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The six components present in the standard, namely raffinose, maltose, fructose, glucose,
pyranose, and hydroxymethylfurfural, could be detected in the upper chromatogram. In
addition, the chromatogram exhibits distinct peaks at residence times shorter than that of
raffinose, which are due to the formation of oligo-saccharides as primary hydrolysis products.
In addition to these oligo-saccharides, raffinose, maltose, glucose, and fructose, also small
amounts of pyranose and hydroxymethylfurfura could be detected, which are known as
secondary reaction products following the cellulose hydrolysis.

In contrast, the chromatogram of the experiment conducted at 350°C shows no more oligo-
and mono-saccharides but distinct peaks for pyranose and hydroxymethylfurfural. The major
peak at an elution time of 27 s was present in significant amounts in almost al the
experiments conducted so far, but was not identified yet. The identification of this
degradation product is currently in process.

The carboxylic acid analyses for the ESA-substrate experiments shows the presence of formic
and acetic acid, which account for up to 20 % of the total soluble carbon. The concentrations
of higher acids are negligible.

In addition, effluents of cellulose decomposition experiments were tested for C;-Cs acohols
and C,-Cs aldehydes by means of headspace chromatography, but were not found in the liquid
effluent.

Summing up these aspects, the sugar and acid analysis are established, but the tests for other
compounds did not yield positive results so far.

Gas phase analysis:

The figure below shows a typical chromatogram of obtained gaseous products. The measuring
time of this run was 5 minutes at the operating conditions
specified in Table 3. The chromatogram obtained from
this run exhibits two distinct peaks at 0.80 min and
1.17min. The first of these two man peaks can be
attributed to nitrogen, which is introduced into the system
by mixing the feed suspension under a nitrogen
atmosphere and by operating the buffer vesse with a
nitrogen headspace. The formation of additiona nitrogen
gas in the course of the reaction is very unlikely and can
be excluded on the basis of the nitrogen balance.

; _ The component which is responsible for the second peak
I 5 S = | a 1.17 min could be identified as carbon dioxide, which is
“1 'L ™ r—,——.—' generated in the course of the reaction and contributes to
the carbon balance with the amounts stated in Table 5. No
other components than nitrogen and carbon dioxide could be detected in any of the
experimental runs. The recorded peak areas were converted to concentration values by
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injecting gas samples of known composition, meaning known nitrogen to carbon dioxide
ratios. The absolute peak areas of the standard samples are in very good agreement with the
respective peak areas determined for the effluent measurements, such that no potential other
components, that may not be detectable with the current system, are present in the gas phese.

4.3 Fermentation of effluents

Experiments conducted by Partner 3 prior to the toxicity tests, using an experimental set-up
similar to the one described below, have shown that the methanogenic fermenter is working
with ESA substrate. The effluents of the hydrothermal reactor were fed to a methanogenic
bioreactor of Partner 3 in order to investigate the biodegradability and to prove the non
toxicity of the effluent components. Two short-term fermentation tests were done, the first
one running for a period of 8 days and the second one for more than 2 weeks. In both cases
the thermophilic biomass population, originating from a sewage treatment facility, was
operated at a temperature of 50°C with sludge withdrawal, turbid water separation, and
subsequent sludge recirculation.

Test 1

The first fermentation was conducted in a 2L reactor with an operating volume of about
1.3 L. Intotal, an effluent volume of 200 ml per day was fed at 4 rates of 50 ml each, yielding
aresidence time of about 6-7 days in the bioreactor. Figure 6 reports the biogas production in
the course of the fermentation, with day O being the starting point of feeding the effluents
from the thermal degradation. The effluents were taken from degradation experiments without
the addition of fecal material. Prior to the fermentation of the effluents the bioreactor was run
with effluents from a delicatessen producer (Nadler). This substrate was obtained from the
production of salads and had a high mayonnaise content, thus bearing a high protein and fat
load.
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Figure 6: Fermentation test 1: Biogas production
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It can be concluded that the change of substrate from the mayonnaise, having a higher carbon
load, to the reactor effluents results in a decrease in biogas production after an adaptation
period of several days. Afterwards the gas production stabilizes at values of about 600 to
700 ml/d.

Biogas composition and pH values were determined during the fermentation by means of a
photometer and a pH probe, respectively.
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Figure7: Fermentation test 1:Biogas composition (left) and pH values (right)

The results of these measurements show a stable biogas composition of approximately 65 %
methane and 35 % carbon dioxide. The course of the pH over time exhibits a very dight
decrease, which may point to an incomplete consumption of acids. The fluctuations of gas
production and pH are, however, very minor.

Test 2:

A second fermentation test was conducted using effluents from a thermal degradation
experiment which was run with a feed containing al substrate components as specified at the
1% Progress meeting in Gent. The aim of this experiment was to prove a stable operation of
the methanogenic bioreactor for more than two weeks and to characterize the effluents in
terms of TOC and COD in order to determine the biodegradability of the liquefied material.

The effluents were treated in a 1 L reactor with a feeding of 100 ml of reactor effluents per
day. After aperiod of 10 days, corresponding to one mean residence time, the effluents were
collected and analysed in terms of COD and TOC. The specific biogas production with
respect to the reactor volume and the course of the pH value during the fermentation are
depicted in Figure 8.
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Figure 8: Fermentation test 2: Biogas production versustime (left), pH value (right)

Figure 8 shows that the reactor effluents could be used as sole feed without the addition of
any supplementary substrate. The biogas production fluctuates around a mean value of about
0.15 of litres of biogas per litre of reactor volume and day. The pH value shows, again, a
slight decrease with increasing fermentation time.

The respective DOC and TOC values for the reactor influent and effluent are reported in the

TOC [mg/l] COD [mg/l]
Feed 3717 10760
Effluent
. 529 1640
(Filtrate)

table below. The major part of the
influent load is consumed in the
methanogenic  bioreactor, which
can be concluded from the
reduction of the respective TOC

and COD values. However, this short-term fermentation test cannot reasonably be balanced,
since the reactor was filled with sudge, having a higher carbon load, prior to the experiment
and only about one reactor volume was exchanged before the first effluent sample was

collected.

17



A Total Converting and Biosafe Liquefaction Compartment for MELISSA

4.4 Energy consumption of the tubular reactor

The energy consumption of the hydrothermal treatment unit can be calculated by applying the
laws of thermodynamics and thermochemistry. Since the initial solid concentration of the feed
suspension is comparatively low, the energy uptake of the system can be computed by
neglecting the enthalpy of reactions and using the properties of pure water for estimating the
pumping and thermal energy requirements. The first law of thermodynamics for an open
system at stationary conditions is given by following equation:

Du?

)+DH
2

P2 +Qy, =mXDx>g +

Assuming that the differences in potential and kinetic energy are neglected this equation can
be transformed into an enthalpy balance:

W12+0u2=h2' hl

where wi2 and g2 are the specific work and heat, respectively, which account for the change
in specific enthalpy. In order to estimate the energy uptake of the hydrothermal treatment, the
above equation is applied to the tubular reactor, assigning water at ambient conditions the
state 1 and water at reaction conditions the state 2. By defining this change of state, the
theoretical specific energy for pumping and heat requirements can be computed.

The specific enthalpy can be expressed as a function of the operating conditions in terms of
temperature, pressure, and density. Expressions for this dependency are taken from [3], which
divides the T,P-area into four distinct regions. Region 1 covers the range of liquid water up to

atemperature of 623.15K. For this region, the specific enthalpy is expressed by a fundamental
equation for the specific Gibbs free energy g(p,T):

—g-T9
h=g T(."T)p

For temperatures exceeding 623.15K (region 3), the thermodynamic properties are calculated
on the basis of afundamental equation for the specific Helmholtz free energy f(r ,T).

it i
h=f-T(= AL
(‘"T)r +f(ﬂr)T
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The change of dtate 1® 2, that leads to the enthalpy difference hp-hy, can be split by
introducing the state 1', which characterizes the conditions at the exit of the high pressure
pump. This splitting allows the separate determination of the energy uptake for pumping and
the energy introduced into the system for heating the suspension. Figure 9 shows a schematic
illustration of the different states and the respective process variables.

Oh

Figure9: Schematic representation of the ener gy balance

Assuming thet the specific energy for pumping w equals hy and that the energy input for
heating ¢, can be expressed by h-» , the energy requirements for given operating conditions
can be calculated.

The following example employing typical operating conditions illustrates this calculation:
State1: T1 =20°C,p1 =0.1MPa ® hy = 84.01 kJkg

State 1': Ty = 20°C, pr =24 MPa; ® hyr = 106.26 kJ/kg

State 2: T, =350°C, p2 =24 MPa; ® hp, = 1627.56 kJ/kg

The values derived from this calculation show that the specific energy uptake for pumping
only has a minor contribution compared to the required heating energy of about 1.5MJkg.
Heat losses account for the fact that the value of the real heating energy is higher than the
theoretically calculated one. However, these heat losses can be minimized by a carefully
designed insulation.

An integrated heat design offers the possibility of reutilising part of this energy by means of

heat exchangers, which could provide energy for various heating purposes on a lower
temperature level.
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4.5 Energy consumption of the mechanical pretreatment

The energy consumption of the mechanical pretreatment is difficult to estimate since the
current substrate preparation consists of a number of subsequent size reduction steps. In
addition, the energy requirement also depends on factors like type and size of the mill, the
mode of operation and the water content of the grinding stock. In principle, there are several
empirical approaches which may be used to describe the specific energy requirement. One of
these approaches is the Bond-equation, which was developed for milling medium sized
particles in ball mills:

A, L2 RNTERS
x O Ex 0 ¢

Wm :VVi 2 I g : u
%XSQP ﬂ XSO,AQ H

where W, is the specific energy requirement, W, is an experimentally determined parameter,
x* is the particle size reference value (100um), and x0 and xgo p are the 80% undersize of
grinding stock and product, respectively.

For future experiments, it is intended to treat dry particles by means of a new lab-scale cutting
mill, thereby reducing the required number of preparation steps. For this approach it may be
possible to estimate the required energy consumption by measuring the power uptake and the
milling time and subjecting the particles to a sieve analysis before and after milling. However,
it is questionable if this approach leads to an accurate determination of the adjustable
parameter Wi, such that the results from the lab-scale mill can be transferred to different types
of mills and scales. However, the measurement of the power uptake may serve as arough
estimate for the energy requirement of the mechanical pretreatment.

5 Conclusions

The results presented in this technical note show the feasibility of the hydrothermal
degradation of the ESA-substrate at subcritical water conditions. High degrees of liquefaction
could be achieved within short residence times at the temperatures and pressures applied in
the experiments. The variation of the operating conditions in terms of temperature and
residence time shows an increase of liquefied carbon with increasing temperature and time,
leading to a close to complete conversion at about 350°C and a residence time in the range of
one minute.

The nitrogen and carbon balances show a good match. The degree of liquefaction based on
the nitrogen balance is higher than the respective degree calculated for carbon, which is
probably due to the fact, that the nitrogen content of the ligno-cellulotic material is
comparatively low and the compounds bearing nitrogen are more easily degraded.
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The degrees of liquefaction of the ESA-substrate are lower than the respective values of pure
cellulose, which can be explained by the presence of compounds like lignin, which are more
difficult to degrade by the hydrothermal treatment.

Two short term fermentation tests were done in order to prove the non-toxicity of the reactor
effluents. The results of these tests show that the effluents could be used as substrate for the
micro-organisms without any observable detrimental effects. A detailed anaysis of the
biodegradability in terms of biogas production and COD reduction requires longer
fermentation times and cannot be conducted based on these tests.

The incorporation of a freezing step by liquid nitrogen in the substrate preparation was
studied but does not seem to be a promising alternative to the current grinding procedure.
Future perspectives

As agreed on at the 2" Progress Meeting in Barcelona, the next step of the project will be the
trestment of the solid biomass material from the methanogenic reactor of Partner 1. In

addition, the parameter study with respect to the experimental conditions will be continued as
well as the characterization of the liquid effluents.
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