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Abstract

In a “conventional” thermochemical biorefinery, carbon is emitted from the plant in the form of CO; to
make the synthesis gas from the gasifier suitable for fuel production. The alternative to this carbon
removal is to add hydrogen to the plant. By adding hydrogen, it is possible to more than double the
biofuel production per biomass input by converting almost all of the carbon in the biomass feed to
carbon stored in the biofuel product. Water or steam electrolysis can supply the hydrogen to the
biorefinery and also the oxygen for the gasifier. This paper presents the design and thermodynamic
analysis of two biorefineries integrating water electrolysis for the production of methanol. In both
plants, torrefied woody biomass is supplied to an entrained flow gasifier, but in one of the plants, the
torrefaction process occurs on-site, as it is integrated with the entrained flow gasification process. The
analysis shows that the biorefinery with integrated torrefaction has a higher biomass to methanol
energy ratio (136% vs. 101%) as well as higher total energy efficiency (62% vs. 56%). By comparing with
two identical biorefineries without electrolysis, it is concluded that the biorefinery with integrated
torrefaction benefits most from the integration of electrolysis.

Keywords: biorefinery, biofuel, electrolysis, torrefaction, gasification, thermodynamic analysis.

1. Introduction

A thermochemical biorefinery can be based on gasification of a biomass feedstock to produce a
synthesis gas (syngas) followed by chemical synthesis in a chemical reactor to produce the desired
biofuel. Thermochemical biorefineries of this type are currently being demonstrated and upscaled all
over the world [1]. An example of an existing demonstration plant is the 32 MWth GoBiGas plant in
Sweden, producing synthetic natural gas [1]. The carbon-based biofuels produced by a thermochemical
biorefinery will have hydrogen to carbon ratios that are higher than those of biomass feedstocks. This
means that there is a need to adjust the hydrogen to carbon ratio in the bio-syngas before the chemical
synthesis. The conventional way of doing this adjustment is by changing the H,/CO-ratio in the syngas by
using the water gas shift (WGS) reaction (eq. 1) followed by removal of the produced CO, [2]. This CO,
will typically be vented to the atmosphere, but if it was compressed and stored underground (CCS), the
complete biorefinery would have the effect of reducing the CO, content in the atmosphere and would
thereby be a climate-mitigating technology. Such a biorefinery is investigated in, e.g., [3,4].

H20 + CO <> H, + CO, (1)
If the CO; is vented to the atmosphere, it can be claimed that the biomass feedstock is not utilized to its

full extent because the carbon in the vented CO; could in theory be used to produce more carbon-rich
biofuel. One way of increasing the utilization of the biomass feedstock, and thereby increasing the

*Corresponding author. Tel.: +45 20712778; fax: +45 45884325. E-mail address: Irc@mek.dtu.dk (L.R. Clausen).



production of biofuel, is by the addition of hydrogen to the biorefinery. The added hydrogen is used to
adjust the H,/CO-ratio in the syngas before chemical synthesis, and it therefore potentially eliminates
the need for a water gas shift reactor and CO; capture. By adding hydrogen to the biorefinery, it is in
theory possible to convert all of the carbon in the biomass feedstock to carbon stored in the biofuel
product. The added hydrogen could be produced by the electrolysis of water/steam using non-fossil or
renewable electricity. A benefit of incorporating the electrolysis of water/steam into a biorefinery is the
co-production of oxygen from the electrolysis. This oxygen is needed for the gasification of the biomass
feedstock, and the electrolyser therefore eliminates the need for an oxygen plant. A thermochemical
biorefinery using electrolytic hydrogen is termed an “advanced thermochemical biorefinery” in this
paper, and in Fig. 1, a schematic of such a plant is shown and compared to a “conventional”
thermochemical biorefinery.

Adding electrolysis to a biorefinery only makes sense if the price of electricity is frequently lower than
the price of biomass (per energy unit). The future prices of biomass and electricity are uncertain and
difficult to predict, but if the demand for biomass for energy purposes increases more than the supply,
the biomass price will increase. A biorefinery that could utilize all of the carbon in the biomass could
therefore be both economically attractive and environmentally attractive (as less biomass is used for the
same amount of biofuel produced). The price of electricity typically varies over a daily cycle, so the
electrolyser could therefore operate when electricity prices are low, e.g., during the night time. For this
to work in connection with a biorefinery, the underground gas storage of hydrogen and oxygen is
desirable to enable the biorefinery to operate for a maximum number of operating hours and not just
when the electrolyser is operating?. It is important to note that when the operating hours of the
electrolyser are reduced, the electrolyser capacity must be increased, which means higher capital costs.
In some future energy systems, the installed capacity of fluctuating renewables, such as wind and solar,
is expected to be significant, leading to a requirement for flexible electricity consumers with a high
capacity, both in terms of power and energy [5,6]. A water/steam electrolysis plant is such a consumer
[7]. The hydrogen generated by the electrolyser could be converted back to electricity when the demand
for electricity is high, but it could be more economically attractive as well as more environmentally
attractive to have the opportunity to use the hydrogen for fuel production?. If the hydrogen is used for
fuel production, a link has been created between the power grid and the transportation sector. Linking
different energy systems into one big “smart energy system” consisting of the power grid, gas grid, the
transportation sector and the district heating system has been proposed by, e.g., [5,6]. This makes it
possible to substitute fossil energy with renewable electricity in the transportation sector, something
that is otherwise only possible using electric vehicles and hydrogen vehicles (via electrolysis).

1 Other biorefinery types could avoid the use of underground gas storage. Two examples: Example 1: using a gasifier that can
operate both on air and oxygen. When electricity prices are low, the electrolyser produces oxygen for the gasifier and hydrogen
for the syngas. The gasifier will then produce a nitrogen-free syngas that is suited for fuel production. When electricity prices
are high, the electrolyser does not operate. The gasifier will then be air-blown, and the gas from the gasifier is used for
electricity production in a combined cycle (BIGCC — biomass-integrated gasification combined cycle). This will ensure that the
high capital cost gasifier operates for a maximum number of operating hours, but the fuel production section will only operate
when the electrolyser operates (when electricity prices are low). The compression of air instead of oxygen to the gasifier will
also be costly, but it will not be an issue if the gasifier pressure is limited to the gas turbine pressure because the air
consumption of the gas turbine will be lowered. Example 2: adding an electrolyser to a conventional thermochemical
biorefinery as an add-on. This means that the biorefinery will also include a cryogenic oxygen plant and water gas shift (carbon
capture is present in the advanced biorefinery if CO, is used for feeding the biomass to the gasifier). The plant can then operate
as both a “conventional” biorefinery and as an “advanced” biorefinery. The disadvantages of such a biorefinery are the added
capital cost and that the fuel synthesis capacity must be set based on the requirements of the “advanced” biorefinery
(approximately twice the capacity of a conventional biorefinery).

2 This is assuming that the transportation sector is not hydrogen based (using hydrogen fuel cell vehicles).



Previous work on using electrolytic hydrogen together with biomass gasification for fuel production
includes [8-13]. In [8-10,12], the biofuel is methanol. In [11], the biofuel is synthetic natural gas (SNG). In
[13], it is Fischer-Tropsch fuel. The novelty of the present paper is the detailed design and analysis of
the proposed biorefineries as well as using the electrolytic hydrogen for chemically quenching the hot
gas from an entrained flow gasifier. This quenching creates a more suitable syngas for methanol
synthesis by converting an appropriate amount of CO; to CO via the reverse water gas shift reaction
(RWGS). The analysis in the paper also adds to the knowledge available in the literature by showing the
impact of integrating a torrefaction process in a biorefinery. The impact is presented with respect to
biorefinery design, energy and carbon utilization.

The two biorefineries investigated in this paper both use torrefied woody biomass as the input to the
gasifier because this enables the use of commercial coal gasification equipment [14,15]. One of the
biorefineries investigated also incorporates “integrated torrefaction”, which integrates biomass
torrefaction and entrained flow gasification of the torrefied biomass. This integration was proposed in
[15] and is based on using the volatiles from the torrefaction for a chemical quench of the hot gas from
the entrained flow gasifier. This increases the “overall cold gas efficiency” of the syngas production
significantly. In [16], this “integrated torrefaction” is investigated in more detail.

The present paper presents the conceptual design and thermodynamic analysis of two thermochemical
biorefineries, both with integrated water electrolysis. One of the biorefineries operates on torrefied
biomass pellets, and the other operates on wood chips using “integrated torrefaction”. The two
biorefineries are compared with two similar biorefineries without integrated water electrolysis. These
two “conventional” biorefineries are presented in detail in [16].

2. Design of the biorefineries

The design of the biorefineries is based on the design presented in [16]. So as not to reproduce the full
description in this paper, only a brief description is given along with Table 1, which presents the key
process design parameters used in the modeling. Two processes were, however, not employed in the
previous paper and are therefore presented below. The biorefineries were modelled in Aspen Plus and
an in-house modeling tool called DNA [17]3.

Fig. 2 and Fig. 3 show simplified flow sheets of the two modelled biorefineries. The main processes in
the two biorefineries are the same and start with the pressurized oxygen-blown gasification of a
torrefied biomass powder. In the biorefinery based on wood chips, the torrefaction of the biomass feed
occurs on-site. The oxygen for the gasification is supplied by the water electrolysis. The hot gas from the
gasifier is cooled by a chemical quench with either electrolytic hydrogen or volatiles from the upstream
torrefaction. The gas is then further cooled before it is conditioned by the removal of sulfur and CO..
The extracted CO; is used for feeding the biomass to the pressurized gasifier. The conditioned syngas is
mixed with electrolytic hydrogen to produce a syngas with an appropriate H,/CO-ratio for methanol
synthesis. The syngas is then pressurized and converted to methanol in the methanol reactor. The
product gas from the methanol reactor is cooled to ambient temperature to condense out the produced
methanol. 97% of the unconverted syngas is recirculated to the reactor, while the rest is used for
electricity production in a gas turbine. The crude methanol product from the reactor is sent to
distillation to first remove absorbed gases and then remove water to produce a high-purity methanol

3 The gasification part is modelled in DNA (Dynamic Network Analysis) and the rest of the biorefinery in Aspen Plus. DNA is used
for the gasification part because it has a better solids handling than Aspen Plus. The property methods used in Aspen Plus are
PR-BM (Peng-Robinson with Boston-Mathias alpha function) for the syngas processing, SR-POLAR (Schwarzentruber and Renon)
for the methanol reactor loop and the distillation, and STEAMNBS for the integrated steam plant.



product. An integrated steam cycle utilizes the waste heat available in the biorefinery for electricity
production.

Electrolysis of water and gas storage

Alkaline water electrolysis with an LHV efficiency from electricity to hydrogen of 70% is used [7,8]. The
water electrolysis is performed at 30 bar [7] to minimize costly gas compression. Other electrolyser
types include PEM (proton exchange membrane) and SOEC (solid oxide electrolyser cell). SOEC steam
electrolysis can achieve an LHV efficiency from electricity to hydrogen of 83% (cell voltage of 1.51 V)
[18,19], and if steam can be generated by waste heat instead of electricity, the LHV efficiency from
electricity to hydrogen can increase to 97% (cell voltage of 1.30 V) [18,19]. SOEC steam electrolysis is,
however, still in the research/development phase and was therefore not used in the present study.
The hydrogen and oxygen produced by the water electrolysis is compressed to 200 bar* and stored
underground. Because of the large plant size, only underground gas storage is an economically viable
storage technology [20].

Chemical quench

Two types of chemical quench are used to cool the gas from the pressurized entrained flow gasifier. In
the biorefinery based on torrefied wood pellets, a hydrogen quench is used to convert an appropriate
amount of CO, to CO via the reverse water gas shift reaction (RWGS). This creates a syngas with a low
CO; content, which is more suitable for methanol synthesis®.

In the biorefinery based on wood chips, a chemical quench using the volatiles from the upstream
torrefaction of biomass is employed to increase the overall cold gas efficiency of the gasifier. It is
assumed that the volatiles are converted to CO, H,, H,0 and CO; due to the high temperature of the gas
from the gasifier [15].

For both types of chemical quench, it is assumed that the water gas shift reaction is at chemical
equilibrium after the quench. This assumption is appropriate to make at high temperatures. The
temperature after the quench with the volatiles is, however, only 858°C.

3. Results

The results of the thermodynamic modeling and analysis of the two thermochemical biorefineries are
presented in the following. In Fig. 4 and Fig. 5, the detailed flow sheets of the two biorefineries are
presented, showing mass and energy flows throughout the plant. In Table 2 and Table 3, the
compositions of the key mass flows in the two biorefineries are given. Table 4 summarizes the main
results, including the key energy efficiencies and energy ratios. One of the most important energy ratios
is the biomass to methanol energy ratio. This ratio is calculated to be 136% for the plant based on wood
chips (integrated torrefaction) and 101% for the biorefinery based on torrefied biomass pellets (external
torrefaction). This shows that the product methanol contains more energy than the biomass feed. This
is, of course, only possible because hydrogen from water electrolysis is supplied to the syngas. The total
efficiencies (biomass + net electricity to methanol) are calculated to be 62% (integrated torrefaction)
and 56% (external torrefaction). The main reason for the higher energy efficiency and energy ratio of the
plant using integrated torrefaction is the higher biomass to syngas efficiency (86% vs. 63%) that is
achieved by using integrated torrefaction instead of external torrefaction. The syngas to methanol
energy efficiencies are very similar (80% vs. 81%) even though the CO, content in the syngas is much

4 In practice, the gas pressure in the storage will vary from the operating pressure of the gasifier, which is 45 bar, to the
maximum storage pressure of 200 bar. When the electrolyser operates, the gas needed in the biorefinery will only be
compressed to the gasifier pressure. The surplus gas will then be compressed further to the storage pressure and stored
underground. This surplus gas is then used in the biorefinery when the electrolyser is not operating.

5 Discussed in section 4 (discussion)



higher in the plant using integrated torrefaction (13.1% vs. 3% in the inlet to the methanol reactor). A
high CO, content in the syngas will typically lead to a somewhat higher hydrogen requirement according
to eq. 2-3. The results, however, show that the hydrogen to methanol energy ratio is only slightly higher
in the plant based on external torrefaction (164% vs. 166%). This is due to the hydrogen consumption in
the hydrogen quench used in the plant based on external torrefaction and because the amount of CO; in
the purge gas from the synthesis reactor is almost twice as high in the plant based on integrated
torrefaction.

2H, + CO <> CHsOH (2)
3H, + CO, <> CH3OH + H,0 (3)

The net electricity to methanol ratio (111% vs. 121%) does not follow the trend of the hydrogen to
methanol ratio, despite 94-95% of the electricity consumption being for the electrolyser. This is because
the electricity production of the integrated steam cycle is much higher in the plant based on external
torrefaction due to the heat requirements for torrefaction and steam drying in the plant based on
integrated torrefaction, which leaves only a small amount of waste heat for the integrated steam cycle.
The on-site electricity production is, however, high enough to cover the electricity consumption when
the electrolysis is not operating. This is important because when the electrolysis is not operating, the
electricity prices are high.

Based on these results, it can be stated that switching from the more conventional external torrefaction
to the more advanced integrated torrefaction will increase the net electricity consumption by 8 kJ (from
79 kJ to 87 kJ) per 100 kJ of methanol produced but will also decrease the biomass consumption by 25 kJ
(from 99 kJ to 73 kJ) per 100 kJ of methanol produced®.

The chemical energy flows in the two biorefineries can be observed in Fig. 6. The figure also includes
two similar plants without electrolysis for comparison (from [16]). With respect to the two plants in this
paper, the figure shows how the biomass to methanol energy ratios of 136% and 101% are derived
because all flows are normalized by the chemical energy flow of the input biomass. It also shows how
the biomass to syngas energy efficiencies of 86% and 63% appear. It is clear that the main reason for the
difference in energy ratios as well as in energy efficiencies is the conversion heat loss in the external
torrefaction’. The figure also shows that only 28% (17%/61%) of the hydrogen produced by the
electrolyser in the plant based on external torrefaction is needed for the chemical quench. If all of the
hydrogen had been used in the quench, not enough CO, would be left in the syngas®. The chemical
energy flow in the purge gas from the methanol reactor loop can be observed to be more than twice as
high for the plant based on integrated torrefaction; this is mainly due to the higher CO, content of the
syngas but also simply because the chemical energy flow of syngas to the reactor is 36% higher.

Upon comparison with the plants without electrolysis, it can be observed that adding electrolytic
hydrogen more than doubles the methanol output per biomass input. The increase is greatest for the
plant with integrated torrefaction because the purge gas flow to the gas turbine was high (7%) in the
plant without electrolysis to cover the on-site electricity consumption. The loss occurring in the water

6 The electricity consumption should not be converted to primary energy (by using a biomass to electricity efficiency of a
biomass power plant), which is otherwise often done in these types of analyses. The reason is that these types of plants are
only relevant if the electricity is supplied by renewables such as wind and solar. Electricity is therefore considered to be primary
energy.

7 In external torrefaction, the volatiles are combusted and the heat used for torrefaction and drying of the biomass.

8 CO, is needed for the following: 1. feeding the biomass to the gasifier (the CO, is captured from the syngas) and 2. ensuring
optimal catalytic activity in the methanol reactor (a CO, content of approx. 3% is optimal)



gas shift reactor (3%) is avoided when adding electrolytic hydrogen because it is not necessary to
convert CO to H, when H; is added.

Fig. 7 shows the carbon flows in the two biorefineries and compares them with two similar plants
without electrolysis. With respect to the two plants in this paper, the figure shows that in the plant using
integrated torrefaction, almost all of the carbon in the biomass ends up as carbon stored in the
produced biofuel (96%). The biomass to methanol energy ratio of 136% for the plant using integrated
torrefaction (Fig. 6) can therefore not be much higher. In the plant using external torrefaction, 77% of
the carbon in the biomass ends up as carbon stored in the produced biofuel because a lot of carbon is
emitted from the external torrefaction process. The figure also shows how much CO; is captured in the
AGR and used for feeding the biomass to the gasifier (8%/10%). The amount of CO, needed for the
feeding is lower in the plant using integrated torrefaction because the mass flow of biomass to the
gasifier is lower.

With respect to the plants without electrolysis, it can be observed that most of the carbon in the
biomass ends up as CO; vented from the plants instead of carbon stored in the produced biofuel.

4. Discussion

Each of the four biorefineries discussed above (in connection with Fig. 6 and Fig. 7) could be attractive
given the right situation or given the right prerequisites. In Table 5, the main prerequisites are stated®.
The demand for biomass for energy purposes is expected to increase greatly in the future transition to
renewable energy. To limit the biomass demand for fuel production, an incentive could be made to
increase the fuel yield per biomass input. Such an incentive would favor the plants with electrolysis —
and especially favor the biorefinery with integrated torrefaction.

Below, two relevant aspects of the investigated biorefineries are discussed. These are as follows: 1.
converting CO; to CO before methanol synthesis and 2. changes in the plant design and energy efficiency
due to the addition of electrolytic hydrogen.

Converting CO; to CO before methanol synthesis

In the biorefinery using external torrefaction, a chemical quench with hydrogen is used to convert some
of the CO; in the syngas to CO. This conversion has two benefits: 1. Higher per-pass conversion in the
methanol reactor, thus resulting in a lower capacity reactor and a smaller purge gas loss 2. Lower water
production in the methanol reactor (eq. 2-3), thus lowering the heat requirement of the distillation part.
Table 6 shows how much of the carbon in the syngas is in the form of CO for the two biorefineries
investigated in this paper and for a modified version of the biorefinery based on integrated torrefaction.
It can be observed how this CO fraction changes from the gasifier exit to the inlet of the methanol
reactor. The benefits of converting CO, to CO before methanol synthesis (mentioned above) are also
qguantified in the table.

Instead of using a hydrogen quench to convert CO, to CO, solid oxide electrolysis cells (SOEC) could be
used. The SOEC would then receive the pure CO; stream from the AGR and return a CO-rich stream
before or after the AGR. This is especially useful in cases where the hydrogen quench cannot convert the
desired amount of CO; to CO. This is true for the biorefinery with integrated torrefaction and is also true

9 Other important factors include the following: 1. Capital cost of the electrolyser and gasifier; if the capital cost of the
electrolyser multiplied by a factor F (F = capacity factor of gasifier/capacity factor of electrolyser, an example could be: F =
90%/45% = 2) is lower than the capital cost of the gasifier (per syngas production capacity), it would favor the plants with an
electrolyser. 2. Capital cost and societal acceptance of underground gas storage of H, and O, —as mentioned in the
introduction, it is possible to design a biorefinery with integrated electrolysis that is not dependent on gas storage.



for low-temperature gasification in general because the CO, content increases when the gasification
temperature is decreased (water gas shift reaction, eq. 1)°.

Changes in heat integration and total energy efficiency due to the addition of electrolytic hydrogen
With respect to the change in the plant total energy efficiency when adding electrolytic hydrogen, Fig. 8
shows that at an electrolyser energy efficiency of 70%, the change is small; a small decrease is observed
for the plant with integrated torrefaction (from 63% to 62%), and a small increase is observed for the
plant with external torrefaction (from 53% to 56%). The small decrease observed for the plant with
integrated torrefaction is mainly due to the overall cold gas efficiency of the gasifier being higher than
the electrolyser efficiency (86% vs. 70%), while the opposite is true for the plant with external
torrefaction.

If high temperature steam electrolysis was used instead of water electrolysis, a much higher electrolyser
efficiency could be achieved (95-98%, as discussed in section 2). This would increase the total energy
efficiency of the plants substantially (Fig. 8).

The changes in heat integration due to the addition of electrolytic hydrogen are most noticeable in the
plant based on integrated torrefaction. The heat integration becomes noticeably simpler in this plant
because the available waste heat from the methanol reactor almost doubles (from 48 MWth to 93
MWth)!! because the methanol production more than doubles. This waste heat stream can then cover
the heat demand for biomass drying (75 MWth). The heat requirement for distillation also more than
doubles with the addition of electrolytic hydrogen. This has, however, a very limited impact on the plant
based on integrated torrefaction because the waste heat available from condensing the produced steam
from the steam dryer can cover most of the heat demand (the heat demand of the methanol column
reboiler).

5. Conclusion

A thermodynamic analysis of two thermochemical biorefineries integrating the electrolysis of water has
been performed. The analysis showed that the biorefinery with integrated torrefaction has a higher
biomass to methanol energy ratio (136% vs. 101%) as well as a higher total energy efficiency (62% vs.
56%). The difference in energy performance is mainly due to the difference in the utilization of the
volatiles from torrefaction. In the plant based on integrated torrefaction, the volatiles are converted to
syngas and thereafter to product methanol, while in the plant based on external torrefaction, the
volatiles are combusted to supply heat for the drying and torrefaction of the biomass feedstock.
Although the total energy efficiency is lower for the plant based on external torrefaction, the net
electricity consumption per methanol unit is also lower. This is because more waste heat is available for
the integrated steam cycle because the heat requirement for biomass drying and torrefaction is not
covered by waste heat but by combustion of the volatiles. Based on the results, it can be stated that
switching from the more conventional external torrefaction to the more advanced integrated
torrefaction will increase the net electricity consumption by 8 kJ per 100 kJ of methanol produced but
will also decrease the biomass consumption by 25 kJ per 100 kJ of methanol produced.

A carbon analysis showed that 96% of the carbon in the biomass feedstock was converted to carbon in
the product methanol in the biorefinery with integrated torrefaction. This means that the methanol

10 Gas from the Two-Stage Gasifier [27] has a CO/(CO+CO,) fraction of 65%. If this gasifier was used for methanol production as
described in this paper, the CO/(CO+CO,) fraction would be very low at the inlet to the methanol reactor because that CO, is
not used for feeding the biomass, so no AGR is used. If an SOEC would be used to convert some of the CO, to CO, then an AGR
would be needed, unless the SOEC would operate directly on the gas from the gasifier (after cleaning the gas from particles,
sulfur and perhaps other impurities).

11 This can be seen by comparing the two flow sheets (with electrolysis: Fig. 4, without electrolysis: Fig. 8 in [16])



yield per biomass input is close to the theoretical maximum. The biomass to methanol energy ratio of
136% is therefore also close to the theoretical maximum.

By comparing the two biorefineries to two identical biorefineries without electrolysis, it is concluded
that the biorefinery with integrated torrefaction benefits most by the integration of electrolysis. This is
because two important issues are solved by the integration of electrolysis within this biorefinery: 1. The
purge gas flow that is converted to electricity in the gas turbine can be minimized because the plant is
not required to cover the on-site electricity consumption when electrolysis is integrated. 2. The heat
integration becomes much simpler because more waste heat is available from the methanol reactor due
to a 118% increase in methanol production. Assuming that thermochemical biorefineries integrating
electrolysis will be built in the future, integrated torrefaction would therefore be more attractive to use
in these types of biorefineries compared to biorefineries without electrolysis.

Thermochemical biorefineries integrating electrolysis could be attractive from an environmental
perspective because of the very high fuel yield per biomass input, which results in a low consumption of
the limited biomass resource. Because the plants can provide a flexible electricity demand, they can also
help in balancing an electricity grid with a large share of fluctuating renewables such as wind and solar.
This also enables renewable energy from, e.g., wind, to be utilized in the transportation sector, which
would otherwise only be possible by electric vehicles or hydrogen-fueled vehicles.
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Advanced thermochemical biorefinery:

Fig. 1. Schematics of a conventional thermochemical biorefinery (top) and a thermochemical biorefinery with an integrated
water/steam electrolyser (bottom). Note: The thickness of the lines for electricity and biofuel indicate the difference between
the two biorefineries in electricity consumption and biofuel production.
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Fig. 2. Simplified flow sheet of the methanol plant based on torrefied wood pellets (external torrefaction)
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Fig. 3. Simplified flow sheet of the methanol plant based on wood chips (integrated torrefaction)
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Fig. 4. Detailed flow sheet of the methanol plant based on wood chips (integrated torrefaction). The heat integration as well as
the power consumption and production are shown in the flow sheet. Note: The underground storages of hydrogen and oxygen
are assumed to be adiabatic.
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Fig. 5. Detailed flow sheet of the methanol plant based on torrefied wood pellets (external torrefaction). The heat integration
as well as the power consumption and production are shown in the flow sheet. Note 1: the temperature in the gasifier after the
hydrogen quench is 1164°C. Note 2: The underground storages of hydrogen and oxygen are assumed to be adiabatic.
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Table 1

Main process design parameters used in the modeling.

Feedstock

Torrefied wood pellets: composition in dry wt%: 50.8% C, 5.8% H, 41.4% 0, 0.3% N, 0.06% S, 1.7% ash.
LHV-dry = 20.6 MJ/kg. 3% water. [21,22]

Wood chips: composition in dry wt%: 47.2% C, 6.1% H, 45.1% O, 0.3% N, 0.02% S, 1.3% ash. LHV-dry =
17.6 MJ/kg [15], 50 wt% water.

Steam dryer

Water content after dryer = 5 wt%

Pretreatment Power consumption for milling = 0.29% of the thermal input (LHV)?
Pressurizing & Pressurizing: CO; for pressurizing is assumed to be reused (no net CO, consumption). Feeding:
Feeding CO,/biomass mass-ratio = 22%

Torrefaction

Outlet temperature = 300°C. Heat demand = 2% of biomass energy input (LHV)P. Outlet compositions
and heating values based on experimental data from [15].

Gasifier

Pexit = 45 bar [23]. Ap = 1.2 bar. Temp. before quench = 1300°C¢. Carbon conversion = 100% [4]. Heat
loss: 2.7% of the thermal input is lost to the surroundings and 1% of the thermal input is used to
generate steam [4]. Chemical equilibrium (Gibbs minimization) at the exit temperature and pressure.
cp for ash = 1 kJ/(kg-K)

Chemical quench
with H2

Chemical equilibrium of the water gas shift reaction is assumed at the exit temperature (1164°C).

Chemical quench
with volatiles

The volatiles are assumed to be converted to CO, H,, H,0 and CO; [15]. Chemical equilibrium of the
water gas shift reaction is assumed at the exit temperature (858°C).

Water electrolysis

Energy efficiency = 70% (electricity to hydrogen - LHV). P = 30 bar.

AGR (Rectisol)

Power consumption = 0,11 MW/(kggas-input/s). Heat consumption = 0,074 MW/(kggas-input/S) [4]

Methanol synthesis

Boiling water reactor (isothermal). Reactor inlet: H,/CO = 2 or (H,-CO,)/(CO+ CO,) =2, CO, = 3-13
mole%¢d. Reactor outlet: T = 260°C, Peyit = 80.7 bar. APreactor = 4.3 bar. Approach to equilibrium of 15°C
for both the methanol reaction and the WGS reaction. 97% of the unconverted syngas is recirculated
to the methanol reactor.

Distillation

P = 8 bar (topping column), 0.9¢-1.0 bar (methanol column). CO; content in liquid after topping column
=1 ppm. Water content in product methanol = 0.1 mole %. Methanol content in bottoms product = 1-
10 mole %. Number of stages in distillation columns: 10 (topping column), 35 (methanol column). Feed
stage position optimized.

Heat exchangers

ATmin = 30°C (gas - gas), 10°C (gas — lig. and lig. — lig.) or 5°C (lig. — evap./cond.-lig.).

Steam cycle Steam temperature before turbine = 600°C. Maximum steam pressure = 180 bar. Minimum steam
quality after turbine = 0.85. Condensation pressure = 0.042 bar. Nisentropic, turbine = 90%

Gas turbine Air compressor: pressure ratio = 19.5f, npoiytropic = 87%F. Turbine: TIT=1370°Cf, Nisentropic = 89.8%".
TMmechanical = 98.7%f. TNelectrical = 98.6%f

Compressors Tpolytropic = 85% (5 stage CO, compression from 1 to 46 bar), 80% (syngas compressors, 2 stage O,/H;

compression from 30 to 200 bar,)f. Nmechanical = 94%. Nelectrical = 100%

a[24]. In [21], the power consumptions for milling torrefied biomass and bituminous coal were experimentally determined to
be the same (1% of the thermal input). The size of the mill used in the experiments (heavy-duty cutting mill, 1.5 kWe) was
assumed to be the reason for the higher value (1% vs. 0.29%).

b The heat demand for torrefaction at 300°C was lower than 1% of the biomass energy input (LHV) according to [15]. It is
conservatively set to 2% in the modeling (which also accounts for heat losses).

¢In [22], 1300°C was used for the entrained flow gasification of the torrefied biomass. The addition of silica or clay to the
biomass is likely necessary at this relatively low temperature to make the gasifier slag [22], but these compounds are not added
in the modeling. The enthalpy of fusion of the ash is also not included in the modeling.

9 The 3% CO, content is only possible to set in the plant based on torrefied biomass pellets (external torrefaction) by varying the
fraction of hydrogen that is used for the chemical quench. In the plant based on wood chips (integrated torrefaction), the
content of CO; is instead calculated to be 13%.

€ The pressure in the methanol column is reduced to 0.9 bar in the plant based on wood chips to enable the use of low-
temperature waste heat to cover the reboiler duty.

f[24]. Note for gas turbine: The gas turbine is a natural gas-fired gas turbine (GE 7FB) that is fitted to use syngas. In [24], the

m
simulations of the gas turbine operating on syngas show that the

T eS0T pine FATIO CAN be as low as 0.91; in this

paper, the ratio is 0.93-0.94. This high ratio is a result of the composition of the unconverted syngas (containing 60-72 mole%
H,). Typically, the TIT would be de-rated by 20-30°C when operating on syngas (compared to natural gas) or up to 50°C when



operating on hydrogen. However (as suggested in [24]), the historic increase in TIT is assumed to continue. Therefore, the TIT of
1370°C has not been de-rated.



Table 2
Stream compositions for the methanol plant shown in Fig. 4 (integrated torrefaction).

Gasifier Gasifier AGR Comp. Reactor Reactor Purge  To distil- Recycle
(before exit outlet outlet inlet outlet gas lation CO;
quench)
Stream - 15 20 21 22 23 29 322 34
number
Mass flow 33.3 44.2 40.0 43.4 110.8 110.8 2.1 41.4 4.3
(ke/s)
Mole flow 1.50 2.15 1.92 3.64 9.30 7.16 0.17 1.33 0.10
(kmole/s)
Mole frac (%)
H; 23.8 32.5 36.7 66.6 70.0 58.8 72.1 0.27 3.6
co 55.8 43.0 48.3 25.4 15.2 7.2 8.8 0.06 0.75
CO, 9.1 13.2 14.7 7.7 13.1 14.8 16.5 7.1 92.5
H,0 11.2 11.2 - - 0.02 2.2 0.03 11.9 0.02
CHa 0.02 0.02 0.02 0.01 0.13 0.17 0.21 0.01 0.10
H,S 0.01 0.01 - - - - - - -
N> 0.20 0.14 0.16 0.08 11 14 1.7 0.01 0.14
CH30H - - 0.15 0.08 0.39 15.4 0.59 80.6 2.9

a Liquid



Table 3
Stream compositions for the methanol plant shown in Fig. 5 (external torrefaction).

Gasifier Gasifier AGR Comp. Reactor Reactor Purge  To distil- Recycle
(before exit outlet outlet inlet outlet gas lation CO;
quench)
Stream - 13 19 20 21 22 29 322 34
number
Mass flow 186.9 191.0 148.6 159.3 317.9 317.9 4.9 154.4 6.2
(ke/s)
Mole flow 8.75 10.76 9.06 14.39 26.43 17.20 0.37 4.80 0.16
(kmole/s)
Mole frac (%)
H; 26.1 38.5 45.9 65.9 63.2 43.4 60.0 0.29 8.6
co 51.9 43.6 52.0 32.7 31.6 21.9 30.3 0.26 7.8
CO, 8.9 5.8 1.9 1.2 3.0 4.4 5.1 2.7 79.1
H,0 12.9 11.9 - - 0.00 0.17 0.00 0.60 0.00
CHa 0.03 0.02 0.04 0.03 0.29 0.45 0.61 0.03 0.83
H,S 0.02 0.02 - - - - - - -
N> 0.14 0.11 0.15 0.09 15 23 3.2 0.03 0.83
CH30H - - 0.05 0.03 0.32 27.3 0.67 96.1 2.9

a Liquid



Table 4

Main results from the modeling and analysis of the two biorefineries.

Integrated torrefaction

External torrefaction

Biomass input [MWthiny, ary]

Biomass input [dry kilotonne/day]
Torrefied biomass input [MWth vy, dry]
Torrefied biomass input [dry kilotonne/day]
Methanol produced [MWthuy]

Methanol produced [kilotonne/day]
Methanol produced [kg/kgbiomass, par]
Methanol produced [kg/kgtorrefied iomass, DAF]

500
2.45

681
2.95
1.22

2906
14.24
2312

9.70
2940
12.76

1.34

[% of biomass

[% of torrefied

Electricity consumption: [MWe] input] [MWe] biomass input]
Electrolysis 595 119 2536 110
Milling 1 ~0 7 ~0
Compressors 30 6 117 5
Acid gas removal (AGR) 5 1 20 1
Total electricity consumption 631 126 2680 116
Electricity production:

Steam cycle? 27 5 323 14
Gas turbine® 14 3 33 1
Total electricity production 41 8 356 15
Net electricity consumption® 590 118 2324 101
Energy efficiencies and ratios (LHV) [%]:

Biomass to syngas

(Overall cold gas efficiency) 86 63
Torrefied biomass to syngas - 80
Syngas (incl. H;) to methanol 80 81
Biomass + net electricity to methanol (total efficiency) 62 56
Biomass to methanol 136 101
H to methanol 164 166
Net electricity to methanol 115 127
Torrefied biomass to methanol - 127
Torrefied biomass + net electricity to methanol - 63

a The thermal efficiency of the simple steam cycles ranges from 36% (600°C and 43 bar) to 39% (600°C and 136 bar) — steam
extraction is not included in these values. P The thermal efficiency of the gas turbine is 37.9%. < This is the average electricity
consumption (when the electrolysis is operating, the consumption will be larger than this figure, but when the electrolysis is not
operating, the on-site power production will be greater than the on-site power consumption, resulting in net electricity

production)



Table 5
The main prerequisites for choosing one of the four different biorefineries

Electrolysis No electrolysis
Integrated The cost of electricity is frequently lower than the The cost of electricity is always/almost always
torrefaction cost of biomass? higher than the cost of biomass?
External The cost of electricity is frequently lower than the The cost of electricity is always/almost always
torrefaction cost of biomass? higher than the cost of biomass?
and and
Integrated torrefaction is too complex/expensive? Integrated torrefaction is too complex/expensive?
or does not work® or does not work®

@ per energy unit. For reference: The wood pellet price (PIX Pellet Nordic Index) has varied between 28 and 31 €/MWh in the
period 2010-2014 (wood chips is a more local product and typically cheaper) [25], and the average annual electricity price
(Nordpool system spot price) has varied between 28 and 53 €/MWh in the period 2007-2013 [26]. ® “Complex” refers to the
need for pressurized torrefaction and/or pressurization of hot volatiles from torrefaction. “Expensive” refers to 1. more
difficult/expensive transport, storage and handling of the biomass feedstock (wood chips); 2. smaller plant size (economy of
scale); or 3. a larger methanol reactor (as shown in Table 6). ¢ It needs to be confirmed through experiments that the volatiles
from torrefaction are converted completely to CO, H,, CO; and H,0 in the quench.



Table 6
Fraction of carbon in the syngas as CO and the related impacts.

External torrefaction

Integrated torrefaction

Integrated torrefaction
with H, quench?

CO/(CO+C02), mole %

Gasifier — before quench 85 86 86
Gasifier — after quench with volatiles - 77 77
Gasifier — after H, quench 88b - 85¢
After AGR 96 77 87
To methanol reactor 91 54 69
Volume capacity of methanol reactor? [%] 100 152 125
Purge gas chemical energy? [%, LHV] 100 175 134
Reboiler duty of methanol columnde [%] 100 123 118

2 If the electrolytic hydrogen was added to the syngas just after the quench with the volatiles instead of before the syngas
compressor, it is assumed that the reverse water gas shift reaction (RWGS) reaches equilibrium after the addition of hydrogen,
although the temperature is only 788°C; a bed with active carbon could be used to promote the RWGS reaction. ® 20% of the
CO, is converted to CO in the quench. € 38% of the CO, is converted to CO in the quench. 9 per unit methanol produced.

Normalized. € The preheating before the methanol column is here considered a part of the reboiler duty.



