Universitat Hohenheim
Fakultat Agrarwissenschaften
Institut fur Agrartechnik
Fachgebiet Verfahrenstechnik der Tierhaltungssysteme
Prof. Dr. T. Jungbluth
Landesanstalt flr Agrartechnik und Bioenergie
Dr. H. Oechsner

Entwicklung und Erprobung eines
Online-Messsystems flr Biogasanlagen

auf Basis der Nah-Infrarot-Reflexionsspektroskopie (NIRS)

Dissertation zur Erlangung des Grades eines
Doktors der Agrarwissenschaften
vorgelegt der Fakultat Agrarwissenschaften
der Universitdt Hohenheim

von
Dipl.-Ing. agr. Andrea Stockl
aus Erding

2013
Dekanin: Prof. Dr. Martina Brockmeier
Hauptberichter: Prof. Dr. Thomas Jungbluth
Mitberichter: Prof. Dr. Martin Kranert

Prof. Dr. Hans-Peter Piepho

Tag der mindlichen Prufung: 31. Oktober 2013



INHALTSVERZEICHNIS

1 ZUSAMMENFASSUNG.....ccitiiiiiiiiiiieee et e e ettt ettt et et et e e e e et e e e e e e e et e e e e e e e e e et e e e e e e e e e e e e e eeeeees 3
2 SUMMARY ettt e ettt e ettt oottt e e e e et oo ettt h e e ettt h e e e e eaa e et eeaa e e e eeaa e aeeraaaaaaees 6
ABKURZUNGSVERZEICHNIS ...ttt 8
ABBILDUNGSVERZEICHNIS ....ettietttiaeeti ettt e et e e et s e e et e e e et e e e ea e e eea e e e en e eeanaeeaneeennnns 11
TABELLENVERZEICHNIS ....tttttttttttttsstsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssnnnes 12
G I | N = NPT 13
3.1 Verwendete Substrate in Biogasanlagen ...........ccccccoevviiiiiiiiiiiiiiiniiiinnnnnnn, 13
3.2 FUNKtion des BiOgaSPrOZESSES .......cuuuuiiiieeeeeieeiiiiiiieeeeeeeeeessiiniaseeeeeeeeennnns 15
3.2.1 Biologische ProzessSChIitte ...........uuuuuieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiis 15
3.2.2 Stabilitdt des BiOQaSPrOZESSES .......ccvvvvvvuiiieeeeeeeeiiiiiiee e e e e e 16
3.3 Problemstellung .......coooerieiiiiie e 17
3.4 Methode zur Bestimmung wichtiger Prozessgrof3en .........ccccccvvvvevvveeeeeennnn. 18
3.4.1 Grundlage der NIR-Spektroskopie.........cccoevvieeiiiiiiiiiiiiiiee e, 18

3.4.2 NIR-Messsystem, im Speziellen fur die Messung der fliichtigen
Fettsauren im Garsubstrat von Biogasanlagen................cccceevvvvvnnnnn. 21
3.4.3 NIR-MESSPIINZIP ...utttttiiiiiiiiiiiiiiiiiiitiiebiebbibbb bbb seeananees 22

3.4.4 Auswertemethode mit ,Support Vector Machine Regression®
(371713 T 24
3.4.5 Forschungsverbundprojekt Bioenergie-Forschungsplattform............ 25
3.5 Zielsetzung der hier vorgestellten Untersuchungen ............ccccceeeveeeeieinnnnn, 27
3.6 Eigene Untersuchungen und Ergebnisse..........cccccovviiiiiiiiiiiiiiiiiinenn, 28

4 NEAR-INFRARED SPECTROSCOPIC ONLINE MONITORING OF PROCESS
STABILITY IN BIOGAS PLANT S ettt ettt ettt et et eaeaenen 29

5 NEAR-INFRARED-REFLECTION SPECTROSCOPY AS MEASURING METHOD TO
DETERMINE THE PROCESS STABILITY OF ANAEROBIC DIGESTION......ccvviiiiiiiiiinenaenns 41



6 NEAR-INFRARED-REFLECTION SPECTROSCOPY AS MEASURING METHOD TO
DETERMINE THE STATE OF THE PROCESS FOR AUTOMATIC CONTROL OF

ANAEROBIC DIGESTION ....tttttttteeeeesisiteteeeeeseaesssssssssssseeeeseessssnssssssseeseseesssanssssssees 58

7 GESAMTDISKUSSION ...tuuiiiittieeeeettaeeeeat e eeeesaaaeaeessa e aaeessan e aeeessanaaaeesannaeaeesnnnnnns 70
7.1 Auswahl desS MESSSYSIEMS .......cccviiiiiiiiiiiiiiiieeeeeee et 70
7.2 Bestimmung der SENSOIPOSItION ........ccoviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee e 71
7.3 Selektion der SUDSIIate ..........coovviiiiiiii 71
7.4 Probenhandling ........oooeuiiiiiii e 72
7.5 Prozessunterstitzung im Arbeitsablauf.............cccooo 73
7.5.1 Interne Kalibrierung (Referenzierung) des Sensors............cccceeeeeeees 73

7.5.2 Softwaregestitzte Datenaufnahme..........ccccccvvvviiiiiiiee, 74

7.5.3 Vergleich der mathematischen Verfahren zur Datenauswertung...... 74

7.6 Beurteilung des Messsystems im Allgemeinen ............ccccovvvvviiiiieeeeeeeeeenns 75
7.7 Vergleich eigener Ergebnisse zu Literaturangaben............ccccccocviniinnnnnnn. 76
7.8 AbschlieRende Beurteilung ..........cooovviiiiiiiiiiiiiieeeeeeeeeeeee 81

8  LITERATURVERZEICHNIS ....cittiieeteit e ettt e e e ettt e e e e et e e e e et s e e e e s e e e e etaa e e e e eananeeas 82

DANKSAGUNG ...evtiiieiie ettt e et e et e e e et n e et e e e et e e e et e e e et e e et e e et e e e e e e esn e e ean e e enn s 87



Zusammenfassung

1 ZUSAMMENFASSUNG

Aufgrund der Anforderungen und Ziele der EU und Deutschlands am Ausbau re-
generativer Energiequellen wird der Anteil der Energieerzeugung aus Biomasse in
den nachsten Jahren deutlich zunehmen. Damit ist auch die Forderung nach einer
kontinuierlichen Effizienzsteigerung der Biogasanlagen verbunden. Das entspricht
einer verbesserten energetischen Ausnutzung der eingesetzten Substrate und der
gezielten Ausschopfung des technischen Potenzials von Biogasanlagen. Flichtige
Fettsauren wie Essig- und Propionsaure sind Zwischenprodukte, die im Verlauf
des vierstufigen anaeroben Abbauprozesses entstehen. Sie sind als Indikatoren
fur eine sichere Funktion der biologischen Prozessablaufe und fur die Stabilitat
des Verfahrens nutzbar. Da die Bestimmung der Konzentrationen an Fettsauren
im Biogasfermenter bisher nur nach Probenahme und chemischer Analyse der
Substrate mittels Gas-Chromatographie mdaglich war, kénnte durch eine Online-
Datenerfassung uber die Nah-Infrarot-Reflexionsspektroskopie (NIRS) eine we-
sentliche Verbesserung des Betriebes von Biogasanlagen bis hin zu einer Rege-
lung erméglicht werden. Dies wurde im Rahmen der ,Zukunftsoffensive IV — Bio-
energie-Forschungsplattform Baden-Wirttemberg“ in einem durch das Minis-
terium fur Landlichen Raum und Verbraucherschutz Baden-Wirttemberg finanzier-
ten Forschungsprojektes untersucht.

Die Kalibration eines NIR-Messsystems auf den Gehalt an flichtigen Fettsauren
erfolgte im Rahmen dieser Arbeit an zwei semikontinuierlich betriebenen, halb-
technischen Biogasfermentern (mesophile und thermophile Betriebsweise). Es
wurde jeweils ein NIR-Sensor pro Fermenter auf Essig- und Propionsaure, sowie
auf das Gesamtsaureaquivalent kalibriert. Uber den gesamten Versuchszeitraum
konnten drei groRere Versuchsabschnitte realisiert werden, die in der vorliegen-
den Arbeit in Form von referierten Artikeln reprasentiert sind.

Die erste Publikation befasst sich mit der kinstlichen Erhohung der Saurekon-
zentration im Fermenter. Zur Gewahrleistung einer grol3tmoglichen Flexibilitat bei
der Einstellung definierter Saurekonzentrationen wurde in beiden Fermentern,
Uber mehrere Versuchszeitrdume, die Sdurekonzentration kiinstlich durch Zugabe
von Na-Acetat und/ oder Na-Propionat erh6ht. Nach einmaliger, sowie stufenwei-
ser Zugabe der Salze der Sauren konnten grof3e Konzentrationsspannen der Sau-

ren im Garsubstrat realisiert werden, um die Sensoren zu kalibrieren.



Zusammenfassung

Die mit ,Support Vector Machine Regression“ entwickelten Kalibrationsmodelle
konnten in einer internen Validierung auf ihre Plausibilitat hin gepruft werden.

Die zweite Publikation widmet sich einer natirlichen Erh6éhung der Saurekon-
zentrationen im Fermenter Uber die Zugabe von Futterstoffen. Die relevanten, pro-
zessbestimmenden S&auren in beiden Fermentern erhdhten sich dezidiert durch
Steigerung der organischen Raumbelastung nach mehrmaliger Zugabe von Wei-
zenschrot. Die Kalibration der NIR-Sensoren erfolgte fur Essigsaure, Propionsau-
re, Gesamtsaure und den FOS/TAC-Wert, der das Verhdltnis von Gesamtsaure
zur Pufferkapazitat des Systems widerspiegelt.

Die dritte Publikation beschéftigt sich mit der Prozesssimulation zur Anwendung
einer Regelungsstrategie auf den Betrieb der Fermenter unter Einbindung der
NIRS Daten in Kooperation mit der Universitat Stuttgart (ISWA). Mit vorhandenen
Kalibrationsmodellen wurde die Prozessstabilitat im Fermenter erfasst und beur-
teilt, um die Fermenter anhand der NIR-Daten im Optimum zu betreiben. Hierbei
hat Loffler (2012) ein Regelungskonzept auf Basis des ADM1 weiter entwickelt,
um den Garprozess durch Messung der Substratinput-Stréme und unter Nutzung
der NIRS-Daten zur Uberwachung der Prozessstabilitat zu steuern und zu regeln.
Die Validierung des Versuchszeitraumes erfolgte Uber entwickelte Kalibrationsmo-
delle aus Publikation zwei. Eine zusatzliche Prozesseinstufung tber wochentlich
generierte Proben vervollstandigte das Konzept.

Die erzielten guten Kalibrationsmodelle in allen Versuchsabschnitten sind ein si-
cheres Indiz daflr, dass es grundsatzlich mdglich ist, die unterschiedlichen am
fermentativen Abbauprozess beteiligten Parameter zu identifizieren und zu quanti-
fizieren. Signifikante Unterschiede zwischen thermophiler und mesophiler Be-
triebsweise konnten nicht festgestellt werden. Im Unterschied zur kiinstlichen Sau-
reerhbhung konnte wahrend der intensiven Steigerung der organischen Raumbe-
lastung wie erwartet ein gleichzeitiger, paralleler Anstieg mehrerer Sauren in den
Fermentern verzeichnet werden. Ausgangsbasis flir die Regelung und Steuerung
des fermentativen Prozesses war die Adaption der Futterung der Laborfermenter
unter Einbeziehung des NIR-Messsystems zur begleitenden Prozesstberwa-
chung. Die erhobenen Daten des NIR-Messsystem fuhrten tbereinstimmend mit
woOchentlichen Laboranalysen zu kongruenten Aussagen beziglich der Pro-

zesseinstufung.



Zusammenfassung

Eine verlassliche Beurteilung einer genauen Prozesseinstufung unterliegt der
Notwendigkeit mehrere Kalibrationsmodelle gleichzeitig zur Validierung heran zu
ziehen. Die Versuche bestétigen, dass das NIR-Messsystem hohes Potenzial be-
sitzt den Biogasprozess online zu Uberwachen und Instabilitdten im fermentativen
Prozess anzuzeigen. Bis zur zuverlassigen Nutzung des Systems an Praxisbio-
gasanlagen sind allerdings noch weitere Untersuchungen unter Einbeziehung ver-

besserter Auswertesoftware erforderlich.
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2 SUMMARY

Due to the EU’s and Germany’s political goals of expanding the use of renewable
energy sources, the utilization of biomass for energy supply is expected to contin-
ue growing in the coming years. Consequently, the efficiency of biogas plants will
have to be improved further. This applies both to raising the energy yield from the
input materials and exploiting the full potential of the technical installations.

During the four phases of the anaerobic digestion (AD) process, volatile fatty acids
such as acetic and propionic acids are produced as intermediates. These com-
pounds can be used as indicators of the function and stability of the digestion pro-
cess. So far, volatile fatty acids have to be determined by sampling the digester
content and analyzing the sample in the laboratory (e.g., by gas chromatography).
It is thought that by using near-infrared-reflection spectroscopy (NIRS) for online
measuring, the management and control of biogas plants could be facilitated, con-
siderably. This was to be investigated in a project funded by the Baden-

Wirttemberg Ministry of Rural Areas and Consumer Protection within the “re-
search platform on bioenergy” Baden-Wurttemberg”.

In this study, a NIR-measurement system was calibrated for determining the con-
centration of volatile fatty acids in two semi-continuously operated, bench-scale
digesters at mesophilic and thermophilic temperature level. For each of the two
digesters, one NIR-sensor was calibrated for acetic and propionic acid, and a se-
cond one for total acid equivalents. The experimental studies were divided into
three stages. The following chapters consist of three peer-reviewed papers that
describe these experiments.

The first publication deals with artificially increasing the acid concentration in the
digester. In both digesters the acid concentration was raised over an extended
time period by spiking sodium acetate and/ or sodium propionate. This was done
to achieve the highest possible flexibility in adjusting volatile acid concentrations.
By adding the respective salts in a pulse or step-wise, high acid concentration
ranges in the digester could be realized for calibrating the sensors. Using “support
vector machine regression”, calibration models could be developed and validated
internally.

The second publication is dedicated to increasing the acid concentrations in the
digesters by feeding. After raising the organic loading rate by repeated feeding of

shredded wheat, the concentration of indicator acids rose significantly.
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The NIR-sensors were calibrated for acetic acid, propionic acid, total acids and
VOA/TAC. VOA/TAC is a measure of total acids in relation to the buffering capaci-
ty of the system.

The third publication describes the application of a simulation process to develop
a control strategy for the digester using NIRS-data. This study was conducted in
cooperation with the University of Stuttgart. Using the NIR-data together with exis-
ting calibration models, a control strategy for optimal process stability was devel-
oped. To achieve this, Loffler (2012) refined a concept for controlling the anaerobic
digestion process based on the ADM1. The concept builds on measuring input
flows and monitoring process stability by use of NIRS-data. The experimental pe-
riod was validated with the calibration models developed in chapter Il. In addition,
the process was assessed on the basis of weekly sampling.

The fact that useable calibration models could be developed from all three experi-
ments shows that it is possible to identify and quantify several important indicators
for the anaerobic digestion process. No significant differences between mesophilic
and thermophilic operation of the digesters could be found. As opposed to the
spiking experiments, a simultaneous, parallel increase of various volatile fatty ac-
ids was observed in the digesters when the organic loading rate was strongly
raised. Starting point for controlling the anaerobic digestion process was the adap-
tation of the feeding of the laboratory digesters using NIR-measurements for moni-
toring. Data on process stability from the NIR-system were consistent with the re-
sults from weekly laboratory analyses. For reliable assessment of the AD process,
validation has to be based on several calibration models. The experiments show
that the NIR-system has great potential for monitoring the biogas process online
and for indicating disturbances. However, further investigations and the use of im-
proved evaluation software are needed before the system can be applied in real-
world biogas installations.



Abkirzungsverzeichnis

ABKURZUNGSVERZEICHNIS

Abb.
BGA

C2-C5
CH
CO2

EEG

Ferm
FFS
fig.
FIR
FOS
FNR

Absorption

Abbildung

Biogasanlage
Konzentration
Kohlenstoffverbindungen
Kohlenwasserstoff-Gruppe
Kohlendioxid

Day

Erneuerbare Energien Gesetz
Extinktionskoeffizient
Fermenter

flichtige Fettsduren
Figure

Fernes Infrarot

Flichtige Organische Sauren
Fachagentur Nachwachsende Rohstoffe
Gramm
Gaschromatographie
Wasserstoff

Stunde
Essigsaureaquivalent
Intensitat

Kilogramm

Liter

Schichtdicke

Infrarot

Leave one out Validation
Milligramm

Mittleres Infrarot
Multilineare Regression
Millimeter

Multiplicative Scatter Correction

8



Abkirzungsverzeichnis

MW
MWel.
N, n
NawaRo
NH

NIR
NIRS

NL

nm

O2

Offl

OH

oTS
ppm
PCA
PCR
PID-Regler

PLS

RER
RMS
RMSEC
RMSEP
RMSECV
RPD

R2 oder r?
RBF

SD

SEC

SEP

SNV
SvC
SVM

Megawatt

Megawatt elektrisch

Anzahl

Nachwachsende Rohstoffe
Amino-Gruppe

Nahes Infrarot
Nah-Infrarot-Reflexionsspektroskopie
Normliter

Nanometer

Sauerstoff

Offline

Hydroxid-Gruppe

Gehalt an organischer Trockensubstanz
parts per million

Principal Component Analysis

Principal Component Regression
Regler mit proportionalem, integralem und diffe-
rentialem Verhalten

Partial Least Squares

Range Error Ratio

Root Mean Square

Root Mean Square Error of Calibration
Root Mean Square Error of Prediction
Root Mean Square Error of Cross Validation
Ratio of standard deviation and standard error of
prediction

Bestimmtheitsmaf}

Radial Basis Function

Standard Deviation

Standard Error of Calibration

Standard Error of Prediction

Standard Normal Variate

Support Vector Classification

Support Vector Machine

9



Abkirzungsverzeichnis

SVMR
SVR
Tab.
TAC
TENIRS

TWh

TS

Upm
VALUFA

FOS/ TAC

°C

€N
%

Support Vector Machine Regression

Support Vector Regression

Tabelle/ Table

Total Anorganic Carbon

Transflexive Embedded Near Infrared Spectros-
copy (zuerst Firmenname, spater Produktname)
Terawattstunde

Trockensubstanzgehalt

Umdrehungen pro Minute

Verein deutscher landwirtschaftlicher Untersu-
chungs- und Forschungsanstalten

Verhaltnis der flichtigen organischen Sauren

zur Pufferkapazitat

Grad Celsius
Absorptionskoeffizient
Prozent

Wellenlange

10



Abbildungsverzeichnis

ABBILDUNGSVERZEICHNIS

Abb.
Abb.
Abb.
Abb.
Abb.
Abb.
Abb.
Abb.

Abb.

Abb.

Abb.

Abb.

Abb.

Abb.

Abb.

Abb.

10:

11:

12:

13:

14:

15:

16:

Gesetz von Lambert-Beer .........cii i
Elektromagnetisches Spektrum (Frank, 2005) ..........ccccvvvvviiiiieieeeeeennns
TENIRS MESSKOPT ...
eingebauter MeSSKOPT .......ooo i
NIRS-MESSPIINZIP ..evettttiueiiiiiiiiiiitieieeteiiiebbeib bbb beeenaaeee
NS T 1= 111 o 41T (U o SRR
Figure 1: Profile of a horizontal digester with hot-water heating
system and horizontal agitator with a working volume of 400 L .............
Figure 2 (A): Size of the sensor measuring range (sapphire window),
Figure 2 (B): a built-in NIR sensor in a bypass..........cccvvvvvvviiiieiieeeeenenn,
Figure 3: Variation (reduction) of acid concentrations (reference
values) in the biogas digester after addition of volatile fatty acids at
thermophilic operational Mode ...t
Figure 4: Variation (reduction) of acid concentrations (reference
values) in the biogas digester after addition of volatile fatty acids at
mesophilic operational MOde..............uuuuiiiiiiiiiiiie
Figure 1: Variation of acid concentrations (reference values) in the
biogas digester after adding shredded wheat (thermophilic mode) ........
Figure 2: Variation of acid concentrations (reference values) in the
biogas digester after adding shredded wheat (mesophilic mode)...........
Figure 1. Schematic set-up of the control strategy taken and adapted
from the reference [6]......coooei e i e
Figure 2: Experimental operation of the control strategy on digester 2
(taken and adapted from the reference [6]) .........ccccemmmmmmimimiiiiiiiiiiiiiinns
Figure 3: Experimental operation of the control strategy on digester 1
(taken and adapted from the reference [6]) .......oooovvvvviiiiiiii e,
Gehalt an flichtigen Fettsduren in frischen Substratproben im
Vergleich zu Tiefkiihlproben (TK) hier am Beispiel des thermophilen

RS Y 0 0 4[] 1 (=] £ T

11



Tabellenverzeichnis

TABELLENVERZEICHNIS

Tab.

Tab.

Tab.

Tab.

Tab.

Tab.

Tab.

Tab.

Tab.

Tab.

Tab.

Tab.

1:

10:

11:

12:

Verschiedene Grenzwerte wichtiger flichtiger Fettsauren (Lemmer,
2011; Gronauer & Effenberger 2007) .........ceeiiiiiiiiiiieeicie e,
Table 1: Addition of Na-acetate and Na-propionate at thermophilic
operational mode to the digester ...
Table 2: Addition of Na-acetate and Na-propionate at mesophilic
operational mode to the digesSter.........ooovviiiiiii i,
Table 3: Statistical parameters to evaluate the quality of the different
NIRS-calibration models in the thermophilic-operated digester..............
Table 4: Statistical parameters to evaluate the quality of the different
NIRS-calibration models in the mesophilic-operated digester................
Table 1: Statistical parameters to evaluate the quality of the different
NIRS-calibration models in the thermophilic digester..............ccccuvvennnne
Table 2: Statistical parameters to evaluate the quality of the different
NIRS-calibration models in the mesophilic digester ...........cccccoeeeeeeeennn.
Table 1. Values of the process parameters for the categorization of
the state of the process for the digester operated with an input
mixture of corn silage and cow manure (taken and adapted from the
(=T 0T ] 0 (<] ) PRSP
Table 2: Statistical parameters to evaluate the quality of the different
NIRS-calibration models in the thermophilic operated digester
(QIGESTEE L) ..
Table 3: Characterization of the state of the process for digester 1
based on chemical analyses from the laboratory and data obtained
by NIRS (adapted and extended from the reference [6])..........ccccccuvunnne
RPD-Vorhersageleistung — Einordnung nach Qualitat (Williams und
S0DENNG, 1993) .. ————
Statistische Parameter zum Vergleich der Gute unterschiedlicher
Kalibrationsmodelle nach Literaturangaben (Jacobi 2009, erganzt mit

€IgENEN DAEN) ...

12



Einleitung

3 EINLEITUNG

Die Energie- und Klimapolitik der Europaischen Union sieht vor bis 2020 die Dek-
kung unseres Energiebedarfs aus erneuerbaren Energien auf mindestens 20 % zu
erhdhen. Gleichzeitig soll der Energieverbrauch durch energieeffizientere Nutzung
um 20 % gesenkt werden, einhergehend mit einer Reduzierung der Treibhaus-
gasemissionen um ebenfalls 20 % (FNR, 2012).

Die Energiebereitstellung aus erneuerbaren Quellen lag Ende 2011 bei insgesamt
294,6 TWh, davon wurden 67 % durch Bioenergie erzeugt. Bei einer Anlagendich-
te von 7.215 Biogasanlagen in Deutschland und einer installierten elektrischen
Gesamtleistung von 2.904 MW (Fachverband Biogas, 2011) entfielen davon
12,5 % auf Strom aus Biomasse und 42,9 % auf Warme aus Biomasse (FNR,
2012). Vergleicht man die Gesamtleistung aller Biogasanlagen mit der von Kohle-
kraftwerken, die bei ca. 600 MW elektrisch liegen und mit dem gré3ten deutschen
Atomkraftwerk Isar 2 mit 1.485 MWel, wird deutlich, dass Strom aus erneuerbaren
Energien, erzeugt in Biogasanlagen, bereits vier Kohlekraftwerke oder zwei Atom-
kraftwerke substituieren kann. Die Produktion erneuerbarer Energie an der Strom-
versorgung gemalf den Zielen der EU und Deutschlands zu erhdhen ist eines der
Kernziele des Erneuerbaren Energien Gesetzes (EEG). Als zentrales Element des
Klima- und Umweltschutzes sollen CO2-Emissionen eingespart werden. Forderun-
gen fur eine nachhaltige Entwicklung liegen in der Schaffung von Arbeitsplatzen
im landlichen Raum und bei Unternehmen. Mit der Novellierung des EEG 2012
wurde die Vergitung von Strom aus Biogasanlagen angepasst. In Abhangigkeit
der Leistung der Biogasanlage, der verwendeten Substrate und sonstiger Bedin-
gungen ergibt sich ein festgelegter Einspeisepreis, der fur eine Dauer von 20 Jah-

ren ab Inbetriebnahme der Biogasanlage gewahrt wird.

3.1 Verwendete Substrate in Biogasanlagen

Bis 2004 wurden in Biogasanlagen hauptsachlich Flissigmist und organische
Reststoffe fermentiert (Oechsner, 2003). Durch die unterschiedlichen Regelungen
des EEG, wird der Einsatz nachwachsender Rohstoffe als Substrat in Biogasanla-

gen préferiert.
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Einleitung

Das Central Agrar-Rohstoff-Marketing- und Entwicklungs-Netzwerk e.V.
(C.A.R.M.E.N. e.V.) definiert ,Nachwachsende Rohstoffe (im allgemeinen Sprach-
gebrauch auch Biomasse) als organische Stoffe pflanzlichen oder tierischen Ur-
sprungs, die ganz oder in Teilen als Rohstoffe fur die Industrie oder als Energie-
trdger genutzt werden. Im Gegensatz zu fossilen Rohstoffen erneuern sie sich
jahrlich oder in Uberschaubaren Zeitraumen® (vgl. C.A.R.M.E.N. e.V. 2004, vom
29.09.2004). Bis dato gibt es in Deutschland keine allgemein anerkannte Begriffs-
definition fir Nachwachsende Rohstoffe. Nach Mann (1998) sind Nachwachsende
Rohstoffe Stoffe, die aus lebender Materie stammen und vom Menschen zielge-
richtet fur Zwecke aul3erhalb des Nahrungs- und Futterbereiches verwendet wer-
den. Diese Definition umfasst ebenso tierische Nebenprodukte, wie Rindertalg und
Schafwolle, als auch mikrobiell erzeugte Produkte, wie den Kunststoffersatz ,Bio-
pol" der Firma Zeneca, der durch bakterielle Fermentation einer Zuckerlésung ge-
wonnen wird (Mann, 1998). Ausgeschlossen ist nach dieser Begriffsdefinition jeg-
liches Pflanzenmaterial, das nicht explizit zur Verwendung als Nachwachsender
Rohstoff angebaut wurde, wie beispielsweise verbleibende Strohreste nach der
Ernte auf dem Feld, Zier- und Gewdurzpflanzen. Tabak nimmt eine Sonderstellung
ein, da er laut Definition von Mann als Nachwachsender Rohstoff eingesetzt wer-
den konnte, dies jedoch momentan nicht erfolgt. Somit sind Pflanzen an sich keine
Nachwachsenden Rohstoffe, sondern werden erst durch ihre zielgerichtete Nut-
zung dazu. Dies beinhaltet jedoch auch, dass sich das Repertoire an Substraten,

die als Nachwachsende Rohstoffe angebaut werden, &ndern kann.

Die Verwendung von Nachwachsenden Rohstoffen ist sehr vielseitig und wird je
nach mechanischer Aufbereitung in feste, fllissige oder gasférmige Energietrager
unterschieden. Die thermochemische Konversion der Nachwachsenden Rohstoffe
beinhaltet die Verkohlung, Vergasung und Verflissigung der Substrate, unter phy-
sikalisch-chemischer Konversion versteht man die Pressung und Extraktion der
Rohstoffe und zuletzt spricht man beim biochemischen Weg der Umwandlung von

aerobem und anaerobem Abbau, von Garungsprozessen.

Die Erzeugung von Energie geschieht hauptsachlich tUber die Verbrennung der
festen (z.B. Holz- und Strohpellets), der flussigen (z.B. Raps6l, Ethanol) und der

gasformigen (z.B. Synthesegase, Biogas) erzeugten Brennstoffe.
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3.2 Funktion des Biogasprozesses

3.2.1 Biologische Prozessschritte

Biogas entsteht in einem vierstufigen Abbauprozess von Biomasse (Hydrolyse,
Acidogenese, Acetogenese und Methanogenese) unter anaeroben Bedingungen
in feuchtem Milieu. Unterschiedliche mikrobielle Organismen (Bakterien und Ar-
chaeen) sind an den voneinander abhangigen Stoffwechselschritten beteiligt. In
der Hydrolyse (Verflussigungsphase) werden grofl3e organische Molekile (Kohlen-
hydrate, Proteine, Fette und Lignozellulose) enzymatisch in einfachere Verbindun-
gen (Oligozucker, Oligopeptide, Triglyzeride oder Lignin und Zucker) gespalten.
Es kénnen auch kleinere Molekile wie Monozucker, Amionsauren, Fettsduren und
Glycerin entstehen.

In der zweiten Phase, der Acidogenese (Versauerungsphase) werden diese
Spaltprodukte durch hydrolytisch-acidogene Bakterien weiter abgebaut und es
entstehen leicht fliichtige Fettsauren, wie Essigsaure (C2), Propionsaure (C3),
Milchsaure (C3), Buttersaure (C4) und Valeriansaure (C5), sowie Alkohole und
Wasser.

In der anschlieRenden Acetogenese (Essigsaurebildung) werden die organischen
Sauren der zweiten Phase in Essigsaure, Wasser und Kohlendioxid umgewandelt.
Die syntrophe Fettsdureoxidation der Acidogenese und der Acetogenese bedingt
schon in diesen beiden Phasen eine Anhaufung von Wasserstoff und Essigsaure.
Ein zu hoher Wasserstoff- und Essigsaurepartialdruck kann zu einer Endprodukt-
hemmung fuhren und das System erheblich stéren oder stark hemmen.

In der letzten der vier Phasen, der Methanogenese (Methanbildung) verwerten
hydrogenotrophe (wasserstoffzehrende) und acetoklastische (essigsaurespalten-
de), methanogene Archaaen die Endprodukte der zweiten und dritten Phase, um
so ein Gleichgewicht im Prozess aufrecht zu erhalten. Die hydrogenotrophen Mi-
kroorganismen verstoffwechseln den Wasserstoff und das Kohlendioxid zu Me-
than und Wasserdampf, wohingegen die acetoklastischen Mikroorganismen die
Essigsaure und den Wasserstoff zu Methan und Kohlendioxid umwandeln.

Die fettsdureabbauenden Bakterien der ersten Phasen verhalten sich syntroph
(gemeinsam erndhrend) mit den Archaeen der Methanogenese und leben nahezu

symbiotisch im gleichen System.
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3.2.2 Stabilitat des Biogasprozesses

Da die verschiedenen Mikroorganismen unterschiedliche Milieubedingungen pré-
ferieren, muss besonders auf eine geeignete Abstimmung der relevanten Parame-
ter, wie Temperatur, pH-Wert und Nahrstoffversorgung geachtet werden. Zumeist
finden alle vier Phasen der Biogasbildung gleichzeitig, allerdings nicht mit dersel-
ben Geschwindigkeit in einem Fermenter statt. Stark verholzte Substrate mit ei-
nem hohen Anteil an Cellulose und Hemicellulose werden nur sehr langsam und
schwer hydrolysiert, wohingegen leicht abbaubare Verbindungen, wie Fette und
Proteine die Geschwindigkeit der Methanbildung limitieren. Somit ist die Auswahl
der geeigneten Substrate ein entscheidender Faktor im Biogasbildungsprozess.
Durch ein ungeeignetes und zu hohes Substratangebot kénnen die hydrolytisch-
acidogenen Bakterien in kurzer Zeit zuviel Saure produzieren und den pH-Wert

absenken.

Die an der primaren Garung beteiligten Mikroorganismen der Hydrolyse und der
Acidogenese bevorzugen ein leicht saures Milieu in einem pH-Bereich zwischen
4,5 und 6,3. Die Praferenz der sekundéaren Garer liegt zum Einen bei einem pH-
Wert zwischen 5,5 bis 6,7 (acetogenen Bakterienkulturen), wohingegen die me-
thanbildenden Archaeen fir eine storungsfreie und effiziente Methanbildung ein
neutrales Milieu im Bereich zwischen 6,8 und 8,0 favorisieren. Abweichungen in
den angegebenen pH-Bereichen fihren zu einer Stérung der entsprechenden
Bakterienstdmme, wobei die s&urebildenden Bakterien dabei weitaus toleranter
sind und sie auch bei geringflgig erhéhten pH-Werten nur marginal in ihrer Aktivi-
tat eingeschrankt sind. Aufgrund der deutlich héheren Empfindlichkeit der Me-
thanbakterien in Kombination mit ihrer langen Generationszeit sollte sich der pH-
Wert einer einphasig betriebenen Biogasanlage unbedingt im Optimalbereich der
methanogenen Mikroorganismen befinden. Nach Erschdpfung des Puffersystems
(vorwiegend Carbonat- und Ammoniakpuffer) hat eine Verringerung des pH-
Wertes eine Anreicherung von fliichtigen Fettsauren als Abbauprodukte der pri-
maren Garer zur Folge, die von den gehemmten methanogenen Archaeen nur
unzureichend zu Biogas metabolisiert werden kdnnen. Ein weiteres Absinken des
pH-Wertes mit einer Hemmung der acetogenen Mikroorganismen ist fur die Fer-

menterbiologie besonders kritisch.
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Daraus resultierend akkumulieren sich langerkettige Carbonsauren, wie beispiels-
weise Propionsaure und Buttersaure, da diese nicht mehr zu Essigsédure abgebaut
werden. Der Biogasprozess kann dadurch vollstdndig zum Erliegen kommen und
man spricht davon, dass die Biologie im Fermenter ,umgekippt® ist. Unterschiedli-
che Grenzwerte fir fliichtige Fettsauren sind in Tabelle 1 aufgelistet, deren Uber-
schreitung die Mikrobiologie des Garsubstrates nachhaltig beeintrachtigt (FNR,
2011).

Tab. 1: Verschiedene Grenzwerte wichtiger flichtiger Fettsauren (Lemmer,
2011; Gronauer & Effenberger 2007)

mg/L mg/L
Essigsauregehalt < 3.000 < 1.000
Propionsauregehalt < 1.000 < 250
Buttersauregehalt <500 <20
Gesamtsauregehalt in < 4.000 < 2.000
Essigsaureaquivalent
Quelle (Lemmer, 2011) | (Gronauer & Effenberger, 2007)

3.3 Problemstellung

Die Anreicherung von fliichtigen Fettsauren im Garsubstrat einer Biogasanlage ist
ein sicherer Hinweis fur eine Hemmung der methanogenen Bakterien, die még-
licherweise zu einer irreversiblen Instabilitdt im Biogasprozess fuhren kann. Der
Gehalt an fliichtigen Fettsauren kann noch nicht online im Fermenter gemessen
werden. Ublicherweise wird eine Substratprobe des Fermenterinhalts zur Analyse
in ein Labor geschickt und auf organische Sauren hin untersucht. Die Ergebnisse
liegen mitunter erst einige Tage spéater vor und kdnnen ein rechtzeitiges Eingreifen
im Fall von Prozessstdrungen verhindern. Um einen permanenten Einblick in die
prozessrelevanten Sauren zu generieren, bedarf es eines online-Messsystems,
das zu jeder Zeit die Gehalte an Sauren im Fermenter anzeigt. Ein solches Mess-
system auf Grundlage der Nah-Infrarot-Reflexionsspektroskopie kénnte, ausge-
stattet mit einem Sensor, der direkt im Substrat des Fermenters einer Biogasanla-

ge misst, die organischen Sauren permanent erfassen.
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3.4 Methode zur Bestimmung wichtiger Prozessgrof3en
3.4.1 Grundlage der NIR-Spektroskopie

Grundlage der NIR-Spektroskopie ist das Lambert-Beersche Gesetz, das die Ab-
nahme der Strahlungsintensitat von Licht (€x) durch ein absorbierendes Medium in
Abhangigkeit der Schichtdicke (I) und der Stoffmengenkonzentration (c) der ab-

sorbierenden Substanz beschreibt.

|
_ A0 |_
A/llog[I Jg/l*c*l

Al

Die Absorption A des Lichts in einem Medium einer bestimmten Wellenlange A ist
gegeben durch die Intensitat des einfallenden Lichtes Iro im Verhaltnis zum trans-

mittierten Licht Ia1.

v

»

Q einfallendes Licht l,o transmittiertes Licht Iy

Strahlungsquelle Probe

Abb. 1: Gesetz von Lambert-Beer

Der spektrale Absorptionskoeffizient € ist spezifisch fur die absorbierende Sub-
stanz und gibt an, wie viel elektromagnetische Strahlung die Probe, gemessen in
molarer Konzentration, bei einer definierten Schichtdicke (I) von 1 cm und bei ei-
ner bestimmten Wellenlange absorbiert (Abb. 1). Durch Abwandlung des Lambert-
Beer'schen Gesetzes, das in dieser Form nur fur verdinnte Losungen Gultigkeit
hat, kann die Konzentration eines Stoffes auch anhand der Reflexion ermittelt
werden. Bei Substanzen, die sehr Lichtundurchléassig sind, wie beispielsweise
Substrate aus dem Fermenter einer Biogasanlage, kénnen sowohl Transmis-
sionsmessungen, besser jedoch Reflexionsmessungen mit geeigneter Messtech-
nik vorgenommen werden. Die Intensitat des reflektierten, oder auch absorbierten
Lichtes nach Bestrahlung einer Probe steht in direktem Zusammenhang mit spezi-
fischen Konzentrationen chemischer Merkmale der Substanz. Dadurch kdénnen

guantitative Abschatzungen von Stoffkonzentrationen getroffen werden.
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Der Spektralbereich (Abb. 2, Frank, 2005) des infraroten Lichtes (IR) liegt zwi-
schen dem sichtbaren Licht (780 nm) und der Tera-Hertz-Strahlung (30 pum). Eine
Unterteilung des infraroten Lichtes nach DIN (1984) erfolgt in drei Bander, IR-A
(0,78-1,4 um), IR-B (1,4-3,0 um) und IR-C. Das nahinfrarote Licht (NIR) erstreckt
sich von 780 nm bis 3 um und wird unterteilt in IR-A (kurzwellige nahinfrarote
Strahlung) und IR-B (langwellige nahinfrarote Strahlung), das durch die Absorp-
tionsbande des Wassers bei 1400 nm begrenzt wird. IR-C beinhaltet das mittlere
Infrarot (MIR, 3,0-50 um) und das ferne Infrarot (FIR, 50-1000 pm).

Das flr den Menschen sichtbare Spektrum (Licht)

o= Sadhhaii
400 nm | 450 nm 500 nm s50nm |600nm  |[65Cam 200 nmy

Infrarot
—_—

vvvvv

Abb. 2. Elektromagnetisches Spektrum (Frank, 2005)

Die NIR Spektroskopie basiert auf der Anregung von Molekilschwingungen durch
elektromagnetische Strahlung, wobei die Oberton- und Kombinationsschwingun-
gen der Molekilgrundschwingung des mittleren Infrarots im nahen Infrarot detek-
tiert werden. Vorteilhaft am NIR sind der gréRere Energiegehalt der Strahlung ge-
genuber dem mittleren Infrarot und die geringeren Absorptionskoeffizienten,
wodurch die Eindringtiefe in das Material vergrof3ert wird. Dadurch verringert sich
die Notwendigkeit einer Probenvorbehandlung, was die Anwendung in der Praxis
erheblich erleichtert. Nachteilig jedoch sind die gré3eren, sich Uberlappenden Ab-
sorptionsbanden und die geringere Extinktion bedingt niedrigere Banden, wodurch
eine Charakterisierung erschwert wird. Die Extinktion ist abh&ngig von der Wellen-
lange und beschreibt die Abschwéachung der Strahlung nach Durchtritt eines Me-

diums.

Die unterschiedlichen Schwingungen und Schwingungsfrequenzen in Molekllen
sind charakteristisch fiir Molekulgruppen und werden durch die Masse der Atome

und deren Bindungen im Molekul bestimmt.
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Nur Molekule, die ein veranderbares oder induzierbares Dipolmoment aufweisen,
also deren Atome asymmetrisch angeordnet sind, sind IR-aktiv und kdénnen in
Wechselwirkung mit Infrarotstrahlung Oberton- und Kombinationsschwingungen
erzeugen. Das Dipolmoment ist ein Mal3 fiir die Fahigkeit eines Atoms oder Mole-

kils elektromagnetische Strahlung zu absorbieren oder zu emittieren.

Die wichtigsten Molekulgruppen die im IR absorbieren, respektive dann auch
Strahlung reflektieren und im NIR messbar sind, sind O-H Gruppen (z.B. Wasser),
C-H Gruppen (z.B. Fette) und N-H Gruppen (z.B. Proteine). Schwingungen sym-
metrischer Molekile, wie beispielsweise O2 und Hz, weisen keine Dipolmomen-
tanderung auf, kdnnen also durch nahinfrarote Strahlung nicht angeregt werden
und sind somit mittels NIR-Spektroskopie nicht nachweisbar. Edelgase, Metalle
und Salze ohne kovalente Bindungen sind ebenfalls IR-inaktiv. Die Frequenzun-
terschiede, die durch die elektromagnetische Strahlung erzeugt werden und in
Oberton- und Kombinationsschwingungen resultieren, ermdglichen die Zuordnung
zu verschiedenen Molekulgruppen und somit tber die erzeugten Spektren indirekt
eine stoffliche Bestimmung der untersuchten Substanz. Die praktischen Einsatz-
gebiete der NIR-Spektroskopie sind sehr vielféltig. Sie findet beispielsweise An-
wendung bei der qualitativen Untersuchung landwirtschaftlicher Produkte (z.B.
Getreide, Milch und Olfriichte), sowie zur quantitativen Bestimmung in der Futter-
mittelanalyse (z.B. Wasser-, Protein-, Rohfaser- und Fettgehalt). Chemieunter-
nehmen setzen das Verfahren haufig in der Wareneingangskontrolle von Rohstof-
fen ein und im medizinischen Sektor wird es unter anderem auch genutzt zur Be-
stimmung des Sauerstoffgehaltes (JObsis, 1977), des Blutflusses (Kouli, 2001) und
des Blutvolumens im Gewebe (Jahn, 2003), oder zur Quantifizierung des Blut-
zuckergehaltes (Ogawa, 2007). Durch den nicht-invasiven Einsatz und die mini-
male Probenaufbereitung, teilweise Messungen am nativen Ausgangsmaterial, ist
diese Messmethode sehr gefragt und die Verwendungsmadglichkeiten vermehren
sich stetig. Weitere Vorteile der NIR-Spektroskopie sind die schnelle und berih-
rungslose, quantitative Ableitung verschiedenartiger Parameter. Durch eine direkte
Messung der Proben, oftmals ohne jegliche Probenvorbehandlung, sind die Mes-
sungen gut reproduzierbar und aus toxikologischer Sicht fiir den Benutzer unbe-
denklich.
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3.4.2 NIR-Messsystem, im Speziellen fur die Messung der flichtigen Fett-
sauren im Garsubstrat von Biogasanlagen

Das verwendete NIR-Spektrometer wurde von der TENIRS GmbH (Transflesive
Embedded Near Infrared Spectroscopy) entwickelt, wobei als Grundlage ein
Spektrometer von ZEISS und ein Sensor von Polytec diente, die neu konzipiert
und verandert wurden. TENIRS hatte nach ihrer Griindung 2006 den Firmensitz in
Kiel und nach einer spateren Ubernahme von TENIRS durch die Firma m-u-t AG
(Wedel) wechselte der Firmensitz nach Wedel. m-u-t verwendete den Firmen- und
Produktnamen TENIRS danach nur noch als Produktnamen weiter. Das TENIRS
Messsystem besteht aus einem Diodenzeilen-Spektrometer, das mit bis zu vier
unterschiedlich langen Lichtwellenleitern und Sensoren ausgestattet werden kann.
Vorteilhaft daran ist zum Einen die rdumliche Trennung des Spektrometers von
den Sensoren, die dadurch an unterschiedlichen Stellen eingesetzt werden kon-
nen, aber auch die gleichzeitige Verwendung mehrerer Sensoren mit nur einer
zentralen spektrometrischen Einheit. Die Auswahl fir die im Weiteren dargestell-
ten Untersuchungen fiel zu Gunsten des TENIRS Spektrometers aus, da es ver-
schiedenste zuséatzliche Features im Vergleich zu Spektrometern anderer Herstel-
ler beinhaltete. Besonders interessant war in diesem Zusammenhang auch die
angebotene Software zur Auswertung der Daten, die ein absolutes Alleinstel-
lungsmerkmal darstellte. Erstmals wurden die Daten nicht im herkdmmlichen Sin-
ne Uber Hauptkomponentenanalyse (PCA) und PLS (Partial Least Squares) aus-
gewertet, sondern Uber neueste chemometrische Methoden mit ,Support Vector
Machine Regression®. Detailliertere Beschreibungen dazu sind in einem eigenen
Kapitel 3.4.4 zu finden. Im Speziellen ist seitens der technischen Ausstattung des
Spektrometers hervorzuheben, dass jeder Sensor mit einem integrierten automati-
schen Weil3- (100 % Reflexion) und Schwarzabgleich (0 % Reflexion) versehen
ist, der variabel einstellbar gewahlt werden kann und in den vorliegenden Versu-
chen stindlich erfolgte. Dieser Abgleich wird jeweils als Referenz gespeichert, um
bei moglichen Intensitatsverlusten der Wolfram-Halogen Lampe im Sensor die
aufgenommenen Spektren auf eine immer gleiche Basis beziehen zu kdnnen,
ahnlich wie beim Austarieren einer Waage mit Zurticksetzen auf Null vor jedem
Wiegevorgang. Das Spektrometer und der Sensor sind mit keinerlei beweglichen
Bauteilen ausgestattet und somit absolut robust gegeniber Vibrationen, die an

den verwendeten Labor-Biogasfermentern durchaus auftreten konnen.
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Der Sensor ist mit einem Saphirfenster versehen, durch den das Licht auf die
Substratprobe strahlt (Abb. 3). Vorteile des Saphirfensters liegen sowohl in deren
Kratz- und Abriebfestigkeit, als auch in der Korrosionsbestandigkeit gegenuber
den zu messenden flichtigen Fettsduren. Ein weiterer entscheidender Faktor bei
der Wahl des Messgerates, der in dieser Form von anderen Gerateherstellern
nicht angeboten wurde, lag in der Vergabe eines Zeitstempels, der bei Entnahme
einer Substratprobe gesetzt wurde, um spater Spektren direkt der entnommenen
Probe zuordnen zu kénnen. In den Abbildungen 3 und 4 ist der verwendete Sen-

sor dargestellt, mit Visualisierung der GroRe des Messbereichs (Abb. 3), sowie

eines moglichen Einbaus des Sensors in einer Rohrleitung (Abb. 4).

Abb. 3: TENIRS Messkopf Abb. 4. eingebauter Messkopf

3.4.3 NIR-Messprinzip

Zur Abschatzung der substratspezifischen Eigenschaften einer Probe macht man
sich die physikalisch-optischen Merkmale des Substrates zu Nutze. Das Mal3 an
Absorption und Reflexion der auf chemische Verbindungen im Garsubstrat tref-
fenden Strahlen lasst direkte Rickschliisse auf die Konzentrationen an Fettsduren

und deren Zusammensetzung zu (VALUFA, 2003).

Nach Bestrahlung des Untersuchungsmaterials mit einer Lichtquelle, durch ein
7 mm grol3es Saphirfenster (Abb. 3) wird das vom Substrat reflektierte Licht Gber
einen Lichtwellenleiter in das Spektrometer (NIR-Detektor) geleitet (Abb. 5). Als
Lichtquelle wird eine Wolfram-Halogen Lampe verwendet, die ein kontinuierliches
Spektrum im Wellenlangenbereich von 400 nm bis tiber 2000 nm erzeugt.
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Das ankommende Licht im Spektrometer wird dort in einer Diodenzeile vermessen
und als Spektren ausgegeben. Im mittleren Infrarot erzeugte Molektlgrundschwin-
gungen kdénnen anhand ihrer Oberton- und Kombinationsschwingungen im nah-
infraroten Wellenlangenbereich detektiert werden. Die so erzeugten Spektren sind
charakteristisch fir spezifische Molekilgruppen und lassen sich qualitativen oder

guantitativen Stoffeigenschaften der Probe zuordnen.

Messkopf

Lichtwellenleiter

Lampe

...................................................................

Substrat
TENIRS, 2008

Abb. 5: NIRS-Messprinzip

Fur die NIRS-Kalibrierung werden die vom Messkopf aufgezeichneten Spektren
und die zeitgleich genommenen Proben bendtigt, wie in Abb. 6 veranschaulicht
wird. Diese Proben werden im Labor auf die zu kalibrierenden Parameter unter-
sucht, wie alle fliichtigen Fettsauren (nach Standardmethode mit Hilfe eines Gas-
chromatographen) (Kusch, 2006), sowie FOS, TAC, FOS/ TAC (Buschmann &
Lemmer, 2010) und TS/ oTS-Gehalte (DIN 18414 S2, 1985; DIN 18414 S3, 1985).
Die NIR-Spektren der Substanz, in Kombination mit einer chemischen Analyse der
Inhaltsstoffe (Referenzdaten) ergeben mittels statistischer Auswertung (Multivaria-
te Datenanalyse) mit ,Support Vector Machine Regression® ein NIRS-
Schatzmodell. Dieses soll die unbekannten Gehalte an Extrakten in bestimmten
Substanzen klassifizieren und quantifizieren.
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Eine Kalibration muss laufend mit neuen Daten erweitert und verbessert werden,
um zuverlassige Schatzungen unbekannter Proben zu gewahrleisten. Je mehr

Parameter geschatzt werden sollen, umso gro3er ist die bendtigte Datenmenge.

Sensor Tr'|9r’r’r1|:n{:|t’|xley Fementer
Lichtwe"enleiter - £ - Mesophiler Fementer
Spektren =
4 n : .-7 e -
H i - 77 _ %=
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Lichtquelle c
i i =
§ { =
—t— / é
; 2 04
i Saphirfenster e =
Ahsorptiuno
2 Reflektion (7 NIRS-Schatzmodell
1000 1200 1400 1600
Substrat 1 Wellenlange [nm]
Laboranalyse

(GC)

Statistische Auswertung
Referenzdaten + Spektren *
TENIRS, Stockl 2009

v

Abb. 6: NIRS-Kalibrierung

3.4.4 Auswertemethode mit ,,Support Vector Machine Regression* (SVMR)

Jeder Hersteller eines Spektrometers liefert eine eigene geratespezifische Soft-
ware zur Auswertung der Daten mit. Die Firma Bruker nutzt beispielsweise OPUS
zur Erstellung von Kalibrationsmodellen, NIR-Online verwendet SX-Center, ZEISS
setzt auf Aspect Plus und m-u-t wendet mittlerweile Calibration Workshop der Fir-
ma SensoLogic GmbH an. Eine gerateunabhéangige Software dagegen stellt ,The
Unscrambler® der Firma Camo (Norwegen) dar. Mit dieser Software ist es méglich
Kalibrationsmodelle unabhangig vom gewdahlten Spektrometer zu erstellen.
TENIRS lieferte zum eigens konzipierten Messsystem eine neue und einzigartige
Software zur Datenauswertung mit. Die chemometrische, multivariate Datenaus-
wertung erfolgte im Bereich Prozessiiberwachung von Biogasanlagen erstmalig
mit ,Support Vector Machine Regression“ (SVMR) (Burges, 1998; Christianini,
2000; Scholkopf, 2002; Vapnik, 1995).
24



Einleitung

~Support Vector Machine Regression® bedeutet maschinelles Lernen und ist ein
mathematisches Verfahren zur Mustererkennung (SVR) und Klassifizierung (SVC)
(Gunn, 1997). Eine SVM (,Support Vector Machine®) entwickelt eine Hyperebene
mit maximaler Trennspanne im Merkmalsraum. Die Hyperebene wird durch eine
Kernel-Funktion (Christianini, 2000), die ein MaR fur die Ahnlichkeit der Merkmale
darstellt, konstruiert. Der Begriff Hyperebene ist die Verallgemeinerung einer nor-
malen Ebene im dreidimensionalen Raum auf ein mathematisches Objekt im n-
dimensionalen Raum. ,Support vectoren“ selbst sind tragende Vektoren, die der
Hyperebene am nachsten liegen. Die Merkmale neuen Probenmaterials wird bei
SVR nicht, wie bei anderen Regressionsmethoden mit allen bereits bekannten
Merkmalen verglichen, sondern der Vergleich wird zu den ,support vectoren® her-
gestellt, wodurch eine Vielzahl von Merkmalen miteinbezogen und indirekt mitei-
nander verglichen werden kdénnen. Der entscheidende Vorteil von ,Support Vector
Machine Regression® (SVMR) im Vergleich zur klassischen Datenauswertung tber
Hauptkomponentenanalyse (PCA) und PLS-Regression (Partial Least Squares) ist
die Erfassung und Darstellung nicht-linearer Zusammenhéange in der Datenmatrix
(Ogawa, 2007). SVR zur Mustererkennung und SVC zur Klassifizierung wird bei-
spielsweise bei der Gesichtserkennung eingesetzt und erméglicht den gleichzeiti-
gen Vergleich unzahliger Parameter und Merkmale miteinander. Diese Uberle-
genheit im Vergleich zu den anderen Auswerteverfahren sollte in der vorliegenden

Arbeit genutzt werden.

Im weiteren Verlauf der Arbeit wird ausschlieBlich der Begriff ,Support Vector Ma-
chine Regression“ (SVMR) fir das gesamtmathematische Verfahren, Muster-

erkennung (SVR) und Klassifizierung (SVC), verwendet.

3.4.5 Forschungsverbundprojekt Bioenergie-Forschungsplattform

Die vorliegende Arbeit basiert auf dem Teilprojekt ,Unterer Lindenhof* der ,Zu-
kunftsoffensive IV — Bioenergie-Forschungsplattform Baden-Wirttemberg®
und wurde durch das Ministerium fur Landlichen Raum und Verbraucherschutz
Baden-Wirttemberg mit Mitteln der Baden-Wiurttemberg Stiftung gGmbH gefor-
dert. Das Gesamtprojekt hatte zum Ziel, die Erzeugung und Nutzung von Gas aus

Biomasse zu untersuchen und weiter zu entwickeln.
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Die Laufzeit des Verbundprojektes erstreckte sich von 2008 bis Ende 2011 und
war in drei Cluster untergliedert: Cluster | ,Systemanalyse®, Cluster Il ,Unterer Lin-
denhof® und Cluster Il ,Gasaufbereitung®. Die Systemanalyse ermittelte unter an-
derem die Potenziale der Erzeugung von Biogas und betrachtete die technischen,
okonomischen und 6kologischen Aspekte der Bereitstellung von Biomasse.

Neben der Aufbereitung und Einspeisung des Biogases zahlten auch Konver-
sionstechnologien (Leible, 2011), Verfahrensketten zur Bereitstellung biogener
Gase als Erdgas-Substitut (SNG — Substitute Natural Gas), sowie die Bewertung
der verschiedenen Verfahren zu den Schwerpunkten. Die Forschungsbiogasanla-
ge der Universitat Hohenheim mit der Versuchsstation Agrarwissenschaften
Standort Lindenhtfe war Kernstiick des Clusters Il. Im Intensivmessprogramm
wurden an der Biogasanlage Daten zur Prozessstabilitéat, dem Eigenstrombedarf,
dem Wirkungsgrad (Nagele, 2011) und zu den Emissionen am BHKW (Thomas,
2011) erhoben. Mit der Entwicklung pflanzenbaulicher Konzepte unter Einbindung
einer optimalen energetischen und ressourcenschonenden Biomasseproduktion
(Winsch, 2011) und der Aufbereitung von Garresten zu Handelsdinger (Maurer,
2011; Schloz, 2011) konnte der Nahrstoffkreislauf geschlossen werden. Das dritte
Cluster bearbeitete Fragestellungen zur Gaskonditionierung mit Membranverfah-

ren, sowie zum CO2-Wéascher mit reduziertem Energiebedarf.

Insgesamt bestand das Projekt aus 16 Arbeitspaketen mit 33 Teilprojekten und
wurde von den Universitaten Hohenheim, Stuttgart und Karlsruhe, den Hochschu-
len Rottenburg und Reutlingen, dem Forschungszentrum Karlsruhe und dem Zen-

trum fr Sonnenenergie und Wasserstoffforschung Stuttgart bearbeitet.

Im Cluster ,Unterer Lindenhof* war das Teilprojekt ,Modellierung und Steuerung
von Biogasanlagen, Onlinemesssysteme und Steuerungssysteme® eingegliedert.
In Kooperation der Landesanstalt fir Agrartechnik und Bioenergie der Universitét
Hohenheim mit der Universitat Stuttgart (ISWA, Institut fir Siedlungswasserbau,
Wassergute und Abfallwirtschaft) wurde ein Regelungs- und Steuerungssystem
zur Online-Uberwachung von NawaRo-Biogasanlagen konzipiert.

Ziel des Gesamtprojektes ist es, mit Hilfe der Nah-Infrarot-Reflexions-
spektroskopie die Prozessstabilitat im Fermenter zu Gberwachen und zu steuern,

sowie im Fall von Prozessschwankungen regelnd einzugreifen.
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3.5 Zielsetzung der hier vorgestellten Untersuchungen

Da eine direkte Beobachtung der Mikroorganismen im Biogasfermenter bisher
nicht moglich ist, bedient man sich der Beobachtung von Abbauprodukten der Mi-
kroorganismen zur Bewertung des Stabilitatszustandes des Biogasprozesses.
Hierzu untersucht man die Gehalte an fliichtigen Fettsauren wie Essigsaure,
Propionsaure, Buttersaure und Valeriansaure im Fermenter. Uber den FOS/TAC-
Wert (Mal3 fur die Pufferkapazitat des Substrates) wird zusatzlich die Prozesssta-
bilitdt angezeigt. Die Entwicklung einer Optimierungsstrategie fir den anaeroben
Vergarungsprozess mit Maximierung der Biogasproduktion bei gleichzeitiger Si-
cherung eines stabilen Biogasprozesses und kosteneffektiver Substratausnutzung
waren Ziele des Projektes. Die Stabilitdt des fermentativen Abbauprozesses sollte
dabei kontinuierlich Gber ein NIR-Messsystem Uberwacht und sichergestellt wer-

den.

Ziel der vorliegenden Arbeit ist die Erprobung und Bewertung von Verfahren zur
Erfassung, Beobachtung und Kontrolle der prozessrelevanten Parameter im Fer-
menter einer Biogasanlage mit Hilfe eines geeigneten Uberwachungssystems.
Das Messsystem auf Basis der Nah-Infrarot-Reflexionsspektroskopie soll zu je-
derzeit die Stabilitat des Fermentationsprozesses im Biogasfermenter ermitteln
und anzeigen, um so bei einer Anhaufung von Sauren im Fermentersubstrat
rechtzeitig gezielte GegenmalRnahmen einleiten zu kdnnen. Dazu wird das NIR-
Messsystem auf die prozessrelevanten S&auren Kalibriert. Uber eine multivariate
Datenanalyse mit ,Support Vector Machine Regression wurden Kalibrationsmo-

delle fUr die verschiedenen Parameter entwickelt und getestet.
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3.6 Eigene Untersuchungen und Ergebnisse
Die Ergebnisse des Forschungsvorhabens sind in drei referierten Publikationen
dargelegt, die den folgenden Kapiteln zu entnehmen sind.

Die erste Publikation legt die Ergebnisse der Kalibration des NIR-Messsystems
nach einer kinstlichen Anreicherung der prozessrelevanten Parameter zur Uber-
wachung der Prozessstabilitat im Biogasfermenter dar. Die Versuchsplanung, das
Konzept und die Vorgehensweise sind detailliert beschrieben und zeigen die Mdg-

lichkeiten des gewahlten Messsystems, aber auch bereits gewisse Grenzen auf.

Die zweite Publikation befasst sich mit der natirlichen Erhéhung der fliichtigen
Fettsauren im fermentativen Substrat und soll den natirlichen biologischen Pro-

zess so realitatsnah wie maglich, im Falle von Prozessstérungen, abbilden.

Die dritte Publikation beschéftigt sich mit der Frage, inwieweit die bereits ent-
wickelten Kalibrationsmodelle aus der zweiten Publikation genutzt werden kénnen,
um zum einen die Prozessstabilitat online zu Gberwachen und zum anderen den
Prozess anhand der NIRS Daten steuern und regeln zu kdnnen. Dazu wurde ein
Regelungskonzept von der als direkter Partner im Projekt beteiligten Universitéat
Stuttgart (ISWA) entworfen, um nach Adaption an die bestehenden Biogassyste-
me der Universitdt Hohenheim, simulationsbasiert die Futterung der Biogasfer-
menter zu regeln. Dies sind erste Schritte zur Ubertragung der Regelungsstrate-
gien in Kombination mit dem NIRS-Messsystem zur kontinuierlichen Uberwachung

der Prozessstabilitat im Praxis-Biogasfermenter.
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Da die organischen Fettsauren bereits als Zwischenprodukte in der
Reaktionskette des anaeroben Abbaus gebildet werden und damit
frihzeitig Informationen Uber Prozessstorungen oder -verdnderungen
liefern, bestehen hohe Erwartungen bezuglich ihrer Eignung zur
Uberwachung des Gesamtprozesses. In der ersten Publikation wur-
den Uber kiunstliche Anreicherungen dieser Abbauprodukte, durch
Zugabe von Acetat und Propionat zu zwei 400 Liter Labor-
Biogasfermentern, sowohl Kalibrationsmodelle fur Essig- und Propi-
onsaure, als auch fur das Essigsauredquivalent mit dem NIR-
Spektrometer in Kombination mit chemischer Referenzanalytik ent-
wickelt. Zur Erstellung der Kalibrationsmodelle wurde erstmalig mit
L~Support Vector Machine Regression® gearbeitet. Der angewendete
Algorithmus dieser Software ermdglichte die Entwicklung guter Kalib-
rationsmodelle, trotz gréf3ter Datenmengen und nutzte die vollstandi-
ge Kreuzvalidierung zur Uberpriifung der Giite der Modelle. Die sta-
tistischen KenngréRen weisen auf solide Kalibrationsmodelle zur

Vorhersage der prozessbestimmenden Parameter hin.
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8 4 The conditions laid down in the Renewable Energy Source Act for production of

electricity from biogas have led to an enormous expansion of new biogas plants in
the recent years in Germany. Through near-infrared reflection spectroscopy (NIRS)
process stability of a biogas digester can be monitored online. This study presents
the development of NIRS calibrations on acetic acid equivalents, acetic acid, and
propionic acid concentrations in the digester substrate. Thereby, differences between
thermophilic and mesophilic operations were measured and presented for the first
time. Good calibration models were achieved by artificially increasing concentrations
of the above-mentioned acids in two 400 L experimental biogas digesters with
mesophilic and thermophilic operation and applying support vector regression.
The presented values demonstrate that calibration with NIRS is possible. In the
thermophilic digester, a calibration model with a ratio of standard deviation and
standard error of prediction (RPD) value of 3.21 was achieved for the parameter
acetic acid and in the mesophilic digester a RPD of 4.91 for the same acid. For
the parameter propionic acid, calibration models with RPD values of 4.23 and 4.78
were achieved for the thermophilic- and mesophilic-operated digesters, respectively.
The presented NIRS calibration can be used to develop an early warning system for
process stability, which can be used for reliable optimization of biogas production
to increase the methane vield.

Keywords: Biogas | NIRS | Online process monitoring / Support vector regression (SVR) [
Volatile fatty acids

Received: August 4, 2017; revised: February 2, 2012; accepted: February 14, 2012

DOI: 10.1002/elsc.201100065

supply of trace elements (2] or enzymes (3, 4] to the fermen-
tation tank can lead to an increase of the acid concentration.
After exhaustion of the substrates buffer capacity, the pH-value
sinks, consequently slowing the metabolism ofthe methanogenic
microorganisms until coming to a standstill. To avoid such a
turn over, the volatile fatty acid ( VFA) concentration is regularly
monitored during the fermentation process. Keeping the con-
centrations of highly VEAs as low as possible is the characteristic
of a well-functioning and stable degradation process.
Threshold values for concentrations of acids are around
approximately 1000 mg/L digester substrate for acetic acid
and a maximum 250 mg/L for propionic acid [5]. Exceeding
a total acid concentration of 2000 mg/L [5] or 3000 mg/L 6]
{http:/fwww.lfl.bayern.defpublikationen/daten/informationen/
p_27459.pdf), respectively, indicates a malfunctioning of the
fermentation process. An important indicator for a healthy
fermentation is the ratio of acetic acid to propionic acid,
which ideally should be lower than 2:1. Another essential
variable for the measurement of the acid content during
fermentation is the acetic acid equivalent (HAceq.) [7]. It

1 Introduction

The sequence ofevents during fermentation can generally be sub-
divided into a primary and a secondary fermentation process.
The primary fermentation consists of a four-stage anaerobic
degradation process, which involves hydrolysis and acidogenesis
and results in the production of propionic acid and other short-
chained fatty acids. In the subsequent secondary fermentation,
invelving acetogenesis and methanogenesis, these acids are con-
verted over acetic acid to biogas [1]. However, an insufficient
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factors in the varying molar mass of the VEAs, For a timely
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Figure 1. Profile of a horizontal digester with hot-water heating system and horizontal agitator with a working volume of 400 L.

recognition of a disruptive acid increase, control instruments
must be applied to determine, classify, and precisely identify
fluctuations during the fermentation process. A suitable method
to recognize problems indirectly is the near-infrared reflection
spectroscopy (NIRS). NIRS is a monitoring device, which
measures the fermentation process online and is currently not
an available standard technology in a full-scaled biogas plant.
However, promising calibration results were achieved during
a pilot project with NIRS in a full-scaled biogas plant [8]. A
stable fermentation process depends strongly on the supply
of the substrate. This process can quickly slip out of balance
through overfeeding, resulting in higher concentrations of VFAs
[9] (http://www.aelf-ph.bayern.de/pflanzenbau/38597 /linkurl
0_21.pdf). In addition to determining the acids in the digester,
NIRS can furthermore measure the dry matter content of
the substrate input [8]. Further application possibilities for
NIRS toward improving process stability would be possible
with two-phase processes with a separation of hydrolysis
and methanogenesis. During this procedure, the biomass is
first converted into an acidulated percolate of low viscosity,
which is then fed to a solid-bed methane reactor [10]. To
avoid overfilling of such high-pressure reactors, continuous
recording of fermentation acid concentrations in the percolate
is necessary. Furthermore, it is conceivable to use NIR measure-
ment system to monitor processed fluids exiting the digester
during solid substrate fermentation [11]. The determination of
forage residues during digestion through NIR spectroscopy is
indispensable nowadays [12—14]. Further, NIRS measurement
systems are applied at harvest for measuring dry matter,
proteins, and crude fiber content in grain [15]. Studies indicate
that monitoring the biological fermentative degradation process

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the microorganisms in the digester through NIRS has high
potential [16-19].

The aim of this study was to calibrate the NIRS measurement
system on propionic and acetic acid concentrations. Acids were
artificially increased in the digester substrate in order to quickly
and easily reach different concentrations of the acids.

2 Materials and methods

2.1 Trial design

2.1.1  Experimental plan

To determine substrate condition in biogas plants, NIR online
measurement was conducted in the laboratory in two horizon-
tal semicontinuously operated 400-L experimental biogas di-
gesters of the same design. For stirring, a horizontal paddle stirrer
(Fig. 1 ) was used for each 400-L fermentation chamber, respec-
tively. Both motor-driven horizontal paddle stirrers were set at
a speed of 30 rpm. A water-filled heating jacket, regulated by a
recirculation thermostat ensured a constant working tempera-
ture within the digester. A sensor in the fermentation chamber
recorded the substrates temperature and adjusted it when re-
quired. Studies [20,21] have shown that the intensity of the NIR
reflection spectra can be varied via changes in substrate tempera-
ture. Accordingly, one 400-L digester was operated in mesophilic
temperature range at 41°C and the second 400-L digester was
operated in thermophilic temperature range at 52°C. The organic
loading rate of 3 kg oDM/m® (where oDM stands for organic
dry matter) digester volume was carried out at a hydraulic reten-
tion time of 35 days. Both digesters were in each case fed daily
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Figure 2. (A) Size of the sensor measuring range (sapphire window), (B) a built-in NIR sensor in a bypass.

with maize silage, manure, and water. Substrate was fed to the
digesters through a hatch on one side and emitting the degraded
fermentation residue through another opening (Fig. 1) on the
opposite side, hereby maintaining a constant fermentation vol-
ume of 400 L.

On the front side, next to the inlet hatch, a sampling tap and a
pipeline system with an integral pump (NEMO-type NM053
BY-NETZSCH Mohnopumpen from Waldkraiburg, respec-
tively, an eccentric screw pump from Wangen), were attached
for each digester, respectively. The pump was used for the trans-
port of the substrate into the digester. A near-infrared sensor
{Fig. 2A) is placed in upwardly flowing direction in an arc above
the pipeline system (Fig. 2B) and pump.

A gas analyzer recorded the quantity and the quality of the
produced biogas, containing approximately 60% methane, ap-
proximately 380% carbon dioxide, and a remainder of traces of
hydrogen sulphide. However, output can vary depending on sub-
strate, amount fed, or/and operation of digester. The recorded
quantitative and qualitative data were then stored in a separate
computer linked up to the system.

2.1.2  NIR measurement system

The near-infrared measuring system used in this work was de-
signed by the company TENIRS ( Transflexive Embedded Near
Infra Red Spectrometer), with former headquarters in Kiel. The
diode array spectrometer is composed of a central unit with
three fiber optics and three sensor heads. One sensor per di-
gester was in an online mode and a third sensor was used as
an offline sensor for determining dry matter content of fed
substrate. The three sensors were individually controlled by a
multiplex. In each case, 60-s intervals were selected. The diode
array spectrometer had the decisive advantage of having no
moving components so that no measurement problems could
be caused by possible vibrations. The diode array model per-
formed best for mobile application because of its robustness in
comparison with other spectrometers [22|. Moreover, the diode
array was proved to be particularly suitable for analyzing natu-
ral products since it had the ideal wavelength range required
here for [23] (http://fwww.idrc-chambersburg.org/cnirs/pdfs/
3rdQtr(2003).pdf). In front of the sensor head, a wolfram halo-
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gen light shines on the substrate through a 10 mm sapphire-
glass window. The light reflected by the substrate is directed into
the spectrometer through fiber optics where it is spectrally di-
vided and directed onto a diode array, where it is electronically
interpreted.

The diode array itself comprises of 256 photo diode elements
ranging from 960 nm to 1700 nm with a theoretically achievable
resolution of (1700-960 nm)/256 = 2.9 nm/pixel. Photo diode
arrays have their own electrical noise, the dark current, which is
proportional to the exposure time and depends exponentially on
the temperature | 24]. To avoid dark current drift, the sensor head
was fitted with an integrated automatic dark (0% reflection) and
white alignment (100% reflection). Every reflection adjustment
was carried out hourly and stored as a reference in the central
unit. A dark current drift [25] mainly occurs in the first minutes
after activating the sensor head. However, it cannot be ruled out
that slight movements can occur later on [25]. The sensors used
were operated in online modus granting stable working tem-
peratures for the lamps, consequently avoiding a heating-up of
the light sources. The hourly references were also necessary for
counteracting and compensating possible variations in the NIR
lamps, since the aging of the light sources, such as the test mate-
rials and the detectors can over time lead to signal instabilities or
nonlinear results [26,27]. Absorption and reflection are strongly
influenced by the moisture content in the substrate sample [28].
This can complicate the scanning of an unknown sample and
has to be taken under consideration during the later evaluation
of the spectra so that possible error sources can be reduced.

2.1.3  Spectral recording of data
All NIR spectra were stored in a local computer at Hohen-
heim University and transferred once per day to a Linux-based
databank using the NIR measuring system online modus. In
order to unmistakably identify the experiment phase-based ref-
erence samples on a time basis within the spectral data, a time
stamp for selected spectra was set in the computer simultane-
ously with sampling.

After entering every sample number, the spectra recorded
during a 3-min period were positively assigned to the reference
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samples taken at that time. The integration time for a single spec-
trum was set to 10 s, The individual spectra were later evaluated
visually on computer for plausibility. In case of uncertainty, it
was decided for each particular case whether the spectrum rep-
resented an outlier. Now and again, the sensor vibrated in the
beginning of a spectrum recording and shortly after switching
on the pump. These individual spectra were naticeably unclean
and either one or two spectra were then removed, or a slightly
deferred spectrum was used. These were then assigned to the
reference sample.

2.1.4  Generating the reference samples
A NIR calibration requires several hundred examined samples.
The analysis of so many samples directly after sampling cannot
be achieved due to time limitation. Therefore, a preliminary
trial was conducted determining the fatty acid content of a tresh
sample. This sample was then frozen for two weeks, then thawed
and analyzed again in order to asses if the present measurement
deviated from the one taken from the same sample before being
conserved through freezing. For this purpose, 1.6 L of acetic acid
essence (25%) and 0.4 L propionic acid (98% ) were added to
both digesters in order to achieve a concentration of 1000 mg/L
acid in each digester, respectively. The degradation of the acid
concentrations was documented during a sampling period of two
days. A total of 15 samples were taken during the running trial
and then separated. One half was immediately analyzed fresh in
the laboratory and the rest frozen at —21°C for approximately
two weeks and subsequently analyzed by the laboratory of the
State Institute of Agricultural Engineering and Bioenergy. The
trozen samples were thawed in a refrigerator at 4°C over night.
The results from the immediately analyzed samples and the
samples that were frozen prior to analysis were absolutely iden-
tical. No loss of VEAs could be determined. Consequently, all
digester samples in the subsequent trials were frozen immedi-
ately after they were taken. The volatile acid content of each
sample was determined later by gas chromatograph, with two
replications per sample. The respective mean values from anal-
ysis results contributed to the development of the calibration
models. A capillary gas chromatograph from Varian (type CP-
3800) with FID detector and Varian CP 7777 capillary pillar
(50 m length, 0.32 pm diameter, 0.25 mm configuration) was
used for the determination of the highly VFAs. For analysis, ap-
proximately 1 g of the sample material was acidified with ortho-
phosphoric acid to prevent further bacterial degradation of the
tatty acids. The internal standard methyl-valeric acid was subse-
quently added. Methyl-valeric acid is a fatty acid that does not
naturally occur in biogas digesters. Its aim was the detection of
injection errors in the gas chromatographic analyses. All VEAs,
including acetic acid, propionic acid, n-valeric acid, iso-valeric
acid, n-butyric acid, iso-butyric acid, and caproic acid, were de-
termined for every sample, respectively. All VEAs are summed up
to the HAceq. factoring in the difference in molecular weights.

2.1.5  Multivariate data analysis with support vector
regression

The evaluation of the collected data was accomplished with mul-

tivariate evaluation methods, the chemometrics [29]. Hereby a

statistical relation is established between the spectral data and the

characteristics of the reference sample. The dissimilarity of the
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spectra of different substances enables a precise identification of
the analysis material. For analvsis of the spectral data principal
component analvsis was used, followed by a regression analysis
with support vector machine regression ( SVMR).

The increasing capacities of computers enable the use of fur-
ther developed methods, such as pattern identification (sup-
port vector machine, SVM), classification (support vector re-
gression), and SVMR [30-33]. The beginnings of SVM can be
traced back to Vapnik and Smola |34-36]. In comparison with
the classical regression where only linear associativity of variables
can be presented, SVMR can also provide nonlinear correlations.
SVMR uses the kernel-trick [32] which offer the possibility of
equating a linear classification of a higher feature space with the
nonlinear classification in the origination space [37]. In his work,
Thissen presented the superiority of SWMR compared to partial
least square |38, 39]|. However, a possible overfitting of the data
andlong training times [ 27 are clear disadvantages of SVMR. An
overfitting of the calibration model through too many samples
from a single concentration level lowers the universal validity of
the model.

2.1.6  Statistical parameters for assessing model
suitability

The precision of a method does not only depend on the inves-
tigated parameters but also on the investigated product itself.
Consequently, the results of ring experiments on various prod-
ucts are only conditionally comparable, due to the different con-
tent concentrations as well as the product-specific characteristics
[40]. However, in order to still be able to compare different ex-
periments with one another, the statistical parameter of the RPD
(SD/RMSEP ratio of standard deviation and standard error of
prediction) is applied. Williams and Sobering [41] developed
a suitable prediction performance for the RPD value. A RPD
value from 2 to 3 is well suited for a rough screening whereas
RPD values over 3 are indicative of a good calibration and for
the prediction of particular samples. The cross-validation (Loo
[leave one out| validation) is applied as a further statistical pa-
rameter of the correlation coefficient (R*), evaluating the quality
of a calibration.

In the case of the “leave one out” validation ( Loo validation),
a sample is left out of the calibration data set and a calibration
model is developed with the remaining samples. The “one left
out” sample is then estimated. This procedure is applied succes-
sively with all other samples. The following statistical parameters
were applied in the evaluation of the trial results.

The root mean square error of prediction ( RMSEP) is not
comparable for various characteristics and is calculated in the
units of the characteristic. The root mean square error of cal-
ibration (RMSEC) describes the standard deviation from the
reference values of the calibration samples of all NIRS analysis
values. A further criterion for assessing a model is the ratio of data
spread and standard error of prediction (RER), which describes
the prediction error based on the data range and is susceptible
to outliers. RER should be as large as possible; a value over 10
represents a mass for a suitable calibration [42]. For all calibra-
tion models presented here, the multiplicative scatter correction
approach was applied in order to suppress noise signals in the
spectra. Every calibration model applied in this trial used the
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Table 1. Addition of Na-acetate and Na-propionate at thermophilic operational mode to the digester

Feeding amount (intended concentration) Addition mode Sampling period Sampling volume

Na-acetate (98%)
Experiment 1: 4.8 kg (12000 mg/L) Singular 3 days 67
Experiment 3: 4.8 kg (12000 mg/L) Stepwise 7 days 90
Na-propionate (99%)
Experiment 2: 1.8 kg (4500 mg/L) Singular 10 days 43
Experiment 4: 1.4 kg (3500 mg/L) Stepwise 3 days 27

1.84 kg (4600 mg/L) Stepwise 4 days 63

Table 2. Addition of Na-acetate and Na-propicnate at mesophilic operational mode to the digester

Feeding amount {intended concentration) Addition mode Sampling period Sampling volume

Na-acetate (98%)
Experiment 5: 4.8 kg (12 000 mg/L) Singular 3 days 18
Experiment 7: 4.0 kg (10000 mg/L) Stepwise 7 days 92
Na-propionate (99%)
Experiment &: 1.2 kg (3000 mg/L) Singular 10 days 45
Experiment 8: 0.8 kg (2000 mg/L) Stepwise 3 days

1.0 kg (2500 mg/L) Stepwise 4 days 52

Gaussian radial basis function as kernel function [31,32,43-45].
The C-value, the so-called penalty parameter, and the G-value,
the so-called compensation parameter, are kernel parameters
[43].

A higher C-value increases the training time for the data and
reduces the prediction precision because the influence of the
training errors is more strongly weighted. The G-value refers to
the extent of the Gaussian function or bell curve in data distri-
bution. There are no standard values for these two parameters.
These are to be selected so that the general suitability of the
calibration models is retained.

2.2 Trial procedure

Artificially increasing the contents of acetic acid and propionic
acid in the 400 L experimental biogas digesters was the basis for
the trail.

The advantage of artificially increasing acidity was to attain
specific concentrations in the digesters. A direct addition of acid
to the digester leads to foam creation and lowers local pH of the
digester substrate, leading to an increased CO, production. To
maintain a constant pH value in all trials presented here, the salts
of the acids were applied. During the trial period, the feeding
of the digester was stopped in order to avoid falsification of the
degradation of the added salts (acids). With an organic loading
rate of 3 kg oDM/digester volume and day there were, at the
beginning of the trial, only limited concentrations of acetic acid
and propionic acid were present. The amount of salts (Na-acetate
and Na-propionate) added to both digesters are given in Tables
1 and 2. In trial 1, the addition of 4.8 kg Na-acetate to the ther-
mophilic digester was applied only once in the beginning of the
trial (Table 1). A target concentration of 12 000 mg/L acetic acid
in the digester was the aim. At the beginning of the trial, 100 mL
samples were taken every 30 min. As the trial continued, the
sampling timing was lengthened until finally an hourly rhythm
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was selected. During the three-day trial, 67 samples were taken
in total.

The subsequent second trial featured a single addition of
Na-propionate to the substrate at the beginning, with a target
concentration of 4500 mg/L propionic acid in the digester. The
propionic acid degradation took place over a period of 10 days
with the same sampling timetable and a total of 43 samples. In the
third trial, Na-acetate was gradually applied in small concentra-
tions every 15 min until the target concentration of 12 000 mg/L
was reached. During the period of acid degradation, samples
were taken with simultaneous spectral scans on an hourly till
three-hourly basis. A total of 90 samples were taken within a
seven-day trial phase.

In the fourth trial, Na-propicnate was applied stepwise twice.
The concentration expectation for the first application was
3500 mg/L propionic acid and 4600 mg/L propionic acid for
the second application, respectively.

In the first trial phase, which lasted three days, 27 samples
were taken. During the second trial phase, 63 samples were taken
during over a period of four days. A lower loading capacity
of the mesophilic digester was expected and consequently the
added amount of salts was reduced. Both trials {mesophilic and
thermophilic) were carried out simultaneously. An overview of
the amount of salts added, such as the sampling timetable and
the sample numbers are given in Table 2.

For a reliable, robust, and sufficiently precise model, 60120
representative samples must be available, meaning that these
samples should cover the required concentration range and pos-
sible variations thereof [46]. The number of samples required for
the determination of every individual calibration model was in
each case higher than 100. A few samples should be added in re-
gard to the amount of outliers, which should be lower than 10%
if possible (personal communication with Dr. Andree, H., 2009,
owner of the company TENIRS). For a fraction of these outliers,
the acid content was zero or under 500 mg/L per sample. These
samples were clearly overestimated and possibly other factors
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Table 3. Statistical parameters to evaluate the quality of the calibration model in the thermaophilic-operated digester

') Outlier Rea® Rroov® Slope Intercept RMSEPY RMSEC®  Range” RER®) RPDM U GP
Acetic acid amount; experiments 157 15 (8 = 05g/kg) 0967 0903 0.887 632 1.03 060 0.54-1049 966 321 8.6 0.055
land 3
Acetic acid equivalent, addition 157 15(8 = 05g/kg) 0964 0.894 0.879 714 1.02 060  0.99-10.52 930  3.08 8.6 0.055
of Na-acetate; experiments 1
and 3
Propionc acid amount; 133 13(8 =04g/kg) 0993 0945 0.929 183 0.35 012 040480 13.66 423 9.7 0.055
experiments 2 and 4
Acetic acid equivalent, addition 133 10 (4 = 05gkg) 0994 0966 0.954 145 0.36 0.15 0.50-690 17.81 545 9.7 0.055

of Na-propionate; experiments
2and 4

U Number of samples.

¥ Coefficient of determination of calibration.

) Coefficient of determination of leave one out validation.

D Root mean square error of prediction.

) Root mean square error of calibration.

fIData spread.

2IRatio of data spread and standard error of prediction.

" Ratio of standard deviation and standard error of prediction.
DPenalty factor.

1 Balancing factor.

in the matrix negatively influenced their assessment. Hansson
[47] reported a detection limit of 300 mg/L for propienic acid.
Consequently, all samples for propionic acid with a concentra-
tion lower than 300 mg/L and all samples for acetic acid with a
concentration lower than 500 mg/L were removed from the data
set in the calibration models. However, a few outliers remained,
ones that possibly could have occurred through errors in sam-
pling, spectra recording, or analysis, and were taken into account
during the preparation of the calibration models.

Data covering all reference values and spectra were used for
the development of the calibration models. The data of exper-
iments 1 and 3, just as 2 and 4 of the thermophilic-operated
digester were summarized to develop the calibration model
(Table 3).

And the data of trials 5 and 7, as well as the data of trials 5and
8 were each taken in sum for developing the calibration models
of the mesophilic-operated digester { Table 4).

3 Results and discussion

3.1 Results of laboratory analyses

NIRS methods are always based on the development of calibra-
tion equations, such as the validation is based on a reference
method. An evaluation of the NIRS method can therefore only
be undertaken in comparison with these reference methods [48].
The accuracy of the reference sample analyses is of vital impor-
tance for the development of the calibration models. The results
of the chemical analyses from the eight trials are presented below
and in Figs. 3 and 4.

In trials 1, 3, 5, and 7 where Na-acetate was added to the
digesters, a broad spectrum of concentrations was achieved. The
data range stretched from 0 to 10 500 mg acetic acid per liter
digester substrate. The missing data in trial 3 resulted only from
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a longer sampling interval and in trial 5 the fermentation process
broke down. The gradual increase of acids in the experiments 3,
4, 7, and 8 is highlighted with red points.

The slight irregularities during the degradation of the acids
in the trials 3 and 7 (marked with green circles) are accounted
for by the strong changes the bacteria cultures were subjected to
during the respective trials. Such irregularities are not unusual.
These samples were not treated as outliers and remained in the
calibration data set. In all trials where Na-acetate was added to
the digester the acetic acid target concentration of 12 000 mg/L
should have been reached. The following analysis of the sam-
ples show that only a maximum concentration of approximately
10 000 mg/L acetic acid was attained (Figs. 3 and 4, left col-
umn). Sampling started 15 min after the single application of
the Na-acetate to the digester.

A preliminary trial revealed that the added Na-acetate was
evenly distributed in the 400-L digester after approximately 10
min. Possibly a part of the acid had already been degraded by the
bacteria through the very rapid and homogeneousdistribution of
the Na-acetate in the digester, or a delay in the adjustment of the
dissociation balance of the salt caused the reduced acid content.
In the trial using the stepwise increase of the acid concentration,
part of the acetic acid was probably degraded by the bacteria
during the trial, resulting in lower concentrations then aimed
tor. During the degradation process of acetic acid, only limited
concentrations of propienic acid could be detected. Thereby,
the slightly higher propionic acid concentration from the sin-
gle application of Na-acetate differed from the comparatively
lower propionic acid concentration where Na-acetate addition
was stepwise. In the trials 2, 4, &, and 8, the Na-propionate was
added either once or step by step to the digesters. The subse-
quent laboratory analyses of the substrate samples show propi-
onic acid concentrations ranging from 0 to 4800 mg propionic
acid per liter digester substrate. The data missing in trials 2 and
& can be explained by an interruption of the sampling, since no
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Table 4. Statistical parameters to evaluate the quality of the calibration model in the mesophilic-operated digester

i Outlier REcy® R¥Loov® Slope Intercept RMSEPY RMSEC®) Range? RER® RPDM CV GV

Acetic acid amount; experiments 110 7 0.993 0960 0917 488 0.61 0.26 0.87-10.49 1583 491 54 0.055
5and7
Acetic acid equivalent, addition of 110 7 0.993 0960 0916 495 0.61 0.26 0.87-10.54 15.80 4.90 54 0.055
Na-acetate; experiments 5 and 7
Propionc acid amount; experiments 115 23 (18 < 0.4 g/kg) 0.994 0963 0886 197 0.22 0.09 0.26-3.32 14.00 4.78 3.8 0.020
6and 8
Acetic acid equivalent, addition of 115 18 (14 < 04 g/kg) 0.995 0.976 0.900 245 0.38 0.18  0.34-7.28 18.49 5.76 3.8 0.020
Na-propionate; experiments 6 and 8
UNumber of samples.
Y Coefficient of determination of calibration.
) Coefficient of determination of leave one out validation.
9IRoot mean square error of prediction.
“JRoot mean square error of calibration.
fIData spread.
ZIRatio of data spread and standard error of prediction.
BIRatio of standard deviation and standard error of prediction.
i Penalty factor.
DBalancing factor.
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Figure 3. Variation (reduction) of acid concentrations (reference values) in the biogas digester after addition of volatile fatty acids at

thermophilic operational mode.

significant degradation of the acids could be observed for two
days, the sampling was omitted for some time. The desired con-
centrations were almost completely achieved in the trials using
single addition of Na-propionate (Figs. 3 and 4, right column).
To some extent, the initial phases lasted a long time. During these

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

phases only small amounts of the acid concentrations were con-
verted by the bacteria cultures. Only after a delay of some days
all Na-propionate was metabolized. This makes sense consider-
ing that the production of biogas from propionic acid needs
a further degradation step, compared with from acetic acid.
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Figure 4. Variation (reduction) of acid concentrations (reference values) in the biogas digester after addition of volatile fatty acids at

mesophilic operational mode.

Additionally, there is a high possibility that part of the Na-
propionate may have already been converted by the bacteria dur-
ingthe time period ofthe stepwise addition of the Na-propionate.

The high concentrations of propionic acid added as single
applications, in combination with the trials with the stepwise in-
crease of Na-propionate concentrations, completed the required
data range essentially needed for the creation of a robust calibra-
tion model. Noticeable were the high acetic acid concentrations
of up to 4500 mg/L in both digesters where the Na-propionate
was added once in the beginning. In regard to the fact that all
acids were calculated to the respective HAceq., thissituation must
be given special consideration. The HAceq. of the experiments
1, 3,5,and 7 is nearly equal to the acetic acid values of the single
trials (Figs. 3 and 4, left side). Opposed to the acid equivalent
of the experiments 2, 4, 6, and 8, which are significantly higher
than the acetic acid values of the single trials (Figs. 3 and 4, right
side).

3.2 Results of the calibration development
Tables 3 and 4 present the statistical parameters for assessing
the quality of the developed calibration models for both di-

gesters. The trials 1 and 3, as well as 5 and 7 in which Na-
acetate was added (stepwise and just once) are bound to the
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calibration models acetic acid and HAceq. (Na-acetate). The
trials 2 and 4, respectively, 6 and 8 with Na-propionate addi-
tion were summed up to the models propionic acid and the
HAceq. (Na-propionate). In all trials, the coefficients for the de-
termination of R were a little higher for the calibration models
than for the Loo validations. A coefficient of determination be-
tween 0.92 and 0.96 is suitable for most applications according
to Williams [42] (http://www.sik.se/traditionalgrains/review/
Oral%20presentation%20PDF%20files/Williams.pdf). A coeffi-
cient of determination higher than 0.98 constitutes as excellent
and is usable in every application.

The results achieved in the thermophilic digester lay in the
average validation range and indicated a good usability of the
calibration models in most cases. The values for R? in the cali-
bration lay between 0.96 and 0.99 and the R? values of the Loo
validation were between 0.89 and 0.97.

The prediction errors (RMSEP) in trials 1 and 3 for acetic
acid and HAceq. were markedly higher with values above 1000
mg/L, compared to the ones in trials 5 and 7 with an acetic acid
and HAceq. value of 610 mg/L.

In contrast to the prediction errors in trials 2 and 4, as well
as in trials 6 and 8 are all similarly low in a range from 220 to
380 mg/L. The calibration errors (RMSEC) in trials | and 3 were
600 mg/L for acetic acid and the HAceq. and 260 mg/L for acetic
acid and the HAceq. in trials 5 and 7. The RMSEC in trials 2 and
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4, as well as in trials 6 and & are all similarly low, ranging from
90 to 180 mg/L.

The fluctuating levels of the error values in the calibra-
tion models can be due to a variety of reasons. Alterations of
variables such as temperature or the physical characteristics
of the samples could influence and alter prediction accuracy
[49]. The different temperatures of the two digesters might in-
fluence the prediction accuracy and errors. However, it is no-
ticeable that the errors are higher after the addition of acetate
to both digesters, than after the adding propicnic acid to the
digesters. The reason for this may lie in a different degrada-
tion of the varving acids and possibly unknown substrate in-
teractions. The measurement range for the calibration models
of acetic acid exceeded concentration levels of 10 000 mg/L,
compared with the data range for the propionic acid model,
which almost reached 5000 mg/L with an associated HAceq.
of nearly 7000 mg/L. The mesophilic-operated digester was
less loaded by lower propionic acid additions as the other di-
gester,

The prediction error based on the range of data { RER) was
between 9.3 and 17.81 in the thermophilic digester. Whereas
the RER for the mesophilic-operated digester was slightly higher
ranging from 14.0 to 18.49. The difference between the lower
RER in trials 1 and 3 and the higher RER in trials 5 and
7 is remarkable. The different substrates of the two digesters
or a better degradation of acetic acid in a mesophilic tem-
perature range may be reasons for this difference. The RER
for all calibration models certainly represented a satisfying re-
sult.

The RPD values of the calibration models were representa-
tively good at 3.08-5.45 in the thermophilic-operated digester,
and at 4.90-5.76 in the mesophilic-operated digester. The C- and
G-values, referred to in Tables 3 and 4, were similarly selected in
calibration models for both digesters.

The trial results prove that very good calibration models for
acetic acid, propionic acid, and HAceq. can be developed for
both temperature ranges. This is substantiated by the equally
good coefficient of determination for both digesters.

The coefhicient of determination of the validation is a little
lower in total, but nevertheless very satisfactory. The very high
statistical errors (RMSEP and RMSEC) only occur for the cal-
ibrations for acetic acid in the thermophilic-operated digester.
‘Whereby, in this case, unknown samples are possibly more dif-
ficult to assess. Furthermore, the low RER and RPD values for
these models indicate that they are only applicable for a rough
sCreening.

4 Concluding remarks

The results show that the acid concentrations in a digester can be
recorded online; however, artificial increases of the acidity have
to be taken into consideration for the calibration of NIRS,
‘Whether the developed model, which is based on an artificial
increase in acidity, can be associated with a model based on a
natural increase in acidity requires some additional clarification.
In additional experiments, we increased the acidity in both di-
gesters by raising the organic loading rate. So far, there are no
available calibration model plurality from these trials compara-
ble with the models of the artificial increasing of acidity. The Loo
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validation was so far the only alternative to prove the validity of
the calibration models. The next steps are to create test sets for a
more reliable validation.

It is intended to develop calibration models in the range of 0
to approximately 4000 mg/L acid concentration, as it occurs in
full-scaled biogas plants, so thatthe omitted reference data under
500 mg/L can be evaluated. Keeping values up to 10 500 mg/L
acid in the calibration data set of our trials may possibly have
prevented the development of a good calibration model. It is
considered as absolutely necessary to include further parameters
such as the consistency of the fermentation substrate into the cal-
ibration. A correct estimation of the acid content in the digesters
of several biogas plants with a single calibration model has yet to
be developed. Consequently, experiments with natural increases
of the acids in the digester substrate are inevitable. With reliable
calibration models process fluctuations could possibly be iden-
tified at once, resulting in rapid adjustments of instabilities in
the digester biology through precise actions.

Practical Application

Estimations of process stability in biogas plants are
mostly predicted intuitively via the daily amount of gas
produced, which includes the methane yield. Digester-
produced acids, which do not occur at higher concentra-
tions in a stable process, could give a more precise pic-
ture. Currently, the presence of such acids can only be
determined through time-consuming laboratory analyses.
An online measurement systern based on near-infrared re-
flection spectroscopy (NIRS) could give the concentration
at any time of the biclogical process within the biogas di-
gester. Using such an early warning system gives insights
into the process stability and can be used for reliable op-
timization of biogas production to increase the methane
yield.
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founded within the frammework of the project Future Offensive IV,
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In der zweiten Publikation wurden prinzipiell &hnliche Versuche
durchgefuhrt, wie bereits in der ersten Publikation dargelegt ist. Vor-
nehmlich besteht der Unterschied darin, dass die Vielfalt der S&ure-
muster, die zur Kalibration des Spektrometers bendétigt werden, einer
naturlichen Saureakkumulation entstammte. Durch mehrmalige Zu-
gabe von Weizenschrot, einem aufgrund seiner stofflichen Zusam-
mensetzung in der Regel schnell fermentierbaren Futter, zu den
Technikums-Fermentern, kam es zum gewlnschten Anstieg der
Konzentration an flichtigen Fettsduren. Essigsaure und Propionsau-
re reicherten sich durch eine gezielte und intensive Ftterung der
Fermenter mit Weizenschrot bis zu einer von der Pufferkapazitat des
Garsubstrates und den am anaeroben Abbauprozess beteiligten Mik-
roorganismen gerade noch tolerierbaren Konzentration an. Durch
diese breite Spanne an S&aurekonzentrationen konnten &hnlich ro-
buste, aber fir den Einsatz des Systems in der Praxis belastbarere
Kalibrationsmodelle mit ,Support Vector Machine Regression® ent-
wickelt werden, wie bereits in der ersten Publikation unter Verwen-

dung von reinen Fettsauren beschrieben ist.

41



NIRS as measuring method to determine the process stability of anaerobic digestion

Abstract

This study investigates the process stability of the anaerobic digestion process
with near-infrared-reflection spectroscopy (NIRS). The main objective of the re-
search project was the implementation of online monitoring in biogas plants, in
order to determine the process relevant parameters. These involve acetic acid,
propionic acid, acetic acid equivalent (HAceq), as well as the ratio of volatile organ-
ic acid and the buffer capacity (VOA/TAC).

Two 400 litre experimental digesters (in mesophilic and thermophilic operation
mode) were used to naturally increase the concentrations of organic acids by add-
ing shredded wheat to the digestate. During the experiment, NIR spectra were
recorded and calibration models for the mentioned parameters could be obtained
by using support vector regression (SVR). The accuracy of the generated calibra-
tion models showed RPD values ranging from 2.74 to 5.66 in both digesters, while
proving to be mostly above three. Combined with relatively low prediction errors,
this indicates sufficiently reliable calibration models.

The achieved statistical parameters which were used to evaluate the quality of the
different NIRS-calibration models in both digesters indicate that NIRS is a feasible
method to predict the process-relevant parameters in the digestate.

Unfortunately, the mutual exchange of the developed calibration models (between
thermophilic and mesophilic operational mode) of the digesters did not provide
satisfactory results. Different operating temperatures require new calibrations.

Keywords: NIRS, Near-infrared-reflection spectroscopy, biogas, anaerobic diges-

tion, volatile fatty acids, support vector regression (SVR), computer aided process

control
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1 Introduction

The federal government of Germany aims to increase the production of renewable
energy to reduce the consumption of fossile energy with their negative effect on
global warming. Furthermore the German Government has decided to relinquish
on the use of nuclear power. By 2020, 35 % of the energy supply and 14 % of heat
supply are meant to originate from renewable energies (FNR, 2012). In 2011,
3.03 % of the entire produced electricity was generated in biogas plants. The per-
centage of renewable energy to heat supply accumulated to 11.9 % in 2011. Ac-
cording to the German Agency for Renewable Resources (FNR), a plant density of
7215 biogas plants in Germany could be recorded, with an increase of up to 7521
in 2012. Due to this expansion it is essential to comply with the requirements for a
sustainable production of electricity, hereby using the best possible substrates.

An efficiency analysis and a balancing of the process are inevitable for the future.
This would be possible by an assessment of measurable parameters. There are
high potentials for a process improvement via both an exhaustive substrate utiliza-
tion and an optimal utilization of the biogas crops.

The currently applied common measurement techniques for monitoring the anaer-
obic digestion process are unsatisfactory because they are mostly retained at a
minimum level. In most cases the process is operated intuitively by using parame-
ters like the methane content of the biogas or the pH value. However, such an op-
eration mode does not permit a fast and targeted process intervention, due to im-
proper process parameters. An evaluation of the state of the process via accurate-
ly selected parameters is mandatory to avoid any unnecessary loss of profits.

By using wet chemical analysis, the determination of the volatile fatty acids and
the buffer capacity can provide important information about the current state of the
fermentation process. However, this practice is extremely time-consuming, while in
the case of critical process disturbances there may not be enough time for an ad-
equate intervention. Therefore, online methods are required to determine the rele-
vant process parameters.

Online measurement techniques for these parameters are not yet state of the art.
Thus, the establishment of suitable detection systems like the near-infrared-
reflection spectroscopy (NIRS) can contribute significantly to a stable process

management, while critical imbalances are detected immediately.
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The online monitoring of process relevant parameters in the digester, such as vol-
atile fatty acids and the ratio of volatile organic acid (VOA) and buffer capacity

(TAC), is the main objective of this research project.

2 Methods

2.1 Experimental setup

The experiment was carried out in two 400 litre semi continuously running experi-
mental laboratory-scale biogas digesters at the biogas laboratory of the University
of Hohenheim. The digesters were set up lying horizontally and were operated at a
mesophilic temperature range of 41 °C in the one case and at a thermophilic tem-
perature range of 52 °C in the other.

The heating system consists of a water-filled heating jacket, regulated by a recir-
culation thermostat, which ensures the required operation temperature within the
digester.

A thermal insulation around the digester avoids heat losses and provides constant
temperatures. A homogenous mixture of the digestate is generated by a horizon-
tal, motor-driven paddle stirrer. In addition, pipeline systems with an integral pump
were attached to each digester (one eccentric screw pump from Wangen and a
NEMO - type NM053 BY - NETZSCH Mohnopumpen from Waldkraiburg). Each
device pumped the entire digestate every two hours. A near-infrared sensor, de-
signed by TENIRS Ltd. (Transflexive Embedded Near Infra Red Spectrometer;
Kiel), was placed in the upwardly flowing direction in an arch above the pipeline
system and the pump (see Stockl, 2012 for more details). Ahead of experimental
phase the feeding of both digesters was conducted once every day by a hopper,
using maize silage, manure and water. During the experiment the daily feeding
was suspended, since according to the experimental design another substrate
(shredded wheat) was used. At the opposite end of the feeding hopper, the de-
graded digestate was emitted through a submersible overflow, hereby maintaining
a constant fermentation volume of 400 litres. The samples for the analysis of the
process parameters (each containing 100 ml) were drawn through a sampling tap
in close distance to the hopper.
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The samples were analysed directly after the sampling or after a freezing storage
at -21 °C, using gas chromatography for all volatile fatty acids. These include ace-
tic, propionic, n-valeric, iso-valeric, n-butyric, iso-butyric and caproic acids.

The frozen samples were thawed in a refrigerator at 4 °C over night. From the
drawn samples the value of the ratio of VFA to buffer capacity (TAC) was obtained
by a titrator, supplied by the German Metrohm GmbH & Co. KG (two repetitions;
for more details see Stockl, 2012 and Rieger and Weiland, 2006). The produced
amounts of biogas were stored in gas bags, while consisting mainly of methane
(CH4) and carbon dioxide (CO32), but also traces of hydrogen sulphide (H2S). An
automatic gas-collecting system examined the gas composition at given time in-
tervals. The quality and quantity data of the produced biogas was saved on a sep-

arate computer, linked to the system.

2.2 Measurements with NIRS

The main advantage of the applied near-infrared measurement system is the pos-
sibility of measurements being performed on undestroyed raw material, without
any pre-treatment of the samples. The online availability of the measured data and
the general applicability of the system represent further advantages. A diode array
spectrometer with 256 photo diode elements is based on the NIR measurement
system. The light of a wolfram halogen lamp shines onto the digestate through a
10 mm sapphire-glass window in front of the sensor head. The reflected light is
then directed into the spectrometer by an optical fibre, where it is evaluated and
the data saved in an external Linux-based database. The measuring range of the
diode array extends from 960 nm to 1700 nm. The NIR sensor is located in a by-
pass pipeline system with an integrated pump. During the substrate sampling,
spectra are recorded simultaneously and saved in the database. A time-stamp
assigns the taken samples accurately to the recorded spectra.

The sensor head is equipped with an integrated automatic dark (0 % reflection)
and white alignment (100 % reflection) in order to recognize losses in the intensity
of the light bulb. Each reflection adjustment was carried out every hour and saved
in the database as a reference. NIR-calibration models have been developed for
various parameters with multivariate data analysis (Kessler, 2007) and support

vector machine regression (Gunn, 1998; Christianini, 2000).
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2.3 Experimental operation
A natural increase of the VFAs in the digestate was achieved by adding shredded

wheat to both digesters.

The organic loading rate rose during an experimental period of twelve days by
feeding shredded wheat to the digesters three times (figures 1 and 2). Wheat (10
kg each time) was added to the thermophilic digester on the first, the third and the
eighth day of the experiment. The mesophilic digester was fed with 10, 5, and 2.5
kg of shredded wheat on the same days, respectively. Before the start of the ex-
periment, both digesters were operated at an organic loading rate of 3 kg oDM/m?3
digester volume and day and at a hydraulic retention time of 35 days. During this
time, acid concentrations were not detected in the thermophilic operated digester,
whereas the initial acetic acid concentration in the mesophilic digester was nearly
3 g*Lt. A value of 0.5 g*L-'could be detected for propionic acid, while the acetic
acid equivalent showed a high value of 4 g*L™ (fig.2).

The digesters were fed with shredded wheat instead of maize silage because of
the higher starch content and so far a quicker digestibility and faster increase of
the acid concentrations had been expected. However, the acid increase took place
almost too fast and appeared to be just as fast as the metabolism of the acid.
Through this extremely rapid degradation of the added substrate not enough sam-
ples could be taken in the thermophilic operated digester for calibration develop-
ment. This was confirmed in chemical analyses which showed that low acid con-
centrations were detectable in the digestate after only two days, respectively five
days. As a result shredded wheat was added a third time, thereby a wide concen-
tration range of acids was achieved. With the obtained data of this experiment,
NIR-calibration models were developed for acetic acid, propionic acid, acetic acid
equivalent (HAceq) and the ratio of volatile organic acid and buffer capacity
(VOA/TAC). From a total amount of 160 samples drawn from of the thermophilic
digester and 115 samples from the mesophilic digester, several calibration models

could be performed.
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2.4 Statistical parameters for assessing model suitability
The quality of a NIRS-calibration model is expressed by the following statistical

parameters, saved in the applied software (with equations 1 to 4).

With low values the root mean square error of cross validation (RMSECYV) indi-
cates a high quality of a NIR-calibration model (equation 1). In all cases a leave
one out full cross validation was applied. Outliers could have occurred through

errors in sampling, spectra recording, or analysis.

D" (Value Loo — Value rer)?

Ntotal — Noutlier

RMSECV :\/ equation 1

Loo = leave one out; Ref = referenced; n = number of samples

The root mean square error of calibration (RMSEC) describes the standard devia-
tion of the reference values for the calibration samples of all NIRS analysis values

(equation 2).

D" (Value pred — Value rer)?

Ntotal — Noutlier

RMSEC =\/ equation 2

Pred = predicted; Ref = referenced; n = number of samples

An additional criterion for assessing a model is the RER (equation 3), which de-
scribes the prediction error based on the data range. It is susceptible to outliers
(Stockl, 2012). The RER should be as large as possible: a value above 10 repre-
sents a dimension for a suitable calibration (Williams and Sobering, 1993).

RER = Value refmax— Value refmin equation 3
RMSEP

Refmax = referenced maximum value; Refmin = referenced minimum value

Williams and Sobering (1993) stated that an RPD value (equation 4) above 3 indi-
cates a good NIR-calibration and can be used for a rough screening of particular

samples.
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_ std(Value rer)
RMSEP

RPD equation 4

std = standard deviation; Ref = referenced

The developed calibration models in this experiment used the Gaussian radial ba-
sis function (RBF) as kernel function (Christianini, 2000; Schoélkopf, 2002; Ustiin,
2006; Ustlin, 2007).

The best three hyperparameters €, C and G must be chosen and need to be opti-
mized for the SVR. C and G are still determined by trial and error, while in the sys-
tem only the value of the kernel parameter ¢ is fixed at 0.1 (by the software). € de-
termines the radius characteristic of the € tube around the regression function,
which is created by the support vectors.

The number of support vectors is defined by €: a too high € value leads to fewer
support vectors (Ustiin, 2003). The regression function becomes less complex
because more data points fit in the € tube, resulting in high prediction errors and
worse applicable regression models.

The C-value is described by Zhao (2006) as a penalty parameter. It can be directly
related to a regularisation parameter (Gunn, 1998). A high C-value increases the
training time for the data, while simultaneously reducing the prediction precision.
This is due to a stricter weighting of the influence caused by training errors.

The robustness of the regression model depends on a best choice of the C and G
value. The G-value is a compensation parameter and relates to the adjustment to

the regression function.

There exist no standard values for both the C and G value. Choosing the best
combination of these two parameters in the graphical user interface, similar to two
slide control, by trial and error comprises the risk of great errors. Witten (2005)
describes software programs that calculate the best combination of these parame-
ters - however, no automatic procedure has been implemented in the applied

software so far.
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3 Results and Discussion

3.1 Results of laboratory analysis

The recorded spectra of the spectrometer and the associated reference data of the
chemical analysis are required to calibrate the near-infrared measurement system.
The quality of the calibration model depends directly on a careful analysis of the
substrate samples in the laboratory. A good calibration model should hereby be
based on 60 to 120 representative samples which cover the intended concentra-
tion range (Buning-Pfaue, 1998). The testing period of twelve days included the
adding of shredded wheat to both digesters at three points. The sampling was at
first carried out every three hours, while no sampling was conducted at night. After
the second and third adding of shredded wheat, samples were taken every 15
minutes from the thermophilic digester (at daytime).

However, the sampling from the mesophilic digester in this tight interval of 15
minutes was only performed after the third adding of shredded wheat. Figures 1
and 2 shows the results of the laboratory analysis of both digesters, where 166
samples were taken from the thermophilic digester and 115 samples from the
mesophilic digester.

The imbalance between the number of samples from both digesters may be at-
tributed to the steadily unstable phase of the mesophilic digester at the beginning
of the experiment. In the thermophilic digester the acetic acid concentration
reached a maximum of 8 g*L! in the digestate, whereas the propionic acid con-
centration did not exceed a value of 2.7 g*L1. The high values of the acetic acid
equivalent with its maximum of approximately 13 g*L* (representing the sum of all
acids, expressed in a proportional ratio to acetic acid), also include high concen-
trations of butyric acid and some valeric acid. For these parameters no calibration
models were developed, whereby the curves are missing in Fig. 1 and 2, but
should be considered.
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Abb. 11: Figure 1: Variation of acid concentrations (reference values) in the biogas

digester after adding shredded wheat (thermophilic mode)

Because the initial acid concentrations in the mesophilic digester were high at the
beginning of the experiment (Fig. 2), the second and third adding of shredded
wheat was cut down drastically. Nevertheless, the fermentation process was clear-
ly disrupted and it usually takes almost a week to regain the bacterial balance. The
sum of acetic acid and propionic acid differs from the value of acetic acid equiva-
lent, due to a significantly higher value of butyric acid and also small amounts of
valeric acid. These high values indicated strong process instabilities and therefore
endangered the entire fermentation process. After four days of the experiment, a
maximum concentration of 13.5 g*L! acetic acid equivalent showed that the butyr-
ic acid concentration with approximately 5 g*L* was definitely too high. Despite
this, the bacteria were able to metabolize the major part of the acids and relatively
low acid concentration values could be observed on the seventh day of the exper-
iment. The last adding of shredded wheat strained the fermentation process to the
extent that the resulting intermediate products in the anaerobic reaction chain
could not be metabolized completely. The level of the acetic acid concentration
decreased to a value below 10 g*L1, whereas the value of the propionic acid con-
centration rose drastically up to approximately 3.7 g*L*.
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The ratio of acetic acid to propionic acid is of high significance in this context be-
cause it is ideally meant to be lower than 2:1 (Lemmer, 2011). The significant dis-
crepancy of the ratio of acetic acid to propionic acid or even a reverse of the rela-
tion makes it clear that the fermentation process is in imbalance and probably irre-
versibly disrupted.

However, the obtained chemical analysis data, combined with the simultaneously
recorded spectra, is more than sufficient to develop reliable calibration models for

the mentioned process parameters.
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Abb. 12: Figure 2: Variation of acid concentrations (reference values) in the biogas
digester after adding shredded wheat (mesophilic mode)

3.2 Results of the calibration development
Table 1 provides an overview over the quality of the NIR-calibration models for the
thermophilic digester (in common parameters). Table 2 shows the data for the

mesophilic digester, respectively.

51



NIRS as measuring method to determine the process stability of anaerobic digestion

Tab. 6: Table 1: Statistical parameters to evaluate the quality of the different
NIRS-calibration models in the thermophilic digester

'n | 2RMSECV | *3RMSEC ‘Range °RER | °RPD C 8G
HACeq. 166 0.98 0.53 0.75-13.10 | 12.12 | 3.75 | 39.2 | 0.0055
CAc 166 0.62 0.32 0.41-7.61 11.56 | 3.45 | 39.2 | 0.0055
Cpro 166 0.21 0.12 0.02-2.67 12.67 | 2.97 | 39.2 | 0.0055
VOA/TAC | 166 0.18 0.10 0.26-2.23 10.98 | 3.37 | 39.2 | 0.0055

In=number of samples, RMSECV [g*L*]=root mean square error of cross validation,

SRMSEC [g*L']=root mean square error of calibration, “Range [g*L*]=data spread,

®RER-=ratio of data spread and standard error of prediction, SRPD=ratio of standard devia-

tion and standard error of prediction, ‘C=penalty factor, 8G=balancing factor

Tab. 7: Table 2: Statistical parameters to evaluate the quality of the different
NIRS-calibration models in the mesophilic digester

In | RMSECV | *RMSEC “Range *RER | *RPD C 8G
HACeq. 115 0.64 0.50 3.83-13.44 | 14.90 | 3.44 | 39.2 | 0.0055
Cac 115 0.43 0.36 1.65-6.57 | 11.40 | 2.74 | 39.2 | 0.0055
Coro 115 0.17 0.13 0.79-2.87 | 16.60 | 2.96 | 39.2 | 0.0055
VOA/TAC | 115 0.13 0.10 0.48-3.41 | 23.30 | 5.66 | 39.2 | 0.0055

'n=number of samples, 2RMSECV [g*L!]=root mean square error of cross validation,

SRMSEC [g*L']=root mean square error of calibration, “Range [g*L?!]=data spread,

SRER=ratio of data spread and standard error of prediction, SRPD=ratio of standard devia-

tion and standard error of prediction, “C=penalty factor, 8G=balancing factor

All calibration models presented here were created without any spectral pre-

processing. While developing the model almost 9 % of the samples were removed

from the data set and treated as outliers, since they obviously did not belong to the

data set - according to a visual verification of the spectra.
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The concentration data range of the acetic acid equivalent in the thermophilic di-
gester (table 1) reached from 0.75 g*L? to 13.10 g*L™?, while an equal maximum
concentration of 13.44 g*L* could be observed in the mesophilic mode (table 2).
The height of the maximum concentrations is also due to concentrations of butyric
acid and low amounts of valeric acid. Compared to the minimum value of 0.75 g*L-
! of acetic acid equivalent in the thermophilic digestate (at the beginning of the ex-
periment) the minimum concentration of acetic acid equivalent in the mesophilic
digestate is already at a remarkably high level of 3.83 g*L1. As mentioned before,
this concentration value is due to an imbalance in the biological fermentation pro-
cess at the beginning of the experiment - with high acetic acid concentration of
1.65 g*L! and a maximum at 6.57 g*L™? in this digester. In the other digester
(thermophilic mode) the maximum concentration value for acetic acid is 7.61 g*L*,
while the values for propionic acid and the ratio of volatile fatty acid to buffer ca-
pacity are comparably high with 2.67 g*L-* and 2.23 g*L in the same digestate.
Almost the same values for these parameters could be observed in the mesophilic
digester. The attained concentration ranges of all parameters, extend far beyond
the critical limiting values for volatile fatty acids, are urgently required for robust
calibration models.

The full cross-validation is especially suitable for reflecting possible prediction er-
rors and is represented by the RMSECV.

The average error of applying the generated models to the left-out spectra gives
an almost unbiased estimate of the true error of the classification model (West-
Nielsen, 2005).

The prediction errors of cross validation in the thermophilic mode for acetic acid
equivalent and acetic acid (with values of 980 mg*L* and 620 mg*L') were dis-
tinctly higher compared to the errors of propionic acid and the ratio of volatile fatty
acid to buffer capacity (amounting to 210 mg*L* and 180 mg*L™1). The values for
RMSECYV in the mesophilic digester all prove to be almost 30 % lower than in the
other digester and may indicate a better calibration model.
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The calibration errors (RMSEC) of the models developed for the thermophilic di-
gester are all approximately 50 percent lower than the prediction error of cross
validation. Therefore, in this ratio they indicate a good quality of NIRS calibration
models to predict unknown samples. The ratio of the two errors (RMSECV and
RMSEC) in the other digester is of significantly inferior quality, suggesting a con-
siderably weaker prediction model. In this case, unknown samples are possibly

more difficult to assess.

The prediction error based on the range of data (RER) was between 10.98 and
12.67 in the thermophilic digester. However, the RER values for the mesophilic
digester were significantly higher - ranging from 11.40 to 23.30. The RER for all

calibration models indicated reliable results.

The RPD values of the calibration models prove to be high class at 2.97 to 3.75 in

the thermophilic digester, and 2.74 to 5.66 in the mesophilic digester.

The C- and G- values were set at the same values in all calibration models for
both digesters.

3.3 Comparison of different calibration models for validation

In a former experiment the acid concentrations in both digesters were artificially
increased by adding sodium acetate and sodium propionate (detailed in Stockl,
2012). The resulting calibration models derived from this experiment were equally
good as in the experiment described above. It was intended to validate the sam-
ples from the “shredded wheat experiment” with the calibration models developed
in the “acetate/ propionate experiment” and vice versa. Although the calibration
models were really good, only one single, constant value could be determined
over the whole experimental period, e.g. by validation of the “shredded wheat ex-
periment” with the calibration models of the “acetate/ propionate experiment”. That
result appeared in all possible variations. This probably indicates that the calibra-
tion models in the shown experiments are not exchangeable in any way. All cali-
bration models are reliable in internal full cross leave one out validations. How-
ever, this experiment proves the necessity to develop new calibration models for

different digestates.
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Conclusion

The results of this work demonstrate that reliable calibration models for acetic ac-
id, propionic acid, acetic acid equivalent and the ratio of volatile organic acid and
buffer capacity could be developed for both temperature ranges. However, the
RER and RPD values for the models indicate that they are only applicable for a
rough screening. The mutual exchange of the calibration models for validation in
both digesters proved to be unsuccessful. This may certainly be explained by the
different operating temperatures of the digesters. Another possible reason could
be the fact that both sensors used in the experiment are equipped with different
automatic internal references.

This problem could be avoided with an additional adjustment as a single reference
for both measurement heads and saved in the databank. Nevertheless, the differ-
ent temperatures may have a strong influence on succeeding in a mutual ex-
change of calibration models for validation. High accuracy and precision is difficult
to achieve, as ambient influences, such as temperature, have a negative effect on
spectral information.

Global models for different substrates should be developed, including varying
temperatures and broader calibration parameters. Further experiments were car-
ried out to derive a tendency of the process parameters indicating process stabil-
ity, by using established NIRS calibrations (Stockl, 2013).
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Nach einer kunstlichen Anreicherung der fluchtigen Fettsduren im
Biogassubstrat der Labor-Biogasfermenter (erste Publikation) wur-
den im nachsten Schritt diese fermentativen Abbauprodukte der hyd-
rolysierenden, acidogenen und acetogenen Bakterien tber eine Er-
hoéhung der organischen Raumbelastung (zweite Publikation) er-
zielt. Zur Abrundung der Arbeit wurden die Kalibrationsmodelle der
zweiten Arbeit genutzt, um den biologischen Prozess in den Labor-
Biogasfermentern zu regeln und zu steuern. Zugrunde gelegt wurde
dabei die Entwicklung einer neuen und vor allem einfachen Rege-
lungsstrategie fur NawaRo-Biogasanlagen basierend auf den ge-
wonnenen Daten der NIRS-Messungen. Grundvoraussetzung war
hierbei die Sicherung eines stabilen Anlagenbetriebes. Mit einer ein-
fachen sowie effizienten Regelung mit welcher besser im Betriebsop-
timum gefahren werden kann, liel3 sich zuséatzlich zur Stabilitat die
Biogasproduktion maximieren und die Effizienz der Anlagen steigern.
Im Rahmen des Projektes wurden zuerst verschiedene Regelungs-
strategien entwickelt, deren Funktionsfahigkeit an den Labor-
Biogasfermentern evaluiert und optimiert werden konnten. Ziel war
es, damit insgesamt ein einfaches, kostengunstiges Mess- und Re-
gelsystem zum Einsatz auf landwirtschaftlichen Biogasanlagen zur

Verfligung zu stellen.
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Near-infrared-reflection spectroscopy as measuring method
to determine the state of the process for automatic control

of anaerobic digestion
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Abstract: A recently developed control strategy for the anaerobic digestion process requires secure knowledge about the state
of the process. The near infrared reflection spectroscopy (NIRS). provides the possibility to determine process parameters of
the anaerobic digestion process online and directly at the digester. To investigate if the NIRS measurements can successfully
be used for the characterization of the state of the process within the control strategy the control was operated on two
experimental digesters. The NIR spectra were recorded during the experiments. The values of the process parameters
(mainly concentrations of organic acids) obtained by NIRS differ from the values of the chemical analyses during the
experiment. Nevertheless the state of the process is categorized equally on the basis of both measurement methods.
consequently be stated that NIRS is expected to meet the requirements of the control strategy.

It can
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fuel resources and reducing CO»> emissions. Through a

minimum price regulation for electricity supply networks

1 Introduction

The support for the expansion of renewable energies
in Germany 1s regulated by the Renewable Energy Source
Act™ which has the target of protecting limited fossil
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paying for electricity produced by renewable energy. it
increased the imcentive for investment in new plants.
Before the mtroduction of the legislation in March 2 000
there were less than 1 000 biogas plants connected to the
Until  the

amendment of the legislation in 2004 the number of new

electricity network in Germany. first
biogas plants starting operation had doubled. The first
amendment especially encouraged the use of energy
crops which augmented the interest in biogas production
and led to further increases in the building of biogas
B4 With the second amendment in 2009 the
number of biogas plants throughout Germany had already
reached 4 670°. According to the German Agency for

plants
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Renewable Resources (FINR) further 1 100 new plants
were connected to the electneity supply network m 2010
while this number 1s expected to continue to increasel).
This boom of new biogas plants in the last 10 vears 1s
notably accompanied by questions about the optimal
utilization of the regenerative substrates applied, as well
as topics like the reliability and the efficacy of the plants
become more important.  Key aspects 1n this context are
the precise momitoring and control of the anaerobic
digestion process. Breakdowns m electricity production
through process failures are both tume and cost mtensive.
As a result a continuous monitoring of the biological
process within the digester 1s required so that preventative
action can be taken when necessary.

In particular online measurements of intermediate
products 1 the anaerobic reaction chain can directly
provide mmportant information about the conditions of the
process so that these parameters can consequently serve
as early wamning mdicators. Besides betier monitoring
of the process these mmnovative measurement methods
like the near infrared reflection spectroscopy (INIRS)
additionally allow the development of automatic process
control strategies which are based on the online
availability of an icreasing number of process
parameters. Even though control strategies for the
anaerobic digestion process on biogas plants are a tool to
enable a more targeted and simplified utilization of the
process while mamntaming its stability no automatic
process control has yet established as state of the art on
biogas plants.

This article therefore aims to demonstrate that NIRS
as innovative online-measuring method can be used for
the monitoring of the state of the process. allowing to

guide the process securely to a defined operation state by

a recently developed automatic control strategy
(presented in detail in the report[ﬁlj_
2 Methodology

The mnear mnfrared reflection spectroscopy 1s

investigated as an appropriate method to monitor the
The NIRS measuring
system has to be calibrated on the specific parameters that

process stability in digesters.

indicate the process conditions. NIR spectra deternmned
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over reflected light that 1s irradiated on a substrate sample
correlate directly to the concentrations of the specific
parameters in the substrate sample.

A NIRS-calibration can be performed on all volatile
fatty acids (VFA) like acetic acid, propionic acid,
n-valeric acid, iso-valeric acid, n-butyric acid, iso-butyric
acid and caproic acid, the sum of all mentioned VFA or
the sum parameters of the volatile orgamic acids (VOA)
and the buffer capacity (TAC) which were determined via
The developed NIRS-calibration model must

be validated with leave one out validation or a test-set

titration.

validation. After validation of the measurement system
the desired concentrations of specific parameters i an
unknown substrate sample can be determined online
without chemical analysis of substrate samples.

Due to the development of online measurements
methods like the NIRS. it 1s expected that the named
process parameter can easily and econonucally be
collected online. Assunung this online availability as a
future state of the art, the mentioned parameters can be
incorporated in the design of control strategies for the
anaerobic digestion process. The Anaerobic Digestion
Model No.1 (ADM1) first published by Batstone et all
was used for the development., adjustment and first
evaluation of appropnate control strategies. Based on
the results in this wvirtual laboratory. pronusing control
strategies where then fransferred to laboratory-scale
digesters.

To investigate the capability of NIRS to meet the
of the developed

operational experiments were conducted on two digesters.

requirements control  strategy
During the expeniments chemical analyses were used for
the operation of the control strategy while NIR spectra
were recorded analogously. To especially include
conditions at the limit of process stability the operation of
one digester was intentionally set-up with higher risks.
The final comparison of both measuring methods
provides mformation about the applicability of NIRS for

this purpose.

3 DMaterials and methods

3.1 Experimental setup

The experiments were carried out on two experimental
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laboratory-scale biogas digesters of the biogas laboratory
of the University Hohenheim  The digesters were
operated at a thermophilic temperature of 52°C (digester
1} and at a mesophilic temperature of 41°C (digester 2).
The feeding nuxture consisted of 30 weight-% of cattle
manure and 70 weight-% of maize silage refernng on the
fresh. undried material. The contents of dry matter (DM)
and organic dry matter (ODM) were measured refernng
on the German industry standard DIN EN 12879 and DIN
EN 128801 The horizontal lying digesters comprise a
total velume of 452 L. Four hundred litres of thus
volume are the ligqumid working volume, while the rest of
the volume remains for the gaseous phase. The heating
of the digester by a surrounding external water circulation
system ensures the required and constant operation
temperature. Heat losses could be avoided through a
The feeding

The degraded digestate was

thermal insulation around the digester.
occurred through a hopper.
emmtted through a submersible overflow at the opposite
end of the feeding hopper. thus mamtaining a constant
fermentation volume of 400 L.

Both digesters

motor-driven paddle stirer. The gas volume detection

were stiured with a honzontal
at digester 1 was performed with a bellows-type gas flow
meter BK-G4 of the Elster GmbH (measurement range 40
— 6 000 L/h) with previous cooling of the biogas to 10°C.
The gas volume at digester 2 was mainly recorded by a
drum-type gas flow meter TG 1/5 of the Dr.-Ing. Ratter
Apparatebau GmbH (measurement range 2-120 L/h) after
water precipitation. Subsequent to the gas meters. the
amount of gas was stored in gas bags. The gas was
analysed m different time mtervals from an automatic
gas-collection system.  From these records the gas
composition could be derived. The gas amounts were
converted to the standard reference conditions according
to the German mdustry standard DIN 1343 with a
standard temperature of 273.15 °K and a standard
pressure of 101325 hPa"”  The gas composifion was
wmitially limted on CO; and methane (CH,) summing up
to 100%.

concentration (H;) was additionally included.

During the further expeniment the hydrogen
The

samples for the analysis of the process parameters were
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drawn through a sampling tap before the feeding. The
pH value was determined by a pH electrode SenTix 21 of
the WTW Wissenschaftlich Technischen Werkstitten
GmbH here. Either after a freezing storage at -21°C or
directly after the sampling the samples were analysed via
gas chromatography for all volatile fatty acids. including
acetic acid, propionic acid, n- valeric acid, iso-valeric
acid, n-butyric acid, iso-butyric acid and caproic acid.
The frozen samples were defrosted i a refrigerator at
4°C overmight. For each sample the NIR spectra were
recorded as well. From most of the samples the VFA. the
TAC and the ratio of the VFA to the TAC value were
determined wvia titration with the instrument “785 DMP
Titrino™ of the German Metrohm GmbH & Co. KG (for
more details please refer to the previous study[l 1'13])_
3.2 Experimental operation

In preparation for the actual control expeniments the
digesters were run without the control mechamsm to
obtain operational data and to conduct the digesters to a
Durnng this period the
model (NIRS) was calibrated and could consequently be

defined steady operational state.

used for the adjustment of the control strategy. After
this adjustment. the operational experiment of the control
strategy started.  During the control operation of
approximately one month the daily manual feeding was
realized as exact as possible at the same time of day.
The new daily amount of input was determined on the
basis of the daily value of the CH4 production.
3.3 Control strategy

As described by Loffler®. the developed control
strategy consists of two hierarchical levels. The concept
of different lierarchical levels 1s for example proposed
and recommended in Expert systems in bioprocess

] discrete  Proportional-Integral

controller (PI controller) uses the daily CHy production to

control A time
adjust the amount of a fix mixture of 1nput matenal to the
Derived
from reports by Lunze and Ogunnaike[lilﬂ, the daily

set-point of the CHy production (Figure 1)

calculation of the amount of mput (u(t)) 1s given 1n
Equations (1) —(3).
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Figure 1 Schematic set-up of the control strategy taken and adapted from the reference!®. reprinted with permission from
DIV Deutscher Industrieverlag GmbH

While Equation (1) accounts for both digesters.
Equation (2) represents the adjustment result of the
Pl-control for digester 1. Equation (3) respectively
shows the daily calculation of u(f) for digester 2.

£(f) = set-point(r) -CH, production(?) (1)

u(f) = 2*4.4/3*10°%* £()+12%4.4/3*10*A*T L, £(9)

()
u(f) = 2%6.9/3*10°%* &(+12%6.93*10°°*Ar*s'; (f) (3)

As explamned in the report[q. the PI control as the
inner loop working on a daily basis is guided and
controlled by a superordinated knowledge-based part of
the control system.  Due to the complexity and
nonlinearity of the anaerobic digestion process, the part
of control strategy 1s needed to guarantee a secure
operation of the mmner loop. Within this part the
identification of the state of the process constitutes the
basis for the guidance of the inner loop and for
subsequent reactions to states of the process which cannot
NIRS

measurements allow to online monitor process parameters

be classified as “securely stable” anymore.

indicating the state of the process.
This means the state of the process can also be
identified at least daily. For the identification of the

state of the process. a set of process parameters 1s used to
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categorize the state of the process as “securely stable™,
“acceptable”. “cmtical” or “alatmuing”. In case of an
“alarming” state of the process. a request for manual
revision by the operator is produced. The “adaptation
matrix” as the decision-taking part of the control strategy
15 responsible to finally guide the process to the
operator-defined target value of the CH; production.
According to the state of the process and the target value.
a decision about the adaptation of the set-point 1s taken
here 1n fix time intervals (seven days here).

For the operation of the above mentioned digesters
this part of the control strategy is executed every seven
days while the step size for the set-point adaptation was
adjusted to 50 Ly CHy/d for digester 2 and with less focus
on secure stability to 100 Lyy CHy/d for digester 1. The
target values were set to 700 Ly; CHy/d for digester 2 and
900 Ly; CHy/d for digester 1.
the

approximately 3.05 kg and 4.06 kg of organic dry matter

The organic loading rates
at beginning of the control operation were
per day and m® of liquid-filled digester volume for
digester 2 and digester 1. respectively, which means that
the feeding to digester 2 comprised 1.8 L cow manure
and 4.2 kg com silage: while digester 1 was fed with
24 L cow manure and 3.6 kg com silage (for further
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details please refer to the previous studylﬁ]). As the
secure identification of the state of the process and
therefore as well sufficient online instrumentation are
identified as key elements for successful automation of
biogas plants the following demonstrations focus on these
aspects. Hence, the background of the two main topics
here (process control and NIRS measurements) 1s firstly
commented more m detail  As proposed in the repcrt[éj,

the parameters included in the identification of the state

concentration of long-chan fatty acids, the ratio of the
VOA to the TAC. the concentration of free ammoma
mitrogen, the dry solid content 1 the digester and the ratio
of the control deviation &(t) to the set-point.

Table 1 gives the values of the process parameters for
the categorization of the state of the process which are
most relevant for the demeonstrations here. All values
refer to the above mentioned digesters operated with an

wnput muxture of 70 weight-% of com silage and 30

In case of different

operational conditions the values may have to be adapted.

of the process are the pH, concentrations of organic acids, weight-% of cow manure.

their changing and their correlation among each other, the

Table 1 Values of the process parameters for the categorization of the state of the process for the digester operated with

an input mixture of corn silage and cow manure (taken and adapted from the report [6])

Process parameter “securely stable™ “acceptable” “critical” “alarmmg”
VFA =1300 mg HAc/T 1300 -2 500 mg HAc /T 2500~4 300 mg HAc /L =4300mg HAc,,/T
AVFA < 200 mg HAce(L*Week) 200 -1 000 mg HAce/(L*Week)  1000-1 500 mg HAce/(L*Week) = 1 500 mg HAce/ (L ¥Week)
Cac =1 500 mgu/L 1500 -2 000 mg,/L 2000 -3 000 mg,/T =3 000 mg,/L
AC, =150 mg, /(L*Week) 150 — 400 mg,/(L*Week) 400 -1 000 mg,/(L*Week) =1 000 mg, (L*Week)
Core = 200 mgxL 200 — 400 mgg/L 400 -1 000 mgg/L =1 000 mgg./L
ACq = 100 mggo/(L*Week) 100 — 300 mggo/(L*Week) 300 - 500 mgg/(L*Week) = 500 mggo/(L*Week)
Ac./Prop. =15 25-20 20-15 =135
VOATAC =04 04-0.5 05-06 =0.6

Note: VFA: sum of the concentrations of acefic, propronic, butyric and valeric acid in equivalents of acetic acid (HAc,): AVFA: change of the concentration of VFA
within L week; Cuc: concentration of acetic acid; AC,:- change of the concentration of acetic acid within I week; Cg.- concentration of propionic acid; ACx: change of
the concentration of propicnic acid within I week: Ac./Prop.: Ratio of acetic to propionic acid (mg HAc,;/mg HAc,g); VOATAC: ratio of the sum parameters VOA to

TAC, which are both obtamed by titration (see above).

Each measured parameter can consequently be
assigned to a categorization of the state of the process.
The worst categorization obtained. finally characterizes
the overall state of the process.

3.4 Measurements with NIRS

The of the

wstrumentation i general are the online availability of

advantages NIR-measurement
the measured data and the general applicability of the
measuring system  The measurements were performed
on undestroyed raw material resulting in faster available
results. Thereby the results can be used immediately

after WIRS-calibration of the system without any
pre-treatment of the samples.

The NIR measurement system comprses of a diode
array spectrometer with 236 photo diode elements (for
more details refer to Stockl (2012)"'Y).  Through a
10 mm sapphire window in front of the sensor head the

light of a wolfram halogen lamp shines on the digester

substrate. The reflected light 1s directed via an optical
fiber mto the spectrometer where it 1s evaluated. The
data are stored m an external database. The measuring
range extends from 960 nm to 1 700 nm_

The sensor 1s located mn a by-pass pipeline system
with an integrated pump. The total digester substrate is
pumped twice per hour past the sensor. Simultaneously
while recording the spectra substrate samples were drawn
at a sampling tap located near the pipeline system. In
order to avoid losses of the intensity of the lamp the
sensor head was fitted with an integrated automatic dark
(0% reflection) and white alignment (100% reflection).
Each reflection adjustment was performed every hour and
stored as reference in the database. NIRS-calibration
models were developed on different parameters with

multivariate data anal}’si*;[”] and support vector machine
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Iegression -

In order to predict process parameters like the acid
concentration or the VOA/TAC from the recorded NIR
spectra a NIRS-calibration model is requured. The
NIRS-calibration model used here was developed based
on a previous experimental operation of both digesters,
which will briefly be described 1n the followmng. Durnng
this experimental operation shredded wheat was given to
both digesters (digester 1 and digester 2) to increase the
organic loading rate. In a period of twelve days both
digesters were three times fed with shredded wheat A
wheat addition of each time 10 kg was realised at digester
1 (thermophilic) on the first the third and the eighth day
of the experiment.
the same days but with 10. 5. and 2.5 kg of shredded
Before the wheat addition both

Digester 2 (mesophilic) was fed on

wheat. respectively.
digesters were operated at an organic loading rate of
3 kg oDM/digester volume and day. During this time
acid concentrations were hardly detectable.

The advantage of feeding the digesters with shredded

wheat mstead of maize silage 1s the faster increase of the

Table 2

acid concentrations. However, the acids are reduced just
as fast. Already after two days, respectively afier five
days. only low acid concentrations were detectable in the
digester subsirate by chemical analyses. With thus
experiment enough data could be obtamed to develop the
NIRS-calibration model.

With part of the data of this previous experiment
NIRS-calibration models were developed for several
process parameters. The different NIRS-calibration
models for VFA. the ratio VOA/TAC, acetic acid and
propionic acid were consequently performed with
independent data. For of the
NIRS-calibration models, some representative samples

To

the development

were selected from a total amount of 166 samples.
prevent overfitting the selection of the samples was first
done by a linutation of the concentration span and then by
representative for each
Table 2 shows the quality of the

NIRS-calibration models for digester 1 in common

choosmg a few samples

concentration level
parameters. Due to the selection of the samples outliers

are not listed mn Table 2.

Statistical parameters to evaluate the quality of the different NIRS-calibration models in the thermophilic operated

digester (digester 1)

In RMSECV 'RMSEC “Range RER ‘RPD o G
VFA 50 040 0.26 075549 1102 3 141 0.0025
Ca 80 033 023 058482 1201 3l 141 0.0025
Cpeo 121 011 0.06 035-184 166 449 303 0.0055
VOATAC 67 0.06 0.05 026096 1161 317 141 0.0025

Note: ‘n=munber of samples, RMSECV [gkgl=root mean square emror of prediction, "RMSEC [gkg]=root mean square error of calibration. *Fange [gkgl=data spread.
“RER=ratic of data spread and standard error of prediction. *RPD=ratio of standard deviation and standard error of prediction, 'C=penalty factor, ‘G=balancing factor.

The quality of a NIRS-calibration model 1s expressed
by the statistical parameters shown m Table 2. A low
RMSECV
NIRS-calibration model.
assessing a model 15 the RER. which describes the

value indicates a good quality of a

A further crterion for
prediction error based on the data range and 1s susceptible
M RER should be as large as possible; a
value over 10 represents a dimension for a swtable
calibration™”.

Williams and Sobering®™! published that the RPD
value over 3 is indicative of a good NIRS-calibration and
for the prediction of particular samples. Every

calibration model applied in this expennment used the

to outliers
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Gaussian radial basis function (RBF) as kemel
function™ 1 An important aspect, which should not
be neglected. is the right choice of the best three
hyperparameters £, C and G.  The value of £ is fixed at
0.1 in the system by the software and both other
parameters have to be found by tnal and error. The
C-value 1s described as a penalty parameter, and the
A higher
C-value increases the training time for the data and

- 4]
G-value, as a compensation 1Jz1.1'an.‘cte1:t:112 1

reduces the prediction precision because the influence of
The

G-value refers to the extent of the Gaussian function or

the training errors is more strongly weighted.

bell curve in data distribution. There are no standard
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Finding the best

combination of these parameters constitutes a complex

values for these two parameters.

task. especially because i1t comprises the risk of large
Today there are software programs that calculate
21 In the used

yet

errors.
the best combination of these parameters
this
implemented.

software automatic procedure was not

4 Results and discussion

The result of the experimental control operation on
digester 2 1s shown i Figure 2. As expected the CHy
production always approaches the actual set-point within
a range of fluctuation.

By the weekly adaptation of the set-point by the
control strategy the process is step by step guided to the

final target value of 700 Ly CHy/d. while the state of the
process remains ~securely stable” until the set-point
reaches the target value. The control operation on
digester 2 consequently represents a normal operation
course without incidents.

To prove the appropriateness of the set values of the
process categorization (Table 1) and to check the limits of
this the
categorization was ignored during the operation of
digester 1. Besides the higher loading rate already at the
beginning and the higher step size of Aset-point of 100 Ly

procedure. information of the process

CHy/d. this approach leads to increases of the organic
loading even though it 1s not recommendable according to
the state of the process. Analogically to Figure 2. the

result of the operation of digester 1 1s shown in Figure 3.

800 <424
700 {21
2
= 600 {18
=
= 500 115 o
T 400 A {12 £
3 f\ \ s 5
E ) d’A\ /Y ba\“d /‘\H;’-'\wﬁ-u E
5 300 /\, / - - 19
’g 5 I/‘\/l\b-ﬁ/ \ ',' - S A
= 200 - \ ——Set-point 46
= Methane production (measured)
100 === Amount of input mixture fed 12
0 1 L L L It i 0
0 5 10 15 25 30 35 40
Time/d
Figure2 Experimental operation of the control strategy on digester 2 (taken and adapted from the reference [6].
reprinted with permission from DIV Deutscher Industrieverlag GmbH)
900 ¢ 27
800 24
= 700 b 21
o
7 600 F 18
= 2
g 500 | 15 5%
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o
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w
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Figure 3 Experimental operation of the control strategy on digester 1 (taken and adapted from the reference [6].
reprinted with permission from DIV Deutscher Industrieverlag GmbH)
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As the actual set-point 1 the second week could not
be reached even until the day 11 the set-pomnt was
reduced on the day 12 to prevent process failure. As the
set-point was reached immediately after this mtervention
the set-point reduction was retracted on the following day.
The following calculations change in comparison to an
do mnot

significantly influence statements about the identification

operation without this intervention but
of the state of the process.

In contrary to digester 2. the state of the process
rapidly deteriorates from the matial category “acceptable™.
especially due to disregarding the demands of the state of
the process. This means ignoring the values given mn

Table 1 leads to mstability of the process. Deeper

analyses as m [6] suggest that closer himits within the
identification procedure of the state of the process are not
requured to prevent process failures in this case.

Table 3 shows the weekly characterization of the state
of the process and the resulting suggestions for the
adaptation of the set-point except for the day 28, where
no relevant changes to the previous check on the day 21
occurred. During the operation the chemical analyses
from the laboratory were used for the categonzation
procedure.  To investigate if and how the NIRS
measurements can be used for thus purpose as well, the
NIR spectra which were recorded duning the expenimental
operation were afterwards analysed as well, leading to

analogous results also presented m Table 3.

Table 3 Characterization of the state of the process for digester 1 based on chemical analyses from the laboratory and data
obtained by NIRS (adapted and extended from the reference [6])

day 7 day 14 day 21
process parameter
LD PS;p  NIRS  PSs 1D PSp NS  PSas 1D PSp NIRS  Phs
VFA 1389 acc. 1892 acc. 2395 crit. 2081 acc. 2664 crit. 2488 ace.
AVFA -17 stab. - - 1006 crit. 189 stab. 69 stab. 407 ace.
Cac 1211 stab. 1314 stab. 1662 acc. 1560 acc. 1688 acc. 1686 ace.
AC, 25 stab. - - 451 crit. 246 acc. 16 stab. 126 stab.
Como 391 acc. - - 048 crit. 1100 al. 1005 al 1000 al
AC, -152 stab. - - 357 al. - - 38 stab. -100 stab.
Ac./prop. 382 stab. - - 216 acc. 173 crit. 207 ace. 208 ace.
VOATAC 0403 acc. 044 acc. 0323 crit. 047 acc. 0.564 crit. 034 crit.
overall PS acceptable acceptable alarming alarming alarming alarming
suggested Aset-point =0 -1 arf s -100orf s
realized Aset-point +100 =0 =0

Note: LD): laboratory data, chemical analyses; PS: state of the process; stab.: “securely stable™; acc.: “acceptable™; crit.: “critical™; al : “alarming™ f. s.; further steps; grey:
“decisive PS for the charactenzation of the overall PS”; Aset-points: given m Ly CHs/d; Units of the parameters: As above i table 1.

The NIRS measurements were performed at the same
three selected time ponts (see Table 3. day 7, day 14 and
day 21) to verify the wet chemical analysis data. NIRS
values over a period of 20 min at twelve o’clock noon
were summarized to a mean value. To compare the
NIRS mean values with the chemical analysed values the
BMSECV (shown m Table 2. not equal for each
parameter) has to be mncluded.

The Linuts of the deviations of the estimated values to
the values of the chemical analyses given as percentages
change significantly when the BMSECV 15 mcluded in
the evaluation. The RMSECV is not further taken mto
consideration here, but should not be ignored. The

NIRS determination of the concentration of the VFA in
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comparison to the chemical analysis shows a discrepancy
of 7% up to 37% m the worst case, while 1t ranges from
0.1% to 26% for the determination of the concentration of
acetic acid. The determunation of the concentration of
propionic acid could not be achieved for the first date,
because of mussing data m the lower and the higher
concentration range.  However. the remammg two
values show a good correlation with the chemucal analysis
with a discrepancy of 0.5% to 16%. The difference
between the VOA/TAC values obtained with NIRS in
comparison and the chemically analysed values wvary

Even though

the differences given as percentages are high i some

between 4.3% and 29% in the worst case.

cases, the process categorzation across all process
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parameters results in the same categorization of the state

of the process for the three days considered i Table 3.
Consequently the operational experiment of the

control strategy would have resulted in the same results

with NIRS measurements.
S Conclusions

The operational control experiments showed that the
control strategy itself can be used to securely guide the
anaerobic digestion process to user-defined states of the
process (digester 2). The categorization of the state of
the process plays a key role within this control strategy to
NIRS allows
to directly determining the concentrations of organic
acids or the VOA/TAC online. Taking the whole

process categorization into account the obtained accuracy

monitor, supervise and guide the process.

(discrepancies of up to 37%) 1s regarded as sufficient for

the process categorization. Moreover the results can be
appropriate

This leads to the conclusion

mmproved  significantly  with
NIRS-calibration models.

that the NIRS measurements can replace the cost- and

more

time-intenstve  chemucal analyses and  provide

online-measurements for the presented control strategy.
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Abbreviations

ADMI1: Anaerobic Digestion Model No.1

DM: dry matter

NIRS: near-infrared-reflection spectroscopy

oDM: organic dry matter

PI controller: Proportional-Integral controller

RER: ratio of data spread and standard error of prediction
RMSEC: root mean square error of calibration
RMSECV: root mean square error of cross validation
RPD: ratio of standard deviation and standard error of
prediction

TAC: buffer capacity determined by titration

VFA: volatile fatty acids. parameter representing the sum
of the concentrations of single volatile fatty acids in
equivalents of acetic acid (HAceq)

VOA: sum parameter of the volatile organic acids

determined by titration
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Gesamtdiskussion

7 GESAMTDISKUSSION

Die Gesamtdiskussion umfasst die Ergebnisse der Zielsetzung der vorliegenden Arbeit
und greift Aspekte auf, die nicht in den drei Publikationen dargelegt wurden und disku-
tiert diese unter Einbeziehung weiterer Literaturstellen. Die Publikationen eins und
zwei beschaftigen sich mit der Kalibration des NIR-Spektrometers, wahrend Publikati-
on drei das Gesamtprojekt mit der anschliel3enden Validierung und einer ersten Rege-
lungsstrategie abrundet. Die einzelnen Publikationen sind unabhéngig voneinander
lesbar und beinhalten jeweils einen separaten Diskussionspart. Ziel der Gesamtdis-
kussion ist nicht die Rekapitulation der einzelnen Publikationen sondern die Darlegung
der Grenzen und Mdglichkeiten der Prozesstberwachung unter Bertcksichtigung der
erzielten Ergebnisse und die Herausarbeitung von kritischen Hintergrundbetrachtun-

gen.

7.1 Auswahl des Messsystems

Grundlage des Projekts war die Weiterentwicklung und Erprobung eines Messsystems
zur kontinuierlichen Uberwachung des fermentativen Prozesses in NawaRo-
Biogasanlagen, das im nahinfraroten Wellenlangenbereich Anwendung findet. Es gibt
eine Vielzahl an unterschiedlichen NIR-Spektrometern auf dem Markt, die sich kon-
zeptionell in der Anordnung der einzelnen Komponenten, im Aufbau und in der
Messanordnung unterscheiden, sich jedoch im Messprinzip gleichen. In der vorliegen-
den Arbeit wurde ein Diodenzeilen-Spektrometer verwendet, welches mit drei Senso-
ren ausgestattet wurde, so dass die jeweiligen Messdaten Uber Lichtwellenleiter in das
Spektrometer Ubertragen wurden. Die Verwendung von drei Sensoren an einem
Spektrometer erforderte eine zyklische Umschaltung der Lichtwellenleiter, so dass die
spektralen Daten jedes einzelnen Messkopfes in kurzen Zeitintervallen von 60 Sekun-
den nacheinander erfasst werden konnten. Der Einsatz von maximal bis zu vier Sen-
soren an dem genutzten Spektrometer wurde mittels eines Multiplexers sichergestellt.
Ein Multiplexer ist ein hochsensibles Bauteil auf Basis eines Piezoelements. Wahrend
der Durchfiihrung der Untersuchungen war die Funktionsfahigkeit des Multiplexers oft
eingeschrankt. Durch zahlreiche Anregungen und Verbesserungsvorschlage wahrend
seiner Erprobung an der Universitat Hohenheim konnte das Schaltsystem des Multi-

plexers seitens der Herstellerfirma Uberarbeitet und weiterentwickelt werden.
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Die Handhabung des Messsystems stellte sich einfach und pragnant dar, da die un-
terschiedlich langen Lichtwellenleiter ein gutes Mal3 an Flexibilitat gewahrleisteten, so
dass Messfehler ausgeschlossen werden konnten.

Der Sensor selbst ist gegenuber dem verwendeten sauregepragten Medium sehr ro-
bust. Durch den steten Substratfluss vor dem Messfenster konnten auch bleibende
Verschmutzungen am Saphirglas verhindert werden. Das Messsystem mit allen dar-
gestellten Komponenten hat sich als praxistauglich und sehr empfehlenswert erwie-

sen, insbesondere bei der zeitgleichen Erfassung mehrerer Stoffstréme.

7.2 Bestimmung der Sensorposition

Zu Beginn der experimentellen Phase war an jedem 400 Liter Fermenter jeweils ein
Sensor direkt in der Fermenterwand installiert. Der Substrataustausch vor dem Sensor
erfolgte Uber die Durchmischung des Substrates anhand eines Paddelrihrwerkes,
wobei das Ruhrpaddel direkt vor dem Sensor arbeitete und auf diese Weise fir einen
Stoffaustausch im Bereich des Sensors sorgte und somit eine gute Durchmischung
des Substrates gewahrleistete. Die Drehzahl des Ruhrwerks konnte variiert werden.
Eine hohe Drehzahl bewirkte eine Erh6hung des Substratwechsels vor dem Sensor,
wodurch eine Verbesserung der Kalibrationsergebnisse verzeichnet werden konnte.
Als unvorteilhaft erwies sich, dass durch die hohe Drehzahl auch eine signifikant hdhe-
re Schaumbildung innerhalb des Fermenters verzeichnet werden musste. Mit dem Ziel
den Substratwechsel vor dem Sensor dennoch zu erh6hen und somit die Messgenau-
igkeit weiter zu verbessern, wurden in einer Weiterentwicklung die Sensoren bei je-
dem Fermenter in einem Rohrleitungssystem mit Exzenterschneckenpumpe platziert.
Durch den Kreislauf einer Pumpe wurde das Substrat nun aus dem Fermenter ge-
pumpt um dann am Sensor vorbeiftihrend wieder zuriick in den Fermenter gepumpt zu
werden. Die Kalibrationsergebnisse verbesserten sich in Folge der verdnderten Sen-
sorpositionierung signifikant, wie in Stockl (2012) detailliert dargestellt ist.

7.3  Selektion der Substrate

Die biozonotische Startkultur in den 400 Liter Fermentern bestanden zum einen aus
Fermentersubstrat aus einer thermophil gefahrenen Biogasanlage (Vees, Eutin-
gen/Weitingen), sowie aus Substrat aus der mesophil betriebenen Forschungsbiogas-
anlage der Universitat Hohenheim (Versuchsstation Agrarwissenschaften Standort
Lindenhofe).
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Die Fermenter wurden wahrend der Erhaltungsphasen und wahrend der Versuche der
Publikationen eins und drei ausschlie3lich mit Maissilage und Flussigmist bei einer
Raumbelastung von 3 kg oTS pro m3 Fermentervolumen und Tag betrieben. Lediglich
wahrend der Versuche der dritten Publikation wurden die Fermenter mit schnell mikro-

biell verfiigbarem Weizenschrot versetzt.

Hintergrund der Monosubstratfiitterung war ein Ansatz, bei welchem in den ersten Un-
tersuchungen nur eine Variation moglichst weniger Parameter vorgenommen wurde,
um das Messsystem optimal auf die primar im Fokus stehenden Konzentrationen an
flichtigen Fettsauren kalibrieren zu kdénnen. Zur Erarbeitung eines globalen Kalibra-
tionsmodells Uber mehrere Biogasanlagen hinweg stehen noch weitere Versuche aus,
bei denen die Fermenter mit unterschiedlichen Energiepflanzen und Wirtschaftsdiin-

gern geflttert werden.

7.4 Probenhandling

Zur Erstellung verschiedener NIRS-Kalibrationen muss die Untersuchung einiger Hun-
dert Proben durch ein Labor erfolgen. Meistens sind solche Untersuchungen unmittel-
bar nach der Probennahme nur schwer zu realisieren. Daher sollte in einem Vorver-
such ermittelt werden, inwieweit der Fettsauregehalt einer frischen Probe vom Fett-
sauregehalt der gleichen Probe differiert, welche zunachst Uber eine Gefrierphase
konserviert wurde. Dazu wurde beiden Fermentern 1,6 Liter Essigsaureessenz
(25%ig) und 0,4 Liter Propionsaure (98%ig) zugegeben, um jeweils eine Zielkonzent-
ration von 1000 mg/L Saurekonzentration im Fermenter zu erzielen. Nach erfolgter
Durchmischung der Sauren mit dem Fermentersubstrat wurden in konstanten Zeitin-
tervallen Proben (von jeweils ca. 500 ml) entnommen. Der Konzentrationsabbau der
Séauren wurde Uber einen zweitdgigen Versuchszeitraum dokumentiert. Die entnom-
menen 15 Proben des laufenden Versuchs wurden geteilt. Die einen Halfte wurde so-
fort frisch im Labor analysiert, die andere Halfte fir ca. zwei Wochen bei -21 C tiefge-
froren und erst danach in das Labor der Landesanstalt fir Agrartechnik und Bioener-

gie zur Analyse gebracht.

Das Ergebnis, das exemplarisch fir den thermophilen Fermenter in Abbildung 15 dar-
gestellt ist, zeigte eine nahezu vollstandige Ubereinstimmung des Fettsaurehalts, un-

abhangig von der Lagerungsvariante.
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Beim Vergleich des Propionsauregehaltes wurden geringe aber unbedeutende Kon-
zentrationsabweichungen der beiden Probenbehandlungen gefunden. Da die Abwei-
chungen weder besonders hoch, noch systematisch nachvollziehbar waren, wurden
alle Fermenterproben folgender Versuche sofort nach der Entnahme bis zur Analyse
hin eingefroren. Die Proben wurden spater im Labor mittels Zweifachwiederholung
gaschromatographisch auf alle fliichtigen Fettsauren hin untersucht. Die jeweiligen

Mittelwerte der Analysen gehen in die Modellentwicklung der Kalibration ein.

Vergleich frischer Proben zu Tiefkiihlproben (TK) im thermophilen Fermenter

1,2

—&— Essigsaure TK —&— Propionsaure TK
= © = Essigsaure frisch Propionséure frisch

1,0

0,8

0,6

Séuregehalt [g/kg]

04

0,2

Datum Probennahme

Abb. 16: Gehalt an flichtigen Fettsduren in frischen Substratproben im Vergleich zu

TiefkUhlproben (TK) hier am Beispiel des thermophilen Fermenters

7.5 Prozessunterstitzung im Arbeitsablauf

7.5.1 Interne Kalibrierung (Referenzierung) des Sensors

Die interne Kalibrierung im Messkopf erfolgte mit einem stindlichen, automatischen
Weil3- und Schwarzabgleich, um so mdgliche Signalverluste durch nachlassende In-
tensitat der Leuchtmittel auszugleichen. Eine derartige Form der Referenzierung war
im Vorfeld weder bekannt noch angewendet worden. Ohne integrierte Automation im
Sensor hatte eine Referenzierung in kurzen Zeitabstanden, bevorzugt einmal wo-

chentlich, manuell erfolgen missen.
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Dies hatte einen Ausbau des Sensors erfordert, so dass eine wei3e und schwarze
Referenzscheibe in konstant definiertem Abstand vom Sensor vermessen werden
konnte. Der Arbeitsaufwand fur den Ausbau ware vergleichsweise gering gewesen,
jedoch ist das regelmafiige Entfernen des Sensors in Kombination mit dem Hantieren

am sensiblen Lichtwellenleiter nicht empfehlenswert.

7.5.2 Softwaregestutzte Datenaufnahme

Nach Inbetriebnahme des Spektrometers wurden permanent Spektren (24 Stunden
pro Tag, alle 200 ms ein Spektrum) aufgezeichnet und in eine externe Datenbank ex-
portiert.

Diese automatisch gespeicherten Spektren kénnen in einer spateren Validierung ge-
nutzt werden. Eine klare Unterscheidung der Validierspektren zu den spezifischen Ka-
librierspektren ist unerlasslich. Kalibrierspektren sind Spektren, denen eine chemische
Referenzanalyse zugeordnet wird. Diese Zuordnung kann manuell durch héndisches
Heraussuchen eines Spektrendatensatzes anhand des Datums und der fortlaufenden
Zeit erfolgen, oder aber auf Knopfdruck durch Vergabe einer Identifizierungsnummer.
Die Zuweisung der aufgezeichneten Spektren zu dem jeweils entnommenen Proben-
material erfolgte in unseren Versuchen lUber die Vergabe eines Zeitstempels mit Ein-
gabe einer fortlaufenden Probennummer im Messsystem. Die softwaregesttitzte voll-
automatische Datenaufnahme mit Datenbankarchivierung war zu Beginn unserer Ar-
beiten einmalig und vereinfachte deutlich die spatere Selektion geeigneter Proben,

bzw. Spektrendatensatze fur einen Kalibrationsdatensatz.

7.5.3 Vergleich der mathematischen Verfahren zur Datenauswertung

Die in der vorliegenden Arbeit verwendete Auswertungssoftware sollte erstmals ,Sup-
port Vector Machine Regression (SVMR)* im Sektor Prozessdarstellung im Biogasbe-
reich etablieren. Die Software beinhaltet eine Benutzeroberflache, auch ,Graphical
User Interface” (GUI) genannt und verschiedene Algorithmen, die verborgen im Hin-
tergrund laufen. Abhéngig von der Art der verwendeten Algorithmen kdnnen unter-
schiedlich viele Parameter Uber die GUI eingestellt werden. Vorteilhaft an SVMR ist,
dass die hohe Komplexitat ihrer Algorithmen in einer Blackbox untergebracht ist und

vom Anwender nur wenige Einstellungen in der GUI gefordert werden.
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Wahlmdglichkeiten bestanden in der Festlegung verschiedener Spektrenvor-
behandlungen, Auswahl zweier Kernel-Parameter zur Festlegung der Trennscharfe
der Hyperebene und die Bestimmung einzelner Wellenlangenbereiche. Die verwende-
ten mathematischen Verfahren (die Algorithmen) legen die Kriterien der Parameter
fest. In der Benutzeroberflache selbst werden lediglich die qualitativen Zuordnungen
der Parameter eingestellt. Die GUI der SVMR erfordert im Vergleich zur Software an-
derer Geratehersteller vom Benutzer nur minimale Parametrisierung zur Erstellung der
Kalibrationsmodelle. Andere Benutzeroberflachen erfordern vom Anwender detaillierte
Kenntnisse beziglich einzelner manueller Schritte und zusétzliche Einstellungen, wel-
che unzéahlige Kombinationsmdglichkeiten zulassen und die Bedienung dadurch er-
heblich erschweren. Das hohe Potenzial von SVMR liegt in der Losung komplexer
Problemstellungen im Vergleich zur tblichen Datenauswertung mit Hauptkomponen-
tenanalyse und Partial Least Squares Regression (PLS-Regression), (Thissen, 2004 a
und b), welche starken Limitierungen unterworfen ist.

Als Nachteil von SVMR st jedoch die Méglichkeit des overfittings der Daten und die
lange Laufzeit fiir das Training zu erwahnen (Swierenga, 2000). Eine Uberanpassung
des Kalibrationsmodells durch zu viele Proben an einzelnen Konzentrationsniveaus

macht sich zudem in einer geringeren Allgemeingultigkeit des Modells bemerkbar.

7.6 Beurteilung des Messsystems im Allgemeinen

Eine explizite Bewertung der Datenauswertung mit der eingesetzten Software auf Ba-
sis von ,Support Vector Machine Regression® kann lediglich in Bezug auf die extrem
gute Handhabung der Benutzeroberflache (GUI) getroffen werden. Da die Implemen-
tierung der verwendeten Software hardwarespezifisch an das Spektrometer und die
eigene Datenbankarchivierung geknupft ist, kdnnen Vergleiche mit anderen Daten-
auswertungen nicht ohne grél3eren Programmieraufwand angestellt werden. Die Er-
gebnisse der verwendeten TENIRS Software kdnnten mit einer gerateunabhangigen
Software beispielsweise mit ,The Unscrambler” verifiziert werden. Dazu mussten al-
lerdings komplett neue Kalibrationsmodelle mit den bereits vorliegenden spektral ver-
messenen Datensatzen und den Referenzanalysen entwickelt und validiert werden.
Erst danach wére eine Beurteilung der hier verwendeten Methode aussagekréftig. Die
von uns erbrachten Ergebnisse und Erfahrungen weisen auf deutliche Schwachstellen
der Software der Firma TENIRS hin.
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Aufgrund der Firmeninsolvenz von TENIRS im Jahr 2010 und der Ubernahme durch
die Firma m-u-t konnte die Software keine Weiterentwicklung durchlaufen. Die Ausar-
beitung qualitativ hochwertiger Kalibrationsmodelle war problemlos mdglich und spie-
gelt das hohe Potenzial von SVMR wider. Diverse Diskrepanzen zwischen Ergebnis-
sen der Kalibrierung und der Validierung konnten eruiert und behoben werden. Den-
noch waren teilweise nicht nachvollziehbare Resultate in der Validierung der Kalibrati-
onsmodelle zu verzeichnen, welche auf Schwachstellen in der Software hinweisen.
Einfache Tests zur Beurteilung der Plausibilitat des angewendeten Verfahrens fiihrten
in einigen Fallen keineswegs zu verwertbaren Ergebnissen. Zwar konnte in Einzelfal-
len eine zufriedenstellende Validierung erbracht werden (siehe Publikation drei), je-
doch sind verlassliche und konsistente Validierungen ohne Uberarbeitung der Soft-
ware nur schwer zu gewabhrleisten. Bei einer Weiterverwendung des Messsystems

empfiehlt es sich, auf ,The Unscrambler” umzustellen.

7.7 Vergleich eigener Ergebnisse zu Literaturangaben

Die unterschiedliche Wiedergabe der Glte eines Kalibrationsmodells verschiedenarti-
ger Regressionsanalysen erschwert den Vergleich literaturbezogener Arbeiten. Jacobi
et al. (2009), Holm-Nielsen et al. (2007), und Lomborg et al. (2009) verwendeten in
ihren thematisch @hnlichen Untersuchungen zur Prozessdarstellung in Biogasanlagen
differierende Messanordnungen, Garsubstrate und Validierungsmethoden. Allen ge-
meinsam jedoch ist die chemometrische Datenauswertung mit Hauptkomponen-
tenanalyse (PCA) und PLS-Regression (Partial Least Squares), im Unterschied zur
eigenen Datenauswertung mit SVMR. Dennoch kdnnen die Arbeiten unter Einbezie-
hung des RPD-Wertes zur Einschatzung der eigenen Ergebnisse herangezogen wer-
den. Der RPD beschreibt die Leistungsfahigkeit unterschiedlicher Schatzfunktionen
unabhangig von den zugrundeliegenden MessgroRen. Er ist einheitenlos wie das Be-
stimmtheitsmal? R2 und daher tUber mehrere Merkmale vergleichbar. Je grof3er der
RPD-Wert ist, desto geeigneter ist eine Kalibration fir die Vorhersage der entspre-
chenden Proben. Williams und Sobering (1993) haben eine entsprechende Vorhersa-
geleistung fur den RPD-Wert erarbeitet. Ein RPD-Wert von 2 bis 3 ist fir ein grobes
Screening gut geeignet, wohingegen RPD-Werte deutlich Gber 3 bezeichnend fir eine
gute Kalibration sind (Tab. 11).
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Tab. 11: RPD-Vorhersageleistung — Einordnung nach Qualitat (Williams und Sober-
ing, 1993)

0-2 Nicht ausreichend
2-3 Fur eine Orientierung (Screening) teilweise geeignet
3-5 Zufriedenstellend
5-10 Gut bis sehr gut
Uber 10 Exzellent

In Tabelle 12 sind die Kalibrationsmodelle aus den drei Publikationen im Vergleich zu
den Modellen von Jacobi, Holm-Nielsen und Lomborg aufgelistet. Es ist ersichtlich,
dass die RPD-Werte konsistent tber die drei Publikationen nahe dem Wert ,drei” lie-
gen, in den meisten Fallen sogar deutlich héher sind.

Die RPD-Werte des Parameters Essigsaureaquivalent, nach Zugabe von Propionat,
spiegeln fur beide Temperaturbereiche der Fermenter (mesophil und thermophil be-
trieben) sehr gute Kalibrationsmodelle mit Werten Uber funf® wider. Die statistischen
Parameter zur Beurteilung der Gite der Kalibrationsmodelle liegen im Vergleich zu
den anderen Arbeiten deutlich Gber dem Schnitt und sind ausreichend fiir eine robuste

und valide Bestimmung neuen Probenmaterials.
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Tab. 12: Statistische Parameter zum Vergleich der Gite unterschiedlicher Kalibrationsmodelle nach Literaturangaben (Jacobi 2009,
erganzt mit eigenen Daten)

Parameter Quelle n Ausreil3er RMSEPa* Datenbereich* | RPD
RMSECVb+
aEgj:ng‘elgte fﬁgf&iﬁﬁi&gﬁ;ﬁzoﬂ) Publ. 1 (ELS) 157 15 b1,02 0,99-10,52 | 3,08
ﬂgzgghﬁﬁig?ﬁg 012) PubL1(ELS) | 110 7 0,61 0,87-10,54 | 4,90
fggfgiggﬁli‘?g;f)iat 2012) Publ.1(ELS) | 133 10 b0,36 0,50-6,90 | 5,45
emigigghﬁrgfggiigﬁzt 2012) Publ.1(ELS) | 115 18 b0,38 034728 | 5,76
ﬁigm‘z;:ﬁt;g;;?sschmt (013 | P20 | 166 $K.A. b0,98 0,75-13,10 3,75
ﬂiigﬁhﬁrﬁgfﬁimot otz | 20w 115 SK.A. b0,64 3,83-13,44 | 3,44
et iy || | kA | we | omse |ea
Jacobi (2009) 131 12 20,82 0,31-10,20 | 4,11
Holm-Nielsen et al. (2007) 451 14 20,20 005378 | 4,3
Lomborg et al. (2009) 40/40 9+ 2/38 21,59 1,30-22,30 | 3.1
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Parameter Quelle n AusreilRer RRMMSSEECP\;:* Datenbereich* | RPD
gigfaure‘ fr:gefrgiplfr:ﬁj?ggllzsﬂe PubL1(ELS) | 157 15 b1,03 0,54-10,49 | 3,21
ﬂiigﬁhﬁr?fgfziise PubL1(ELS) | 110 7 b0,61 0,87-10,49 | 4,91
frigfrgigﬁy\ex\tljgii:ﬁschrot o13) | P20 166 SK.A. b0,62 0,41-761 | 3,45
ﬂgzgghﬁrgfggfsschrot otz | POV 115 SK.A. b0,43 1,65-6,57 | 2,74
e tqies |y o] | | e | omse |as
Jacobi (2009) 130t 13 20,27 0,07-308 | 1,81
Holm-Nielsen et al. (2007) 421 14 a0,23 0,04-2,91 3,1
Lomborg et al. (2009) 40/40 $91 2/58 30,91 1-13T 3,1
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a,*
Parameter Quelle n AusreilRer RRMMSSEECPV,O’* Datenbereich* | RPD
Propion- eigene Ergebnisse b i
sauregehalt | thermophil (2012) Publ. 1 (ELS) 133 13 0,35 0,40-4,80 4,23
eigene Ergebnisse b i
mesophil (2012) Publ. 1 (ELS) 115 23 0,22 0,26-3,32 4,78
eigene Ergebnisse $ b i
thermophil Weizenschrot (2013) Publ. 2 (n.v.) 166 K.A. 0,21 0,02-2,67 2,97
eigene Ergebnisse $ b i
mesophil Weizenschrot (2013) Publ. 2 (n.v.) 115 k.A. 0,17 0,79-2,87 2,96
eigene Ergebnisse b i
thermophil Validierung (2013) Publ. S (DABE) 121 KA. 0.11 0,35-1,84 A
Jacobi (2009) 997t 2 40,87 0,01-7,47 2,89
Holm-Nielsen et al. (2007) 431 20 k.A. 0,00-0,55 k.A.
Lomborg et al. (2009) 40/40 §91 1/38 a0,21 0-6,21 3,4

n=Probenanzahl, * Einheit: g/kg Frischmasse, Tin der Kalibration enthalten, * Berechnet nach Angaben in der Publikation, $ Kalibrie-
rung/Validierung, "nicht prazise angegeben, k.A. keine Angabe, ®k.A. keine Angabe, Teilung des Datensatzes, RMSEP=root mean
square error of prediction, RMSECV= root mean square error of (full) cross validation, Publ.=Publikation, n.v.=nicht veréffentlicht,
ELS=Engineering in Life Sciences, IJABE=International Journal of Agricultural and Biological Engineering
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7.8 AbschlielRende Beurteilung

Die NIR-Spektroskopie stutzt sich einerseits auf die Entwicklung guter Kalibra-
tionsmodelle und andererseits auf eine profunde Validierung dieser Modelle an
externen Proben. Insgesamt konnten mit dem verwendeten NIR-Messsystem her-
vorragende Ergebnisse bis zur Kalibrationsentwicklung hin erzielt werden. Die un-
geklarten Diskrepanzen in den Validierungen sind ein hinreichendes Indiz fur eine
unausgereifte und maglicherweise fehlerbehaftete Software. Trotz der geschilder-
ten Schwierigkeiten ist es gelungen, das Gesamtprojekt zu einem zufriedenstel-
lenden Abschluss zu bringen. Mit der erfolgreichen Prozesseinstufung Uber die
NIR Messdaten (dritte Publikation) konnte im Ansatz gezeigt werden, dass sich die
NIR-Spektroskopie durchaus fiir die Uberwachung des Vergarungsprozesses in
einer Biogasanlage eignet. Abschlielend muss jedoch angemerkt werden, dass
noch weitere Untersuchungen erforderlich sind, bevor das System ohne For-

schungsbegleitung in der Praxis zur Anwendung kommen kann.
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