-C, acetic acid, formic acid, and formaldehyde are released,
in the temperature range of approx. 150-230°C, monoterpenes, fatty acids, and resin acids are released
[12]. These compounds consists of C, H, O in various ratios. Because of the high temperature and the
high catalytic activity of an SOEC, compounds consisting of C, H and O are not considered a problem at
very low concentrations as would be the case here [11]. In the unlikely situation that the compounds
needs to be removed, an active carbon filter could be used [13].

Choice of biofuel to produce

The novel concept (Fig. 1) could, in principal, be used for production of many different types of biofuels,
but the synthesis of methane for production of synthetic natural gas (SNG) is especially interesting
because the methane synthesis is highly exothermic. This can be seen from eq. 1-4, where the methane
synthesis reactions are shown together with the methanol synthesis reactions. The heat of reaction
(change in standard enthalpy of formation) is given for each reaction. It can be seen that the methane
synthesis releases more than double the amount of heat per converted CO or CO, molecule compared
with methanol synthesis.

Methane synthesis reactions:
CO +3H; <> CH4 + H,0 -206 kJ (1)
CO;, +4H; <> CH4 + 2H,0 -165 kJ (2)

Methanol synthesis reactions:
CO + 2H, &> CH;30H -91 kJ (3)
CO; + 3H; <> CH30H + H,0 -50 kJ (4)



A higher heat release in the synthesis will mean that more waste heat is available for the biomass drying
and the system will therefore be able to handle biomasses with higher water content. In the following
calculations on the system, the produced biofuel is therefore SNG.

2. Design of the biomass based SNG plant

The designed system consists of four parts as seen on Fig. 1 and the more detailed Fig. 6; the steam
drying, the gasification block, the solid oxide electrolysis (SOEC) block and the synthesis reactor block.
Below, the modelling approach for each block is explained along with a section on the biomass
feedstock used. The design parameters used in the thermodynamic modelling is given in Table 2. The
system was modelled in the in-house modeling tool called DNA (Dynamic Network Analysis) [14,15].
DNA is a component based thermodynamic modelling and simulation tool that automatically includes
conservation of mass and energy.

Biomass feedstock

The biomass feedstock used in the model is generic with a varying ash and water content. This is done to
be able to represent many different biomass types, and to show how the maximum allowed water
content depends on the ash content of the biomass. In Table 1, the composition of relevant biomass
feedstocks are given to show that the ash content varies from about 1 wt% to 56 wt%, but also to show
the variations in ultimate analysis on a dry and ash free (daf) basis. Especially the nitrogen content varies
significantly, from 0.2 wt% to 8.37 wt%. The nitrogen content is of importance for SNG synthesis since
most of the nitrogen ends up as N, in the SNG product. The allowed nitrogen content in the produced
SNG depends on the regulation of the specific country. For the modelling, the composition on dry and
ash free basis is set equal to the composition given for “digestate from organic domestic waste” in Table
1. This is to show results for a biomass with a high nitrogen content that still complies with the natural
gas regulations in Denmark?. In section 4.1, two alternative designs that can utilize biomasses with even
higher nitrogen content are presented. Another way of mitigating the problem of nitrogen is to mix high
N fuels with low N fuels such as wood.

Table 1
Composition of selected biomass feedstocks from the Phyllis2 database [16] [wt%)]
Wood Switch Cow Pig Sewage Digested Digested Digestate from
chips grass manure manure sludge sewage pig organic domestic
sludge manure waste
Moisture 30-502 12.64 70b 92.1 70¢ 70¢ 70¢ 70¢
content
Ash content 0.88 6.08 8.96 35.44 42.3e 43.15e 14.94 56.1
(dry)
C (daf) 50.37f 49.88f 49.04 55.12f 52.76f 54.32 49.01f 48.66f
H (daf) 6.04f 6.05f 6.43 6.90f 7.50f 7.67 6.16f 5.79f
O (daf) 43.35f 43.37f 41.94 33.58f 30.66f 27.46 41.86f 41.36f
N (daf) 0.20f 0.58f 2.25 4.40f 7.07f 8.37 2.45f 2.98f
S (daf) 0.04f 0.12f 0.34 - 2.01f 2.18 0.53f 1.20f
/N 293 100 25 15 9 8 23 19
[mole frac]
LHV (daf) 18.41 17.84 18.60 19.86 21.87 21.91 19.53 19.47
[MJ/kg]
ID-number in -8 -h 2782 1366 -i 2913 2903 2907
database

daf = dry and ash free.

1 The gas regulations in Denmark are stricter than in Germany. In Denmark, the Wobbe Index must be higher than 50.76
MJ/Nm3 (HHV) and the relative density must be higher than 0.555 [27].



a the reported moisture content was after drying. A typical moisture content is given instead (30-50 wt%).

b mechanically dried to 70 wt%

¢ the reported moisture contents were after drying. These biomasses are very wet but could be mechanically dried to 70 wt%
(see footnote b).

d the ash content of pig manure varies. It was expected that the ash content reported for digested pig manure was greater than
that for raw pig manure.

e the ash content of sewage sludge varies. It was expected that the ash content reported for digested sewage sludge was
greater than that for raw sewage sludge.

f normalized (sum = 100).

8 22 samples of mixed hardwood chips exists in the database. The median values are reported.

h 49 samples exists in the database. The median values are reported.

43 samples exists in the database. The median values are reported.

Steam drying

The steam dryer dries the wet biomass from the received water content to a water content of 10 wt%. A
lower water content could be achieved, but since biomasses other than wood chips may need to be
pelletized after drying, the palletization sets the achievable water content before gasification. A water
content of 10 wt% would be realistic for biomass pellets.

The surplus steam generated by the steam dryer is split into three mass flows; one goes to the SOEC,
one goes to the gasifier and one is vented or condensed. The heat required by the steam dryer is waste
heat from the downstream methane synthesis reactor.

Gasification block

The Two-stage gasifier is used for the conversion of biomass to clean syngas. The advantages of the
Two-stage gasifier is high cold gas efficiency and very low tar content in the produced syngas [17]. The
disadvantage of the Two-stage gasifier is the limited potential to be upscaled. It is estimated that the
gasifier could be scaled up to a maximum of 3-10 MWth biomass input [18,19]. Changes in the design of
the gasifier could lead to feasible large-scale concepts. The gasifier was designed to operate on wood
chips, but recent tests shows that it can also operate on sludge pellets with a high ash content. The
gasifier has so far only been air-blown, but it should be possible to make it oxygen-blown by mixing the
oxygen with sufficient steam. The “Viking” gasifier pilot plant is currently being converted to oxygen-
blown operation in this way. The oxygen content of the oxygen-steam mixture is in the modelling 10-14
vol%. The cold gas efficiency of the gasifier is 89-93% depending on the ash content. On wood chips, the
cold gas efficiency has been measured to be 93% [17]. The gas composition is calculated by assuming
that the water gas shift reaction is in equilibrium at 750°C, which matches measurement on the gasifier
reported in [17]. The methane content is higher than predicted by chemical equilibrium and is instead
set according to the measurements reported in [17]. The gas from the gasifier is cleaned for particles by
a bag house filter at ~90°C (above dew point) before leaving the gasifier block. Measurements have
shown that the sulfur content after the bag house filter is very low when operating on wood chips
(approx. 2 ppm). A sulfur guard will however be needed before the synthesis reactor downstream.
Certain high-sulfur biomasses could result in too high sulfur loads on the sulfur guard resulting in the
need for a dedicated sulfur removal step before the synthesis reactor.

SOEC block

Solid oxide electrolysis cells (SOEC) are used for conversion of electricity and steam to hydrogen and
oxygen. Solid oxide electrolysis cells are essentially the same as solid oxide fuel cells (SOFC), but they are
operated in reverse mode, e.g. producing fuel from electricity (SOEC) instead of producing electricity
from fuel (SOFC). The SOEC technology has been demonstrated in several demonstration plants, the
biggest being a 120 kWe SOEC supplied by Sunfire to Boing [20]. This SOEC can also operate as a SOFC
producing 50 kWe. The steam for the SOEC is supplied by the biomass steam dryer. The produced



hydrogen is mixed with the gas from the gasifier to generate a syngas with a module M = 3 (eq. 5), which
is optimal for methane synthesis (eq. 1-2). A part of the produced oxygen is used by the gasifier. In the
modelling, the SOEC cells are operated above the thermoneutral voltage at 800°C, which is 1.29 V, but
in practice the SOEC cells may operate below thermoneutral voltage, as recent measured data suggests
[21], and then be supplemented by electrical heaters (heating the steam before the SOEC). The SOEC
can have an electricity to hydrogen efficiency of more than 100% (LHV) when operated below the
thermoneutral cell voltage, but this requires a high temperature heat input to the SOEC [22]. If the high
temperature heat input is generated by electric heaters, then the SOEC will, in theory, have an
electricity to hydrogen efficiency of 100% (LHV) when operated below or at the thermoneutral cell
voltage. The reason why a real SOEC system will have a lower electricity to hydrogen efficiency than
100% is because of various losses (heat loss, inverter loss) and auxiliary power consumptions (blowers,
etc.) [22,23], but also because the outlet hydrogen from the SOEC is typically used to heat up the input
steam, which means that the hydrogen temperature must be higher than the steam temperature at
both inlet and outlet of the hydrogen-steam heat exchanger. The concept described in this paper
dictates the use of steam from the steam dryer, so liquid water electrolyzers are not relevant for this
concept.

H, — CO,
M=to+ CO, )
Synthesis reactor block
The syngas is compressed to 7 bar and then led to a cooled methane reactor. The product gas from the
reactor is cooled to ambient temperature to condense out water, and is then heated before being fed to
an adiabatic methane reactor in order to increase the methane content. Hereafter water is removed
again, first by condensation and then by glycol or a solid adsorbent. The heat from the cooled methane
reactor, and the main part of the heat released in the following product gas cooling, is supplied to the
biomass steam dryer. The product gas from both reactors is assumed to be in chemical equilibrium at
the outlet temperature and pressure. This assumption has been shown to be in agreement with
measured data on a methane reactor [24].

Table 2
Process design parameters used in the modeling.
Feedstock Biomass with varying water and ash content. The dry and ash free composition (daf) is assumed to
be (wt%): 48.66% C, 5.79% H, 41.36% O, 2.98% N, 1.2% S, LHV = 19.47 MJ/kgdaf. C, = 1.35
kl/(kgary *K). The biomass input is 5.0 MWth (LHV dry).
Steam dryer Texit = 110°C. Tsuperheat = 200°C. Dry biomass moisture content = 10 wt%. Pressure loss = 0.03 bar
Steam blower Nisentropic = 50%, M mechanical = 97%. N electrical = 97%.
Gasifier P =1 bar. Carbon conversion = 99% [17]. Heat loss = 3% of the biomass thermal input (LHV dry). Texit

=730°C [17]. The gas (excl. CH4) is assumed to be in chemical equilibrium at 750°C [17].
CH4/(CO+CO,+CH4) = 3.2 mole% [17]. Pyrolysis is modelled by assuming a c,, = 1.85 kJ/(kg*K) for
bone dry and ash free biomass? [19]. c,, of ash = 1 kJ/(kg*K). Pressure loss = 0.03 bar. Total
water/steam input mass flow is set equal to the mass flow of dry and ash free biomass (0.257 kg/s).

SOEC Inlet temperature = 770°C. Exit temperature = 800°C [21]". losses = 5% of input electricityc. 10% H»
in feed steam [21]. 20% steam in outlet H,. These data result in a total energy efficiency from
electricity to hydrogen of 92% (LHV).

Syngas compressor M polytropic = 80%, Nmechanical = 97%. Nelectrical = 97%. Intercooled to 95°C (above dew point) at 2.6 bar.

SNG synthesis Boiling water reactor followed by an adiabatic reactor. Chemical equilibrium at reactor outlet
temperature and pressure [24]. Reactor outlet temperature of boiling water reactor: 300°Cd,
Reactor pressure: 7 bar.

Heat exchangers 30°C (gas-gas), ATmin = 10°C (gas-lig or gas - condens. gas). In pyrolysis stage: AT min = 100°C (gas-
solid).




Note: the results can be reproduced by using the data presented in this table.

2 the heat for pyrolysis is then calculated by cp*AT = 1.85 kJ/(kg*K) * (630°C - 110°C) = 962 ki/kggat

b A temperature increase of 30°C results in an energy efficiency (excl. losses) from electricity to hydrogen of 97% (LHV). If the
SOEC stack is not capable of having a temperature increase of 30°C, then it could be operated in thermoneutral mode at 800°C
and an electrical heater would preheat the steam input from 770°C to 800°C. This would result in the same overall electricity to
hydrogen efficiency.

¢ the losses include: 1. heat losses (2%), 2. inverter losses and electricity consumption of blowers and other auxiliary
components (3%) [23].

d The methanation catalysts from Haldor Topsge can operate in a temperature span of 220°C to above 700°C [25]. The outlet
temperature is not set to 220°C because this temperature is only used as the inlet temperature for an adiabatic reactor. It
should be noted that if the boiling water reactor had been an adiabatic reactor the outlet temperature would not exceed 700°C
because of the high steam and CO; content in the syngas. This is important because the gas temperature will increase rapidly
after the inlet to the boiling water reactor and thereafter decrease slowly towards the exit temperature of 300°C.

3. Results

The main results of the simulations are collected in Fig. 4 and Fig. 5. Fig. 4 shows the maximum water
content of the wet biomass that the novel system can handle and compares it with the “conventional”
system (Fig. 2). Fig. 5 shows the same information, but in the form of kg water per kg biomass (dry or
daf). Fig. 4 is useful because the water content that can be obtained by mechanical drying (e.g.
centrifuge) is around 70 wt%, while Fig. 5 better shows how much water the systems really can tolerate
and the comparison with the conventional system is also clearer. The figure shows that the maximum
amount of water (kg water) per kg of organic matter (biomass daf) is almost constant. This is as
expected. The results show that the novel system can handle 82-84% more water than the conventional
system. Assuming a water content of 70 wt%, the results show that the novel system can handle
biomasses with 50 wt% ash, while the conventional system can handle 10 wt% ash. Because biomasses
with a water content of 70 wt% or more, typically have a high ash content, the novel system has a clear
advantage compared with the conventional system.

Detailed results of the modelling is shown in a flowsheet (Fig. 6) and Table 3 for a biomass ash content
of 50 wt% (dry) and at the maximum water content (71 wt%). Fig. 6 shows that with the assumed steam
input to the gasifier, there is still a significant surplus of steam generated by the steam dryer (stream no.
12). This excess steam corresponds to 38% of the steam generated by the steam dryer. This steam could
be condensed and the heat used for district heating. Fig. 6 also shows that only a fraction (15%) of the
oxygen generated by the SOEC is used by the gasifier, the rest (85%) is vented. If the required heat by
the steam dryer (3.0 MWth) is compared with the thermal input of biomass (5.0 MWth, dry basis) it can
be seen that this corresponds to 60%. This clearly shows that the system is very dependent on the SOEC
to provide hydrogen for the methane synthesis in order to boost the methane production, and thereby
boost the heat generation in the methane synthesis.

In Table 4, important energy efficiencies are given, and it is shown how these efficiencies vary with
biomass ash content. Table 4, shows that the total efficiency of the system (biomass + electricity to SNG)
is 69-70% depending on the ash content of the biomass (1-50 wt%). This corresponds to a total chemical
exergy efficiency of 70-71%2. A high ash content lowers the cold gas efficiency of the gasifier and
therefore the total efficiency is slightly reduced. A decrease in cold gas efficiency results in a decrease in
the CO/CO; ratio in the gas from the gasifier, which leads to an increase of the required electrolyzer
hydrogen output and hence power consumption (Table 4).

2 The calculation of the chemical exergy efficiency is done in the conventional way as described in e.g. [28]. In
detail this means: 1) for the biomass input the higher heating value (HHV) is used (5.3 MWth), 2) for the electricity
input energy = exergy (6.8-7.0 MW), 3) for the SNG output the exergy is calculated as described in [28] for a gas
mixture (8.6 MWth) - this includes using the standard chemical exergy of each gas compound which is supplied in
[28].
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Fig. 6. Detailed flowsheet of the novel system for utilizing wet biomass and electricity for synthetic natural gas (SNG)
production. The flowsheets of the three individual blocks (gasifier, SOEC and synthesis reactor) can be found in appendix. Color
description: green = biomass, blue = electricity, yellow = biofuel, red = heat.

Table 3

Stream compositions (stream numbers refer to Fig. 6 unless stated otherwise)

Gasifier Reactor Reactor SNG

exit inlet outlet
Stream number 3 8 4, Fig. 11 9
Mass flow (kg/s) 0.567 0.721 0.721 0.175
Flow (mole/s) 31.4 60.9 41.6 10.8
Mole%
H, 36.4 57.5 3.0 1.7
CcOo 15.3 7.9 ~0 ~02
CO, 16.4 8.5 0.8 0.4
H,0 29.9 25.1 71.6 0.0
CHg4 1.0 0.5 24.0 95.3
N 0.9 0.4 0.7 2.5
sum 100.0 100.0 100.0 100.0

333 ppm



Table 4

Summary of energy inputs and energy efficiencies.

Biomass input [MWth] 5.0

[% of biomass
Electricity consumption: [MWe] input]
Electrolysis 6.0°-6.22 120b-1242
Steam blower 0.2 4
Syngas compressor 0.6 11
Total electricity consumption 6.8b-7.02 135b-140°

Energy ratios and efficiencies [%]:
Biomass to syngas

(cold gas efficiency) 89°-93°
Syngas (incl. H,) to SNG 82
Biomass to SNG 165
Electricity to SNG 119b-1222
Biomass .+.electr|C|ty to SNG 69270
(total efficiency)

SNG:

Wobbe index [MJ/Nm3] (HHV)® 50.802-50.82P
Relative density 0.563

note: each parameters dependence on biomass ash content is given, if no interval is given, then the parameter does not
depend on the biomass ash content. @ biomass ash content of 50 wt% (dry), b biomass ash content of 1 wt% (dry),
v [2]

¢Wobbe index = T;"? , by assuming ideal gas, the specific gravity d is calculated as: d =

density of gas _ molar mass of gas
density of air molar mass of air’

4. Discussion

The novel system concept has shown that it is possible to convert very wet biomasses to SNG with an
energy efficiency equal to that, which is possible for conversion of dry biomasses. It is however possible
to increase the conversion efficiency a little bit more, but this is at the expense of the maximum water
content of the biomass. This is discussed below. The system concept could also be integrated with a
biogas plant or an external carbon feed for the combined upgrading to SNG, this is discussed in section
4.1.

Tradeoff between maximum water content and energy efficiency

There is a tradeoff between maximum water content and energy efficiency. This is because that
condensing out water before the syngas compression will lower the compression work and thereby
increase the total efficiency, however the heat released by condensing the steam after the methane
reactor will be decreased — therefore lowering the maximum water content of the biomass. For a
biomass with 50 wt% ash (dry), the total energy efficiency is increased from 69% to 70%, while the
maximum water content is reduced from 70 wt% to 65 wt% (this is a reduction of 24% in the amount of
water per biomass input). However, removing steam before the methane reactor increases the adiabatic
equilibrium temperature of the methane synthesis, which means that the temperature in the first part
of the methane reactor could become too high. A recycle of the product gas from the reactor could
therefore be needed. Removing water before the syngas compression will also result in higher methane
content in the final product, therefore also higher wobbe index, so the maximum allowed nitrogen
content of the biomass would also increase.

This tradeoff between maximum water content and energy efficiency also applies to the conventional
system (Fig. 2), so the difference in maximum water content between the two systems would be
constant.



4.1 Combining the proposed system with a biogas reactor or an external carbon feed

Although this novel system concept would compete with an anaerobic digester for wet biomass, there
are some advantages in combining the two technologies (Fig. 7). The main advantage is that biomasses
with a high nitrogen content could be used without diluting the SNG product too much with N, because
organic nitrogen is mineralized to NH3 / NH4* in the biogas reactor [26]. The NH3 / NH4* produced in the
digester would then follow the water, which means that most of it would be removed in the mechanical
water removal (e.g. centrifuge). The NH3; / NH4* that would end up in the SOEC or gasifier would be
converted to N, and end up in the SNG product. If this novel system is combined with an anaerobic
digester it would make sense to optimize the digester for nitrogen mineralization and not for biomass
conversion, since residual biomass in the digestate is converted in the gasifier. Another advantage of the
integration is that more waste heat is available from the methane synthesis, which means that the
system would be able to handle higher water and ash contents in the biomass — this means that the
centrifuge could have an output with a water content of 75-80 wt% and therefore have a lower
electricity consumption than if a water content of 70 wt% was required. Considering the biomass listed
in Table 1, it would be necessary to combine the novel system with an anaerobic digester for
mineralization of nitrogen in the case of sewage sludge3.

The advantages of integrating the system with an anaerobic digester would therefore be that the system
could handle biomasses with higher N, water and ash contents. These advantages could also be
achieved by supplying the novel system with an external carbon source, which simply could be a CO,
feed (Fig. 8). Nitrogen would of course not be mineralized in such a system, so the benefits in terms of
nitrogen, would come by diluting the nitrogen in the SNG with methane originating from the external
carbon source. Instead of supplying an external carbon source in the form of a gas, it could be in the
form of a solid with a low nitrogen content, such as wood. The wood could then either be mixed with
the high N biomass before the steam dryer, or be dried in a dedicated wood steam dryer and then mixed
with the high N biomass before the gasifier.

Feed Biogas Biogas
reactor
Digestate
Centrifuge Heat
= /J\
Steam | Dry biomass 3 ¥ Syngas SNG
| dryer )| Gasifier q
Wet biomass y
N
Reactor
Steam
- OzT
Electricity

Fig. 7. Simplified flowsheet of the combination of an anaerobic digester (biogas reactor) with the novel system. Color
description: green = biomass, blue = electricity, yellow = biofuel, red = heat.

3 Pig manure also has a high nitrogen content, but because the value of 4.40 wt% (Table 1) is at a water content of 92.1 wt%, it
is expected that NH3 / NH4* is included in the value. In addition, digested pig manure has a nitrogen content of 2.45 wt% (Table
1), which would be sufficiently low for the novel system.
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Fig. 8. Simplified flowsheet of the combination of an external CO, feed with the novel system. Color description: green =
biomass, blue = electricity, yellow = biofuel, red = heat.

5. Conclusion

A novel system concept for the energy efficient thermochemical conversion of very wet biomasses has
been proposed. The system integrates steam drying, solid oxide electrolysis cells (SOEC) and gasification
for the production of synthetic natural gas (SNG). The analysis shows that the system can handle
biomasses with 82-84% more water than a “conventional” system, which in other words means that if a
mechanically dried biomass with a water content of 70 wt% is supplied, then the novel system can
tolerate an ash content of 50 wt% (dry basis), while the conventional system would be able to tolerate
10 wt% ash. A high tolerable ash content is an advantage because very wet biomasses, such as sewage
sludge and manure, have a high ash content. Sewage sludge typically also has a high nitrogen content,
which is a problem in the production of SNG because the nitrogen ends up in the SNG product. An
effective way of reducing this problem is by combining the novel system with an anaerobic digester for
the mineralization of nitrogen. A more primitive solution is to dilute the nitrogen by adding a low
nitrogen carbon source, such as CO, or wood. The analysis also shows that the total efficiency of the
system is 69-70% depending on the biomass ash content (1-50 wt%), and because electricity is used for
the conversion of steam to hydrogen, almost all the carbon in the biomass ends up in the SNG product,
resulting in a biomass to SNG energy ratio of 165%.
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Appendix
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Ash| 3 Syngas | electrolyzer
|
L - - - - - _ _ __ _ _ M|
Two-stage gasifier block
t(C) p(bar) m (kg/s) h (kd/kg) s (kJ/(kg*K))
1 110 0.97 0.571' -8602 1.278
2[ 630 097 0.571 -7604 -
3 730 094 0.258 -11615 1.213
4/ 730 0.94 0.571 -7151 12.567
5] 730 0.94 0.549 -7151 12.567
6] 210 0.94 0.549 -8189 11.120
7( 730 094 0.022 -7151 12.567
8 217 094 0.022 -8176 11.145
9] 210 0.94 0.571  -8188 11.121
10 184 0.94 0.571  -8237 11.017
11 90 0.94 0.567  -8453 10.615
12 110 097 0.200 -13274 10.946
13( 180 0.97 0.200 -13134 11.282
14| 249 0.97 0.058 212 6.948
15 187 0.97 0.258 -10118 10.470
16| 237 097 0.258 -10031 10.650

Fig. 9. Detailed flowsheet of the Two-stage gasifier block shown in Fig. 6. *Pelletization or briquetting will probably be needed
for biomasses other than wood chips. ** Most of the sulfur is expected to be captured with the particles in the bag house filter.
A sulfur guard is needed before the catalytic synthesis reactor. Color description: green = biomass, red = heat.



Steam from steam dryer
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Steam (and Hy)
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SOEC block

t(C) p(bar) m (kg/s) h (kJ/kg) s (kJ/(kg*K))
1l 110 0497 0532 -13274 10.946
2[ 126 097 0.554 -13053 11.921
3( 770 097 0.554 -11600 14.057
4] 800 097 0.176  -4645 35.706
5 249 097 0.176  -7978 31.366
6| 249 097 0.154  -7978 31.366
7( 800 0.97 0.378 789 7.697
8| 249 097 0.378 212 6.948

Fig. 10. Detailed flowsheet of the SOEC block shown in Fig. 6. Color description: blue = electricity.
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Synthesis reactor block
t(C) p(bar) m (kg/s) h (kJ/kg) s (kJ/(kg*K)) t(C) p(bar) m (ka/s) h (kJ/kg) s (kJ/(kg*K))
1| 164 094 0721 -8352 15.212 9] 220 7.00 0.187 -4348 12.166
2 70 094 0.721  -8601 14.570 10f 308 7.00 0.187  -4348 12.293
3] 236 7.00 0.721  -8157 14.215 11 143 7.00 0.187  -4803 11.377
4] 300 7.00 0.721 -10622 11.573 12 40 7.00 0.010 -15803 4.088
5| 125 7.00 0.431 -15446 5.097 13 40 7.00 0.177  -4572 10.683
6| 125 7.00 0.290 -7683 11.377 14 40 7.00 0.002 -13395 9.675
7 40  7.00 0.104 -15803 4.088 15 40 7.00 0.175  -4468 10.664
8 40  7.00 0.187  -4803 11.027

Fig. 11. Detailed flowsheet of the synthesis reactor block shown in Fig. 6. Color description: blue = electricity, yellow = biofuel,
red = heat.



