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Abstract

The main goal of this work was to improve the technological state of the art of energy crop
digestion plants. Therefore a detailed monitoring of a characteristic agricultural biogas
plant was carried out during three years of plant operation. Performance parameters,
mass and energy balances as well as heat flows were calculated in different periods of
plant operation. On some topics special emphasis was laid and the results were published
in international journals. These topics were the phenomenon of self-heating in biogas
digesters, the influence of temperature and temperature changes on digester
performance, the consequences of massive increases of the organic loading rate and the
development of on-line analytic tools for process monitoring.

As the main source of self-heating, the reaction enthalpy of the microbial degradation of
carbohydrates could be verified. Furthermore, the common assumption that two exact
temperature optima exist in anaerobic digestion was disproved. It was shown that
methane vyields at different temperature levels in the mesophilic and sub-thermophilic
ranges are similar. As a consequence of an increase in temperature, two main effects
were identified in laboratory and pilot scale experiments with different bio-slurries from
agricultural biogas plants: (1) a failure of methane production connected to changes in the
microbial community; and (2), a slow but continuous accumulation of propionic acid,
though without an immediate effect on methane production. In contrast to those results,
the doubling of the electrical capacity of a characteristic agricultural biogas plant, retaining
the same digester volume, was achieved without significant decreases in organic
degradation efficiency. In the experiments on on-line measurements, very good prediction
models could be developed for volatile fatty acids and ammonia concentrations.

In general, the data and the experiences of this work show that anaerobic digestion of
agricultural residues and energy crops is already on a very efficient level.

Key words: Anaerobic digestion, biogas, energy crops, organic loading rate, self-heating,
temperature increase, TENIRS.



Kurzfassung

Ziel der vorliegenden Arbeit war es, den Stand der Technik in der Biogasgewinnung aus
Energiepflanzen und landwirtschaftlichen Reststoffen zu verbessern. Dafiur erfolgte die
Begleitung und Uberwachung des Betriebes einer charakteristischen landwirtschaftlichen
Biogasanlage (ber den Zeitraum von drei Jahren. Uber diesen Zeitraum wurden neben
der Erfassung chemischer Daten Effizienzparameter sowie Massen- und Energiebilanzen
fur unterschiedliche Betriebsphasen berechnet. Im Rahmen dieser Arbeit wurden
verschiedene aus der Prozessbegleitung entstandene Fragestellungen vertiefend
behandelt. Dies waren zum Beispiel die zuvor unbekannte Selbsterwarmung von
Biogasfermentern und der Einfluss der damit verbundenen Temperaturschwankungen auf
die Fermenterbiologie. Als Hauptquelle der Selbsterwarmung konnte die Warmeenthalpie
des mikrobiellen Abbaus von Kohlenhydraten identifiziert werden. In Labor- und
Pilotversuchen konnte gezeigt werden, dass es entgegen der verbreiteten Annahme
keine spezifischen Temperaturoptima beziglich der Biogasausbeuten gibt. Zwei
unterschiedliche Reaktionen auf die Erhdohung der Prozesstemperatur von mesophilen
auf thermophile Bedingungen wurden beobachtet: (1) der Einbruch der Biogasproduktion
als Folge eines Populationswechsel und (2) eine langsame aber kontinuierliche
Anreicherung von Propionsaure im Fermenter.

Daruber hinaus wurden die Auswirkungen von erheblichen Steigerungen der organischen
Raumbelastung auf die Prozessstabilitdt ndher betrachtet. In der Uberwachten Anlage
konnte eine Verdoppelung der elektrischen Leistung bei gleich bleibendem
Fermentervolumen und &hnlichen Abbaugraden erreicht werden.

Letztendlich wurde die Anwendbarkeit eines auf Nahinfrarot basierenden Online-
Messsystems zur ProzesslUberwachung uberprift. Erste Modellberechnungen zeigen
hervorragende Ergebnisse.

Insgesamt konnte mit den Erfahrungen und Ergebnissen der Arbeit das Verstandnis fir
den anaeroben Prozess und die Effizienz landwirtschaftlicher Biogasanlagen erheblich
gesteigert werden.

Schlagworter: Biogas, Energiepflanzen, Nahinfrarot, Raumbelastung, Selbsterwarmung,
Temperatursteigerung.
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Introduction and outline of the thesis

Driven by the need to achieve ambitious political goals, such as those required by the
Kyoto Protocol (a reduction of 13% greenhouse gas emissions by 2008/12, relative to
1990 levels) or the Green Electricity Act 2002 (renewable electricity share of 78.1% by
2008), an effective promotion of renewable energy technologies has been pursued in
Austria in recent years. In particular, favourable buyback-rates for ‘biogas’ electricity fed
into the grid (between 10.3-16.5 €Cents / kWhg (BGBI, 2002)) have led to a remarkable
boom in the construction of agricultural biogas plants. As a consequence, the number of
operating plants rose from 119 at the end of 2003 to 231 by the end of 2005 and showed
a continuous trend upwards in 2006 (Laaber, 2007). In Germany the same development
took place. Both in Austria and Germany, the majority of the plants use mainly energy
crops (silage) as substrates. However, up to now the promotion of energy crop digestion
was hardly linked to efficiency criteria. As a result many different technologies and specific
applications have appeared on the market, some of them not very energy-efficient and
reliable.

The production chain of biogas systems is very complex. Every step of the process is
associated with a potential loss of energy or a source for technical or biological problems.
The optimization of these steps can contribute to a better economic and ecological
performance of energy crop digestion, enhancing overall efficiency. Potential for
optimization can be found at nearly every stage of the production process — starting from
the cultivation and the supply of energy crops, via bioconversion (digestion), on to final
gas utilisation and use of the digestate.

As there were almost no specific data on energy crop digestion in literature or full scale
experiences available, the project reNet (Renewable Energy Network Austria) was
started, funded by the Austrian government and several industrial partners and owners of
biogas plants. The main goals of the work were to improve the technological state of the
art of energy crop digestion plants and to develop new analytical and measurement tools
for process monitoring. Plant operators, design- and construction engineers and scientists
were working together at three full scale demonstration plants in Austria. Some of the key
tasks were, among others:

Detailed monitoring of all stages of the digestion process in different types of biogas
plants.

Determination of the influence of changes in physical parameters like temperature or
organic loading rate on the biological process.

Development of analytical methods for a fast characterisation of process stability and
microbiological activity.

Outline of emission sources at the plant site and development of prevention strategies.

During the project, all main tasks were processed with changing intensity, depending on
the monitoring experiences at involved plants. In some cases new issues appeared, like
the phenomenon of self-heating in the digesters. Until now, this development was just
known from aerobic systems. In one of the monitored plants it was observed after just four
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months of operation. Several experiments and analysis were conducted to investigate that
phenomenon and the results were published in paper (I): “The self-heating of anaerobic
digesters using energy crops”. Later on, the same phenomenon was observed in other
energy crop digesters as well. Therefore, plants were forced to change from mesophilic to
thermophilic conditions. In several plants this temperature increase caused severe
problems in digester performance. The importance of that can be illustrated by the
following example: an owner of a 1 MW biogas plant facing a failure in methane
production for a 20 days period would suffer economic damage amounting to approx.
60,000 USD (EUR 45,000).

To avoid such problems, another study was carried out with the aim to investigate the
impact of temperature increases on process stability. Furthermore, different strategies for
the transition from mesophilic to thermophilic conditions and the resulting methane yields
at different temperature levels should be evaluated. The results of this works were
published in paper (I1): “New data on temperature in energy crop digesters”.

Another important question was the maximum achievable organic loading rate in an
energy crop digester. Therefore the enhancement of one of the involved plants to twice
the electrical capacity maintaining the same digester volume was an interesting
experiment. With this step, the plant became one of the most efficient agricultural biogas
plants in Austria related to efficiency criteria like organic loading rate or volume related
biogas productivity (Laaber 2007). During the enhancement, some very interesting
changes in process performance were observed, like the exponentially increased transfer
of partly degraded organic material into the digestate storage. In paper (lll), “Doubling the
organic loading rate in the co-digestion of energy crops and manure — a full scale case
study”, all of the process changes related to the plant enhancement were summarized
and discussed.

The development of analytical methods which allow a fast and reliable characterization of
the process stability was a persistent task during the whole project. Together with partners
from other institutes and companies, several analytical methods were tested with the
focus on on-site implementation capability of the systems. In paper (IV): “TENIRS -
Transflexive Embedded NearinfraRed monitoring for key process intermediates in
anaerobic digestion/biogas production”, first results of the development of an off-line
method simulating an at-line anaerobic co-digestion process monitoring using a new
TENIRS system are reported. The operative focus was on optimizing biogas production
with energy crops as the main feedstock.

In the first part of the work, the monitoring data as well as performance parameters and a
mass and energy balance of the biogas plant in which most studies of the included papers
were carried out, are presented. These data should help the reader to classify the data of
the papers in the second part of the work into the digestion process as a whole. To show
the optimization measures, the three years of plant operation were differentiated in three
main performance phases: Phase 1 representing the operation as a conventional 500 kW
agricultural plant with a main and a second digester and an open digestate storage;
Phase 2 as a transition phase to the electrical capacity of 1 MW and phase 3 representing
the current status.



2 Material and methods

2.1 Sampling and chemical analysis

Samples of the digester content were taken weekly in phase 1 and 2. In phase 3 the
sampling was reduced to every second week. The feed and the digestate storage were
sampled monthly. The content of digester 1 (D1) was sampled at a tube in the digester
wall at mid-height. Samples of digester 2 (D2) were taken out of a recirculation loop which
was used to pump the substrates into the digester. The digestate of D2 was sampled
through a valve in the vertical part of the overflow tube out of D2 into the digestate
storage. The digestate in the digestate storage was sampled during its transfer from the
storage tank into the tank vehicle which would spread it as fertilizer on agricultural areas.
The sampling procedure always consisted of discarding the old content of the sampling
tube, taking a sample of 15 L into a bucket and then taking a quota of 0.5 L out of the
bucket. The feed was sampled by taking 8-10 composites out of the bucket of the front
loader which was used to provide the substrate dosage. All samples were cooled to 4 °C
immediately after sampling. Chemical analysis was performed within 48 h. Volatile fatty
acids (VFA) were analysed using high performance liquid chromatography (HPLC
System, Agilent 1100 Series, RI-Detector). Total nitrogen (TKN, Kjeldatherm, Fa.
Gerhardt GmbH), total ammonia nitrogen (TAN, Vapodest 5, Gerhardt GmbH), pH (340i,
WTW), total solids (TS) and volatile solids (VS) were determined using standard methods
(APHA, 1998). Free ammonia nitrogen (FAN) was calculated using the Hobiger’s formula
(1996):

M (NH3) , c(TAN)*1000

M (NH 4 (OO 2T28755)
( ) (1 +10 (T+273.15) _ pH )

C(FAN) =

(1)

2.2 Calculation of performance parameters

The OLR is the quotient of daily mass of volatile solids (VS) in the feedstock and the
volume of the liquid digester contents (bio-slurries), characterised by the dimension [kg
VvS:-m3d?]. The hydraulic retention time (HRT) was estimated according to Helffrich
(2005) as a quotient of the daily feedstock mass fresh matter (FM) and the total digester
volume, since the volumetric calculation is not useful in solid substrate digestion. The unit
of HRT is day [d]. The volume related biogas productivity is the quotient of the volume of
daily biogas production and total digester volume [dimensions of m*(m*.d)']. The
electrical yield describes the produced electricity related to the substrate input, expressed
in [kWh-kg VS™]. The organic degradation rate characterises the substrate degradation
efficiency and was calculated in a mass balance between VS input and biogas production.
It is expressed as percentage [%)] of the input.



2.3 Calculation of mass and energy balances

The dimension of all organic mass streams in the mass balance was t VS-d*. To calculate
the mass of the biogas, standard conditions (0°C, 1024 mbar) and an average methane
content of 51.2 % were used. This resulted in a weight factor of 1.265 kg-Nm™ biogas.
The masses of the digestate were calculated on the difference of substrate input (mass)
and biogas production (mass). Energy outputs are dimensions of the energy content of
the produced biogas.

In the calculation of the heat balances following formulas (Langhans 2000; Leschber &
Loll1996) and enthalpy values (Atkins 2001; D’Ans and Lax 1983; Roels 1983) were used:

Heat enthalpy:
1CeH12,06 — 3CO,+3CH,y AHg = -138,5 kJ-Mol* ®
1 CsH/NO, +1H,O — 1.5C0O,+1.5CH,+1NH;  AHg =+ 14 kJ-Mol* @
(AHg =198 kJ-Mol™) ®
1 CyH1,06 + 7 H20 — 4.5 CO, + 11.5 CH, AHg =+ 269 kJ-Mol? @
(AHg =+ 545 kJ-Mol™*) ®

Substrate heating up: Qs =ms - AT -1000

Radiation : Qa=A-k-(Trh—Ty)

Enthalpy of evaporation: AHy = 43.8 kJ-mol* (T = 40°C, Xu20 = 90 %)
Desulphurization: 2H,S + O, -2 2H,0+S, AHRr = -528 kJ/Mol
Aerobic degradation: 1 C¢H,06 + 6 O, —» 6 CO, + 6 H,O AHg = -1767 kJ-mol™
Neutralization: OH +H' —» H,0 AHr = -55.9 kJ-mol*

V:  Volume [m?]
m : Mass [t]
AT: Temperature difference [°C]
Surface area [m?]
k: Heat transfer coefficient [kcal-m?-h™*-K™]
Tr: Temperature digester [°C]
Tu: Temperature surrounding [°C]
Ts: Temperature substrates [°C]
cp:  Specific heat capacity [kJ-kg™-K™]
Xtz0: Vapour pressure [Kg vzo-KGbiogas,ry ]

@ Calculated from enthalpies of combustion (Roels, 1983)
® Calculated from enthalpies of formation (D’Ans and Lax, 1983)



3 Case study of a characteristic energy crop digestion
plant

3.1 Description of the Full scale equipment

Gas Heat Gas Heat
engine 1 . engine 2
(CHP) Electricity (CHP) | Electricity

Energy- Gas storage |
crops
‘ ’ Gas storage
Intermediate - -
_.-Stmage Digestate storage
ma r. Fertiliser

manure L 1
Pig manure' f Energy-crops

Figure 1a: Schematic flow sheet of the studied biogas plant (source: AAT inc.).

The biogas plant where the monitoring was realised is situated at a farm in Lower Austria.
The plant started as a two stage continuous stirred tank reactor (CSTR) with a main
digester volume of 2000 m*® (D1), a second digester step of 1850 m® (D2) and open
digestate storage tanks of 3800 m>. All digesters were built as concrete tanks. Tubes
inside the reactor were used for heating and cooling. The substrates applied were pig
manure, solid energy crops like silages from maize and rye, ground grains from maize
and wheat and residues from vegetable processing.

Table 1: Summary of the working sizes and capacities of different system parts.

Energy crop storage 9000 m®
Manure storage 135 m3

Solid substrate dosage (D1/D2) 25m3/20 m*
Digester 1 (liquid volume) 2000 m3
Digester 2 (liquid volume) 1850 m3
Covered digestate storage 2000 m®
Open digestate storage 3800 m®

All substrates were acquired from the piggery owned by the farther or from other farmers.
The delivered substrates were weighed and sampled. Samples were sent to an
agricultural laboratory to analyze volatile solids, proteins, fats and carbohydrates. The

5



payment was processed following the substrate analysis. Energy crops like grains of
maize which were not already chopped during the harvest were crushed on-site. All
energy crops were stored immediately and covered with PE foils. Leachate of the
substrate storage is collected and transferred into the manure storage.

To increase the plant capacity, the additional energy input was achieved by increasing the
solid substrate feed, mainly with silage from maize grains. The feed of pig manure stayed
on the same level. The feed dosage was executed automatically 24 times per day. All
input weights were recorded. The average process temperature was 39 °C. Biogas
gquantity and quality were analysed online, based on infrared (flow rate, CH, and CO,) and
electrochemical cells (O, and H,S). Biogas was used to generate electric current and
heat. In the beginning one combined heat and power unit (CHP) with an electrical
capacity of 500 kW and a thermal capacity of 586 kW (GE Jenbacher, Austria) was run.
Electricity was fed into the national grid and heat was used for a local heat supply in the
neighbouring village. In the context of the capacity enhancement a substrate dosage into
D2 and a second combined heat and power unit with the same capacity as the first one
were installed (Fig. 1b). These modifications resulted in a total electrical capacity of 1 MW
and a thermal capacity of 1,172 MW.

CHP 1 CHP 2

Solid Solid
substrates

substrates

| I——

Digester 1 |:> Effluent storage

Figure 1b: Schematic of the studied biogas plant including changes of the plant design.
Additional parts are illustrated in grey.

After the start-up, the last three years of plant operation can be differentiated in three
main performance phases. Each phase was monitored over a period of one year
characterized by following parameters:

Phase 1: Operation as a 2-step 500 kW agricultural plant with a main and a second
digester and a final uncovered digestate storage tank; dosage of substrates only into
digester 1.

Phase 2: Transition phase to 1 MW electrical capacity; dosage of substrates into both
digester steps; final uncovered digestate storage tank.

Phase 3: Final status: two main digesters followed by a first covered and final
uncovered digestate storage tanks.



3.2 Monitoring results

3.2.1 Performance parameters

Performance parameters were calculated separately for the three phases as average
values of 6 months (phase 1 and 2) or 12 months (phase 3). The development of the
parameters was mainly influenced by the doubling of the electrical capacity of the plant
maintaining the same digester volumes (3850 m®) at the beginning of phase 2. Figure 4
shows the development of the electrical capacity and the volume related biogas
productivity. At the beginning of phase 3 a stable performance on the maximum electrical
capacity was reached. The OLR also stabilized at twice the level compared to phase 1,
after a maximum level in phase 2.

Phase 1 : Phase 2 . Phase 3
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Figure 2: Electrical capacity of the plant and volume related biogas productivity. Trendlines
were calculated as an average of 50 days.

At the same time, biogas yield, methane yield and power yield, all of them related to the
organic loading of volatile solids, returned almost to former levels after a temporary
decrease in phase 2 (Table 2,3; Figure 3). The power yield even increased slightly
because of the better availability of engine capacity after the installation of the second
combined heat and power plant (CHP). Table 2 presents all the performance parameters
during the different phases. Table 3 shows the changes of process parameters between
different phases.



Table 2: Development of process parameters.

Phase 1 © Phase 2 @ Phase 3 ®
Input FM energy crops |[tad?] 14.05 +1.89 32.58 +2.76 29.35 +3.69
Input FM (total) [t 29.05 - 4758 - 46.85 -
Input TS energy crops [m'l] 7.87 +1.11 17.55 +1.93 15.77 +1.99
Input VS (total) [t 8.10 +1.07 17.64 +1.81 16.07 +2.07
Biogas production [Nm*H™] 5755 + 446 10280 +1137 10908 +1169
Methane production [Nm*H™] 3132 + 246 5154 +614 5601 +633
Biogas yield Y vs [Nm3*%kg* VS] 0.72 +0.11 0.59 +0.08 0.68 +0.08
Methane yield Y vs [Nm3*%kg* VS] 0.39 +0.06 0.29 +0.05 0.35 +0.04
Biogas productivity Pe  |[Nm*Am3a)?] 1.49 +0.12 2.67 +0.30 2.83 +0.30
Production of power [MWh2?] 11.42 +1.00 20.52 +2.38 22.03 +2.61
Power yield [kWhkg! VS] 1.43 +0.23 1.17 +0.17 1.38 +0.16
OLR [kg VSIm*a)Y| 2.10 +0.28 4.58 +0.47 4.17 +0.54
HRT [d] 133 - 81 - 82 -
Org. degradation rate  ([%] 89.7 - 82.8© - 87.4 -
@ Average of 6 months
®) Average of 12 months
© Temporary leakage in the gas system
Table 3: Changes of process parameters.
Difference between Difference between
Phase 1 and 3 Phase 2 and 3
Input FM energy crops [%] 108.9 -9.92
Input FM (total) [%] 61.3 -1.54
Input TS energy crops [%] 100.4 -10.1
Input VS (total) [%] 98.5 -8.92
Biogas production [%] 89.5 6.11
Methane production [%6] 78.9 8.68
Biogas yield Y ys [%6] -5.30 16.5
Methane yield Y vs [%0] -10.7 19.3
Biogas productivity Pg [%0] 89.5 6.11
Production of power [%] 93.0 7.38
Power yield [%0] -3.62 17.8
OLR [%] 95.9 -8.92
HRT [%6] -34.2 7.80
Organic degradation rate [%] -2.63 5.56




One of the most important parameters describing plant efficiency is the organic
degradation rate. Note that n the present plant the levels of the organic degradation
rate should be higher than in other energy crop digesters as a consequence of the
high ratio of maize grains in the substrate mix. Thus, in phase 1 an average level of
89.7 % was reached. As a consequence of the change from a two step to a one step
process and the strong increase of the OLR in phase 2, the degradation rate
decreased to levels below 83 % (a more precise calculation was not possible due to
a leakage in the gas system detected later on). In the current status with the
covered digestate storage, a degradation rate of 87.4 % was calculated. Generally it
can be said that the differences between phase 2 and 3 shown in Table 3, can be
traced back to the covering of the first digestate storage which lengthened the total
effective HRT in the gas tight biogas system from 82 to 132 d.

Phase 1 : Phase 2 Phase 3
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Figure 3: Methane production of the plant and substrate related methane yield. Trendlines were
calculated as an average of 50 days.

3.2.2 Chemical parameters inside the digesters

As can be seen in Table 1 and Table 2 the average concentrations of almost all chemical
parameters inside the digesters showed a clear change between phase 1 and phase 2.
In D1 this was due to the change of the substrate mix and the increase of the loading rate
connected to the enhancement of the plant capacity. Thereby, the concentrations of
volatile solids and nitrogen followed the increasing ratio of those parameters in the
substrate mix. The pH value decreased with the increasing OLR. The ratio of TAN in TKN,
which is strongly connected to protein degradation efficiency, decreased by 7.5 %. At the
same time, the ratio of VS in the TS increased 2.6 %. Both parameters indicate a lower
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degradation efficiency during phase 2. In phase 3 the development of the chemical
parameters reversed and some of them approached the values of phase 1.

Table 4: Development of the chemical parameters in Digester 1 during three years of
monitoring. Phase 3 represents the current status.

®) (b)
D1 Phase 1® | Phase 2® | Phase3® | Phase3 Phase 3
Maximum Minimum
pH [ 7.89 7.75 7.68 7.89 7.46
CcoD [mg- 93.0 111.5 119.4 - -
TS [%] 7.82 9.98 9.64 10.30 9.15
VS [mg-™] 5.97 7.88 7.53 8.04 6.98
TKN [g17 8.83 8.45 8.79 9.96 8.08
TAN [9-1] 5.15 4.74 4.86 5.55 4.33
FAN (37°C) [mg-™] 484 320 282 495 160
Acetic acid [mg-™] 1146 650 1002 2642 331
Propionic acid | [mg-™] 177 140 207 927 0.00
Total VFA [mg-? 1420 851 1374 4015 409
TAN in TKN [%0] 58.3 56.1 55.3 - -
VSinTS [%0] 76.3 78.9 78.1 - -
@ Average of 6 months
®) Average of 12 months
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Figure 4: Dynamic of chemical parameters in D1.
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Table 5: Development of the chemical parameters in Digester 2 during three years of
monitoring. Phase 3 represents the current status.

e [ 10

D2 Phase 1@ | Phase 2® | phase3® | Phases | Phase3®
Maximum Minimum
pH [] 8.01 7.78 7.70 7.87 7.54
coD [mg-™] 62.40 131.2 121.3 (2) - -
TS [%] 5.66 10.51 9.57 10.19 8.33
VS [mg-™] 4.09 8.32 7.53 7.98 6.47
TKN [9-17] 7.88 9.88 9.39 9.87 8.80
TAN [9-1] 5.13 5.60 5.29 5.77 4.85
FAN (37°C) [mg-] 630 446 291 369 215
Acetic acid [mg-l'l] 141 963 845 1622 177
Propionic acid | [mg-™] 36 233 251 1270 28
Total VFA [mg-™] 239 1275 1247 2788 315
TAN in TKN [%0] 65.1 56.7 56.3 - -
VSinTS [%0] 72.3 79.2 78.7 - -
@ Average of 6 months
®) Average of 12 months
Phase 1 : Phase 2 : Phase 3
8000 : 12
7000 | : /&3\

:

TS,VS [%], TKN,TAN [g.l ]

6000 |

5000 +

3000 +

VFA [mg.l ]
8
3

2000 +

1000 +

$eecocccsccssece e

time [weeks]

‘ —e—V/FA total —*—TAN ——TKN TS VS

Figure 5: Dynamic of chemical parameters in D2.

In D2 the changes of the chemical parameters between phase 1 and phase 2/3 were even
bigger, as there was no direct substrate dosage at all in phase 1. The chemical
parameters during that time represented a typical post digestion stage in which more
persistent organic substances should be metabolized. After the installation of the direct
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substrate dosage into D2, the contents of VS and TS as well as TKN and TAN levelled off
at a balance, regulated by the contents of these parameters in the substrate mix and the
digestate of D1. Like in D1, in phase 3 most values returned to levels between phase 1
and phase 2.

It can be summarized that after a transition phase during the enhancement of the biogas
plant from 500 to 1000 kW, a stable balance between bacterial biomass and substrate
dosage was again established in phase 3. Like in phase 1, the process was limited by
substrate dosage as can be seen in the low concentrations of VFA.

3.2.3 Chemical parameters of the digestate

Like in D2, the transition from phase 1 to phase 2/3 had a very strong impact on the
chemical parameters of the digestate of D2. In phase 1 the theoretical HRT of substrates
in the digesters was 133 days. With the installation of the substrate dosage at D2 and the
higher total OLR at the beginning of phase 2, the HRT in D2 was reduced to approx. 40 d,
the total HRT of the plant to 81 d. These changes resulted in a strong increase of TS, VS
and COD in the digestate due to an increasing transfer of partly degraded material into
the digestate storage (Table 4). In Figure 7 the daily VS load into the digestate storage
calculated on the VS content and the HRT in comparison to the VS content of the
digestate is shown.

Table 6: Development of the chemical parameters of the digestate during three years. Phase 3
represents the current status.

o pase 12 [Prse 2 [ prasas [ T e TP 37
pH [ 7.83 7.79 7.75 7.84 7.66 7.70
COD [mg-™] 57.0 119.7 103.9 117.9 79.0 98.14
TS [%] 5.43 10.37 9.51 9.85 9.18 8.35
VS [%] 3.87 8.18 7.48 7.72 7.14 6.31
TKN [g-1"] 6.50 9.35 9.33 9.79 8.53 9.40
TAN [g-™] 4.65 5.90 5.34 5.76 4.88 5.82
FAN (37°C) [mg-™] 396 511 375 486 295 240
Acetic acid [mg-™] 158 529 662 869 368 209
Propionic acid |[mg-™] 31 83 81 186 26 9.00
Total VEA [mg-™] 230 661 772 1063 394 243

@ Average of 6 months
® Average of 12 months

© Covered residual storage

From day 700 it was shown what the VS load of the digestate was when removing it from
the covered storage tank to open storage tanks or for spreading it as fertilizer. A
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maximum daily VS discharge of 2.8 to 3.25 t was found. This corresponds to 17-19 % of
the daily substrate input.
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Figure 6: Dynamic of chemical parameters in the digestate of D2.

A detailed analysis of the changes and their consequences is documented in paper (1)
“Doubling the organic loading rate in the co-digestion of energy crops and manure — a full
scale case study”. The development of the residual methane potential which is strongly
connected to the VS dynamics is discussed separately in the next chapter.

Table 7: Nutrient content of the digestate before the usage as fertilizer on agricultural land.

Phase 1 Phase 2 Phase 3
Volatile solids (VS) [%0] 2,24 6,97 6,31
Nitrogen (TKN) [9-kg™ FM] 6,90 10,16 9.53
Phosphorus [g-kg"l FM] 0,46 1,74 1.82
Potassium [g9-kg ™ FM] 4,10 4,87 3.73

Additionally, in phase 3 the digestate was sampled directly from the covered storage tank.
The data is presented in the last column of Table 4. As can be seen, the VS content was
further reduced by 18.5 %. The analysis of the digestate after batch fermentation tests
(120 days) showed an average VS content of 1.53 % and a COD of 22.40 g-I*. This is
supposed to reflect the maximum possible reduction of organic material.
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Figure 7: VS load in the digestate of D2 in comparison to the OLR and the VS content of the
digestate.

Table 5 presents the nutrient content of the digestate just before spreading on agricultural
land. Sampling was conducted during the transfer of digestate into the digestate transport
tank vehicle. While VS and TKN followed the general trends of these parameters in the
digester, potassium showed the lowest value in phase 3 and at the same time
phosphorus the highest.

3.3 Residual methane potential

One of the critical parameters that changed very much during the different phases
considered, was the residual methane potential in the digestate. Figure 8 shows the
methane yields obtained from digestate D2 at different sampling dates. As can be seen,
the residual methane potential in phase 2 increased to maximum values 10 times higher
than in phase 1. In phase 3 the residual methane potential decreased to a medium level.
When calculating on the mass flows out of D2, this resulted in a maximum daily methane
production of 750 m® from the digestate what corresponds to 14.4 % of the total methane
production of the biogas plant (Figure 9). In phase 1 this part amounted to 1.1 % and in
phase 3 it was 7.9 % when entering the covered storage tank and 5.5 % when leaving it.
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Figure 8: Methane yields (35°C) from the digestate of D2 during the three operation phases.
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3.4 Heat flows

The heat flows in anaerobic digesters were calculated as a consequence of the
phenomenon of self-heating, first time observed during this study. In 2005 already,
approx. 40 % of the interviewed operators of agricultural biogas plants in Austria observed
that phenomenon as well (Laaber 2005). Paper (1) presents a detailed description of the
first experiments carried out to investigate that topic and their results. In this chapter, only
a comparison of the heat flows in summer and winter is shown as a supplement to the

published data.
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Figure 11: Heat flows in digester 1 during winter with ambient temperatures of 4 °C (first) and
summer with 15 °C (second).
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As can be seen, an immense heat surplus was found during summer and winter which
would lead to a rapid increase of temperature without the installed cooling facility. These
calculations correspond very well to the cooling energy that is needed in the digesters. In
summer the energy needed for cooling reached a maximum value of 7200 MJ-d™* (2000
KWh-d™).

3.5 Mass balance

To calculate the efficiency of the plant, mass balances of the VS streams were carried out
in different operation phases. In Figure 10 the VS streams and the energy output of the
different streams in phase 1 and phase 3 are shown as Sankey diagrams. Some of the
energy flow values were taken from Laaber (in preparation). As can be seen in the
figures, the electrical efficiency of the plant increased slightly from 35.5 % in phase 1 to
37.0 % in phase 3. This is mainly a consequence of the lower ratio of the plant's own
power demand related to the total energy production. The estimated gross electrical
efficiency rate in phase 3 was 39.5 %. In contrast to this development, the ratio of the
heat usage decreased significantly from 18.2 to 7.8 % related to the gross energy
production, as a consequence of the stagnation of the heat usage on the same level in all
phases. This resulted in an overall energy usage of 53.7 % in phase 1 and 44.8 % in
phase 3. As already shown in Table 3 the organic degradation rate decreased at the
same time from 89.7 to 86.4 %. The reduction of the input mass (fresh matter), including
manure, increased from 25.1 % in phase 1 to 29.5 % in phase 3.
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Self-heating of anaerobic digesters using energy crops
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Abstract With the increasing application of energy crops in agricultural biogas plants and increasing
digester volumes, the phenomenon of self-heating in anaerobic digesters appeared in some cases.
Until now this development was just known from aerobic systems. To get an idea of the
thermodynamics inside an anaerobic digester, a detailed analysis of all heat fluxes in a full scale
agricultural biogas plant was carried out. Several experiments were realised to quantify the influences
of different internal and external energy sources. To estimate the impact of self-heating in anaerobic
systems, data of other full scale agricultural biogas plants in Austria were collected. Alternatives to the
cooling of the digesters are discussed basing on individual experiences of several plants. A
connection between carbohydrate rich substrates, especially with high starch contents, and the self-
heating could be shown. But from the results it can be assumed that the anaerobic digestion of most
energy crops is exothermic, which is in contrast to the current thermodynamic belief.

Key words: Anaerobic digestion, digester thermodynamics, energy crops, heat fluxes, self-heating

Introduction

In Austria the number of agricultural anaerobic digesters using energy crops is increasing
considerably. This is to a certain extent the result of governmental promotion of renewable
energies. On the other hand, the use of crops for biogas production seems to be a promising
alternative for farmers in regions with sufficient agricultural land available.

Calculation period
41,0 16,0

40,5 7 - 14,0

40,0
12,0

w
©
[,

- 10,0

w
L
[=}

- 8,0

w
©
3]

r 6,0

temperature [°C]

w
©
[=)

Load [t FM/d], Cool. [L00 m3/h], Gas [500 m3/d]

37,5 1 —=—temperature [°C] 140
- - - loading rate [t FM/d]
37,0 1 cooling rate [100 m3/h] 120
——Biogas Yyield [500 m3/d]
36,5 f f —— f f : f f — 0,0
01.02.04 15.02.04 29.02.04 14.03.04 28.03.04
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Although anaerobic digestion is a quite experienced technology, some new technical
problems in the anaerobic process performance appeared with the application of new
substrates. One of these problems is the self-heating of digesters. This phenomenon appears
mainly in digesters using energy crops, especially grains from maize or wheat, and in plants
with mesophilic process performance.In Austria, approx. 40 % of the interviewed operators of
agricultural biogas plants report that phenomenon. In figure 1, the initial problem leading to
this work is demonstrated. A continuously rising temperature curve leads to a process
breakdown connected to immense drops in the biogas yield, due to thermal inhibition of the
microbial community. The usage of cooling systems, usually with water, results in an
immense consumption of fresh water. The construction companies still do not provide
economic cooling systems in their new plants, since the effect of self-heating in anaerobic
digestion processes is in contrast to the current thermodynamic knowledge.

To investigate that phenomenon, a detailed analysis of the heat fluxes was carried out in
an agricultural digester situated in Lower Austria. All heat energy in- and outputs were
recorded and quantified. Furthermore, several tests were realised, e.g. to investigate the
influence of oxygen input via solid substrates loading and the role of different substrates.
Further research on the influence of the prevailing microbial community and on microbial
metabolism is still conducted.

Material and methods

The period in which the thermodynamic calculation was carried out is shown in figure 1,
marked in grey. It was fixed in a phase without digester cooling or heating and with a
continuous rise of the temperature of 0.15 K daily. In the following part the different heat
fluxes in anaerobic full scale digesters are quantified. To follow the balance, the way of
calculation is presented as well. The digester in which the research was realised is a
mesophilic, continuous stirred tank reactor (CSTR) with a main digester volume of 2000 m®, a
second digester step (1850 m®) with gas storage and an open storage tank (6000 m®) for the
residual manure. The substrates applied were pig manure (50 %) and solid energy crops (50
%) like silages from maize and rye, grinded grains from maize and wheat, Corn-Cob-Mix
(CCM) and residues from vegetable processing. The mean process temperature was 39 °C,
the mean content of total solids was 7-8 %.

Most of the data used for calculations was provided by the owner of the plant (substrates,
input, temperature, cooling and gas data) and the constructing company AAT, Bregenz,
Austria (insulation data, heat transfer from stirring). Most formulae were taken from
Langhans (2000) and Leschber & Loll (1996).

To exclude the influence of oxygen supply via solid substrates input, the solid substrates
were added in a CO, atmosphere during two periods, each one of 5 days. For that purpose, a
gas supply with a continuous CO,-flow was installed at the lower end of the spiral pump
which transports the solids into the digester. To estimate the influence of different substrates



on the digester temperature, defined changes of the substrate mix and the loading rate were
realised during 2004.

Results and discussion

Total energy content of the input substrate

Based on calorimetric results from Oechsner & Helffrich (2005), the energy content of energy
crops can be estimated at 17 MJ.kg™ TS. The average content of volatile solids in the used
substrates was 96 % of the total solids content. The input of total solids, composed of manure
and energy crops, averaged out at 8.35 t TS.d™. Therefore the total calorimetric energy
content of the input substrates results in 141950 MJ.d™ of which 94183 MJ.d™* were converted
into 2632 Nm>.d™ of methane. This corresponds to 73 % of the total energy content. The
residual sludge contains about 10.5 % of the energy in the form of non degradable organic
substances like lignin or cellulose or bacterial biomass. The rest of the energy are probably
heat losses.

Heat energy consumption/losses

Substrate warming-up. The energy to warm up the input substrates (Qs) was calculated using
formula (1). The daily input of substrates (Ms) in the investigated period was 30 t, the
temperature difference (AT) between the substrate and the digester content was approximately
22 K (input substrate 290 K, digester 312 K) . The other factors are concerning the conversion
of the unit (kcal to kJ). This results in an energy consumption to warm up the input substrates
(Qs) of 2764 MJ.d™.

Qs = Ms * AT #1000+4.1868 [kJ*d™] 1)
Ms:  Mass of the substrate [t]
AT: temperature difference [°K]

Radiation. The heat energy which is lost through radiation (Qa) was calculated using formula
(2). The surface of the investigated digester was 584 m® (above ground) and 660 m? (sub-
terranean). The specific heat transfer coefficient was 0.383 [kcal*m?*h™*K™] (Fa. AAT), the
temperature inside the digester was 312 K, the average outside air temperature was 277 K
and the subterranean temperature was estimated as 279 K. This results in an energy loss
through radiation (Qa) of 1625 MJ.d™.

Qa=Axk*(Tr—Tu)*4.1868 [kI*h™] 2
A:  Surface digester [m?]
k: Heat transfer coefficient [kcal*m’
Z*h-l*K-l]

Tr:  Temperature digester [K]



Tu:  Temperature surrounding [K]

Heating up of the digester sludge. During the investigated period there was still an additional
self-heating inside the digester of 0.15 K per day. This means another energy release (Qsn)
which can be calculated using formula (3). The sludge volume in the investigated digester
was 2000 m”.

Qst =Vp *AT #1000+ 4.1868 [kJ*d™] (3)
Vp: Sludge Volume in the digester [m?]
AT: Daily temperature difference caused by the heating up

[K]

Heat energy supply

Heat generation due to stirring. Due to the stirring of the digester there is a heat energy
release from the engine which could be transferred through the axis inside the digester. The
constructing company (Fa. AAT) specified this energy as 7.6 KW per hour. This results in a
daily heat energy input from the stirrer (Qs) of about 657 MJ.d™.

Biological desulphurisation. To reduce the H,S in the biogas produced during the
fermentation process, fresh air is pressed into the headroom of the digester. The H.S is
oxidised in an exothermic reaction (4) to elementary sulphur. The amount of the fed air is
connected to the produced biogas. In this case 4 vol% of air was used for the
desulphurisation. An average gas production of 6030 m®.d™, led to an air supply of about 240
m*.d™, with a load of 50,4 m*.d™* of oxygen or 2117 mol O (17 °C). This results in a heat
energy release from desulphurisation (Qp) of 1118 MJ.d™.

2H,S + O, - 2H,0+S; AHg® = -528 kJ/Mol (4)

Oxygen input via solid substrates input into the digester. Due to the technical input equipment
for solid substrates, a certain input of air together with the solids can be estimated. The
oxygen in the air leads to an oxidation of organic compounds in the digester like it is shown
in equation (5) for glucose degradation. Since the air which is entering is not quantifiable, the
enthalpy data were generated via oxygen exclusions experiments (cf Material and methods).
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Figure 2 Oxygen exclusion experiment. Heat energy release was calculated on the amount
and the temperature increase of the cooling water.

In figure 2 the period in which CO; atmosphere was installed is marked in grey. The mean
value of the heat energy release due to oxygen input (Qo) basing on two experiments was
810 MJ.d™.

1CeH106 + 60, — 6 CO, + 6 H,0 AHR® = -1767 kJ.mol™* (5)

Heat release from neutralisation. Inside the digester there is a pH value of about 7.8. The
silages that are used as solid substrates show a pH value of about 4.25. After Meier-
Schneiders et al. (1996), the acidic substrate which is brought in will be neutralised in an
exothermic way (6). But since there are just 10 mol.I"* of H* ions in the input substrates the
heat energy release caused by neutralisation is just 235.6 kJ.d*, which is very low and has no
influence on the thermodynamics of the investigated digester.

OH +H" > H,0 AHg =-55.9 ki.mol™ (6)

Heat enthalpy (microbial heat). Gallert & Winter (2005) indicate a heat energy release of 4.6
% of the calorimetric energy content of the substrate glucose. In this case that would result in
an heat release of 6530 MJ.d if the substrate would consist just of glucose. Since the
agricultural substrates consist of more substances, the heat release in this example was
calculated basing on the reaction enthalpies of the stoichiometric degradation of reference
substances for carbohydrates (glucose), fats (palmitic acid) and proteins (alanin). A Hg°
values were calculated on A Hg? values of the educts and products which were taken from



D'Ans & Lax (1983). To control the results, the theoretical biogas yield was calculated using
the specific biogas yields for fats, carbohydrates and proteins and compared with the real
biogas yield.

As it can be seen in the equations (7) — (9), the total heat enthalpy in the degradation of
organic materials is strongly related to the composition of the biomass. In the anaerobic
degradation of fats and proteins, A Hz® > 0, which means that their anaerobic degradation is
endothermic, at least in some cases. Due to the simultaneous exothermic degradation of the
carbohydrates included in the substrates, the microbial heat production (Qum) resulted in 2603
MJ.d ™

Since the control calculation of the biogas yield just differs 5.6 % from the real biogas
yield (6389 m®theoretical, 6030 m® real), the calculated heat enthalpy value appears to be in a
right dimension.

1 CGH]_ZOG e d 3 C02 + 3 CH4 AHRO = - 138,5 kJ/Mol (7)
2 C3H/NO, +2H,0 — 3CO;+3CH;+ 2 NH; AHg® =+ 198,5 kJ/Mol (8)
2 CigH1206 + 14 H2O0 — 9CO;, +22CH, AHg® =+ 5445 kJ/Mol 9

Table 1 Composition and heat enthalpies of the input substrates.

carbohydrates fats proteins
Input mass [t.d™] 6.83 0.24 0.96
Input mol [mol.d™] 37917 931 10787
Fraction [%] 85.1 2.9 11.9
AHg [MJ.d™] - 5251 + 507 +2141

Summary heat energy balance

All the heat energy releases (Qc) in the investigated period can be summarised in the form
Qc = Qsu+Qa+Qsn. This results in a daily heat energy consumption of 4974 MJ.d". The
energy supply (Qs) can be summarised in the form Qs = Qst+Qp+Qo+Qn+Qwm in the regular
digester processing. This results in a daily heat energy supply of 4751 MJ.d™*. Compared to
the calculated heat losses, there is just a heat deficit of about 223 MJ.d™* which is a quiet good
agreement within the energy balance. In figure 3, an overview of the heat fluxes in the
investigated digester is shown.



Heat balance

Enthalpy :\'> Input
2604 MJ.d+ substrates :\,>
2764 MJ.d
De-
sulphurisation
11p18 MJ.d- Sludge
heating up ‘>
0,-supply 1423 MJ.d*
2
810 MJ.d #
Stirring consumption: 4974 MJ.d! | Radiation
219 MJ.d'lb supply: 4751 MJ.dt | 787 MJ.dt

Neutralisation

0.24 MJ.dt deficit: 223 MJ.d (4,5 %)

L=

Figure 3 Thermodynamics of the main digester, biogas plant in Reidling (Austria),
representative period march 2004.

Influence of substrates

As already mentioned, some experiments were carried out to isolate possible causes for the
detected heat energy deficit. The analysis of the process data accompanying the realised
substrate changes showed a strong effect of some substrates on the digester temperature.
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As it can be seen from the example in figure 3, the course of digester temperature and the
cooling rate follow the input of corn/maize (silage of whole plant and grains). In this case the
corn was substituted by silage from lucerne. The input of total solids was the same.

This increase in temperature connected with a substrate change was observed in other
digesters as well, especially after the application of corn-cob-mix or grains from wheat and
maize. The increase of the loading rate in general results in the raise of the digester
temperature as well, as you can see in figure 4. After the increase of the input of total solids
into the digester from 7 t.d™* to 9 t.d™*, the temperature and the cooling rate raised enormously.
To compare the results of the experiments, 37 operators of agricultural digesters in Austria
were interviewed. Fourteen of them, mostly running digesters with a volume bigger than 1000
m?, and all of them using maize or other ceraels as one of the main substrates, observed the
self-heating in their plant. 17 operators usually with smaller digester volumes didn’t observe
self-heating (five didn’t give information about this). But like there are exceptions in all
directions the causes can not be focussed on one or two parameters.
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Figure 5 Impact of the increase of the loading rate (total solids) on digester temperature and
cooling rate.

Discussion

Within the concerned parties (operators of biogas plants, constructing companies and
involved scientists), there exist different theories concerning the self-heating of digesters. The
majority believes that the input of oxygen via solid substrate input is the main cause. But as it
can be seen in figure 3 it is just one part of the heat balance. Just to compensate the energy
consumption due to the heating of the digester content (0.15 °C per day), there would be a
demand of 575 Nm® of fresh air which had to be added every. Furthermore, some digesters
are using a liquid input system in which solid substrates are first mixed with recyclate and



then pumped into the digester. This digesters show almost the same thermodynamic
behaviour as those feeding solid substrates directly. Another theory is the influence of solar
radiation, but considering the facts that the self-heating appears all the year in some plants
and that this balance was carried out in the beginning of march with an average surrounding
temperature of 4 °C, this theory can be excluded as well.

All these facts lead to the conclusion that the real cause for the self-heating of digesters is
associated with the heat enthalpy due to the bacterial metabolism. As previously found out,
the percentage of carbohydrates in the substrate plays a key role in the thermodynamics of an
anaerobic digester. Mainly substrates with a high starch content as potatos, maize and other
cereals, show great influence on the self-heating of digesters.

This results in the assumption that all agricultural digesters in the same size, using
carbohydrate rich substrates should show the self heating. But, as it can be seen in the heat
balance, different factors can influence the heat balance enormously. If for example, the input
substrates would have a lower temperature or radiation would be higher because of a lower
surface/volume ratio of the digester or less effective insulation the heat balance could be
negative.

The results implicate furthermore that the anaerobic metabolism is much more
exothermic than supposed so far in the main microbiological literature. However, a few
studies did already obtain similar results. For example Battley (1997) published data about the
exothermic anaerobic degradation of Glucose. Gallert & Winter (2005) mentioned already a
potential self-heating capacity in anaerobic digesters of waste water treatment plants. Von
Stockar & Liu (1999) and Von Stockar & Van der Wielen (1997) presented data of so called
enthalpy versus entropy driven growth of methanogenes, which partly show very high heat
enthalpies. Finally Meier-Schneiders & Schaefer (1996) demonstrated that experimental
enthalpy data could vary enormously from calculated enthalpy data.

Now it is time for the constructing and consulting companies to integrate that
phenomenon in the design of further biogas plants, so that the operators of anaerobic digesters
are not forced to install cooling systems or to let the digesters heat up and thus risk a maybe
significant temporary reduction of the biogas yield caused by thermal inhibition of the
microbial community. At least two biogas plants realised that step and operate now in a
temperature range between 38 °C and 45 °C without heating or cooling, controlled by the
substrate input and the surrounding temperature. If the digester construction and chemical
parameters inside the digesters allow it, the change to thermophilic processing at for example
45 °C could be an interesting alternative. Especially new digesters could start up directly with
a temperature level higher than 41 °C, to avoid a change from a mesophilic to a thermophilic
microbial community. Research on the specific biogas yield with the way of processing
mentioned above and a controlled change to a thermophilic microbial community, with a
minimum collapse of the biogas yield, are conducted.



Conclusions

The detailed analysis of the heat energy fluxes in an agricultural digester showed that there is
a variety of factors affecting the thermodynamics of a digester. In combination with first
results of the realised experiments concerning oxygen input and substrate effects, it can be
assumed that the self-heating has to be traced back mainly to microbial activity, which is in
contrast to the current thermodynamic knowledge. But, data and experiences of other
digesters in Austria give indifferent results. An interaction between carbohydrate rich
substrates, especially with high starch contents, to the self-heating could be shown, but still
there are exceptions. Biogas plants with small digester volumes will never have this
phenomenon, since heat losses are higher than their self heating potential. To elucidate the
phenomenon, more research has to be focussed on dynamics in the microbial community of
anaerobic systems.
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Abstract: As a result of self-heating when using energy crops in the feedstock of anaerobic digesters, the
influence of temperature on the digestion process came back into the focus. The self-heating forced many biogas
plants to increase operating temperatures to levels between 40 and 50°C. The aim of this study was to investigate
the impact of such temperature increases on process stability. Furthermore, different strategies for the transition
from mesophilic to thermophilic conditions and the resulting methane yields at different temperature levels were
evaluated.

Two main effects were identified with different bio-slurries from agricultural biogas plants: (1) a failure of
methane production connected to changes in the microbial community; and (2), a slow but continuous
accumulation of propionic acid, though without an immediate effect on methane production. In the latter case,
the rapid change in free ammonia nitrogen concentrations connected to the temperature increase was traced back
as being a key factor. All strategies when increasing the operating temperature showed negative effects on
digester performance, some with serious economic consequences for an operator. The common assumption that
two exact temperature optima exist in anaerobic digestion was disproved. It was shown that methane yields at
different temperature levels in the mesophilic and sub-thermophilic ranges are similar. Therefore, depending on
microbial adaptation and startup procedures, plant-specific temperature optima maybe located anywhere between
35-65°C, and must be determined for each individual system.

Keywords: ammonia inhibition, anaerobic digestion, population change, self-heating, transition strategies.

INTRODUCTION

Much work has been already done on the advantages and disadvantages of thermophilic
versus mesophilic conditions in sewage sludge digestion (e.g. Speece, 1996; Ahring et al.,
2001; Kim et al., 2002; Van Lier et al., 1992, 1995; Zabranska, 2000). In most studies,
temperature optima were defined either between 35 and 40°C in the mesophilic range or
between 50 and 65°C in the thermophilic range (e.g. Bischofsberger, 2003; Gerardi, 2002),
and thus, most current biogas plants operate either in the one or the other temperature range.
In contrast, there are almost no data available about process temperatures between 40 and
50°C, other than a general statement that this range is unfavourable for anaerobic digestion
(Gerardi, 2002).

However, the temperature range between 40 and 50°C is becoming more important again
owing to the effects of self-heating in mesophilic energy-crop digestion. As a consequence of
exothermic carbohydrate degradation, the high energy density in the substrates used and the
high loading rates, self-heating effects have led to an increase in process temperatures from
35-39°C to 42-49°C, depending on the individual reactor design (Daverio et al., 2002;
Lindorfer et al., 2006). In 2005, already 20 out of the 41 biogas plants in Austria surveyed
were being operated at temperatures between 40 and 50°C, mostly due to this effect (Laaber
et al., 2005). The velocity of temperature increase depends on the individual plant situation,
but rates between 0.15 and 0.45 °C.d™ were observed. The only possibilities available to



prevent these temperature increases are to change the feedstock, to reduce the organic loading
rate or to install a cooling system similar to that used for aerated systems.

In several cases the unwanted increase in temperature caused severe disturbances in biogas
production (Lindorfer et al., 2006). Furthermore, laboratory-scale experiments of other
authors showed complete failures in methane production for several days (Bolzonella et al.,
2003). For the plant owners, it is important to assess the impact of the self-induced heating of
their digesters, since a breakdown of the kind described above would cause severe economic
damage.

In this study the effects of such temperature increases on digester performance was
investigated in laboratory and pilot scales. Furthermore, different strategies for the transition
from 38°C to 45 and 48°C were evaluated to select the most advantageous. Although, there is
already some literature on the temperature susceptibility of anaerobic populations, the
currently observed effects after self-induced temperature increases in mesophilic energy crop
digesters do not fit the literature data and cannot yet be predicted. Some of the studies in this
field were conducted solely on the effects of temperature drops (Wu et al., 2005; Massé and
Masse, 2000; Cha et al., 1997). Microbial susceptibility to short-term temperature fluctuations
in wastewater treatment systems were studied with differing results (Van Lier et al., 1990;
Ahn and Forster, 2001; El-Mashad et al., 2003); furthermore, some detailed results are
available about the impact of temperature increases in thermophilic processes (Ahring et al.,
2000; Iranpour, 2005; Van Lier et al., 1995). Temperature increases in mesophilic systems
were studied by a few authors as well. For example, Lescure et al. (1988) presented data on
the consequences of a thermal accident in an anaerobic biofilter that resulted in a temperature
increase of 15°C.

The effects during the transition from mesophilic to thermophilic conditions were
investigated by Van Lier et al. (1992), Ahn and Forster (2001) and Bolzonella et al. (2003).
Bouskouva et al. (2005) presented different strategies for the transition in sewage sludge
digestion. Although, all these studies were conducted in different digestion systems (e.g.
UASB, CSTR or ‘semi dry systems’) and with different substrates (e.g. sewage sludge,
industrial wastewater or organic municipal wastes), severe process disturbances when
temperatures exceeded 45°C were observed by all authors. The parameter mostly affected by
the temperature fluctuations in almost all studies was propionate degradation. However, drops
in methane production, even a complete failure of methanogenic activities for 20 or more days
were also observed.

The available information from literature is not enough to calculate the impacts on process
stability or to predict the possible consequences of a temperature increase in praxis scale
plants. As it is the self-heating effect that often force a temperature change, it is necessary to
investigate strategies to prevent process disturbances. Furthermore, the advantages or
disadvantages of different temperature levels, for example on ammonia inhibition, digester
efficiency or heating requirements need to be evaluated as well. Thus clearly it is time that
more attention is paid to the sub-thermophilic temperature range between 40 and 50°C.
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MATERIALS AND METHODS

Pilot-scale experiments

The pilot plant in which one part of this study was realized situated on the site of a full-scale
agricultural biogas plant was a two stage CSTR system (continuous stirred tank reactor) with
a first (main) digester volume of 2 m® and a second digester step of 0.7 m* (Fig. 1). All data of
the present study were recorded in the first digester. The substrates used were either silage
from maize grains or whole-crop maize silage and pig manure. Feedstock data are shown in
Table 1. The chosen solid feed dosage was provided once daily through a vertical funnel. All
input weights were recorded, but the amount of manure was recorded volumetrically.
Temperature was measured inside the digester 40 cm above digester base at 15 cm from the
digester wall. The reference process temperature at the start of all experiments was 38°C.
Biogas quantity was measured by conventional mechanical gas counters (Krom Schrdoder BK
G2.5). Gas quality was analysed online, using Awite equipment (Ser. 3) based on infrared
detectors (CH4 and CO,) and electrochemical cells (O, and H,S).

[ &

Digester 1¢

% t Manure storage facility

Figure 1. Schematic of the pilot-scale experiments.

Laboratory-scale experiments

The laboratory digesters consisted of three glass reactors (V «t = 2.0 1) containing 1.5 | of bio-
slurry (BS). In experiments 1-4 the substrate was silage from maize grains, in experiments 5-
7 it was whole-crop maize silage. Feeding was once daily. The digesters were agitated
manually 2 to 4 times daily. Biogas was collected and passed through a 4M NaOH solution to
remove CO, from the gas. Methane production was measured with micro-gascounters (Fa.
Ritter, Germany). The digester systems were placed in an incubation chamber or in incubators
at different temperatures. Control tests were carried out at 35°C.
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Figure 2. Schematic of the laboratory-scale experiments.

Feedstock and inoculum

In this study three different bio-slurries (BS 1-3) were used. All were taken out of agricultural
digesters using a feedstock of manure and energy crops. The specific data of the bio-slurries
are shown in Table I. BS 1 represented a bio-slurry with low ammonia content, low organic
loading rate (OLR) in former processing and a sub-mesophilic thermal history with
temperatures never higher than 37 °C. BS 2 and BS 3 were taken out of the first and the
second digester of the same biogas plant. The particularities of BS 2 were a medium level
ammonia content, high OLR and a mesophilic history with a temperature average at 39°C, but
maxima up to 41°C due to self-heating effects. BS 3 had the highest ammonia content (5.5 g.I’
1), a high OLR and the same temperature history as BS 2.

Table 1. Chemical data of inoculi and substrates used in the study. MGS — Maize grain silage, WCS -

Whole crop silage.

Bio-slurries Substrates

BS1 BS 2 BS3 WCS MGS  Manure
pH 7.67 7.63 7.65 - - -
coD [g.0] 69.6 119.4 1129 4642 9361 845
TS [%] 6.19 9.44 10.14 3651 68.22 574
VS [%] 4,55 7.31 7.98 35.05 66.51 4.16
TKN [g.0"] 3.19 8.19 9.09 3.25 1391  5.13
TAN [g.0] 1.46 4.39 5.00 - - 3.65
FAN [mg.l*] 61 235 281 - - -
Acetic acid [mg.l'] 46 860 771 - - -
Propionicacid [mg.I*] 42 186 168 - - -
Total VFA [mgl*] 103 1051 979 - - -

While laboratory fed-batch experiments were conducted with BS 1 and BS 2, in the pilot-
scale experiments BS 2 and BS 3 were used. In the majority of the experiments, the
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temperature was increased in one step from 35 to 48 or 50°C over 24 h in laboratory-scale
studies and from 38 to 45 or 48°C over 36 h in the pilot scale ones. In other experiments,
temperature was increased slowly at a rate of 1°C per week, during which the influence of
short-term temperature shocks before the final increase were investigated.

Sampling and chemical analysis

Samples of the digester contents were taken weekly after intensive mixing. The pilot-scale
plant was sampled at the vertical part of a recurrent loop, as recommended by Holm-Nielsen
et al. (2006). The sampling procedure always consisted of discarding the old contents of the
sampling tube, then drawing off a sample of 10 | in several steps into a bucket, and then
taking an aliquot of 0.5 | out of the bucket after mixing. The laboratory digesters were
sampled by means of sampling tubes in the lower part of the digesters with each sample being
approx. 30 ml. All samples were cooled to 4 °C immediately after sampling. Chemical
analysis was performed within 48 h. Volatile fatty acids (VFA) were analysed using high
performance liquid chromatography (HPLC System, Agilent 1100 Series, RI-Detector). Total
nitrogen (TKN, Kjeldatherm, Fa. Gerhardt GmbH), total ammonia nitrogen (TAN, Vapodest
5, Gerhardt GmbH), pH (340i, WTW), total solids (TS) and volatile solids (VS) were
determined using standard methods (APHA, 1998). Free ammonia nitrogen (FAN) was
calculated using the Hobiger’s formula (1996):

M(NH3),  c(TAN)*1000 "
(0.0925+2728.795)
MR 10" wmms

c(FAN) =

Calculation of process parameters

The OLR is the quotient of daily mass of volatile solids (VS) in the feedstock and the volume
of the liquid digester contents (bio-slurries), characterised by the dimension [kg VS.m3.d™].
The hydraulic retention time (HRT) was estimated according to Helffrich (2005) as a quotient
of the daily feedstock mass fresh matter (FM) and the total digester volume, since the
volumetric calculation is not useful in solid substrate digestion. The unit of HRT is day [d].
The volume related biogas productivity is the quotient of the volume of daily biogas
production and total digester volume [dimensions of m*.(m?.d)™].

RESULTS AND DISCUSSION

Effects of temperature increase on different bio-slurries

The effects of temperature increase on digester performance observed could be separated into
two main categories: a drop of methane production immediately after the temperature change
(Effect 1) and continuous accumulation of propionic acid, maintaining methane production on
a high level (Effect 2). While the first effect, a drop in methane production, only occurred in
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the experiments using BS 1, the second effect, an accumulation of propionic acid, was
observed in all experiments. In the following, the results are subdivided according to the
different effects observed.

The results of the experiments referring to strategies for the handling of the self-heating
induced increase of temperature in the most advantageous way, as well as those related to
selecting the optimum temperature in energy crop digestion are discussed in separate sections.

Effect 1: Drop of methane production

In all experiments with BS 1, a breakdown of the methane production was observed at
temperatures exceeding 45°C. Figure 3 shows methane production after a temperature change
from 35 to 48°C. The first visible effect was a temporary increase in methane production.
This is to some extent the effect of degasing of volatile components, but the major part is
caused by increased microbial activity at higher temperatures (Van Lier et al., 1990). After
the transient increase, the methane production decreased rapidly to 10 % of the original level.
At the same time, VVFA concentrations increased from 0.15 (0.13) to 11.88 g.I"* (11.12 g.I")
(Figure 4). The time needed for methane production and VFA levels to recover was approx.
20 days in both experiments with same setup. This is twice the time as in the study of
Bolzonella et al. (2003), in which gas production had already recovered after 10 days, though
process stability was not reached before 30 days.
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Figure 3. Methane production (NTP) from BS 1 after the change from 35 to 48°C compared with that
of the control operated at 35°C. For the control, and for the test results between day 20 and 35, the
data points are weekly averages.



A screening of the microbial population showed severe shifts in methanogenic community
structure that accompanied the drop in methane production (data not presented). This matches
the results of Van Lier et al. (2001), who found that thermophilic bacteria are initially absent
before transition from mesophilic to thermophilic conditions. Furthermore, according to Liu et
al. (2002), significant population changes need at least 13 days, while stabilisation of a new
population can take up to 70 days.

After the drop in methane production, feeding was suspended until gas production
recovered. In this period, VFA concentrations decreased to 2.88 g.I™. However, if feeding was
continued at 48°C at the original OLR, methane production and acetic acid concentrations
showed good performance, but propionic acid started to accumulate continuously (Figure 4).
The results suggest that, in BS 1, a bacterial population change took place during the period of
low productivity. While most positions in the anaerobic food chain were reoccupied during
that period, the propionate degraders seemed to be very strongly affected. This effect can have
dramatic economic consequences. For example, an owner of a 1 MW biogas plant facing the
observed failure in methane production for a 20 days period would suffer economic damage
amounting to approx. 60,000 USD (EUR 45,000).

Effect 2: Accumulation of propionic acid
Temperature changes with the BS 2 and BS 3 showed different behaviour. Although, a drop in
methane production when the temperature exceeded 42°C had been observed one year
previously in the full-scale plant from which the bio-slurries were taken (Lindorfer et al.,
2006), no similar effects occurred during the experiments of this study, even when the
temperature was increased up to 55°C. Methane production stayed at the same level,
unimpaired by the temperature changes (Figure 5). However, after a temporary increase in the
levels of acetic and propionic acids, a slow but continuous accumulation of propionic, iso-
butyric and iso-valeric acids started. Retaining the same OLR and temperature, this
accumulation continued until process breakdown. The maximum concentrations reached were
9.4 g.I" of propionic acid, 1.3 g.I" of iso-butyric acid and 3.3 g.I" of iso-valeric acid. The
total concentration of VFA at this point was 19.2 g.I". After exceeding a certain concentration
of propionic acid (not determined in the experiment), propionic acid removal was no longer
achieved, neither by reducing OLR nor by decreasing temperature to former levels. Even after
three weeks without feeding, the concentration only decreased by 6.1 %, after another two
weeks by 14.6 %. Propionic acid toxicity seemed to be the main cause of this development
(Inanc et al., 1999). These observations correspond to data of other authors, who found that
degradation of propionic acid is the most sensitive step during transition from mesophilic to
thermophilic conditions (Van Lier et al. 1990/1992).

Lescure et al. (1988) observed a rapid decrease of acetic acid after a thermal accident but a
slow decrease of propionic acid. Van Lier et al. (1990) detected no recovery of the propionate
degradation during three weeks and, in a later study (1992) even a net propionate formation.



Only Ahn and Forster (2001) observed a rapid decrease in propionic acid after a return to
mesophilic temperatures.
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Figure 4. Dynamics of volatile fatty acids during various temperature changes in laboratory scale
experiments with BS 1.
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Figure 5. Methane production (NTP) and accumulation of volatile fatty acids in BS 3 during a
temperature increase from 38 to 45°C in a pilot scale experiment.
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While with BS 3 the process disturbances mentioned above were already seen after a
temperature increase from 38°C to 45°C, in the experiments with BS 2, the first negative
effects were observed between 45 and 48°C (Figures 6 and 7).

Considering the chemical differences between BS 2 and BS 3, it is the FAN concentration that
seems to be the decisive parameter. As a consequence of the higher temperatures, the FAN to
TAN ratio increased, leading to higher FAN concentrations in the bio-slurries (Formula 1).
Since the temperature was increased over a very short period, the FAN to TAN ratio in the
bio-slurries changed rapidly as well. Although the population was adapted to high ammonia
levels, it was harmed by the fast increase, as the acclimatization to higher ammonia levels
needs several months (Angelidaki and Ahring, 1994). Likewise, Robbins et al. (1988)
observed severe process disturbances lasting for 60-70 days each time following an increase
of ammonia in the digester. The observations also correlate well with the results of Calli et al.
(2005) and Inanc et al. (1999), who reported shifts in methanogenic population structure due
to changing FAN concentrations.
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Figure 6. Free ammonia nitrogen and VFA dynamics in BS 3 during the change from 35 to 45°C in a
pilot-scale experiment.

Toxicity and the inhibitory levels of FAN were investigated by several authors with
differing results. Calli et al. (2005) already observed a decrease in propionic acid removal
efficiency at FAN concentrations exceeding 200 mg.I™. Angelidaki and Ahring (1994), who
investigated the effect of temperature on anaerobic digestion at different ammonia loads,
assessed the critical level of FAN concentrations at 600-800 mg.l™. Gerardi (2003) even
reported tolerance of FAN concentrations up to 1500 mg.I™ in acclimatized populations. This
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high acclimatization levels could not be achieved in this study, as the FAN concentrations
changed too fast in all experiments. In Figure 6, the changing FAN concentration in BS 2
during the period of temperature increase is shown. As can be seen, the accumulation of
propionic acid started directly after the main FAN peak. However, only the propionate
degrading bacteria were severely affected by the FAN peak. Other organisms involved in the
anaerobic food chain, seemed not to be influenced.

It is useful for plant operators to know about critical levels in their process. As the FAN
level is strongly correlated with the fluctuating pH values in the digester related to the feeding
intervals, TAN concentration is the parameter more often applied to assess the critical
nitrogen level. According to present study, the critical TAN concentration at 45°C seemed to
be at 5.5¢.I"; at 4.0 g.I" no disturbance was observed. Angelidaki and Ahring (1994)
recorded the critical TAN level in anaerobic digestion at 45°C at 6 g.I™.

Strategies for the transition from mesophilic to thermophilic processing

First studies of strategies for increasing the temperature in digesters were carried out by
Bouskova et al. (2005), who compared a one step with a multi-step strategy. In summary they
recommended the former, as the cumulative biogas losses were lower. In this study the
experiments had to be divided in two categories as the temperature increase showed different
reactions within the bio-slurries used. In the experiments, BS 1 represented a bio-slurry which
was expected to undergo a population change, while BS 2 represented a bio-slurry in which
there were already sufficient thermophilic bacteria to tolerate the transition from mesophilic
to sub-thermophilic conditions.

Three strategies were tested to evaluate the transition from mesophilic to thermophilic
process in the temperature tolerant bio-slurry (BS 2): (1) a temperature increase in a single
step from 35 to 48°C; (2) a slow, multiple step increase (1°C/week); and (3) a single step
increase after short-period (24 h) temperature pulses. The temperature increase had no
significant influence on methane production in any of the experiments. However, all
experiments showed a slow but continuous accumulation of propionic acid (Figs. 7a—c). As
the increase continued, the feed supply had to be reduced after some weeks. The strategy of
delivering short-period temperature pulses before the final increase had just a very small
habituation effect on the microbial community.
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With BS 1, two strategies were tested: (1) a temperature increase in a single step from 38
to 48°C; and (2), a single step increase after a short-period (24 h) temperature pulse (Figure
8). Both experiments showed an immediate drop in methane production after the temperature
increase. Owing to the drop of methane production, feeding was suspended until full
recovery. The recovery period was 20 days in (1) and 9.6 days in (2). However, in the latter
case, a drop in methane production for some five days already occurred after the first 24 h
temperature pulse.
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Figure 8a—b. Strategies for the transition from mesophilic to thermophilic conditions with temperature
intolerant bio-slurries: (1) temperature increase in a single step; (2) single step increase after a short
temperature pulse. Data shown as percentage of methane production related to the control operated at
constant temperature.

VFA increased immediately after the temperature change in both experiments and then,
during the recovery period, the content of VFA decreased to low levels. Later operation took
place with the original VFA levels. In summary, the second strategy was still the better. It
therefore appears that, in BS 1, the strategy of applying short temperature pulses before
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applying the final increase had a habituation effect on the microbial community. It can be
assumed that, an enhancement of the habituation effect would be possible, with the
implementation of more and shorter pulses. However, applying that strategy in full-scale
plants seems to be difficult because of their limited possibilities to carry out short-period
temperature changes.

Experiences with full-scale plants show that negative effects on process performance can
be reduced and a significant reduction of propionic acid levels can be achieved by the addition
of active biomass. This was also recommended by Van Lier et al. (1990). In full-scale
operation this can be organised easily by recirculation of bio-slurry from the second digestion
step or a covered effluent storage into the main digester. Furthermore, a severe accumulation
of VFA during the temperature change and the following process disturbances can be avoided
by suspending, or at least reducing, substrate feeding in time before increasing temperature, as
temperature sensitivity increases with loading rate (Speece, 1996).

In a full scale case study, it was shown that a breakdown of microbial activity due to self-
induced temperature increases could be avoided by starting-up the plant at sub-thermophilic
temperature level. The following temperature increase to 49°C over a few weeks by self-
heating then took place without any disturbances (data not shown).

Temperature optimum in the anaerobic digestion of energy crops

As already mentioned, many studies have been carried out to investigate the effect of
temperature on substrate degradation efficiency. As a consequence of former results regarding
temperature optima based on single anaerobic bacterial strains (e.g. Gerardi, 2003;
Bischofsberger, 2005), most current biogas plants operate in the recommended temperature
ranges of 35-40°C or 50-65°C. The temperature range between 40 and 50°C was avoided as
being of lower efficiency.  This widespread assumption was disproved in the present study.
In Figure 9, methane and biogas production from BS 2 over a three-month period, including
two temperature steps from 38 to 45°C and to 48°C are shown. The OLR was maintained on
the same level until the VFA increased rapidly at day 52. At that point feeding was
suspended. As can be seen, methane production increased slightly at the temperature of 45°C;
methane yield increased at the same time approx. 8 %. After a further temperature step to
48°C, methane production stayed almost at the same level until feeding was stopped due to
high VFA concentrations. In a similar experiment with BS 3, which had a higher TAN level,
methane yield at 45°C was 7 % lower than at 38°C (Table Il). As already discussed in the
previous section, ammonia inhibition seemed to be the reason. Temperature and OLR related
methane yields of all experiments are presented in Table Il. Note, that laboratory-scale data
represent an average over two weeks before and after temperature changes. In these short
periods, stable conditions could not always be achieved.
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3
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In summary, it can be assumed that the wide biodiversity in the anaerobic bacterial
populations of full-scale plants at mesophilic and sub-thermophilic temperatures have
obviously prevented the activity losses described in single strain experiments. This is good
news for operators of the increasing number of agricultural biogas plants in Germany and
Austria which have to operate in exactly this temperature range as a consequence of self-
heating.

The results of the present study show that there are no general temperature optima in
anaerobic digestion. The individual optimum depends on other, plant specific parameters (e.g.
self-heating or digester design). Figure 10 shows the different parameters which might
influence the choice of the optimal temperature. As the hygiene aspects are better at
thermophilic temperatures, plants accepting slaughterhouse wastes in the feedstock might well
favour temperatures higher than 55°C. Other advantages of higher temperatures are the faster
metabolism and conversion rate (Van Lier et al., 1995), and a lower viscosity of the bio-
slurries which might reduce the stirring demand. Disadvantages of the thermophilic process
are a lower process stability (Kim et al., 2002) as a result of the lower biodiversity and a
significantly higher demand for heating energy (Zupancic and Ros, 2003). Furthermore, the
effect of solid-liquid separation, which can lead to the formation of layers, and the risk of
ammonia inhibition. Braun (1982) suggested that, the temperature optimum of a plant is
always a compromise between the temperature optimum of the microbial population and the
energy balance of the whole plant.
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Table 1. Methane yields (Ycns ) in different experimental setups. Average values during 14 days in
laboratory-scale (note that stable performance was not always achieved), 21 days in pilot scale and 90

days in praxis scale. Nm® = m® (NTP)

Lab scale? Pilot scale Praxis scale
BS1 OLR [kg VS.m™] 2.2
Yeus (35°C) [NmPkgVS™'] 0.40(x0.12) - -
Ycrs (48°C) [NmPkgVS?'] 0.43(£0.02) - -
Ycua (50 °C)  [NmikgVS?] 0.30 (£0.10) - -
Yena (55°C) [NmPkgVS?] 0.28(£0.09) - -
BS2 OLR [kg VS.m™] 2.3 2.9 45
Yena (38°C) [NmPkgVS?] 0.34(£0.05)" 0.35(x0.06) 0.37 (+0.05)
Ycus (45°C) [Nmikg VS - 0.38 (£0.04) -
Ycrs (48°C) [NmPkgVS™] 0.22(x0.04)° 0.36(£0.01) -
BS3 OLR [kg VS.m™] 4.4 4.3
Ycus (38°C)  [NmPkgVS™' - 0.31(+0.04) 0.32(+0.03)
Yena (45°C) [NmikgVS?] - 0.29 (+0.04) -
135°C

2 Stable performance was not always achieved

® Technical problems

One general aim should be the avoidance of temperature fluctuations as they influence
process stability in a negative way as a result of the temperature sensitivity of methanogenic
species (Iranpour et al., 2005; Speece, 1996). Therefore, in plants with self-heating effects, the
optimum temperature will be the maximum level of self-induced heating. In colder seasons,
the temperature difference due to heat radiation can be compensated for with a minimum
additional heating. For most other plants, the operators can decide individually between 35°C
and 65°C considering the factors mentioned above.
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=X Temperature Pooulation
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Figure 10. Parameters influencing the individual process temperatures.
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Special attention has to be paid to biogas plants with high nitrogen loading. As is shown by
the results presented above, the critical temperature of ammonia-rich bio-slurries is lower than
45°C. This is no problem for the plants using slaughterhouse wastes or other wastes rich in fat
and proteins, but for digesters using mainly cereal grains as feedstock or other carbohydrate
and nitrogen rich substrates. In the latter cases, the self-heating might lead to a temperature
increase to levels higher than 45°C. Other than changing the feedstock itself, not possible in
most cases, the only way to preserve mesophilic conditions requires the installation of a
cooling facility, as is the case for the biogas plant from which BS 2 and 3 were taken.

CONCLUSIONS

The results of this study show that there are no general temperature optima in anaerobic
digestion as was originally concluded on the basis of single strain experiments. In the range
from 35 to 50°C, methane yields are similar. The individual temperature optimum of a biogas
plant depends on many other parameters such as nitrogen load, hygiene requirements and
plant design.

The self-induced temperature increase in mesophilic digesters to sub-thermophilic levels
(40-50°C) can cause severe process disturbances. The experiments in this study show that
one of two principal effects can be expected: (1) a failure of the methane production
connected to changes in the microbial community; or (2), a slow but continuous accumulation
of propionic acid, though this has no immediate impact on methane production. Which effect
occurs depends on the process history of the particular bio-slurry. For a biogas plant, the first
effect can have dramatic economic consequences. For example, an owner of a 1 MW biogas
plant facing the observed failure in methane production for a 20 days period would suffer
economic damage amounting to approx. 60,000 USD (EUR 45,000).

Whatever strategy is chosen to increase temperature, whether one step or multiple step, or
after applying short temperature pulses, some negative impacts (e.g. on methane output or
propionic acid formation) are rarely avoidable. However, in the latter strategy a small
habituation effect of the microbial community to higher temperatures can be achieved.
Addition of new microbial mass, for example by recirculation of bio-slurry from other
digester steps, is a good possibility to reduce the negative impacts.
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Abstract

In the present study the increase of the organic loading rate from 2.11 to 4.25 kg VS.m>.d” in a two stage,
agricultural biogas plant was investigated. The process enhancement resulted in the doubling of the plant
capacity from 500 kW to 1000 kW retaining the same digester volume. Efficiency criteria showed good
performance throughout the study. At the end of the monitoring, biogas yield was on the same level as before the
enhancement, while volume related biogas productivity almost doubled from 1.50 to 2.91 Nm®.m™.d™". However,
as a consequence of the higher transfer of poorly degraded organic material into the effluent, the residual
methane potential of the effluent multiplied by the factor ten. The results of this study show, that most
agricultural biogas plants in Austria have a great potential for a significant capacity increase. However, to avoid
atmospheric emissions, the effluent storage of high loaded processes has to be integrated into the gas-tight
system of the digesters.

Keywords: anaerobic digestion, energy crops, process enhancement, digester performance, residual methane
potential.

1 Introduction

As a consequence of high power tariffs for renewable energies in Austria and Germany, a lot
of biogas plants were built within the last two years. In many cases this resulted in copying
conventional plant designs. There was no time for integrating new experiences or
improvements in the construction of plants. Research institutions were not able to keep pace
with this fast development either, which becomes apparent in the almost complete lack of
literature about maximum organic loading rates (OLR) in full scale digesters using energy
crops. The major part of available data was generated in laboratory scale experiments. As a
result of this lack of information, OLRs and the hydraulic retention time (HRT) are mainly
based on proved experiences from existing plants. The data from the monitoring of
agricultural full scale plants presented by Laaber et al. (2005), Weiland et al. (2004) and
Lehtoméki (2006) reflect this development. To improve their process and to avoid process
breakdowns due to overloading, operators of biogas plants need data and experiences about
process limits.

The evaluation of single stage biogas plants from Weiland et al. (2004) showed furthermore
that the methane potential of the effluent do not contribute at all in the planning and
processing of some plants as there exist no proved data on it.

* Corresponding author. Tel.: +43 2272 66280537; Fax: +43 2272 66280503.
E-mail address: harald.lindorfer@boku.ac.at
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The main objective of the present study was to investigate the limits of an enhancement of the
OLR and the changes in the digestion process connected with it. Next to the maximum OLR,
consequences in the process or in efficiency parameters like the biogas yield or the organic
degrading rate connected with the process enhancement should be retained. As there is a risk
of a process breakdown due to overloading (Angelidaki 2004) it was important to conduct this
research under controlled conditions. The biogas plant where the study was carried out was an
already working, two stage, continuously stirred tank reactor (CSTR) system. The
enhancement based mainly on the increase in OLR and direct substrate dosage into the second
digester of the two stage system. Therefore some additional parts had to be integrated into the
existing plant as it is shown in Fig. 1. The substrates applied were pig manure and solid
energy crops.

2 Material and methods

Full scale equipment

The biogas plant where this study was realised is situated at a farm in Lower Austria. The
plant started as a two stage continuous stirred tank reactor (CSTR) with a main digester
volume of 2000 m* (D1), a second digester step of 1850 m® (D2) and open effluent storage
tanks of 3800 m>. All digesters are built as concrete tanks.

CHP 1 CHP 2
z
Solid Solid
substrates P o substrates Biogas
1 = 2 | W
im

Manure |
DR )

Digester 1

Fig. 1. Scheme of the studied biogas plant. The original design is illustrated in black, the
additional parts which belong to the process enhancement grey. CHP — Combined heat and
power plant.

Effluent storage

Tubes inside the reactor are used for heating and cooling. The substrates applied during the
present study were pig manure, solid energy crops like silages from maize and rye, ground
grains from maize and wheat and residues from vegetable processing. Before the
enhancement the crop/manure mass ratio in the feedstock was 1 : 1. To increase the plant




capacity, the additional energy input was achieved by increasing the solid substrate feed,
mainly silage from maize grains. The feed of pig manure stayed on the same level. As a
consequence, the mass ratio between energy crops and manure changed to 2 : 1. Related to the
input of volatile solids the ratio of energy crops in the feedstock increased from 92.5 % to
96.5 %.

Table 1
Comparison of main process parameters. Average values (n=90) before and after the process
enhancement. FM - Fresh matter, VS — Volatile solids.

Before After
Input crops (FM) [t.d?] 14.7 29.9
Input total FM (manure included) [t.d?] 29.7 51,64
Input crops (VS) [t.d!] 7.58 15.63
Input total VS (manure included) [t.d?] 8.12 16.35
Biogas production [Nm®.d™] 5790 11185
Hydraulic retention time [d] 129.6 74.6
Electrical capacity (theor.) [kW] 500 1000

The main part of the process enhancement was achieved by the dosage of silage from maize
grains into D2. To accelerate the enhancement progress, the substrate loading of D1 was
increased as well during the first months. The feed dosage was executed automatically 24
times per day. All input weights were recorded. The average process temperature was 39 °C.
Biogas quantity and quality were analysed online, based on infrared (flow rate, CH, and CO5)
and electrochemical cells (O, and H,S). Biogas was used to generate electrical current and
heat. In the beginning one combined heat and power unit (CHP) with an electrical capacity of
500 kW and a thermal capacity of 586 kW (GE Jenbacher, Austria) was run. Electricity was
fed into the national grid and heat was used for a local heat supply in the neighbouring
village. In the context of the capacity enhancement a substrate dosage into D2 and a second
combined heat and power unit with the same capacity as the first one were installed (Fig. 1).
These modifications resulted in a total electrical capacity of 1 MW and a thermal capacity of
1,172 MW.

Before the enhancement of capacity the digestion process showed stable conditions during
several months. After the achievement of a capacity of 1000 kWi, the enhancement was
stopped (Fig. 2). Stable chemical digester conditions on the higher capacity level were
reached after eight months approximately. A comparison of the main substrate related
parameters are shown in Table 1.

Chemical analysis

Samples of the digester content were taken weekly during the process changes. After the main
increase of the OLR the sampling was reduced two every second week. The feed and the
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effluent storage were sampled monthly. The content of D1 was sampled at a tube in the
digester wall at mid-height. In D2 it was taken out of a recirculation loop which was used to
pump the substrates into the digester. The effluent was sampled through a valve in the vertical
part of the overflow tube out of D2 into the effluent storage. The sampling procedure always
consisted of discarding the old content of the sampling tube, taking a sample of 15 L into a
bucket and then taking a quota of 0.5 L out of the bucket. The feed was sampled by taking 8-
10 composites out of the bucket of the front loader which was used to provide the substrate
dosage. The samples were cooled down to 4 °C immediately after sampling. Chemical
analysis was performed within 48 h. Volatile fatty acids (VFA) were analysed using High
Performance Liquid Chromatography (HPLC-System, Agilent 1100 Series, RI-Detector).
Total Nitrogen (TKN, Kjeldatherm, Gerhardt GmbH), Ammonium (NH,", Vapodest 5,
Gerhardt GmbH), pH (340i, WTW), total solids (TS) and volatile solids (VS) were
determined using standard methods (APHA, 1998). All data used in this study to describe the
situation before and after the process enhancement was collected and averaged over a period
of 90 days.

Residual methane potential

The residual methane potential in the effluent was evaluated through anaerobic batch
fermentation tests. These tests were carried out according to the modified norm DEV S6, DIN
38 414-S6 (DEV, 2005). The test procedure consisted of a 0.5 L glass bottle (reactor) where
500 ml of sample was incubated at 35 + 1°C. Every six hours the reaction bottles were stirred
by magnetic agitation for 10 minutes. CO, was removed by absorption in a NaOH solution.
The reactor was connected to a 1 L glass bottle filled with a displacement solution. The
volume of the displaced fluid was measured. Every batch fermentation test was carried out in
three replicates. The experiments were continued until no more gas production was observed.
This point was reached after 60 to 150 days.

Calculation of performance parameters

The hydraulic retention time (HRT) was calculated according to Helffrich (2005) as a quotient
of the daily feedstock mass (fresh matter - FM) and the total digester volume. The unit is day
[d]. The organic loading rate (OLR) is the quotient of daily mass of volatile solids (VS) in the
feedstock and the volume of the liquid digester content characterised by the unit [kg VS.m™.d"
1. The electrical yield describes the produced electricity related to the substrate input,
expressed in [kWh.kg VS™]. The organic degradation rate characterises the substrate
degradation efficiency and was calculated in a mass balance between substrate input, effluent
and biogas production. It is expressed as percentage [%] of the input. The volume related
biogas productivity is the quotient of the volume of daily biogas production and total digester
volume [m3.m=.d™'] and is used to assess digester efficiency.




3 Results

3.1 Performance parameters

With the increase of the OLR, the volume related biogas productivity, which describes the
organic loading related to the digester volume, increased in the similar way. Biogas yield,
methane yield and electrical yield, related to the organic loading of volatile solids, remained
almost on the same level. The electrical yield even increased slightly because of the better
availability of engine capacity after the installation of the second combined heat and power
plant (CHP). Fig. 3 gives a comparison between some common performance parameters
calculated in a steady state process before and after the process enhancement.
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Fig. 2. Electrical capacity and biogas productivity. Trendlines were calculated as an average
of 50 days.

Fig. 4 illustrates the relation of organic loading rate and biogas yield. The data shows that an
increase of the organic loading rate is followed by a temporary decrease of the biogas yield
and a parallel increase of VFA concentrations. Nevertheless, after some weeks of adaptation,
both parameters returned to the former levels. Still, the enhancement of the substrate loading
resulted in a decrease of the organic degradation rate. In the first year the degradation rate of
the volatile solids reached 88.2 % (£1.64). Without the integration of the effluent storage into
the gas-tight system it decreased after the process enhancement to 83.1% (+£1.80).




VS degradation rate [%]

Electrical yield [kWh/kg VS]

Methane yield [Nm3 CH4/kg BN

VS

Biogas yield [Nm3/kg VS]

Biogas productivity
[Nm3/(m3*d)]

Organic loading rate [kg
VS/(m3*d)]

Lol |83 (61.80) | |
"""" 852 (+1.64) O After enhancement
\ Before enhancement
3:3:3:3:3:3:3:3:3:3:3:3:3:3:3:|1.5(xo.n)
............. N A
" 0.86 (0.03
0140 (+0.06)
0.69 (+0.11)
0.73|(x0.11)
:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:E|2.91(10.0()
............. N
.......... ‘
T 428 (40,32)
................... ﬁé.ﬁ@d.aﬁj"""""" .
] : : : :
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Fig. 3. Comparison of performance parameters before and after the process enhancement.

3.2 Fermentation parameters

Chemical parameters
The concentration of almost all chemical parameters increased with the enhanced organic
loading rate (Table 2). Just pH values decreased due to the higher loading. The concentrations
of Total Kjeldahl Nitrogen (TKN) and ammonium showed an increase in both digesters. The
ratio of ammonium in the TKN decreased in D1/D2 from 61.6/69.3 % before, to
approximately 56 % after the enhancement. This development is a consequence of the lower
organic degradation rate and a higher biomass growth due to the higher loading rate.

Table 2

Comparison of chemical parameters of the digester content. Average values before and after
the process enhancement. For VFA, minimum and maximum values instead.

Digester 1 Digester 2

Before ? After ° Before ° After °

pH [] 7.86 (+0.13) 7.65(+0.05) 7.97 (+0.14) 7.71 (+0.07)

TS [%]  8.14(+0.45) 9.31(+0.35) 5.83(+0.31) 9.85(0.22)

VS [%] 6.25 (+0.39) 7.25(+0.40) 4.23 (+0.35) 7.73(0.19)

TKN [gl%] 883(x0.28) 8.10(+0.05) 7.88(+0.27) 9.09 (+0.16)

NH4-N [g1%] 544 (+0.28) 4.50(+0.09) 5.46 (+0.36) 5.15 (+0.13)

Aceticacid  [mg.l?']  476-2076 388-1799  75-259  533-1512

Prop. acid [ mg.1™] 8 - 593 77 - 927 0-124 94 - 1270

Total VFA  [mg.lY]  495-2554  493-2819  83-482  652-2788
“n=10
®n=20




To evaluate the status of the biological metabolism inside the digester, the concentrations of
the six most important volatile fatty acids and their ratios were monitored. In Fig. 5, the
development of acetic and propionic acid concentrations in D1 and D2 are shown.
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Fig. 5. Dynamics of acetic and propionic acid in D1 and D2 during the process enhancement.
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Fig. 4: Organic loading rate, volatile fatty acids and biogas yield of D1. Trendlines were
calculated as an average of 50 days.




The beginning of the increase of the OLR in D1 and the start of the feeding of D2 are marked.
As can be seen in the diagram, acetic acid concentration was rising immediately after the
initialisation in both digesters.Nevertheless, in both cases a stabilisation on a low
concentration level took place after some time of continuous processing. Propionic acid did
not rise to toxic levels during the monitored period. The comparison between before and after
the process enhancement (Table 2) shows in general higher concentrations of acidic and
propionic acid in D2 due to the direct dosage of substrates. At the same time pH in D2
decreased from 8.0 to 7.8. In D1 the same developments could be observed but with smaller
changes.

Suspended solids

As a consequence of the enhanced feed of solid substrates, the content of TS in the feed mix
changed from 26.6 % to 37.5 %. After a short time delay, this change was reflected in the
digesters as well (Fig. 6). It led to a rise in the TS/VS content of 13.5/13.5 % in D1 and of
59.2/55.3 % in D2 (Table 2, Fig. 6).
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Fig. 6. Dynamics of total solids in D1 and D2 and development of volatile solids in the
effluent (digestate) during the process enhancement.

At the same time, the transfer of VS into the residual storage increased. Whereas during the
first year the charge of VS in the effluent was about 3.94 %, it doubled after the process
enhancement to 7.84 % (Table 3, Fig 6). The higher TS contents led to a significant higher
demand of stirring. Additionally, the viscosity of the digester content increased due to the
higher starch content of the energy crop substrates.




Biogas Quality

Focussing on the biogas quality, both the increase of the OLR and the direct feeding of D2
had a negative influence. The methane content in the biogas decreased, in both digesters
during a period of eight month from 55.0 % in D1 and from 52.8 % in D2 to almost 49.0 % in
both. Then it started to stabilize again at a value of around 50.6 % in D1 and 51.5 % in D2
(Fig. 7).
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Fig. 7. Methane content in the biogas of D1 and D2 during the process enhancement.
Trendlines were calculated as an average of 50 days.

3.3 Effluent — residual methane potential

To evaluate the degradation efficiency of the plant, the digester effluent was sampled
regularly. A comparison of the chemical parameters in the effluent before and after the
enhancement is shown in Table 3. A significant increase in almost all parameters was
observed. TS and VS doubled due to the process enhancement. This led to a strong increase of
the residual methane potential in the effluent.

Fig. 8 shows the methane yields gained out of the effluent from three sampling dates: before,
during and six month after the process enhancement. From the figure it becomes evident that
the residual methane potential after the enhancement was more than 10 times higher than
before. Relating to the total methane production of the plant, after the process enhancement
13.8 % of the potential methane production got lost through the effluent compared to 1.14 %
before the changes.




Table 3

Chemical parameters of the effluent. Average values before and after the process

enhancement (n=3). For VFA minimum and maximum values instead.

Effluent storage

Before After
pH [ 7.82 (+0.06)  7.71 (+0.06)
TS [%] 5.55 (+0.48)  10.0 (+0.64)
VS [%] 3.94 (+0.32)  7.84 (+0.63)
TKN [g.17] 7.14 (¥1.20)  9.21 (x0.14)
NH4-N [g.01 5.10 (+0.95)  5.13 (+0.01)
Acetic acid [ mg.1™] 99 - 158 550 - 823
Prop. acid [ mg.1™] 31-45 98 - 186
Total VFA [ mg.1™] 144 - 230 664 - 1063

The usability of the effluent is affected in two ways. The ratio of ammonium in the TKN
decreased from 71.1 % before to 55.7 % which lead to a lower plant availability of the
nitrogen charge. The increased VFA contents are potential sources for odour emissions.
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Fig. 8. Residual methane potential of the effluent before, during and after the process

enhancement (n=3).

4 Discussion

The present study shows the importance of the selective monitoring of full scale applications,
even though standard deviations are higher than in laboratory experiments. The results differ
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significantly not just from existing experimental data on energy crop digestion, but also from
data of more experienced anaerobic systems like the mono- digestion of manure or sewage
sludge.

Already in 1980 Stewart published results of laboratory digestion experiments with silage of
energy crops. In his experiments, a maximum OLR of 6.7 kg TS.m>.d™* was achieved. Jarvis
et al. (1997) reached almost similar results with grass clover silage. Later on these high values
have never been reached again. Nordberg et al. (2006) achieved a maximum OLR of just 3.0 g
VvS.Lt.d* with alfalfa silage before a process breakdown. The actual situation in Germany
and Austria in practical scale systems was described by Weiland et al. (2004) and Laaber et
al. (2005), respectively. According to these studies the majority of the biogas plants in
Germany worked with an OLR between 1.0 and 4.0 kg VS.m>.d? in 2003. In Austria the
median OLR was 3.39 kg VS.m™.d! in 2004/2005. In comparison to this situation, the studied
plant operated with an average OLR of 4.25 kg VS.m™.d™ (+0.31) in the routine performance.
During the enhancement an OLR of up to 5.5 kg VS.m3.d" was kept for several weeks
without any process disturbances (Figure 3). Unfortunately, the maximum limit of the OLR in
co-digestion systems based on energy crops and manure could not be reached, due to the
restricted biogas utilization capacity of the engines at the plant. A decrease in methane yield,
as it was observed by Lehtomaki (2006) after the increase of the OLR from 2 to 3 kg VS.m’
3d*, could be observed, but it recovered after some months (Fig. 7).

As a result of the increase of the OLR retaining the same digester volume, the volume related
biogas productivity doubled to 2.91 Nm*®.m™=.d* (+0.06). This is excellent in comparison to
literature data (Laaber 2005, Nordberg 2006).

Focussing on the substrate mix, new data was found as well. While Lehtomaki (2006)
observed a decrease in the methane yield already at an energy crop ratio higher than 40 % in
co-digestion with manure, the data of this study show that an energy crop ratio of 96.5 %
(VS) in the feedstock is feasible without any decrease. In fact, biogas quality went down in
D1 during the enhancement. This decrease is mainly connected to the change in the feedstock
towards a higher content of carbohydrates as can be observed in the biogas quality of digester
2, which had no change in the feedstock but recovered almost completely (Fig. 7).

The specific methane yield before the process enhancement averaged to 0.40 Nm® CH..kg™
VSaddged (+0.06). During the upgrading it went down to an average of 0.30 Nm® CH,.kg™
VSadged, but after several months it recovered to 0.36 Nm® CHakg™? VSaged. (£0.03) In
comparison to data from Lehtomaki (2006) and Nordberg (2006), who described 0.27 m?
CHa.kg™ VSaqeed and Jarvis (1997) who observed 0.30 m® CHa.kg™ VSaqeed in the digestion of
energy crops, the observed methane yield in this study was higher, even during process
enhancement. This indicates a long term adaptation of the microbial population to the
feedstock. In fact, a slow but continuous increase of the methane yield during the first six
months of operation was observed in the studied plant.

11



An important efficiency criterion in anaerobic digestion is the VS degradation rate. In the
present study it decreased by 5.1 % due to the process enhancement. This was mainly a
consequence of the direct substrate dosage in D2 and the associated transfer of partly
degraded material into the storage, as former increases of the OLR in D1 did not show that
impact on the degradation rate of the plant. Similar observations were made by Andersson
and Bjornsson (2002), who recorded decreases in COD reduction by 10-20 % after increasing
the OLR in different digester designs. The high organic degradation rate compared to
literature (Nallathambi, 1997) is mainly a consequence of the high percentage of maize grains
in the feedstock, which have a very small content of non-degradable fibres.

The parameter mostly affected by the process enhancement was the residual methane
potential of the digester effluent. Connected with the higher OLR and the shorter HRT
respectively, the methane potential of the effluent at 35 °C increased from 1.14 % to 13.8 %
of the total methane production of the plant. This observation was already made by other
authors. Lehtomaki (2006) observed a residual methane potential of 2.9-7.7 m® CHa.t* FM at
35 °C after increasing the OLR from 2.0 to 3.0 kg VS.m>.d™. Weiland et al. (2004) observed
a residual methane potential in operating biogas plants in Germany (n=11) which was mainly
lower than 10 % but reached up to 25 % (20 °C). Such alarming high levels are mainly a
consequence of one stage CSTR systems. Angelidaki et al. (2004) recommended therefore
the integration of the effluent storage into the gas proof biogas collection system of the plant,
and furthermore a minimum temperature in the storage of 20 °C for mesophilic plants to
avoid methane emissions into the atmosphere. As a consequence of the monitoring, the
effluent storage of the studied biogas plant was covered immediately after finishing the
present study, what is in fact a prolongation of the HRT again to 116 days. The quality of the
effluent referring to its use as fertilizer decreased as well. The decrease of the NH4-N ratio
from 71.1 to 55.7 % results in a lower plant availability of the total nitrogen charge.
Furthermore, the higher content of VFA is a potential source of odour emissions.

Some more changes in the process due to the higher loading of solid substrates connected
with the process enhancement, were an increase of the viscosity in the digester and
consequently a higher demand on the stirring system and the rise of the ammonium content up
to 6.5 g.I'>. This high nitrogen concentration could lead to ammonia inhibition with higher
temperatures (Ahring et al., 1995; Strik et al. 2006). Therefore a cooling system could be
necessary to prevent a temperature increase in the digesters due to the effect of self-heating
(Lindorfer et al. 2006).

5 Conclusions

The results of this study show that in a working agricultural biogas plants, based on a
feedstock of energy crops and manure, an extensive enhancement up to twice the capacity is
possible. Taking that into consideration, it is obvious that up to 50 % of already existing

12



plant-capacity is not yet used in Austria due to oversized digester volumes. Still, some
consequences in the digester performance should be expected accompanying a process
enhancement. These are changes of the chemical parameters in the digester content, like an
increase of TS and nitrogen. However, the most serious development connected to the
enhancement is the rising transfer of partly degraded organic material into the effluent
storage. This causes a strong increase of the residual methane potential in the effluent and
therefore atmospheric emissions of greenhouse gases. As a consequence, the integration of the
storage facility into a gas proof biogas collection system, at least in high loaded or single
stage digestion plants, is required. To keep best practice in an economical and in an ecological
way, the enhancement of a biogas plant should be planned carefully.
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Abstract

This work reports an off-line method development simulating at-line anaerobic co-digestion process
monitoring using a new TENIRS (Transflexive Embedded NIR Sensor) system as a PAC (Process
Analytical Chemistry) facility. The operative focus is on optimising an anaerobic digestion biogas
production with energy crops as the main feedstock. Results show that several key monitoring
intermediates in the anaerobic fermentation process can be quantified directly from NIR with good
performance, especially ammonium and total volatile fatty acids. Good feasibility study prediction
validations have been obtained for total solids (TS), volatile solids (VS), ammonium, acetic acid and total
volatile fatty acids. The TENIRS system is a new option for real-time, at-line/on-line monitoring of
biogas fermentation operations, offering a robust, low-budget PAC approach to a bulk volumes industry
in rapid growth.

Key words: Anaerobic digestion, biogas production, volatile solids, volatile fatty acids, ammonium, NIR,
PAC, TENIRS, multivariate calibration, PLS regression.

Introduction

Near infrared spectroscopy (NIRS) is a desirable process analytical technology for monitoring
anaerobic digestion processes (AD).'*® Volatile fatty acids (VFA) are the most important
organic acid intermediates in degradation of several heterogeneous, complex organic substances,
ultimately producing biogas, which typically consists of 60-70% methane and 30-40% carbon
dioxide. Anaerobic digestion processes are sensitive to hydraulic or organic overloading due to
imbalanced or insufficiently controlled feeding.* Following a well-managed feeding strategy,
AD processes are characterised by low VFA concentrations (500 mg L™ — 3000 mg L™), whereas
during AD imbalances VFA can increase exponentially well above 3000 mg L™ Many
investigations point to the fact that relatively high VFA concentration in anaerobic digestion



processing plants may not be directly toxic to the process, but will instead create insufficient
conditions for the operative anaerobic digestion bacteria cultures.>® Additionally, due to lack of
appropriate monitoring and/or managing by poor controlling, the AD process can slow down or
be severely disturbed, at worst even break down completely, due to imbalances in VFA
concentrations at such inhibitory high levels. Reliable and affordable VFA monitoring facilities
are in high demand by the biogas industry sector. Another reason for breakdown could be that
the feedstock composition is too high in total nitrogen due to the conversion of proteins and
amino acids into ammonium. This often creates low C/N ratios for the AD process. Biological
processes need a balanced C/N ratio of 25-35 to run properly. Many types of biomasses, e.g. bio-
slurries from current European farming systems, specifically pig manure types, have a very low
C/N ratio as do other types of protein-rich industrial organic wastes.” Co-digestion of
heterogeneous feedstocks is the case in many modern biogas systems, and this also demands new
process monitoring and management tools.

The present objective is to develop Process Analytical Chemistry (PAC) technologies that can
monitor and optimize the AD-process, on-line or at-line, to control highly valuable parameters
such as VFA-content, ammonia-content, total solids (TS), volatile solids (VS), ammonium
(NH4"), total-N, total-C or other important process parameters that can be correlated to NIR-
spectral signals. TENIRS (Transflexive Embedded NIR Sensor system) is a new at-line and a
potential on-line measurement system that fulfils most requirements for the PAC application
demands outlined above. This analytical system was recently developed by the Institute of
Agricultural Process Engineering (ILV), University of Kiel for bio-slurry and manure
applications in a pig fattening project.® It was documented that NIR spectroscopy can be a
highly valuable tool for at-line and on-line measurements of the complex compositions of bio-
slurries during biological conversion processes. With at-line measurement of the chemical
composition of manure, the TENIRS system was able to document that the fattening of pigs was
related to the animal digestion process as well as the specifics of various pre-feeding processes
and to the composition of the different feedstocks involved.

The primary objective of the present work was to assess NIRS as a monitoring facility to replace
chemical analysis of TS, VS, total-N, NH;" and VFA for monitoring the anaerobic digestion
process. These are five of the most important AD process parameters. NIR spectroscopy is well-
proven as a powerful sensor tool for qualitative and quantitative analysis of organic and
inorganic compounds, specifically in food and feedstock science but also in many other sectors.’
Our aims were initially to develop tools for at-line, and ultimately for on-line applications in
general for fermentation processes intended for use in agricultural and agro-industrial production
as bio-energy fermentation processing will increase rapidly in the coming decades.® Examples
of this are: food processing, pharmaceutical production, and in bio-energy and bio-fuel
fermentation applications.



Materials and methods

Sampling of the primary reactor system

The two experimental locations were the Rohkraft biogas installation, Reidling and the Oko
Energie Strem biogas plant, Strem, both in Austria (Figures 1 and 2). These locations were
selected in accordance and cooperation with IFA-Tulln®, the Environmental Biotechnological
Department of The University of Natural Resources and Applied Life Sciences, Vienna. Primary
sampling was established on a weekly basis for almost one year in the context of the renewable
energy network project (reNet-project) in Austria. Additionally a daily sampling procedure was
set up for 3-4 weeks. The present study was able to piggy-back the reNet project with many
advantages and one major disadvantage, the primary sampling, see below.

Figure 1 (Left): Reidling biogas plant. Fermentor No. 1, flat-roofed fermentor in extreme left field of
view, has been in full operation as the main fermentor for one year. In the centre part of the
photo is Reidling fermentor No. 2, which was set in operation in February 2005. Photo JBHN,
03/05-2005

Figure 2 (Right): Fermentor No. 2 at Strem biogas plant. Insulation was not completed because this
mesophilic fermentation process generated a surplus of heat surpassing that needed for keeping
the process temperature constant. Inoculum at this biogas plant was cow manure, but after start

up the feedstock was almost exclusively maize silage. Photo JBHN, 03/05-2005.
Primary samples were collected at outlet valves on the vertical sidewall of the full-scale
fermentors shown in Fig. 1. The fermentors were continuously stirred, which was the only
precaution in place for realising a “homogenous fermentation broth” throughout the entire 1000
m?® fermentor volume. From the Theory of Sampling (TOS), this primary sampling procedure,
resulting in samples of 8-10 L of bio-slurries, cannot necessarily be considered representative,
indeed almost certainly not.*** The utilization of a standard valve directly on the sidewall of the
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bioreactor is structurally incorrect,**** but was the only option available as the primary sampling
in this study relied critically on the context of the reNet project. In order to be fully TOS
representative, an appropriate sampling procedure could be a vertical recurrent loop concept.'%**
From such an external loop, pumping from the bottom of the reactor to the top, a full cross
section of the upward flow could have been achieved as a composite sample using as many
increments as deemed necessary by a heterogeneity study. This setup would ensure an optimal
ability to represent the entire volume of the fermentor. Structural correctness means that all parts
of the lot material have an equal probability of being selected in the sampling procedure. This
can obviously never be the case when samples are extracted from the side of a bioreactor.***?*°
Also, an in-line sensor mounted directly on the side of the bioreactor would not overcome these
representativity problems, nor extract a representative reference sample for calibrating any PAC
Sensors.

Even though it was mandatory to make use of the samples obtained using the sub-optimal
primary sampling scheme in this study these problems were not considered to be fatal: The key-
issue here is that 1 L secondary samples were used for both the NIRS (X) and the reference ()
data in the chemometric multivariate calibrations to be developed below. This allowed general
assessment of the new TENIRS application potential to be carried out without being crippled by
the primary sampling uncertainties described; an identical situation was recently described in an
industrial aerobic fermentation setting.*

Forty-two primary samples were obtained at the Rohkraft Biogas plant, during March and April,
2005, while 22 samples were sampled at the Strem Biogas Plant, during the same period. Two to
three samples were taken per week from four full scale reactors for a total of 64 samples during
the four week period. The feedstock compositions consisted of mixtures of pig manure and
various energy crops and crop residues in the Reidling plant and inoculum cow manure and
maize silage at the Strem plant.

Sub-sampling, sample preparation

For wet chemistry, including VFA analysis, and for NIR spectroscopy, several 1 L laboratory
bottles were incrementally sub-sampled from the primary (10 L) digesting biomass samples.™
Two parallel samples were chosen randomly for analysis and further treatment in this study. The
optimal TOS-correct way to sub-sample highly heterogeneous primary bio-slurry is by
mechanical agitation to keep the bio-slurry in a state of maximum homogenisation while being
sub-sampled. The first series of samples were frozen for VFA analysis at the laboratories of IFA-
Tulln. The second series were frozen and then transported to ACABS® laboratories, Aalborg
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University Esbjerg for further measurements of the remaining wet chemical analysis (Esbjerg)
and for NIR measurements (Kiel).

Reference analysis

The wet chemical parameters TS, VS, NH,", total-N, from the same samples as tested by the
TENIRS equipment, were analysed at ACABS laboratories, where all samples were analysed in
triplicates and averaged. VFA were measured at IFA Tulln using High Performance Liquid
Chromatography (HPLC). The VFAs were measured in duplicate and averaged.

Total solids (TS) and volatile solids (VS)

Total solids are the fraction of the total wet weight of a sample from which the water has been
evaporated in an oven at 105°C for a period of 24 hours. Total volatile solids were determined as
the difference between total solids and the weight of the ashes from the sample kept in the oven
for two hours at 550°C.

Total nitrogen (total-N) and ammonium nitrogen (NH,")

Total-N and NH," in the samples were analysed by utilisating a FIAStar 500 analyzer with 5027
sampler (Foss, Hilleroed, Denmark). The analyses were analyzed according to the application
note for the apparatus; AN 5202 for total-N and AN 5208 for NH,".

Total and individual volatile fatty acids (VFAS)

VFAs were analysed using High Performance Liquid Chromatography, HPLC-System; Agilent
1100 Series, RI-Detector (Agilent, Santa Clara, US), Column: Polyspher OA KC (Merck,
Darmstadt, Germany). Sample preparation included two centrifugation steps with protein
precipitation and a final filtration step. Every sample was prepared and measured twice. If the
difference between the results was higher than 5% new samples were prepared. Once a week, a
standard solution was measured to recalibrate the equipment.

NIR equipment and methods

A robust NIR spectrometer, Zeiss CORONA 45 NIR; (Zeiss, Oberkochen, Germany), with a
scan range from 960 — 1600 nm, was used for all measurements. The TENIRS instrumentation
was configured as an at-line flow-through NIR measuring cell with an integrated horizontal
circulation loop, allowing a sample size of 1 L to be measured in full (Figure 3). This tool has
been thoroughly tested and proven during pig feeding and manure trials.?

In the present case, TENIRS was used for at-line measurement of the series of samples taken in
Austria. In this study, the TENIRS equipment was configured as a simulated at-line NIR
measuring cell, based on 1 L volume samples, because it was not physically possible to conduct
the study directly at-line on the fermentation locations. Further studies are now being conducted



where TENIRS measuring is used directly on-line in the laboratory, 5 L volume fermentors, as
well as in full-scale bio-conversion processes, 150 L and 1800 x 10° L volumes, integrating the
flow-through cell equipment in various recurrent loop configurations.'
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Figure 3. Schematic TENIRS flow-through measuring cell, from Andree et al. (2005)®

Bio-slurry can be analysed by TENIR only after a homogenising run through a macerating unit,
comminuting solid particles and fibres. The TENIRS flow-through cell has a measuring cell
dimension spacing demanding solid particles to be below 3 mm in this study (Figure 3). One
sample, sample no. 2 from Reidling, was accidentally lost due to clogging in the flow-through
cell at the beginning of the project. All other samples were successfully macerated.

Figure 4. TENIRS stand-alone prototype, view from the front and back, from Andree et al. (2005).% The
TENIRS system consists of: (1) ZEISS CORONA 45 NIR spectrophotometer; (2) measuring
cell; (3) pump; (4) multi-way valve; (5) sample holder with 1 L container; (6) frequency
converter; (7) Control PC.

Based on the measuring cell described above, a stand-alone prototype for an operating TENIRS
system has been constructed and tested in the present project (Figure 4). By physically



transporting the secondary 1 L samples to this instrument it was possible to simulate an at-line
monitoring PAC application without loss of generality.

Statistical methods — data analysis

Principal Component Analysis (PCA) describes the internal data structure of a multivariate
dataset. It describes a multivariate dataset with fewer descriptors than in the original dataset by
decomposing it into a new compound coordinate system, simultaneously separating data
structure from noise. This new coordinate system of principal components corresponds to linear
combinations of all the original variable axes, spanning the data in the directions of highest
variance; general PCA descriptions can be found in.***’

In multivariate calibration a large number of NIR-variables (X) are used to develop a calibration
against a given reference variable (Y), e.g. a chemical reference variable. Using the commercial
software UNSCRAMBLER (Camo, Oslo, Norway), Partial Least Squares (PLS) regression was
used to model, and predict Y-data directly from TENIRS X-data. PLS-Regression (PLS-R)
consists of three stages: model training - calibration, validation, and prediction. Full
chemometrics descriptions of these approaches can be found in previous publications.***® Our
objective was to develop calibrations and validate the models established by multivariate
calibration, PLS-regression. In this study, TENIRS spectra served as X-data, with process
parameters as Y-data.

It was a major task to identify full-scale digestion systems which could provide samples
spanning the full range of relevant chemical values in order to provide optimal training data sets.
The training set samples originated from two newly established biogas facilities in Austria, fitted
out for simultaneous recording of chemical and energy performance data. These facilities are
under full monitoring control by IFA through a national programme, reNet-Austria. Four energy
crop biogas-fermentors in various stages of organic loading and at different stages of their start-
up phases were involved in the present project. Thus passive sampling in an arbitrary month of
the year will not necessarily result in perfectly spanned intervals for all monitoring variables at
interest, but with some persistence we succeeded in establishing acceptable training data set
ranges for all key process variables reported below.

All data models are based on log (1/R) spectra. There are no marked peaks in raw TENIRS
spectra - on the contrary, there are only very broad crests and valleys — neither are there any
small-resolution noise elements in the spectra, which display only very gently changing
background trends as well (Figure 5). For these reasons standard NIR pre-treatments were not
found to give rise to improved models over the raw log (1/R)-based models presented below:
neither were improvements found to result from first and/or second derivative spectra, nor from
any smoothing or cropping of noisy terminal ends of the full wavelength ranges employed; there



was simply no noise present at either end. Because of this very simple continuous nature of the
TENIRS spectra there was neither any need for more specific pre-treatments, e.g. MSC.
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Figure 5: Raw NIR spectra of all original 63 samples, spectra were used as log (1/R). Because of the low
resolution nature of the TENIRS spectra, expressed as very broad, continuous peaks and
valleys, there was found no need for more specific pre-treatments, e.g. derivatives or MSC, see
text. Note one gross - and several minor outliers.

All model reported below were validated using 2-segment cross-validation, in the form of 50%
random selection from the training set. 2-segment cross-validation is the closest form of test set
validation possible in the small-sample scenario™®*.



Results and discussion

PCA model

PCA was used to characterize and explore the basic data set, while the ultimate prediction model
developments of the full set of (X,Y) variables used PLS-1 regression analysis. The total 64
samples subdivide into 42 samples originating from the location of Reidling and 22 samples
from Strem. Only one gross outlier was found and deleted. For some PLS-1 models for sensitive
Y-variables a further subpopulation of outliers were deleted from the training set.
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Figure 6: PCA score plot of fermentor data sets from both the Reidling (R) and Strem (S) locations based
on TENIRS spectra. One outlier described in the text has been excluded (Strem58). [S1, S2] and
[R1, R2] signifies the number 1 and 2 reactors of either locations respectively (see text).

Figure 6 shows a PCA score plot of TENIRS spectra with the singular gross outlier already
removed. There was a clear separation between the two geographically separated plants with
further internal sub-divisions also apparent. Samples from the Reidling fermentor one (R1) were
in a clear cluster with samples close to or even overlapping with samples from Reidling
fermentor two (R2). Samples from the Strem fermentor one (S1) and Strem fermentor two (S2)
lay far from those of the Reidling fermentors in the score plot. This illustrates clearly that the



four bioreactors were in different fermentation stages, in start-up as well as in later stages of
more or less stable process conditions. R1 had been running for one year as main fermentor at
the time of sampling while in R2 direct substrate dosage had just started. S1 and S2 were both in
the start—up phase; the production of biogas started a few months earlier. Fermentors one and
two at both locations were connected for serial digestion; shown clearly by their relative (S1) >
(S2) and (R1) = (R2) score positions in the PCA score plot, PC1 vs PC2.

PLS1 models

TS/VS interrelations

It was decided to present the volatile solid calibration/validation only since the correlation
coefficient between total solids (TS) and volatile solids (VS) was 0.999. VS is the more
informative of these two analytes for process monitoring, because this parameter expresses the
AD potential of the organic content, specifically the carbon content, in the heterogeneous bio-
slurry. The difference between VS and TS values concerns inorganic compounds, mainly salts
and minerals, expressed in the ash contents.

X-variance Explained Calibration \Variance Xoading Weighis

010 — F g
PCs X-variabies

T T T T T T T T T T
FC 00 PC 02 PC 04 PC 06 PC 08 PC 10 960.00000nm 1.32600e+03nm
RESULTS, Variable: c.860.00000nm RESULTS, PC{X-expl v-expl): 1(67% B2%) 2(33% 16%)
Y-variance Reaidual Validation VVarance Predicted ¥
H ! ! ! : Elermnents 58
7 Slope: 0.980880
- Offset 0.882558

| Correlation: 0.988774
RMSEP: 2837115
B0 — sEpP 2859783
- Bias: -0.043597

o
o

o
m

o
I

o
3

[=]

PCs Measured ¥’
T T T T T T T T

T T T T T T
PC_00 PC_02 PC_04 PC_08 PC_08 PC_10 10 20 a0 40 a0 80 70 a0

RESULTS, Variahle: v.Tofal RESULTS, (Y-var, PCJ: (V3 2)

Figure 7: PLS1 prediction model, Y = volatile solids content (VS); Two segment cross-validation. Two
PLS-components. TENIRS data. One outlier removed (Strem 58).
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For the PLS-1 prediction model for VS, the linear regression relationship shows a very strong
correlation between the X-variables (NIR) and the Y-variables (Figure 7). The Y modelled
variance was higher than 95% for two PLS-components. One outlier was removed (see above).
Two-segment cross-validation showed excellent prediction assessment statistics, r> = 0.97
(precision), RMSEP 2.64 (precision) with slope = 0.98 and; bias -0.044 (accuracy).

Ammonium ( NH4")

NH," is one of the most important chemical parameters during anaerobic digestion processes. If
it is present at fairly high concentrations it tends to have inhibitory effects. Ammonium
concentration depends on the protein content of the feedstock, or originates from other nitrogen
sources in the feedstock. The feedstock in Europe is dominated by liquid manure and food waste,
often with fairly high amounts of nitrogen; however, although C/N-balanced feedstock like
maize silage is consistently increasing in importance. In the present experiment we clearly
managed to obtain samples with two main levels (Figure 8).
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Figure 8. PLS1 pred. model. Y = Ammonium; 2-segment cross-validation. 4 PLS-components. One
outlier removed (Strem 58).
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The PLS1 model for ammonium therefore shows a very high correlation between the NIR
spectra (X) and the NH,4", reference variable (Y). The Y modelled variance is higher than 95%
for two PLS-components. One outlier was removed, see above. 2-segment cross-validation
shows also here excellent statistics r* = 0.99 (precision) and slope = 0.98 (accuracy). There is no
reason to expect other than a linear filling-in, if data from other process stages were available." >
® However, this model would need to be tested further when intermediate samples are available?

Volatile fatty acids (VFAS)

VFAs can accumulate during the anaerobic digestion process, as increasing accumulation
directly reflects process behaviour and/or imbalances. The VFA concentration has been the
intermediary compound suggested most often for monitoring anaerobic digestion
processes.> 2% Several studies have pointed out that in addition to monitoring the total VFA
behaviour, individual volatile fatty acids will deepen the process understanding. The ratio
between acetic acid and propanoic acid in the process can provide valuable information as an
early warning before a process failure would eventually occur.”>?* Consequently it will be of
interest to try to model as many as possible of the volatile fatty acids.

The prediction statistics for total VFA, the sum of 6 individual VFA’s, presented in Table 1,
demonstrate a significant residual variability defined by the individual measurements, as
evidenced by poor validation statistics slope (accuray) and r? (precision).

Table 2 presents correlation coefficients between all of the chemical constituents. The highest
correlation occurs between TS and VS. Additionally, high correlation was noticed between TS,
VS and total-N and ammonia. Correlation between acetic and propanoic acids equals to 0.82,
should be notified, as acetic propanoic ratio can be used for anaerobic digestion process control.

The two models illustrated in Fig 9 and 10 are the two most often used VFA process indices, and
they perform by far the best of all VFA variables here. It is a general experience that all other
individual VFA'’s than acetic acid are very difficult to model with routine monitoring measures,
that is routine process sampling and analysis. The reasons for low r’> — equivalently, high
RMSEP'®" - can be manifold. Within chemometrics consensus traditionally focus on poor
laboratory analysis quality (Y-data), low absolute concentrations close to the effective detection
limits and/or other lack of information in the X-spectra. The traditional explanation of lack of a
sufficient number of calibration samples can not be invoked here, since the high residual
variance is already manifested in the existing data sets - more samples will only express the same
feature. Under the given conditions, the small sample case, one cannot hope for a better
modelling or prediction performance simply because of more samples, since all samples are
realisations from the same population. It is traditionally assumed that by employing extensive
replication and averaging, these results can be improved, but this is only a half-way measure
however as the individual samples all carry the full load of sampling errors, which are not
normally distributed.***®
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Table 1. PLS modelling results for all analytes. The table are including average, standard deviation, minimum and maximum values and

correlation coefficient (CV) for the data sets.

No No Slope r° Average SDev Min Max Ccv

of’ of outliers | (accuracy) | (precision) [%0]

TS [gkgT] P(i : 2 0.98 0.98 63.2 22.7 22.0 98.5 35.9

VS [g kg 1 2 0.98 0.98 47.8 18.0 15.1 776 37.6
Total-N [g L] 5 6 0.98 0.97 6.3 3.1 1.5 10.1 50.0
Ammonia [g kg™ 1 4 0.98 0.98 3.1 1.7 0.8 4.9 52.8
Acetic acid [mg L] 6 14 0.94 0.85 939.6 724.2 37.0 2906.0 77.1
Propanoic acid [mg L] 6 20 0.78 0.76 142.6 125.8 0.0 553.5 88.2
Iso-butanoic acid [mg L™] 5 18 0.63 0.38 36.8 30.9 0.0 110.5 84.0
Butanoic acid [mg L] 7 11 0.87 0.73 38.2 25.7 0.0 90.5 67.1
Iso-valeric acid [mg L™] 6 11 0.60 0.54 28.7 25.2 0.0 98.0 87.8
Valeric acid [mg L] 7 14 0.71 0.41 215 21.2 0.0 71.0 98.5
Total VFA [mg L] 6 14 0.94 0.84 1191.3 865.1 52.0 3781.0 72.6
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Table 2. Correlation matrix between all of the chemical constituents before NIR prediction

TS VS Total- | Ammonia Acetic Propanoic Iso- Butanoic Iso- Valeric Total
N acid acid butanoic acid valeric acid VFA

acid acid
TS 1.00 1.00 0.95 0.97 0.69 0.27 -0.09 -0.24 0.06 -0.10 0.61
VS 1.00 1.00 0.94 0.97 0.68 0.25 -0.10 -0.25 0.05 -0.11 0.59
Total-N 0.95 0.94 1.00 0.97 0.82 0.44 0.06 -0.22 0.20 0.00 0.75
Ammonia 0.97 0.97 0.97 1.00 0.72 0.28 0.01 -0.22 0.14 -0.01 0.64
Acetic acid 0.69 0.68 0.82 0.72 1.00 0.82 0.31 -0.05 0.43 0.19 0.99
Propanoic acid 0.27 0.25 0.44 0.28 0.82 1.00 0.42 0.00 0.42 0.28 0.87
Iso-butanoic acid -0.09 -0.10 0.06 0.01 0.31 0.42 1.00 0.92 0.67 0.93 0.43
Butanoic acid -0.24 -0.25 -0.22 -0.22 -0.05 0.00 0.92 1.00 0.63 0.84 0.05
Iso-valeric acid 0.06 0.05 0.20 0.14 0.43 0.42 0.67 0.63 1.00 0.57 0.52
Valeric acid -0.10 -0.11 0.00 -0.01 0.19 0.28 0.93 0.84 0.57 1.00 0.30
TotalVFA 0.61 0.59 0.75 0.64 0.99 0.87 0.43 0.05 0.52 0.30 1.00
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Recently a significantly deeper understanding of these features has come about, for example
regarding the relationships between the concentration level of the analyte(s), the local and global
material heterogeneity and the resulting Fundamental Sampling Error (FSE) as well as the
Grouping and Segregation Error (GSE), underling that considerable care is necessary in order to
be able to sample heterogeneous system representatively. It is also necessary to be in full
command of the sampling process which itself also produces significant sampling errors. These
aspects go under the name of the Theory of Sampling (TOS) which has been extensively
documented and illustrated in a series of founding publications***>. There is no doubt that very
careful TOS-representative sampling is necessary in order to be able to model the more sensitive
individual VFA. The present pilot study was aimed only at indicating this potential as
comprehensibly as possible within the constraints of the experimental reNet setting.
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Figure 9. PLS1 prediction model. Y = Acetic acid; 2-segment cross-validation. 6 PLS-components. 14
minor outliers removed (see text).

The overall PLS-1 prediction model for acetic acid, covering both biogas plants, showed a
relatively good correlation, albeit weaker than for the VS and NH,;" models in the prediction
assessment plot (Figure 9). Fourteen individual outliers had to be deleted for this model, 14 out
of a total of 63 samples, for the reasons delineated above. 2-segment cross-validation of the
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resulting training set led to estimates for prediction precision of r* = 0.85 and slope = 0.94
(accuracy). This regression needed 6 PLS components to model acid - values from the TENIR
X-variables. The loading-weights of the first three PLS components are shown in the upper right
panel. The model is dominated by full-spectrum translation relationships X = Y, as evidenced
by the first two PLS-components, with the third PLS-component signifying one major, specific
peak area in the central part of the spectrum (Figure 9).
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Figure 10. PLS1 prediction model. Y=total-VFA. 2-segment cross-validation. TENIRS data. 6 PLS-
components. 14 minor outliers removed (see text).

The PLS-1 prediction model for cumulative total-VFA content measured by TENIRS (X) and by
HPLC laboratory equipment at IFA-Tulln for the corresponding Y, VFA variables, shows a
similar correlation compared to the acetic acid of the fermented bio-slurry. This model also
needs 6 PLS components, and the same set of fourteen outliers had to be deleted. 2-segment
cross validation leads to estimates for precision of r’=0.84 and slope=0.94 (accuracy). The
individual loading-weights show a very similar behaviour to that for acetic acid — no surprise,
since acetic acid is the dominant component in the total VFA complement. The individual 14
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outliers are very persistent throughout all individual VFA models, as reported in Table 1, which
also reports on models for all other analysed chemical constituents.

Discussion

Bio-slurries are complex and heterogeneous materials originating from several sources in the
farming and food processing sectors, digested or co-digested in bioreactors in the anaerobic
conversion processes. Even with a good management protocol and chemical analysis of the
heterogeneous feedstock it will not be possible to control the process completely. In energy crop
biogas plants the control of the feedstock can be quite good, if only a few feedstock types are
utilised. It is clear from the present results that the systems are not overly complex, but even so,
the models for individual volatile acids were significantly sensitive to small-scale deviations,
necessitating a significant proportion of outliers to be removed, 14 out of 63 samples,
corresponding to 22%. It is not believed that this will reduce the general value and usefulness of
the models, as their origin due to the forced suboptimal primary sampling is a well-understood
issue.™"*> The remaining data structures are very strong and pervasive, reflecting stable physico-
chemical X - Y relationships.

It would be highly recommendable and advantageous if on-line chemical analytical results could
document the quality and the energy strength of the biomass feedstock as well as the
fermentation process itself. There is always a demand for new and robust analysis and
management tools to help operate anaerobic digestion systems. Until now, process control
included only measuring and controlling process temperature and pH-monitoring based on
samples extracted from the bioreactors. From the head space of the bioreactor important data of
biogas yield and quality is monitored. By the gate or via pumping and pipeline inlets to the AD
system the feedstock quality will occasionally be checked for its quality parameters, but this is a
rare scenario.

An on-line measurement system has been seriously lacking for many years. The best attempts
have been through projects searching for on-line VFA — GC, gas chromatography measurements
in a liquid or gaseous phase,? but this is a quite complicated at-line measurement configuration,
and management of the equipment is demanding of both manpower and technology. This
situation was part of the background for TENIRS trials in search for a robust and easily managed
tool for on-line measurements in pipeline flows of bio-slurries from fermentation processes as in
the anaerobic digestion process.'?#%

As documented by the present results it is now possible to develop satisfying calibration and
validation models for many of the targeted constituents in this study. The relatively high number
of 6 PLS-components in the models of acetate and total-VFA demonstrate the complexity of
these types of constituents in bio-slurries. RMSEP for these models can be reduced by invoking
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TOS-correct sampling at the primary sampling point.***® The near infrared spectrophotometer
used in this study (Zeiss CORONA 45 NIR, scan range from 960 — 1600 nm) can possibly not
resolve to a sufficient degree to get all the individual volatile fatty acid information needed in the
present configuration, but is never the less adequate to furnish answers for this at-line feasibility
study.

In demonstrating the value and functionality of PAC tools, one always has to be aware of
establishing a maximal spanning of the calibration data set for chemometric calibration and
validation. This study documented that acceptable NIR calibrations and validations for total
solids, volatile solids, total nitrogen, ammonium, acetic acid and volatile fatty acids can be
developed and used for prediction of the behaviour and condition of the anaerobic digestion
process in full-scale bioreactors. The calibration results obtained for VS were the same for TS
because of their strong correlation.

It was not possible to collect fully independent test sets due to the piggy-back nature of the
primary full scale project. All PLS1-models were therefore validated using 2-segment cross-
validation, which is as close as possible to test set validations based on half the training sets
available.® The intent in this study was to delineate the feasibility of PLS-prediction for the
important intermediate fermentation parameters based on TENIRS system, not to produce final,
fully validated industrial prediction models.

Similar studies of raw manure or other types of bio-slurries are as promising as the present
results for introducing NIR measurements and specifically for the setting up of TENIRS
equipment types for industrial operation in the near future.? ® Earlier studies made by static NIR
measurements illustrate that the present type of flow-through NIR measurements of bio-slurries
are more precise and accurate and reflect the full-scale operational process directly.® Bio-slurries
in AD and other fermentation processes are almost always pumped in pipe-lines, fed semi-
continuously or continuously into the bioreactor systems and further on to the post treatment
technologies. On-line PAC measurements in pipe-line systems at fermentation plants have huge
importance and potential. This is especially important for heterogeneous samples with a
tendency to segregate. For bio-slurries with a significant total solid content, this could easily lead
to measurements with high sampling errors, if measured at-line in a static manner. A very
important factor regarding the accuracy of measurement concerns the analytical sample volume.
The flow-through cell used in this study was working on the entire sample volumes of 1 litre,
transgressing many competing analytical approaches that deal with significantly smaller
volumes, often of the order of less than 100 ml. The working condition with this equipment is
that the total volume is pumped in a recurrent loop and flows through the measurement cell
several times. This allows a high degree of representativity of the measured analytes, cfr. TOS."
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The TENIRS flow-through cell will be used in future stages of R&D as an external, recurrent
loop directly coupled to bio-fermentors at all scales from 5 L, via 150 L to full-scale bioreactor
systems at ACABS and collaborating biogas plants reaching 1800 m® volume. In this way
TENIRS will operate fully as an on-line process analytical technology (PAT) system for
bioreactor process monitoring. This will bring forward reliable continuous information of the
bioprocess, its raw materials, intermediates, and final products.™

Conclusions

This method-development project was based on samples from four full-scale Austrian bio-
fermentors, in which the contents were analysed for key AD process monitoring analytes by one
of the strongest PAC tools available - NIRS. These measurements were made off-line, at-line,
but in a context realistically simulating full-scale at-line/on-line applications. Specifically, PAC
monitoring for TS, VS, total-N, NH,", total-VFA and acetic acid in biogas production using
TENIRS (Transflexive Embedded NearInfraRed Sensor system) was successfully demonstrated.

The TENIRS approach and multivariate data analyses of important intermediates in the
anaerobic fermentation process resulted in acceptable feasibility models able to predict these key
AD process parameters. TENIRS is a viable new alternative for real-time, at-line or on-line
characterisation of biogas fermentation operations, both of raw materials as evidenced by other
basic TENIRS documentation studies,®*® and the vital process intermediates shown here. Process
Analytical Chemistry technologies (PAC) for early warning in monitoring, controlling, and
adjusting bio-conversion process are very promising, not only in the present AD context but also
in other types of more complex scenarios, e.g. in future biorefinery production and management
systems.

The presently used systems are not top-of-the-line research instruments, but reasonably priced,
robust systems readily available globally, many local producers exists. Once the feasibility of
this type of bioprocess monitoring PAC facility has been further developed, there are many less
expensive NIRS systems available on the market. This opens up for problem dependent low cost
systems to be designed and implemented.
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5 Summary

The biogas plant studied in the present work shows that the co-digestion of manure,
residuals of food processing and energy crops in continuous stirred reactor systems is an
effective and robust way for the production of biogas. Especially in agricultural areas
these systems are very attractive, since the local production of energy is a promising
source of income for the farmers and the whole region as an alternative to the price
decline of agricultural products in Europe. Due to major changes in plant operation with
the aim of increasing its efficiency, the monitoring data were divided into three operational
phases:

Phase 1: Operation as a conventional 500 kW agricultural plant with a main and a second
digester and an open digestate storage; dosage of substrates only into digester 1.

Phase 2: Transition phase to 1 MW electrical output; dosage of substrates into both
digesters maintaining open digestate storages.

Phase 3: Current status: two main digesters followed by a covered digestate storage.

Chemical parameters were recorded continuously and efficiency criteria of all phases
were calculated. Focussing on degradation efficiency and methane yield related to volatile
solids of the input, the first phase showed the best results with 89.7 % and 0.39 Nm*-kg™
VS respectively. In phase 3 the results were slightly lower, the degradation efficiency 2.63
% and the methane yield 10.3 %. But, focussing on volume related efficiency criteria like
biogas productivity the result in phase 3, 2.83 Nm®(m®.d)*, was 89.5 % higher than in
phase 1.

The results of phase 2 which was characterized by an open digestate storage were the
lowest in all cases. The net electrical degree of efficiency in regular operation amounted
to 37 % in the last period. The usage of energy related to gross energy production,
including heat usage, decreased from 53.7 % in phase 1 to 44.8 % in phase 3 as a
consequence of increased energy production, maintaining the heat usage on the same
level.

Nevertheless, with the implementation of energy crops as substrates in anaerobic
digesters, new problems became evident. One of the most apparent and discussed
development was the phenomenon of self-heating in anaerobic digesters. The detailed
analysis of the heat energy fluxes in an agricultural digester showed that there is a variety
of factors affecting the thermodynamics of a digester. In combination with first results of
the realised experiments concerning oxygen input and substrate effects, it can be
assumed that the self-heating has to be traced back mainly to microbial activity, which is
in contrast to the current thermodynamic knowledge. An interaction between carbohydrate
rich substrates, especially with high starch contents, and the self-heating could be shown,
but there are still exceptions. Biogas plants with small digester volumes will never
experience this phenomenon, since heat losses are higher than their self-heating
potential. A heat surplus due to self-heating of 3170 MJ.d™* in a 2000 m® digester in
summer was calculated. Self-heating just appeared in mesophilic plants and stopped
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generally at temperatures between 42 and 45°C. But, heating up to a maximum
temperature of 47-49 °C was observed.

As a result of self-heating many biogas plants were forced to increase operating
temperatures to levels between 40 and 50°C. As a consequence of that increase in
temperature, two main effects were identified in laboratory and pilot scale experiments
with different bio-slurries from agricultural biogas plants: (1) a failure of methane
production connected to changes in the microbial community; and (2), a slow but
continuous accumulation of propionic acid, though without an immediate effect on
methane production. In the latter case, the rapid change in free ammonia nitrogen
concentrations connected to the temperature increase was traced back as being a key
factor. Whatever strategy is chosen to increase temperature, whether one step or multiple
step, or after applying short temperature pulses, some negative impacts (e.g. on methane
output or propionic acid formation) are rarely avoidable.

However, in the strategy of short time temperature pulses before the final temperature
increase, a small habituation effect of the microbial community to higher temperatures
could be achieved. Addition of new microbial mass, for example by recirculation of bio-
slurry from other digester steps, seems to be a good possibility to reduce the negative
impacts.

The common assumption that two exact temperature optima exist in anaerobic digestion
was disproved. It was shown that methane yields at different temperature levels in the
mesophilic and sub-thermophilic ranges are similar. Therefore, depending on microbial
adaptation and start up procedures, plant-specific temperature optima may be located
anywhere between 35-65°C, and must be determined for each individual system.

The impact of strong increases of the OLR on process performance was another topic
which was investigated in detail. The organic loading rate was enhanced from 2.11 to
4.25 kg VS-m3.d* in a two stage agricultural biogas plant. The process enhancement
resulted in doubling of the electrical plant capacity from 500 kW to 1000 kW while
retaining the same digester volume. Efficiency criteria showed good performance
throughout the study. At the end of the monitoring, biogas yield was almost at the same
level as before the enhancement, while volume related biogas productivity almost doubled
from 1.50 to 2.91 Nm3m™.d™%. The results of this study show that most agricultural biogas
plants in Austria based on a feedstock of energy crops and manure have a great potential
for a significant capacity increase. However, as a consequence of the higher transfer of
poorly degraded organic material into the digestate, the residual methane potential of the
digestate was multiplied by a factor of ten. To avoid atmospheric emissions, the digestate
storage of high loaded processes had to be integrated into the gas-tight system of the
digesters.

One of the key factors to avoid problems in biological processes is the early diagnosis of
disturbances in process stability. Therefore an on-line system basing on a transflexive
embedded near-infrared sensor (TENIRS) was tested using an offline experimental
design. The operative focus was on optimising biogas production with energy crops as the
main feedstock. Results show that several key monitoring intermediates in the anaerobic
fermentation process can be quantified directly from NIR with good performance,
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especially ammonium and total volatile fatty acids. Good prediction models have been
obtained for total solids (TS), volatile solids (VS), ammonium, acetic acid and total volatile
fatty acids. The TENIRS system is a new option for real-time, at-line/on-line monitoring of
biogas fermentation operations.

The data and the experiences of this project show that anaerobic digestion of agricultural
by-products and energy crops is already on a very efficient level. Enhanced process
control tools will be available soon. So, the way is cleared for biogas production on an
industrial scale, for example to supply biogas into the gas grid or to use it as fuel in
transportation.
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7 Table of abbreviations

AD
CHP
COD
CSTR
D1/D2
DS
FAN
FM
FSE
GC
GSE
HPLC
HRT
MSC
OLR
PAC
PAT
PC
PCA
P
PLS-R
RMSEP
TAN
TENIRS
TKN
TOS
TS
UAN
VFA
VS
Yvs

Anaerobic digestion

Combined heat and power unit
Chemical oxygen demand
Continuous stirred tank reactor
Digester 1/Digester 2

Digestate Storage

Free ammonia nitrogen

Fresh matter

Fundamental sampling error

Gas chromatography

Grouping and segregation error

High performance liquid chromatography
Hydraulic retention time

Mathematics subject classification
Organic loading rate

Process analytical chemistry
Process analytical tool

Principal component

Principal component analysis
Volume related gas productivity
Partial least square - regression
Root-mean-square error of prediction
Total ammonia nitrogen

Transflexive embedded near infrared sensor
Total Kjieldahl nitrogen

Theory of sampling

Total solids

Undissociated ammonium nitrogen
Volatile fatty acids

Volatile solids

VS related gas yield
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