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- Instrumentation in AD : Liquid Samples
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= An example of the benefits of on-line instrumentation

Analysis of the start-up of dark fermentation from an off-line measurement of pH every day at 9:00 am
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“* of 2 days
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Lbe’ . L .
==, An example of the benefits of on-line instrumentation

The same with on-line measurements of pH every 3 minutes

o Dynamics is
' changing fast ,

-0.5 UpH and + 0.7 UpH
in just more than 1 day

No lag phase |

at all Constant activity for 7 days ?
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Not at all !
- (decrease of microbial activity over time)
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There is also a lot of information when looking at the actuators !




ééf; Change in AD process dynamics impacts
requirements on instrumentation and control
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L be’ .
- Instrumentation for AD : How ?

From solid Difficult
Macro-molecules
to measure

Hydrolysis B.

Monomers

| Acidogenesis B.

v
Organic acids,

alcohols

v

Acetogenesis B. v

Acetate < » CO,+H,
Monoacetogenesis B.
Acetoclastic Hydrogenotrophic
methanogenesis B. methanogenesis B.
To gas CH, + CO, CH, Easy to
measure

An end-product is not really informative
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An Anaerobic Digestion Process in Narbonne

Influent : Raw industrial
distillery vinasses

Reactor: Circular column

Up-flow fixed bed reactor
- 3.5 m height,
- 0.6 m diameter,
- 982 liters of total volume.

Media : Cloisonyl
- Specific surf. : 180 m2/m3
- Volume . 33.7 liters

Total effective volume : 948 liters
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analyzer o
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3) The gaseous CO, produced is analyzed
by an IR sensor and is proportionnal
to the TOC concentration

2) The "dissolved CO, free" sample
Is oxydized with a UV lamp

1) Chemicals are added to remove
dissolved CO, from the sample
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9 | |
VFA=0g/l & Bic = 131 meg/l
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— Combining titration and conductivity

Coments lists availabls at SciencsDiect

= : WATER
RESEARCH

Water Research

journal homapage: www.elsevier com/locate/walras

Combining pH and electrical conductivity measurements to improve @,:WM
titrimetric methods to determine ammonia nitrogen, volatile fatty

acids and inorganic carbon concentrations

C. Charnier “™°, E. Latrille *, L Lardon °, ). Miroux ", |.P Steyer *
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Measurements using light

Energy conservation principle

E, (I) = Incident Energy E., (I) = Reflected Energy

Sample

E, (I) = Absorbed Energy

E; (I) = Transmitted Energy

Incident Energy

Reflected Energy + Absorbed Energy + Transmitted Energy
E, (1)

0 + EL() + E)
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be’ . .
£ Measurements using light

An example of advanced mathematics using light : UV or infrared
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Optical Density

Mid Infra-Red Spectra of Pure Samples
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X

Mid Infra-Red Spectra of Complex Samples

0283 H Input of the AD reactor o
018 r i\i (pure industrial distillery vinasses) [7——

] A Output of the AD
010 S——— | /\ /\/,/ reactor (after the
il b ALY VYT | ultrafiltration membrane)
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Lbe’

— g Calibration Principle
1) Change of the organic
loading rate
(i.e., input flow rate or
input concentration) 2) Samples are taken Infrared
Spectrometer
(for spectra
—>»| acquisition)
1m3 Off-Line
—> Manual Analysis
] - COD, TOC,
Fixed Bed ultrafiltration Vl(:A, TA, PA, ..))
Reactor membrane
Raw industrial !

vinasses Q

3) Calibration by statistical
Dilution analysis (PLS) of the results




V,
:L;’m Calibration Results

CODs (g/l) TOC (g/I) VFA (g/1)
5 2.0 2.0
4 .0
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e 3] o o
E k10 A 101 .
g2 : :
0.5 1 0.5 1 )
1 .
0 I I I I 0-0 ! I ! 0.0 I I I
0 1 2 3 4 5 0.0 0.5 1.0 15 2.0 0.0 05 1.0 15 2.0
from off-line analysis from off-line analysis from off-line analysis

Similar results on partial and total alkalinity




/
= Wavelength in the UV region
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On-Line Results

Influent flow rate (I/h) Soluble Chemical Oxygen Demand (g/l)

60 5.0

50 4.0 'b! L
concentration 3'0 / ’

» || Change of rJh’
. feed flow . \ 20 A / d S
A / i g
10 | \A Aty o i Ilu L i
|,|-\Il Time (h)
Volatile Fatty Acids (g/l) Total Organic Carbon (g/l)
vo Titrimetric sensor <«—— TOC analyzer
) [f Time (h) ) f"‘ﬂ FT-IR Time (h)

Similar results on partial and total alkalinity




be’ .
=*.  Optimal start-up of processes

Within 5 months, start-up of a fluidised bed reactor
from 0 to 100 kg COD.m-3.d"? and 80% removal efficiency
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ADVANCED CONTROL OF ANAEROBIC DIGESTION
PROCESSES THROUGH DISTURBANCES MONITORING

JEAN-PHILIPPE STEYER*®, PIERRE BUFFIERE. DAMIEN ROLLAND and
RENE MOLETTA®
Laboratoare e Brotechnologe de 'Environmement, Institet Natiosal de la Recherche Agromomigue,
Avenoe des Etangs, 11100 Narbonee, France
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L Monitoring and control on the long term

VFA and setpoint (mg/L)
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Ind. Eng. Cheme. Res. 2008, 47, 77157720 7715

PROCESS DESIGN AND CONTROL

Robust Control of Volatile Fatty Acids in Anaerobic Digestion Processes
A £

Hugo O. Méndez-Acosta,* Bernardo Palacios-Ruiz,” Victor Alcaraz-Gonzilez,
Jean-Philippe Steyer,” Victor Gonzalez-Alvarez,” and Eric Latrille

Departamento de Ingenicria Quimica, CUCElI=Universidad de Guadalajara, Bled. M. Garcéa Barragdn 1451

C.P. 34430 Guadalajara, Jal, México, and INRA. UROS0, Laboratoire de Biotechnologie de 'Envirommement
Avenwe des Etangs, Narbonne, F-11100, France
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A control law can be badly tuned

Closed loop Open loop (safety)

v

60

_____________________________________________________________________________________________________________________________________________________________________

||

Few hours of bad functionning
and more than a week to go back to normality

40

8 L/h)

____________________________________________________

Biogas flow rate

(setpoint

Time (h)

100

| |
|

Input liquid flow rate
control variable)
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Why so many on-line sensors ?

Practical evalutation of the respective benefits

of each measuring technique

Which sensor has the largest potential for industrial use ?
(i.e., maximum of information for minimum of maintenance)

Evaluation of a four year experience with a fully
instrumented anaerobic digestion process

1.P. Steyer, J.C. Bouvier, T. Conte, P, Gras and P. Sousbie
Laboratoire de Biotechnologse de I'Environnement, INRA, Avenue des Etangs, 11100 Narbonne, France

Abstract For several yoars, a 1 m* fad bad anaerobic digestion process has been oparatad for the
treatment of distillary vinasses. This reactor has been fully instrumented with the following variables available
on-line: pH, temperature, kquid and gas flow rates, gas composition (i.e., CH,, CO, and H,}, concentration
of bicarbonate, chemical oxygen demand, lotal organic carbon, volatile fatty acids and partial and total
alkalinity, these last four vanables being measured twice by different techniques (i.e., using a TOC analyzer,
a titnmetric sensor and an infrared spectrometer). The purpose of this paper is to compare the respective
benefits of advanced instrumentation for the monéoring of wastewater treatment processas in general, and
for anaerobic digestion in particular. It will also provide some statistical analysis of the time required to
operate a fully instrumented wastewater treatment process. It is indeed well admitted In the Merature that
instrumentation is usually the main limitation step for using closed-loop control. However, it ks our opinion
thal, in the near future, this situation will change. This point is discussed based on our four years practical
expernanca,

Keywords Anaerobic digestion; instrumentation; on-kne sansors
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Lessons learnt from 15 years of ICA in anaerobic
digesters

J.P. Steyer’, 0. Bernard*, DJ. Batstone™* and I. Angelidaki***

“Laboratoire de Biotechnologe de I'Environnement, LBE-INRA, Av. des Etangs, 11100 Narborne, France
(E-mail: steyer@ensam.ina.fr)

*INRIA-COMORE, 2004 Avenue des lucioles, BP93, 06902 Sophia-Antpolis, France

({E-mail: obernard@sophia.nriafr)

***Emaronment & Resources, DTU, Bygningstorvet Bulding 113, Lyngby 2800 DK, Denmark

(E-mail: dib@er.dtu.dk; ra@er.dtu.dk)

Abstract Anaerobic digestion plants are highly efficient wastewater treatment processes with mherent
energy preduction. Despite these advantages, many industries are still reluctant to use them because of
their instability confronted with changes in operating conditions. There is therefore great potential for
applcation of instrumentation, control and automation (ICA) n the field of anaerobic digestion. This paper
will discuss the requrements (n terms of on-line sensors needed, modelling efiorts and mathematical
complextty) but also the advantages and drawbacks of different control strategies that have been appled to
AD high rate processes over the last 15 years.

Keywords Anaerobic dgestion; automation; control; diagnosis; instrumentation; modefing
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Which sensor(s) for which measurement(s)?

From classical
measurements

(pH, T, Qgas, %CO2, P)

TOC
analyzer

Titrimetric
sensor

uv
spectrometer

MIR
spectrometer

Partial Alkalinity

v

Total Alkalinity

v

Bicarbonate

v

Dissolved CO2

ANIAN

TOC

Soluble COD

Total VFASs

ANIANIRN

Acetate

Others (eg., N, P)

SINININININININIX
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=5 Towards smart sensors

TOCmeter Infrared spectrometer

Anasense®
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==INRA Sensors should provide a confidence index to plant managers
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=< Content of the presentation

Whoam | ?

Instrumentation in WW : Why ?

Instrumentation in AD : Liquid Samples

Instrumentation in AD : Solid Samples

- What is next ?
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é}m Biodegradability Aspects

Liquid Solid

Single substrate Mixed substrates

CH, and/or H,

Platform
Molecules

‘@ Digestate,
SJ& Biosolids

v' Characterization of the organic matter

v' Link with contaminants (eg., pharmaceuticals, detergents,...)
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é}m Biodegradability Aspects

From global... ... to fine characterization
—
From quantity... .. to quality
Dry matter
Volatile solids
Carbon Respirometry
Nitrogen (aerobic, anaerobic) Infrared
Phosphorus . 2D/3D Fluorescence
Lipid
Sugar
Protein Fractionation Microscopy

(Van Soest, acid hydrolysis)

Rheology
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“*Use of infrared to predict OM biodegradability
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Flash BMP®

Use of infrared spectrometry to predict methane potential (BMP) from solid waste
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Flash-BMP (BMP predicted)

B0

500

400

(ml CH,.g8\s?)

300

200

100

Flash BMP® model

Some included substrates:
Municipal Solid Waste

- 750 substrates

Green waste

Energy crops

Manure

Sludge

[ Model Accuracy : 10-20% ]

| | | | | 1 |
a 100 200 300 400 a00 kOO 700

BMP reference test (ml CH,.g,<?)
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=< Going further with NIRS

* BMP
- e Carbohydrates

| 1/ * Proteins
. ‘ . mp | CO | mmp |’ Lipids

—_ « COD
Substrate Near infrared Spectrum * CH, kinetics
analysis

treatment

>
0 4 days

Waste Management 59 [2017) 140~ 148

Contents lists available at ScienceDirect

Waste Management

journal homepage: www.elsevier.com/locate/wasman

Fast characterization of solid organic waste content with near infrared @hmm
spectroscopy in anaerobic digestion

Cyrille Charnier ™", Eric Latrille?, Julie Jimenez*, Margaux Lemoine*, Jean-Claude Boulet ",
Jérémie Miroux ", Jean-Philippe Steyer*
* INRA, URO0SO, Lab de Rotechnologie de FEnvironnement, 102 Av. des Ecangs, Narbonne F-11 100, France

" BioEnTech, 74 Av. Poul Sabatier, 11100 Narbonne, Fromee
“INRA. UMRI083 Sclences pour l'eenciogie, 2 Place Vialo, F-34060 Mormtpeiifer, France
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:LV}W Biodegradability vs. Bioaccessibility

How to
differenciate them ?

How many of these ?



£ Another way to characterize
accessibility and complexity

Developped strategy
Complexity

‘ Ay

A\ \ Classification according
_ + P\ | accessibility and
AN/ 7 (¢ complexity

Chemical extractions 3D fluorescence spectroscopy 60 organic residues
COD, N, C

accessibility

A . o e
Cordunts lots avmlede  SoeneDine: Sci O
Waste Management
|ournal Bamepage: waw alseviar com/iocate ' wasman .

Prediction of anaerobic biodegradability and @ L
bioaccessibility of municipal sludge by coupling

Combining chemical sequential extractions with 3D fluorescence ®‘"“"“ sequential extractions with fluorescence

spectroscopy to characterize sludge organic matter spectroscopy: Towards ADM1 variables

|| characterization
Mathiey Mubler “*°_ Julie Jimenez ", Maxime Antoaini®, Yves Dudal*', Eric Latrille *, Fabien Vedrenne”,
Jean-Philippe Steyer®, Dominique Patureau Julie Momenez ™, Estelle Gonidec *, Jesus Andres Cacho Rivero *,

b a >
I UV 1222 Camingie ewersbdom o g tachime sl 2 Pecr Mree W, Bmrnt 12 Mbaatie Codex 2 154000 Py Erk Latrille, Fabien Vedrenne®, jean-#hilippe Steyer
" Ventle Zevwomnrrwrs M0, Coetw de Rrchercr o Mo Adsions-Lafiase 7-7W831 franar

VR, LSS ¢ ey e Mateckukiple d [ Tnsim e, Avw e dr Tiangs. Avhavms F- 1100 Susry

*Vosks wiroaect hearch & bea, Slemie & & S, B 06, NG00 Mot Lais Crdex, e
SIVRA, LR, Leterwiere de Botetmniager @ e meamemet, vty D ar e F1T00 Prewe



L be’

IR,

s

3D fluorescence spectroscopy

I-11-111: Proteins-like -
IV:  Fulvic acids-like —_ -
£ -
V: Glycolysed < e
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L= Another way to characterize
accessibility and complexity

Anaerobic digestion coupled with composting

Complexity Methane potential

accessibility ‘ Ay 0 ¢ Bl?degrad?tfl!lty
Bioaccessibility

&
—Q

Potential efficiency as soil
‘04, amendment
c

Residual Organic C

+
Chemical extractions 3D fluorescence spectroscopy Mineralization rate
COD, N, C

Conmdares Iuts avalltihe #t Scanonlh e

Bioresource Technology

A new organic matter fractionation methodology for organic wastes: O““"‘”‘
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Process modelling
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L
h Process modelling

Lab scale reactors to generate data for models calibration/validation

Organic micropollutants

Anaerobic Compost Cropped soil
Digestion Incubation
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Process modelling

Modeling of the digester performance
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Process modelling

Modeling of the digestate fractions
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==  Better characterization leads to better pretreatments
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— The added value for
optimal valorization of organic residues
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What is next ?
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Instrumentation for tomorow
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MicroNIR™ Pro Spectrometer

Fit-for-purpose analyzer for field use or at-line measurements
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How to optimise codigestion ?

Substrate #1

Substrate #2 x

Substrate #3 =
~>
—>

Substrate #n -

1+1=2 ..orless!

Digestate

%, Model based optimisation
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Lack of actuators ?
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Power to Gas : from H, to CH, (to store energy)

When there is surplus electricity the
gas reservoir is filled with H,:

Gas can be can be purified to quality of
the natural gas permanently via the
methanation unit

discontinuous
electrolysis

Dr. Monika Reuter, MicrobEnergy GmbH




Power to BIOGas : H, to improve CH,

CH,

/ . .
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S Lower inhibition of hydrolysis
v’ Limitation by gas transfer

H,
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AD as a flexible renewable energy production

Today: energy market is dominated Future : production based on weather
by big central power plants conditions (AD as a central role in flexibility)

Contracts (hours)

Daily demand

soGw +
50 GW T
Base load
0 8 12 18 24

Bioresource Technology 178 (2015) 262-264
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Towards optimal and engineered
microbial ressource management ?

Available online at www.scencedrect.com

Current Opinion in
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Microbial management of anaerobic digestion:
exploiting the microbiome-functionality nexus
Marta Carballa, Leticia Regueiro and Juan M Lema

@ CrossMark

Bwesuroe Techwndagy 197 ( 3805] e IE

Contirts Bats available o SoemoeDirea

Bioresource Technology

jasrnal homepage: www alsavier.com/lozatelbisrtach

Key microbial communities steering the functioning of anaerobic
digesters during hydraulic and organic overloading shocks

Leticia Regueire *, Juan M. Lema, Marta Carballa

Departrerst of Cheruical Engineveing. Mubirir of Rrchmokony, Lty of Saiage de Comparnls. 15757 Seaioge S Campoates. Spain

@) e

Appl Microbiol Bistechnol (2015) 99189 195
0 D0 PO T SIS 500 445046-3

v

nature

BIOTECHNOLOGICAL PRODUCTS AND PROCESS ENGINEERTNG

Inoculum selection is crucial to ensure operational stability
in anaerobic digestion
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For more information

Instrumentation and control of anaerobic
digestion processes: a review and some
research challenges
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Mairet, Olivier Bernard, et al.
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