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MODELLING AND INTEGRATED ASSESSMENT 
SPECIALIST GROUP (MIA SG)

“This group targets people from research, consulting companies, 

institutions and operators to think along the use of models and 

computing tools to support the understanding, management 

and optimization of water systems.” 
Website: http://iwa-mia.org/

https://iwa-connect.org

§ Interact with other IWA SGs and other professional organizations 
§ Organize specialized conferences, sessions and workshops
§ Engage and activate YWPs in the domain.

How to find us

PRIORITIES

CURRENTLY 1900 MEMBERS
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MIA SG: ACTIVITIES

Task Groups (TGs) Working Groups (WGs) Conferences / Events

§ Integrated Urban Water 
Systems (IUWS)

§ Computational Fluid 
Dynamics (CFD)

§ Good Modelling Practice 
(GMP)

§ Benchmarking of Control 
Strategies for WWTPs (BSM) 
AND Good Modelling Practice 
(GMP) AND Design and 
Operations Uncertainty (DOUT) 
(All three finished)

§ Generalised Physicochemical 
Modelling (PCM) (almost done)

§ Use of Modelling for Minimizing 
GHG Emissions from 
Wastewater Systems (GHG) 
(almost done)

§ Membrane Bioreactor Modelling 
and Control (MBR)

§ Good Modelling Practice in 
Water Resource Recovery 
Systems

§ WRRmod

§ Watermatex

STR
(Sept. 2014)

STR 
(Sept. 2012)

STR
(2022)

STR
(2022)
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8th Water Resource Recovery Modelling seminar 
(WRRmod2022+)

§ Location: Stellenbosch, South Africa, 15-18 January 
2023

§ Chair: Dr. David Ikumi (Univ. Cape Town)

11th Symposium on Modelling and Integrated 
Assessment (Watermatex2023)

§ Location: Québec City, Canada, late summer 2023

§ Chair/vice-chair: Prof. Peter Vanrolleghem (Univ. 
Laval)/Dr. Elena Torfs (Univ. Ghent)

9th Water Resource Recovery Modelling seminar 
(WRRmod2024), Stowe, Vermont, USA

MIA SG: UPCOMING CONFERENCES
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FIND MIA SG ON SOCIAL MEDIA
Follow the Modelling and Integrated Assessment Specialist Group on: 

-

-

-

- MIA SG open web site http://iwa-mia.org

to get informed about our latest events, publications and news!

MIA Open Group meeting at WWC&E2022, Copenhagen, Denmark

https://iwa-connect.org/group/modelling-
and-integrated-assessment-mia/timeline

https://www.linkedin.com/company/iwa-
mia-specialist-group-on-modelling-and-
integrated-assessment

https://twitter.com/iwa_mia_sg

https://iwa-connect.org/group/modelling-and-integrated-assessment-mia/timeline
https://www.linkedin.com/company/iwa-mia-specialist-group-on-modelling-and-integrated-assessment
https://twitter.com/iwa_mia_sg
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INTRODUCTION TO THE WEBINAR



Modeling Mixed Culture
Fermentations

A short introduction

Robbert Kleerebezem (R.Kleerebezem@tudelft.nl)
Delft University of Technology



Modeling Wild
Fermentations

A short introduction
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WHY MIXED CULTURE FERMENTATION (MCF)?

Produce building blocks for other processes
Substrate: Carbohydrates, Glycerol…
Products: Acetate, Propionate, Butyrate, Ethanol, Lactate, Hydrogen…

MCF

Methanogenic digestion

(Poly)lactate (PLA)

Biohydrogen

Bioethanol

Polyhydroxyalkanoate (PHA)
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WHY MCF IS INTERESTING?

Thermodynamics drive microbial conversions:
The environment selects for maximization of energy harvesting 

𝐶𝐻!𝑂 → 0.5 ( 𝐶𝐻" + 0.5 ( 𝐶𝑂!

𝑁𝐻"#$ + 2 ( 𝑂! → 𝑁𝑂%&$ + 2 ( 𝐻#$ + 𝐻!𝑂



12

IWA SGs on Modelling and Integrated
Assessment

IWA SGs on Modelling and Integrated Assessment

WHY MCF IS INTERESTING?

Thermodynamics drive microbial conversions:
The environment selects for maximization of energy harvesting 

𝐶𝐻!𝑂 → 0.5 ( 𝐶𝐻" + 0.5 ( 𝐶𝑂!

𝑁𝐻"#$ + 2 ( 𝑂! → 𝑁𝑂%&$ + 2 ( 𝐻#$ + 𝐻!𝑂

But what determines the end-product of carbohydrate fermentations?

acetate + 2 H2 + CO2

propionate – H2

0.5 butyrate + H2 + CO2

lactate

ethanol + CO2

1/2 glucose



13

IWA SGs on Modelling and Integrated
Assessment

IWA SGs on Modelling and Integrated Assessment

ANAEROBIC CARBOHYDRATE FERMENTATION

Cabbage

Sauerkraut

Grapes

Wine

Potato peel

Butyric acid
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HISTORY OF MODELLING MCF
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HISTORY OF MODELLING MCF
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LECTURES OF TODAY!

§ Alberte Regueira
Bioenergetic modelling for predicting the stoichiometry of AF

§ Adam Kovalovszki
Inferring metabolic interactions from genome-scale data: anaerobic digestion 
‘under the microscope’

§ Matthew Scarborough
Guild-based metabolic modeling for deciphering anaerobic bioprocesses
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AGENDA AND HOUSEKEEPING

Speaker 1
Alberte Regueira (Universidade de 
Santiago de Compostela, Spain)

Speaker 2
Adam Kovalovszki (Technical 
University of Denmark)

Speaker 3
Matthew Scarborough (University of 
Vermont, USA)

Q&A Session Moderator: Robbert
Kleerebezem (Delft University of 
Technology, The Netherlands)

§ This session is being recorded; 
§ Microphones and cameras have 

been disabled due to the large 
number of attendees;

§ The normal chat function is 
disabled;

§ Please put any questions and 
comments you may have in the 
Q&A (icon to the low right in Zoom) 
and we will do our best to answer 
them during the session (in writing 
or orally).
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BIOENERGETIC MODELLING FOR 
PREDICTING THE STOICHIOMETRY OF 

ANAEROBIC FERMENTATION

Alberte Regueira (Alberte.RegueiraLopez@UGent.be)
Universidade de Santiago de Compostela



Bioenergetic modelling for predicting the 
stoichiometry of anaerobic fermentation

Alberte Regueira López



Anaerobic fermentation for VFA production
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HRT

Lactate
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VFA & alcohols

Substrate

Mixed-culture 
fermentation



Anaerobic fermentation for VFA production

2
1

Acetate Propionate Butyrat
e

pH

HRT

Lactate

Organic wastes

Ethanol

VFA & alcohols

Substrate

Mixed-culture 
fermentation

O2 ΔG0 ≈ 0
Environmental 

conditions
Standard 

value



What are bioenergetic models?

22

Kinetic unstructured models Bioenergetic models

ü Biomass is a black box

ü Solve the macroscopic mass 
balances

ü Variable selectivity is not addressed

𝑑𝐶'
𝑑𝑡

= 𝐷 · 𝐶'
() − 𝐶' + 𝑟*,'

𝑟*,' = 𝑟,-.,* ·
𝐶'

𝐶' + 𝐾*,'
· 𝑋

ü Intracellular processes are modelled

ü Cell-environmental interactions

ü Their task is limited to predict the 
process stoichiometry



The microbial community is modelled as an enzyme soup

Reality: Multiple species performing different or similar 
metabolic functions

Model: One virtual species is able of performing all the metabolic 
functions of the community

23



One virtual microorganism does all the possible processes

1. Substrate transport
2. Active transport of products
3. Passive transport of products
4. Energy conservation via

proton morive force

24

ATP ADP+Pi

H+

A-H+

HA HAH+
Na+

Ac Prop Et

Ac Prop But

Ac Prop nVal

NADH

Substrate(s)

Ac Prop Et

1
2

1

3

Substrate 1 Substrate 2

Substrate 3Substrate 4

Substrate(s)

4



Flux balance analysis to determine product selectivity

Substrate 1 Substrate 3Substrate 1

Acetat
e

Propionat
e

Valerat
e

Substrate 2

Acetat
e

Butyrat
e

Acetat
e

i-butyrate Ethano
l

Acetat
e

Propionat
e

Valerat
e

Acetat
e

Butyrat
e

Acetat
e

i-butyrate Ethanol

Substrate 2 Substrate 3

§ FBA determines the metabolite flow throught the pathways of the metabolic network

§ The flow distribution maximises a given objective (e.g. maximum growth rate)

25



Microorganisms behave in an efficient way

ΔV = -0.2 
V

rATP= rTRANSPORT + rPMF + rCAT

Transport Proton translocations Catabolic ATP

Pathway selection 
→

26

ATP production from the substrate is maximised



Environmental conditions

Model solution

𝑑𝐶
𝑑𝑡 = 𝐷 · 𝐶!" − 𝐶 + 𝑟 𝑧, 𝐶

𝑧 𝑡 / max
#

𝑟$%& 𝐶 𝑡 Maximise ATP production

s.t. 𝑟'$() 𝑧 = 0 NADH is conserved

𝑔 𝑧 ≤ 0
Environmental conditionsℎ 𝑧 = 0

Bioenergetic models are dynamic flux balance analysis models

Intracellular conditions can 
also vary



Bioenergetic models in literature
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§ Glucose
Rodríguez et al. (2006): First bioenergetic model
Zhang et al. (2013): Modifications on Rodríguez’s model
González-Cabaleiro et al. (2015): State-of-the-art approach

§ Protein
Regueira et al. (2020): First bioenergetic model for protein fermentation

§ Protein and glucose cofermentation
Regueira et al. (2020): First bioenergetic model for co-fermentation



Bioenergetic models in literature
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§ Glucose
Rodríguez et al. (2006): First bioenergetic model
Zhang et al. (2013): Modifications on Rodríguez’s model on electron carriers
González-Cabaleiro et al. (2015): State-of-the-art approach

§ Protein
Regueira et al. (2020): First bioenergetic model for protein fermentation

§ Protein and glucose cofermentation
Regueira et al. (2020): First bioenergetic model for co-fermentation



Bioenergetic model for glucose fermentation

Acetate Propionate Butyrat
e

30

Glucose Lactate Ethanol

Glycerol Succinat
e

pH: 4-
8.5



The model predicts a shift with pH

Model results

Model results: González-Cabaleiro et al. (2015). PLoS ONE
Experimental results: Temudo et al. (2007). Biotechnol. 

Bioeng.
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The model was validated with experimental results

Model results

Experimental 
results
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Model results: González-Cabaleiro et al. (2015). PLoS ONE
Experimental results: Temudo et al. (2007). Biotechnol. 

Bioeng.



Bioenergetic model for protein fermentation

Glutamate

Lysin
e

Serine

Acetate Propionate Butyrat
e

Valerate Iso-
valerate

Iso-butyrate

Isocaproate

33

Aspartat
e

Leucine

Glycin
e

Lysine

...
pH: 4-9



Enzyme soup approach: amino acids are converted 
jointly 

34

§ Amino acids interact and share
common metabolites (e.g. NADH) 
and affect common processes (e.g. 
VFA transport)

i-
Val

½ Ac + ½ Prop + ½ n-Val

n-ButAc

Glutamat
e

NADH

NAD
H

Leucine

Proline

NAD
H

∑rNADH = 
0

+AT
P

But
-

H+
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Predicted VFA yields from gelatine fermentation at pH 7

■ Arg ■ Ala ■ Asp ■ Lys ■ Glu ■ Ser ■ Thr ■ Cys ■ Gly
■ Pro ■ Val ■ Ile ■ Leu ■ Met ■ Gln ■ Asn ■ His

Gelatine
pH 7
D = 0.1 h-
1

35



■ acetate ■ propionate ■ n-butyrate ■ i-butyrate ■ n-valerate ■ i-valerate

The product spectrum is sensitive to pH

36

0.00

0.05

0.10

0.15

0.20

0.25

0.30

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

Yi
el

d
(g

 V
FA

/g
 P

ro
t)

pH

§ Higher proton motive force energy available at low pH favours butyrate production
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The model captures the tendencies observed with pH

■ Experiments ■ Model
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Modelling the cofermentation of gelatine and glucose

Gelatine
(17 aminoacids)

VF
A

Glucose

+

pHSubstrate 
proportions

Total concentration = 10 g/L

38



Cofermentation is not just adding two mono-fermentations

Max(rATP,Prot +rATP,Glucose)
∑rNADH,Prot +∑rNADH,Glu = 0

Cofermentation

39

n-ButAc

Glutamate

ATP

Leucine

i-Val

NADH

Glucose
n-ButAc

ATP

NADH



Changing operational conditions favour different VFA

Protein concentration (g/L) Protein concentration
(g/L)

Glucose concentration
(g/L)

Glucose concentration
(g/L)

Acetate yield (g/gFeeding) n-Butyrate yield (g/gFeeding)
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The model can explore the operational space

0%50%100%

4.0

5.5

7.0

8.5

0% 50% 100%

Glucose concentration
pH

Protein concentration

Butyrate

Acetate

Pro/Ac

Pro/Ac

Butyrate
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Take home messages

42

§ There are bioenergetic models available for predicting the fermentation stoichiometry 

of glucose, protein and their cofermentation.

§ The effect of main operational conditions (e.g. pH or substrate proportions) on process 

selectivity is well captured by the model.

§ These models have a direct use as early-stage design tools in the context of the 

carboxylate platform:

§ Select a (mixture of) waste streams to target a particular 

VFA(s)

§ Select the best pH for targeting a particular VFA(s)



Bioenergetic modelling for predicting the stoichiometry of anaerobic 
fermentation

Alberte.regueiralopez@ugent.b
e

@Alberte Regueira
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AGENDA AND HOUSEKEEPING

Speaker 1
Alberte Regueira (Universidade de 
Santiago de Compostela, Spain)

Speaker 2
Adam Kovalovszki (Technical 
University of Denmark)

Speaker 3
Matthew Scarborough (University of 
Vermont, USA)

Q&A Session Moderator: Robbert
Kleerebezem (Delft University of 
Technology, The Netherlands)

§ This session is being recorded; 
§ Microphones and cameras have 

been disabled due to the large 
number of attendees;

§ The normal chat function is 
disabled;

§ Please put any questions and 
comments you may have in the 
Q&A (icon to the low right in Zoom) 
and we will do our best to answer 
them during the session (in writing 
or orally).
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INFERRING METABOLIC INTERACTIONS 
FROM GENOME-SCALE DATA: 
ANAEROBIC DIGESTION ‘UNDER THE 
MICROSCOPE’

Adam Kovalovszki (adko@env.dtu.dk)
DTU Environment –

Technical University of Denmark
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AGENDA AND HOUSEKEEPING

Speaker 1
Alberte Regueira (Universidade de 
Santiago de Compostela, Spain)

Speaker 2
Adam Kovalovszki (Technical 
University of Denmark)

Speaker 3
Matthew Scarborough (University of 
Vermont, USA)

Q&A Session Moderator: Robbert
Kleerebezem (Delft University of 
Technology, The Netherlands)

§ This session is being recorded; 
§ Microphones and cameras have 

been disabled due to the large 
number of attendees;

§ The normal chat function is 
disabled;

§ Please put any questions and 
comments you may have in the 
Q&A (icon to the low right in Zoom) 
and we will do our best to answer 
them during the session (in writing 
or orally).



Inferring metabolic interactions from genome-scale data: 

anaerobic digestion ‘under the microscope’

Presenter:

Adam Kovalovszki
Postdoctoral researcher
Technical University of Denmark (DTU)
Department of Environmental and Resource Engineering 31.03.2022
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q What is genome-scale metabolic modeling (GSMM)?

q Who’s who in the AD microbiome

q Microbial interactions in AD

Focus points
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Hydrogenotrophic
methanogen

Acetoclastic
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SAO / HA ?
GSMM
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Phenotype (what we ”see”)

Metabolites à metabolomics

Proteins à Metaproteomics

mRNA à Metatranscriptomics

Genes à Metagenomics

Guilds (functions we assume)

GSMM
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Phenotypes (what we ”see”)

Metabolites → metabolomics

Proteins → Metaproteomics

mRNA → Metatranscriptomics

DNA → Metagenomics

(16S → taxonomy)

Guilds (functions we assume)

GSMM
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METHANOGENIC
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GSMM
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https://www.kegg.jp/kegg/
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Core carbon metabolism

Methane metabolism

GSMM
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https://escher.github.io/#/
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GSMM
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https://www.genome.jp/dbget-bin/www_bget?ko01100
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GSMM
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Who’s who in AD

• 18 studies/sources

• 134 metagenomes

• 1635 metagenome-assembled genomes (MAGs)
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Who’s who in AD
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Campanaro et al., 2020, New insights …



Who’s who in AD

13

Majority of MAGs with

• High level of completeness

• Low contamination

Campanaro et al., 2020, New insights …



Microbial interactions in AD
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Microbial interactions in AD

• 836 GSMMs

• 349k+ pair-wise interactions studied

• Dominant species

o Mutualistic (+/+)

o Parasitic (+/-)

o Commensalistic (+/0)

14



Basile et al., 2020, Revealing metabolic …

Microbial interactions in AD
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Basile et al., 2020, Revealing metabolic …

Microbial interactions in AD
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Basile et al., 2020, Revealing metabolic …
0/0 -/0 -/- +/- +/+ +/0

Microbial interactions in AD
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Microbial interactions in AD
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Basile et al., 2020, Revealing metabolic …
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Final remarks

GSMM a holy grail? à not quite

l Vast search space (genes missing, or with unknown functions)

l Experimenting is computationally and time-wise intensive (constraints, futile cycles, sinks)

l GSMM: what could be and NOT what is → other omics to corroborate

l Productivity vs survival → finding the balance

l (Currently) unpredictable synergistic effects

18



Thank you for your attention!
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Chain elongation from complex organic wastes



A metabolic modeling primer



A metabolic modeling primer



iFermCell215

Adapted from Scarborough, M, et. al. 2020. mSystems. 



Adapted from Scarborough, M, et. al. 2020. mSystems. 

Simulating consumption of different substrates



Adapted from Scarborough, M, et. al. 2020. mSystems. 

Simulating consumption of different substrates



Adapted from Scarborough, M, et. al. 2020. mSystems. 

Simulating consumption of co-substrates



iFermGuilds789

Adapted from Scarborough, M, et. al. 2020. mSystems. 





iFermCell215 iFermGuilds789

iFermGuilds789 with Additional 
Reaction Knockouts

iFermGuilds789 with constrained 
flux of C6 and C8



Adapted from Scarborough, M, et. al. 2020. mSystems. 

Predicting the 
flow of carbon 
and electrons



Predicted differences in sugar and lactate conversion

Adapted from Scarborough, M, et. al. 2020. mSystems. 



Predicted differences in sugar and lactate conversion

Adapted from Scarborough, M, et. al. 2020. mSystems. 



Predicted differences in sugar and lactate conversion

Adapted from Scarborough, M, et. al. 2020. mSystems. 



Hypotheses from modeling
• MCFAs are produced from sugars but not lactate
• Lactate and acetate are used to produce butyrate
• Lactate consumption occurs via an electron-confurcating lactate 

dehydrogenase
• SEOs and LEOs vary in their routes of hydrogen production
• SEOs and LEOs vary in terminal enzymes for chain elongation



Conclusions
• Metabolic models are…

• A useful tool to augment multi-omic techniques
• Diagnostic tools to refine hypotheses
• A great approach for thinking about chain elongation

• Predictive models will likely require…
• Further understanding of chain elongator metabolism
• Quantification of toxic effects of end-products
• Enzyme-level kinetic analyses of different product lengths



Thanks!

mscarbor@uvm.edu

github.com/mscarbor/Mixed-Culture-Fermentation-Models
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AGENDA AND HOUSEKEEPING

Speaker 1
Alberte Regueira (Universidade de 
Santiago de Compostela, Spain)

Speaker 2
Adam Kovalovszki (Technical 
University of Denmark)

Speaker 3
Matthew Scarborough (University of 
Vermont, USA)

Q&A Session Moderator: Robbert
Kleerebezem (Delft University of 
Technology, The Netherlands)

§ This session is being recorded; 
§ Microphones and cameras have 

been disabled due to the large 
number of attendees;

§ The normal chat function is 
disabled;

§ Please put any questions and 
comments you may have in the 
Q&A (icon to the low right in Zoom) 
and we will do our best to answer 
them during the session (in writing 
or orally).
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CLOSING REMARKS

Great thanks to all presenters for a wonderful show!

Look out for MIA’s NEXT webinar in May 2022:

“Topic to be decided”

If you have ideas for your own future webinar then contact 
MIA MC and we will help you make it happen!



Find out more at
http://iwa-mia.org/

https://iwa-connect.org

http://iwa-mia.org/

