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Ovutline

1. Introduction

2. Curve Matching

Functional estimation
Distance and similarity indices
Accounting for uncertainty through bootstrap

_’
_’
_’
— Qverall framework

3. Creation of an integrated infrastructure

— Data ecosystem and continuous validation
— Experimental databases and simulations
— The SciExpeM platform

4. Integration into the kinetic modeling framework

— Coupling with chemical lumping
— Enforcing physics into OME chemistry

5. Conclusions
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What do | do?

v Chemical-kinetic analysis of reacting systems
of renewable fuels at different levels:

— Development and reduction of chemical
kinetic mechanisms

— Application in CFD computations
v Formation of pollutant species (NO,, SO,)

v Energy carriers
— Ammonia
— Oxymethylene ethers

BSc/MSc PhD Assistant Professor Associate Professor
Chem. Eng. Chem. Eng.

A POLITECNICO
&F MILANO 1863

74 TECHNISCHE
£li6) UNIVERSITAT
9 DARMSTADT

POLITECNICO Stanford

POLITECNICO /-
LARAA¥ MILANO 1863 University

e POLITECNICO
(LAY MILANO 1863

(GEALY MILANO 1863
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The CRECK modeling lab

Alessandro Stagni — COST CYPHER Training School — Budapest, September 2-5, 2025
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CRECK modeling expertise
/\

CFD modeling of complex

RECK combustion devices
(burners, combustors,
furnaces)
. Non premixed Lab-scale
chem.lstry/tu.rbulence turbulent jet turbulent flames Validation
interactions flames (TNF in MILD
Workshop) conditions
/ \ http://creckmodeling.chem.polimi.it

1D Laminar premixed

2D laminar coflow
flames (burner

chemistry and fluid Validation

dynamics stabilized, flame speeds) flames
Ideal reactors (batch, PSR, Drop tubes and thermo- E n
PF, shock tubes) gravimetric analyses -

..-

4 \

Thermodynamics and transport
properties

Detailed kinetic mechanisms Developmen
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Exploring combustion kinetics

Experiments

Mass

Kinetic modeling

Quantum

Molecular

spectrometry Y .
dynamics

Automatic
HRR mechanism Automatic
imaging generation mechanism
diagnostics reduction

Fluorescence
spectroscopy

Higher accuracy Higher computing power
Wider capabilities Improved numerical techniques
Faster sampling frequency Standardized kinetics formulation

A synergistic coupling?
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Many data, many models

(updated in 2016...)

200 - 20 1 19
Kéromhnes
® Laminar Flame Oconaire
M Jet stirred » o8 Konnov 14
150 - £ Li
2 Plug flow £ Hong  Aramco
s ¥ Ignition delay -‘C: 12 -S::::w amm__s."p’
S £ Davis  NUIG
£ 100 - ) Starik  USCII 9 9 9
2 3 g | USCh Zzsely Avameo Aaméo Dagaue 8
o © POLIMI Konnov GRI3.0 GRI3.0 Konnov POLIMI
= . I g UcSD | Li  POLIMI ROLIMI POLIMI  LLNL
= 3 GRI30 LeCong NUIG NUIG GRI30 Ahmed >
50 s 4 | Sun [Lu  USCH uscn Uscl Aachen  POLIMI
Rasmussen LLNL  Zsely z:omj Aramco  UCSD VLLm.
Ahmed Ahmod Dagaut Dagaut USCIl  Cottbus Galovlehev
1 SCESEEE
0 - [ B o | Dagaut Dagaut UCSD UCSD UCSD Golovichev Glaude
Ha CoHg CzH, C:H2 n-C;Hy i-CgHys H: CH, C:He C:Ha C:H: n-C;Hq i-CgHis
Literature datasets keep Mechani lidat Several kinetic models
increasing over time rechanism vailaation representing the same fuel
Is time consuming
Curran et al. Comb Flame, 114 (1998) Metcalfe et al. Int J Chem Kin, 45 (2013)
Curran et al. Comb Flame, 129 (2002) OIlm et al. Comb Flame, 161 (2014)
Ranzi et al. Prog En Comb Sci, 38 (2012) Stagni, Politecnico di Milano (2016)
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Combustion is hierarchical

Fuel undergoes a sequential breakup Lower-hierarchy levels depend on
higher hierarchy ones

Low temperature High temperature

% : )
1 Oxidation Pyro'ysis
Alcohols

2 aldehydes
< o) Polycyclic

Primary

aromatic

reference fuels hydrocarbons
Pyrolysis +0, Oxidation

T S

Mechanism validation
is a continuous process

Alessandro Stagni — COST CYPHER Training School — Budapest, September 2-5, 2025



Example: the NO, case

Before 2012 update

» Hierarchical dependencies strongly . 30 100
affect a kinetic mechanism 301 0|
25 -
. 20 -
» E.g. NO, formation depends on the Tao £ T o
core Cy-C5 submechanism 2 2 2
Q15 - o 2 .
2 2 2
10 10 A
20 -
What can happen? 5 1
0 T T T 0 A T T T T 0 T T T T
> January 2012: 0.0 05 1.0 15 2.0 0.0 05 1.0 15 2.0 25 0.0 0.2 0.4 0.6 0.8 1.0
. % H2 [-
critical update to C,-Cs HAB [em] HAB [cm] X
After 2012 update
100 50 120
80 - 100 A
80 A 4
'E' 60 'E'
Q o A
Z 2 60 -
S )
40 -
20 A 4
20 A
0 T T ' 0 T T T T 0 T T T T
0.0 0.5 10 15 2.0 0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.2 0.4 0.6 0.8 1.0
HAB [cm] HAB [cm] % H2 [-]
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Pelucchi et al. Comp Aid Chem Eng (2019)

«Best» model?

0.1

_ ] Common practice: . Model 1is sl th
= Sum of Squares Error (SSE) ofer Lissuwer than
g 001 experiments
':5 Model | SSE  Model 2 has a different
é:’ oot | 1 213 activation energy (slope)
g Model 3 2 203  Model 3 output likely suffers from
= 3 168 a post-processing error

0.0001 . . .

0.9 0.95 1 1.05 1.1
1000/T [K]
120 « Model 1 correctly predicts the
100 - Model | SSE reactivity through the
80 | 1 8400 temperature, but has a shift
2 7400 * Model 2 predicts an earlier onset

Model 2 of consumption

N
o
1

Fuel mole fraction [ppm]
o))
o

20 A
0 ; ; ; ; A single indicator does not
1200 1300 1400 1500 1600 always represent models’ ‘ Curve Matching

Temperature [K] predictive features
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Automating the validation of kinetic mechanisms

4 questions to be addressed: IMPROVE & LEARN

—> How to set up an intelligent data ecosystem?
New
— How to include data knowledge to develop Parameters
detailed kinetics? Curve = Y N - -
- How to automatically quantify the predictive] Matching »  anign !
New mode mprovement
degree of a model? : Farametére frorf Margins
o external sources Update of Relevant Model i
—> How to create physics-informed reduced | O Dy A 0 hpminimiy
- T Model
mo d e I S ? Q>J Compare with Am‘:lyiis i
i Q experimental targets Analysis tools:
0.1 —_ 120 D - Sensitivity i
€ Model; Exp. Data of Gnalv:s' \
= g 100 - , different \ Suhdtkation
o — i ¥ nature and
£ 001 c i i :
';. 'g 80 Numerical —_ origin /
3 8 601  odel2 s Simulations : Assessment of Cutthe |
é 0.001 - é 40 ~ T] Performances Bottleneck! i
I3 g 20 - i / Database “Model ............. :
0.0001 . . . £ , , , i Validate & Use L Raduction/Optmization ;1
0.9 0.95 1000;T « 105 11 1200 1300 1400 1500 1600 - - :
[ ] Temperature [K] New g Realalond .........
Experimental i Applications

Data
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B. Silverman & J. Ramsay, Functional Data Analysis, Springer, 2005

F u n cti O n a I eSti m ati o n Bernardi et al. Combust Flame 168 (2016)

n
. " . pal — . 2 r 2
* Experimental data are noisy measurements of an f = argminscp Z(yi — f(x))" + Aj(f (x)) dx
underlying regular process i=1 ' | '
» Spline functions (5" degree) are used to fit the ! b
' , : o SSE Smoothing
experimental points and modeling predictions
Spline SmOOthing = smoothing function 3501 of thgf;snl;(yd;,/;’;;ztll;zsction
300 - 300 -
[ . . 250 ] 250
* Avalue: smoothing parameter weighing a roughness oo | 200 ret i
penalty > 150 > 1;2 : Derivative
50 -
. . . . . 1001 & Exp. 0 -
* Generalized Cross Validation (GCV) criterion on zero 0 eer curve 50 |
and first derivatives of experimental data w0 200 e e 0 20 L, A 60
2 8.0E-04 8.0E-04 8.0E-04
. A A=1 A=100 ] A=
n 7_1= 1 Vi —f(X') 10000
1=1 l l 6.0E-04 - 6.0E-04 - 6.0E-04 4
GCVy(A) = 5
(n — df(ﬂ)) > 4.0E-04 > 4.0E-04 - > 4.0E-04 -
2
n—1 / alj 2.0E-04 ~ 2.0E-04 - 2.0E-04 -
nZizl (y i _f (xi))
G C V1 (A) — 2 0.0E+00 . . . 0.0E+00 : . . 90— 0.0E+00 : : : >0 o
(n —d f (A)) >0 600 700 80())( 900 1000 1100 00 600 700 80;’( 900 1000 1100 500 600 700 80())( 900 1000 1100
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Optimal penalty factor (A)

Classical approach

: nSSE, Aopt = argmin;cp+GCVy (D

Roughness is penalized directly
on the main function

A — —oo (under — fitting)
A — +oo (over — fitting)

Modified approach Aopt = argmin,cg+GCVy(1)

GCV, = n33ky Roughness is penalized directly on
(n —df(1))? the derivative of the main function
Trade-off

Aopt = argminAeRJffopt(/l)

350 ~

300 -

250 -

200 -

150 -

100 -

50 -

smoothing function

¢ Exp.

—Ref. Curve

0.00 2.00 4.00 6.00
X

first derivative
| of the smoothing function

—Ref. First
Derivative

0.00 2.00 4.00 6.00
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GCV (A)

log(GCV,)

. Gev, - Geny +og(GCVy)
><‘10 ° ‘ ‘ ><‘10 ° ‘ ‘ ><‘10 ° ‘ ‘
| o s SR 8} o
¢ \ o/ \ o
6 :" "., ] 61 /’5 X 6F $ \“.
Data VS Curve i} A ! AN 1 A
o o 0//
2 ;'I 2t 2
‘ e A
0r e 7 0r ocese s00® ot o_0es_o--o00-&
1200 1400 1600 1200 1400 1600 1200 1400 1600
><‘1()’6 ‘ ‘ ><‘10*6 ‘ ‘ ><‘1(J’6
1 U A ! A
A
. PN VAR
N ST ] 1 R— N [ R N
(First derivative) 4
1} H 1} 1 _1} i
Data VS Curve i | |
1200 1400 1600 1200 1400 1600 1200 1400 1600
x10710 | | x1012
- ny
3.0f i ‘. Or
! 4t ]
2.5} i ] : —10p
Loss, Cost, , P g ,
S 20 i =30 —20¢
. . O O |
Objective S 15} 8,11 Il
1.0f 1 1 1 —40}
0.5} ‘
~10 0 10 10 0 10 10 0 10
log(\) log(X) log(\)
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Distance and similarity indices

Distance Similarit
y with 7l = |[ reozax
1 1f g b

dr,(f,g9) = € (01) | d%f,g)=1—=|-———Z|le (01

' 1+ ”fl_lg” P/ 9) 211l ||g||” o D = domains intersection

(0) = functions
1| ' g’ (1) = first derivatives
dl ( ) )= 7 7 € (0,1) dl ) =1_— - € 0,1
A i — 1 e [ T I | R
dgz + diz + dg + dz]5
If f — g all the indices tend to 1 1 = very good. 0 = very bad = - 1
Different indices see different things
a b. c
Example 2.5
a gx)=axf(x) 21

b g@) =f+b "
¢ gx)=axf(x)+b "

with
a=12 b =05 o 1 2 3 4

f(x)

0.5 A

Bernardi et al. Combust Flame 168, 2016
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Shift index and model performance °; ¢ BE -

Time shift, t
. . 1.6E-03 ® Heldetal, 1997
» The difference between model and experiment can be = Model Before shift
(also) due to horizontal shift g 12603 === Model after shift
* The flow reactor case: mixing effects at the reactor inlet £ soroe
cause an early reaction. This is typically considered via a 2
‘ ’ . : . 4.0E-04 -
manual’ shift of the time coordinate
0.0E+00 T T
0.00 0.05 0.10 ) 0.15 0.20 0.25
Shift index 775 P
5] _ Example
S = max (1 - F,O) e (0,1) 1 = already aligned _120
_ ] o 5100 | With shift
§ = argmaxs(d9, + d}. +d3 + d}) J: dor_naln shift optimizing 5 shift 40, _ 0,999
the alignment S 807 Without shift dl; = 0.994
[8) 0 _—_
£ 6079 40— 0994 \ Zi’ oo
[} 1 _ U
Model performance L 40 | di2=0987 o 0030
S 20 dy =0.928 o
K] 1 d} =0.783
0 1 0 1 S
V- dr,snirt ¥ AL, snife T Apsnift + Apsnife + 25 e (0.1) = | | N e
- ’ 1200 1300 1400 1500 1600

6

Temperature [K]
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Bootstrapping: accounting for experimental error

» Experimental points are affected by uncertainty

* The higher experimental uncertainty, the higher the
variability of the performance indices

* Need to keep it into account to identify the confidence
interval of the performance indices

Fuel mole fraction [ppm]
®
S

0 . . g
1200 1300 1400 1500 1600
Temperature [K]

Bootstrap

Random generation of exp datasets with a normal distribution

« Data point as the mean value o o
« Uncertainty as the standard deviation £ 0o
= 1T
Curve matching is performed with each generated dataset as §
reference curve % 0.001 -
N M, S (M; — M)? - e
Performance p; — &:=1 "t + S = Z N —1 Confldenlce * 0.0001
: — interva - '
index N \ i=1 0.95 1 1.05

1000/T [K]
Hjorth, J. U. Computer intensive statistical methods: Validation, model selection, and bootstrap. Routledge (2017).
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What happened to the ‘bugged’ NO, mechanism?
BTN EEREREEENE - mooved predictions in prompt &

, POLIMI 1407  0.813 0.842 0.940 0.878 0.997 0.911 0.009 reburning submechanisms
H
POLIMI 1902 0931 0917 0955 0.895 0975 0.941 0.014 e Box plot shows the overall

POLIMI 1407  0.703 0.718 0966 0.705 0.942 0.829 0.014 improvements, as well as the
POLIMI 1902  0.962 0.826 0.967 0706 0.947 0.892 0.018 outliers to be further investigated

= = POLIMI 1407 =—— POLIMI 1902
20 60 1
g_ 15 g- 0.8 4
S 240 - 5
c c - 0.6
2 10 2 30 1 £
: : 5
- - = 04 4
K] K] 20 ~ i R S 1
o 5 ]
€ £ 10 - 0.2 -
0 T 0 T I O T
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3 POLIMI 1407 POLIMI 1902
Height above the burner [cm] Height above the burner [cm] Mechanisms

Van Essen et al. Combust Flame 153 (2008)
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v
v

Take-home messages

Mechanism validation is often the major bottleneck in model development

Setting up data ecosystems is a necessary step to leverage large amounts of data to develop predictive kinetic
mechanisms

o Physical behavior is complex, quantifying predictability is, too.

o Uncertainty matters

o Knowledge can be extracted from data behavior
Experiments/theory/modeling: the cross and delight of chemical kinetics

o The technology boost increases knowledge

o Increasing knowledge creates some traffic...

Multi-faceted analysis of functional data obtained from models and experiments. é§ /

v/ Distance and similarity norms, and horizontal shift

. ) . ] Experiments Models
V' Functions and first derivatives

v/ Bootstrapping to estimate the index confidence interval
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Beyond Curve Matching: an integrated infrastructure

Need to effectively manage a huge
amount of data:

— Continuous, multi-source integration
— Dynamic acquisition of new data

— Continuous validation

— Data exploration

Creation of a common database,
interfaced with

— Simulations platform (e.g.
OpenSMOKE++)

— Validation platform (Curve Matching)

)}
SCIEXPEM

https://sciexpem.polimi.it/

Input and output

Structured files

Exte.rna'l Raw sources (XML, JSON,
repositories (papers, etc.) CSV, etc.)
Platform
Extraction and preprocessing

Infrastructure management Analysis tools

Multi-source Dynamic Continuous Data Curve

integration acquisition validation exploration matching

Quality
management

I I i i
o=
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Experimental datasets

B Flow reactor [ Jet stirred reactor

B Shock tube

[ Rapid compression
machine

Pressure [bar]

A Song(2016)
. Hulgaard (1993)

@ Wargadalam(2000)
’ Stagni-PFR(2020)
. Mathieu(2015)
B shu@019)

< Dagaut(2005)
D Rota(2001)

© Stagni-JSR(2020)
O Manna(2020)

$ Pochet(2019)

’ He(2019)
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B Shock tube B Laminar flame

B Rapid compression £ Jet-stirred reactor
machine
& ® 160
4
& + Op T 50
|
[ ] 40
® 5 ’
%0, ® |
+ |
4 +10
-1
@
/ 2:00
/ 1.75
O 1.50 \"\
~ 0 &
00 01 T~ il
0.2 7~
0.3 y
"’2/(;.,2 N

Pressure [bar]

SOV AR*OD>

Shrestha(2021)
Osipova(2021)
Gotama(2022)
Kumar(2013)
Han(2019)
Lhuillier(2020)
Osipova(2022)
Zhang(2021)
Chen(2021)

Y Pochet(2019)

. He(2019)
+ Dai(2020)




A threefold approach

__ Methodology:

=9= * Synergistic integration of i) experimental

THEORY data, ii) theoretical calculations, iii) kinetic
modeling

@ . * Automated kinetic simulations
'l - * Model performance analysis
EXPERIMENTS SCI EXPE M MODELING

Continuous-improvement workflow

Ramalli et al. Chem Eng J 454 (2023) |

Ramalli et al. Front Big Data 4 (2021) Perform experiments and theoretical studies in

the most critical operating conditions
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Sciexpem
https://sciexpem.polimi.it/
Home

0 0. . -d ba 8

= )
9 9 ne oa

{) SCIEXPEM

B,5,0,8, Bedy
riments and Models

‘9

entific

/)
4

Kinetic Models Species

Data points
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Sciexpem: the ‘experiment’

https.//sciexpem.polimi.it/

Q@ sciexpem - Cerca con Google X + v — O >
< C @ google.com/search?q=sciexpem&rlz=1C1KNT)_itIT982IT9828&0q=sciexpem&aqs=chrome..69i57j0i54613.1922j0j15&sourceid =chrome&ie=UTF-§ R * ¢ » 0O o
& Posta - Andrea Nob Corso 257

Gm[é sciexpem X  ® Q {83 i o

Q Tutt Q Maps [*) Video &) Immagini {Q Shopping ¢ Altro Strumenti

L

https://sciexpem.polimi.it - Traduci questa pagina

SciExpeM

cientific Expenn*errs and Models. 18. Kinetic Models. 236. Species. 0. Fuels. 164. Data points.

7. Experiments. 6. Simulations.

https://sciexpem.polimi.it » project - Traduci questa pagina

Project — SciExpeM

A data-driven predictive model for combustion Kinetics can study the behavior of

https://github.com » sciexpem» s... - Traduci questa pagina

sciexpem - GitHub
sciexpem. This prototype has been developed within the work for the paper "Towards a

scientific data framework to support scientific model development”.

https://github.com » edoardoramalli - Traduci questa pagina

edoardoramalli/SciExpeM_API: Python API Wrapper ... - GitHub
Python API Wrapper for SciExpeM. Contribute to edoardoramalli/SciExpeM_AP| development
by creating an account on GitHub

https://pypi.org » project » SciEx... - Traduci questa pagina

SciExpeM-API - PyPI

Python wrapper for SciExpeM EndPoints. ... ScCiExpeM-API 2.0.3.4. pip install SciExpeM-AP| -
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Sciexpem: the ‘database’

https://sciexpem.polimi.it/
s = @

¢ C @ sciexpem.chem.polimi.it & 2 W » 0O o@

{2t Home B DataBase 1, Insert ~ Analysis v/ Validation (3 Dashboard C Log Out - andrea.nobili

v Filter Experiment DataBase (All the conditions are in logic AND with each other, if the field is not empty)

ID: Experiment Type: Reactor Type: Fuels (In logic OR): Username:

Temperature Range (Min-Max) [K]  Pressure Range (Min-Max) [bar)]  Eq. Ratio Range (Min-Max) [phi = 100 (+inf)]  DOI:

Description: Author: Title:

Filter DataBase Last 10 Experiments

> Result Table

22020 Politecnico di Milano
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- ) ¢ = . ;
SCIexpem ) th € simu Iatl on https://sciexpem.polimi.it/

v - o0 X

2w » 0@ :

@ ScibxpeM X IR Posta - Andrea Nobili - Qutiook X +
< C @ sciexpem.chem.polimi.it
R Posta - Andrea Not

G Log Out - andrea.nobili

{2y Home H DataBase L Insert ~ Analysis v/ Validation 3 Dashboard

v Filter Experiment DataBase (All the conditions are in logic AND with each other, if the field is not empty)

ID: Experiment Type: Reactor Type: Fuels (In logic OR): Username:

burner stabilized flame speciation measur...

Temperature Range (Min-Max) [K]  Pressure Range (Min-Max) [bar]  Eq. Ratio Range (Min-Max) [phi = 100 (+inf))  DOL:

Description: Author: Title:

Filter DataBase Last 10 Experiments

> Result Table

22020 Politecnico di Milano
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Sciexpem: model validation and analysis

https://sciexpem.polimi.it/

@ scibpeM x + v - B8 X

& C @& sciexpem.chem.polimi.it @ =2 % » 0O ° :

j DataBase L Insert ~ Analysis v Validation (> Dashboard & Log Out - andrea.nobili

v Filter Execution Experiment DataBase (All the conditions are in logic AND with each other, if the field is not empty)

Experiment Type: Reactor Type: Fuels (In logic OR). Chem Models (In logic OR):

Temperature Range Profile (Min-Max) [K] Pressure Range Profile (Min-Max) [bar] Equivalent Ratio Range Profile (Min-Max) [phi = 100 (+inf)]

Filter DataBase

> Result Table

> Visualization

©2020 Politecnico di Milano
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Take-home messages

 SciExpeM and Data Ecosystems: effective tools that can foster the development of chemical
Kinetic mechanisms.

« SciExpeM specifically as a tool is still under development (JOIN US IN THIS JOURNEY).

« Data sharing, and definition of standard benchmarks needs to be established to develop new
and consistent methodologies to reduce optimize mechs...

— Further exploitation of this huge amount of

experimental data collected, towards model discovery
and generation.

Alessandro Stagni — COST CYPHER Training School — Budapest, September 2-5, 2025
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Kinetic modeling in the energy transition scenario

E-fuels
A
H N )
2 =L H, (fuel) ] Current bottlenecks:
T [ Renewable ] — Theoretical knowledge
energy
- \ - \ (e.g. NH3, OMEs)
1 Methanation ) 1 Mathiane ) — Chemistry-physics
interactions (e.g. H,)
H,from | H,+CO, — ) ( Large / — Mechanism size
i Fischer-Tropsch
electrolysis J \ ) | Hydrocarbons | (|_a rge HCs, OM ES)
*
s | ) ’
Methanol
-S > et an.o > Methanol
c synthesis
(<)) . y,
c
g ( * A Oxymethylene s Alk like chemi
~ Dehydrogenation | ethers (OME) > ane-like chemistry
e \ J \ / LT vs HT
i)
‘é 4 \ 4 \
= Ha*N, Ammonia Ammonia
S synthesis . )
Small/large Adapted from Masri, Proc Combust Inst 38 (2021)
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A step back: modeling combustion kinetics

HEAT

V' Regardless of the fuels, combustion CO,+H,0
kinetics is:

— Hierarchical
— One-way y
— Based on i) the pyrolysis and ii) COMBUSTIOI\>

oxidation concepts

v/ The energy transition can leverage the
longstanding and established kinetic

modelling tools and knowledge obtained
with conventional fuels \ 1 /

v/ From larger to smaller molecules: Pyrolysis: frocr)nx?-ztlloo:)‘;]ds
pyrolysis and oxidation break bonds C-C bond cleavage

/ T \ to C-O and H-O bonds
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Limitations of detailed chemistry

Lu & Law, Prog Energy Comb Sci 35 (2009)

v Computational availability increases exponentially over time (Moore’s law)
Biodiesel + NOx + | = 5K - ELLNL)
soot (POLIMI) .
© Computational cost scales with power law (Jacobian matrix ol wodi'eseuvo(;-w; L
. o o c A 16 '—'—"{'—, ‘m m Decanoate
construction/factorization) - cisspou o1z LN B
é iso-octane (LLNL) N porF
X Detailed mechanisms of real fuels are not applicable for most computationally 3 sorocane (ENSIC.ONRS) 27 mheptane (LN
. . . S CH4 (Konnov) K )
demanding applications 5 0k ) o o s L
E [ uscoru e Jnhumetiny
’ = | C1-C3(Qinetal) ’,'DME (Curran)
Moore’'s Law
GRI12 gg C2H4 (San Diego) @ before 2000
is alive and well Nt d vy 2000 to 2005
10 - m after 2005
1,000,000,000,000 ' = ‘ ALl (11T AT
100,000,000,000 | 10° 107 10° 10*
' N f ies, K
10,000,000,000 i | umber of species, 8
000,000,000 ; | 10000 = 100 3
8 s it ' ’ Biodiesel LLNL # €
g é nC,eHss LLNL, & )
= /
S 2 1000  4CHig 10 3
@0 2] nC;H;s LLNL & , =
-‘g ‘.6 // §
g 3 S;YRO nC,H,, LLNL® 5
= 2 100 - > 1 3
£ ,/ &GRI3.0 o
c <+—$ GRI1.2
Year 1970 2030 R ‘cm Leeds B
10 ‘ — . ‘ 01 &
1960 1970 1980 1990 2000 2010 2020
n

https://www.linkedin.com/pulse/what-moores-law-ritik-kumar-singh-wrdzc/ year
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Chemistry complexity

Complexity of liquid feedstocks

Petroleum fraction
isomers

8 18 Gasoline and naphthas
10 75 Kerosene

12 355 Jet Fuels

15 4347 Diesel Fuels

20 3.66-10° Light Gasoil

25 3.67-107 Gasoll

30 4.11-10° Heavy Gasoil

35 4.93-10M Atmospheric Residue
Altgelt and Boduszynski (1994)

Use of representative molecules
Surrogate fuels

Alessandro Stagni — COST CYPHER Training School — Budapest, September 2-5, 2025

Complexity of reaction mechanisms
nC,H,

b-Decomposition
nCH;;» ™= b oducts

R700- HO,* + nC;H,,

7

OH- +
*Q700H =—>
: Cyclic Ethers
+0, %

*00Q700H OHe + *RCHO +

l CnHZn

OQ700H + OHe

!

Degenerate
branching path

Reduction techniques
Species Lumping
Skeletal Reduction




Case study: Oxymethylene ethers (OMEsSs)

CH.OICH.OL.CH OME; s* Fossil diesel
. 3OICH,0],CH;, Density at 15°C [g/cm?] 1.057 0.835
. - ¢ ] R Oxygen content [wt%] 48 ~ 0
T, P Cetane number [-] 80 54
} OMEZ : o o
Flash point [°C] 62 55
- Boiling point [°C] 140-318 200-360
‘ \ N Melting point [°C] —18 ~ —9
) e * 0.1 wt% OME,, 0.2 wt% OME,, 45 wt% OME;, 25 wt% OME,,
2 17 wt% OMEs, 7 wt% OMEsg, 3 wt% OME7, 1 wt% OMEg
OME, /DMM
. AN A Great potential as
;" el drop-in fuels
OME, /DME
Physico-chemical properties similar to those of
diesel fuels
Omari et al. Applied energy, 239:1242-1249, 2019. Established synthesis processes
Himmel et al. Sustainable Energy Fuels, 1:1177-1183, 2017. Reduction in NO, and particulate formation
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Setting up OME chemistry

OME mixtures

— Set up a workflow to accommodate
the chemistry of longer-chain fuels
into a semidetailed model

— Apply to OME,_s as a case study

MAIN
MECHANISMS
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Kinetic modeling is modular

Data-driven,

Define archetypal
lumped chemistry
(OME,)

Set up of a core

physics-enforced

Co-C;3 chemistry optimization

Hierarchy, modularity, and generality principles

Alcohols
aldehydes
Primary :olycyt:ilti:c
Reference Fuels g
Hydrocarbons

MECHANISMS

Pelucchi et al. Comp Aided Chem Eng, 45, 2019. Pegurri , Master Thesis, Poitecnico di Milano (2022)
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C hem ical I um pi ng This was developed for fossil-based fuels...

—

W : : : :
With an |n.creasmg_molecule size, the humber of species and [ AAA -
structural isomers increases exponentially I o

. ; = o0

— Yet, the reaction classes are always the same... NN | — 2 ©
>

. . : : R-+ A"\ — - 1 25

— Chemical lumping: structural isomers can be grouped into AN |— £ o
pseudo-species, thus limiting the increase in the number of 1 8 o
species (Ranzi, 2001) a

NN ——

Paraffin . &
Petroleum fraction Udmbed heptyl radical

8 18 Gasoline and naphthas

10 75 Kerosene But it holds equally for next-generation ones!

12 355 Jet Fuels / 5

15 4347 Diesel Fuels N —— G ..3
o,

20  3.66:105 Light Gasoil R+ . — — 2 5

N )— € o

25 3.67-107 Gasoil S a
@

30 4.11-10° Heavy Gasoill - o

35 4.93-10""  Atmospheric Residue Lumped DMM radical

Altgelt and Boduszynski (1994) Ranzi et al. Progr Energy Combust Sci, 27, 2001
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DMM (OME,) kinetic model as an archetypal

For small molecules like DMM, the key steps can be often High- and low-temperature pathways
evaluated ab-initio

DMM .~~~ B-scission products (HT)
» R ! /" Rroon
o o /O O\
10 Hzc/:\/o\CHg /O\/O\. ~ \;/ ™~ HO\/O\/O\ \C‘:
0 ==
30 | RO, 2! RO i
b0 P oo
- i o N NN . —_ -o\/o\/o\ - \r N | — B-scission products
.0 . HT
2 10 ] 1 o (HT)
é QOOH Cyclic ethers+0OH
= o 0. PN -—
% 0 0 NIINON o NN ' T S| — L j’ T_ (o
o 10 | — o °
] 0) I B-scission products
—20 0 ZQOOH 2 (HT) l
5 5 B-scission products
—-30 NG LN N - \( w (HT)
—40} B oojO/ -oj) HO/O O\oo
0 0QOOH + OH !
/0 0\/0 o 0\70
\r Y Ho\/o\/o\ﬂ — (-scission products
i wo”’ - o (H)
Reaction classes and rate o
rules can be implemented
Jacobs et al. Combust Flame, 189, 2018 Pegurri et al. Combust Flame, 260, 2024
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Lumping OMEs

OMESQOOH
s e e e e e s R S - —— -
lHSC/O\/O\/O\/O O\/O\CH3 ; C/O\/O\/O\/O\/ow/o\cH3
OME5R02 |
__________________ 0 o
- | \OH \OH
O o o o o N - ! 0 0 o 0 o 0 o 0 o o o
ho” O OO OO T N N ~en, HC/\/V\/V\(\CHg
|
o o
0 o) 0 0 0 0 oH om

0 o o o o o
:Hac/ NN N \( S~ Ncn, G /O\/o\/o\./o\/o\(o\CHS
0

\ I
0 N 9

. I OH “oH

H C/O\/O\/O O\/O\/O\CH | (o) (o) (o) (o) (¢ o) 0 o o o 0 o)
IHSC/\/\/\(\/\'/\CHS Hzg/\/\/\/\/\/ﬁ
o 1 o) o)

N

0, | o HO/

I 0 0 (0] O 0 0.

e SN Y NN e /O\_/O\/O\/O\/O\/Oﬁ
O

o )4

And many more ...

B-decomposition
’ OME,0OQOOH ‘ - products
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Reaction classes and rate rules

— Reaction rate constants mostly depend on the reacting

= A —EC, . o /RT) xA2, —EY, . /RT
moiety, and the related short-range interactions k | Tef R exp( ref.R/ ,) . CR Hexp( R’/ ),

(Benson, 1976) ! !
s “Similar” _ h i _ I fuels: Parameters of the Parameters of the
Imilar™ reactions .ave similar reaction rates on all fuels: abstracting radical hydrogen bond
rate rules can be defined
Example: H-abstractions -
X. i e
é’ H or / "‘-.'-l
S oy
| ° G % i ]
W » MA + XH S [] :.'-l

E 6r . . )
=
Z K a

The reaction rate depends on: S I
E 3r - '.'.

— The abstracting radical 3 /
M - »

— The hydrogen location = [ e n

0 A A 1 A A 1 i A L " "
0 3 6 9 12

log RATE CONSTANT (exp.)

Benson, “Thermochemical kinetics”, 2" edition, New York (1976) Ranzi et al. Comb Sci Technol 95 (1993)
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From OME, to higher OMEs

Reaction-class systematic methodology

1. Unimolecular decomposition
CH,0 CH : : :
3 3 2. OME, + R’ & OME, R+ R'H ——> From Ranzi’s methodology
I B-decomposition 3. OME,R < B-decomposition products N
> products ) .
OME,R S~ 4 0, + OME,R < OME,RO,
OME,ROOH . . : .
+0, / $ 5 RO, + OME,R < RO 4+ OME,RO
OME.RO, OME RO 6. C.)MEnRO2 < OME,QOOH |
- decomposition > 7. R+ OMEL,ROOH < RH + OME,RO,
products : :
8. OMEHRQOH < OME,RO + OH | Scaled
OME,QOOH << OME, Cycleth 9. OME,RO & p—decomposition products From DMM model
B-decomposition - i
+0, roducts 10. OMEHQOOH < OME, cyclic ether
OME 0,Q00H | > [[p-decomposition 11. OMEHQOOH o ﬁ—decompoghon products
products 12. OME,QOOH + 0, « OME,0,Q00H

13. OME,0QOOH + OH < OME,0,Q00H

B-decomposition

OME,OQOOH | — > products 14. OME,,0Q00H « f-decomposition products
Ranzi et al. Progr Energy Combust Sci, 27, 2001 Shrestha et al. Combust Flame 246 (2022) Pegurri et al. Combust Flame, 260, 2024
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Optimization

Fact
RT

k= ATP e

— Non-linear constraint, factor 2 adopted.

Icma:c _ ]CO . ICO — Iszn
In(10)  In(10)

fr —
— Objective function based on Curve Matching index

N 1 Ny
L= zj:CMi,j

1

)

— Reaction Class scaling
ln(A) — ialing X ln(A"“ef)

_ B
5 o fscaling + 67’€f

E, E,
T scaling +\ 5
R R ),

)> DAKOTA

NO

——> new sets of
parameters

Suggests

Check if the
rate constants of the

reference reaction of the classes
are inside the uncertainty - -~

bounds

Apply the scaling to
each reaction of the
class

Run Simulations
© OpenSMOKE++

l

Compute
Objective
Function

Stopping

criteria reached

kmaz _kO — kO _kmin

R fr= In(10) In(10)
NO
l?’l,(Al) = fA X ln(A,,ef)

----- > ﬂz = fﬂ + /Bref

a Ea a

...... (5).= £% + (4
Apply penalty

function

Curve Matching Score
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Scaling rates, retaining chemistry

Reference species Larger species
— Reference parameters are

“\\ ¢ % o L \ taken from DMM chemistry
) \«\ “C \&W el Wy . . \‘.g — An uncertainty factor f, is

OME, : OME, & © - OME, assigned to each reaction
\ -
¢ & class:

< Y
Generic rate: N 191 S A.t 2,
’ w ¥ ‘ |
k. = B Ea’l C & : » - ‘t / K — KO KO — K.h;
1—A1'T1‘€Xp _ﬁ C . L 13 % // max _ min

_— fr =TIy - In10)

l Scaling factors

E In(4;) Ea  /E E Kept constant durin
In(k;) = In(A 1 T—(—“) » A = : = p — .R:(_“)_(_“)H 111k J

Detailed Lumped
mechanism mechanism

Optimized

mechanism

Eq

A B R
i AR
Furst et al. Comp Phys Comm 264, 2021 Bertolino et al. Combust Flame 229, 2021
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Experimental database & optimization targets

OME, OME; OME,
. IDT Cai et aI., 2020 . IDT Cai et aI., 2020
A LFS Ngugi et al., 2021 A LFS Sun et al., 2017 @ |IDT Cai et al., 2020
A LFS Eckart etal., 2021 \ A LFSFritsche etal, 2021 | "V @ A LFS Richter et al., 2021
/A LFS Fritsche et al., 2021 20 20 20
= .~ 5
(© (]
8 2 2
= 10 — 10 =
o o o

500

Tlk; 1000 g

Tlk; 1000 4 Tlk; 1000 ¢

— Plug flow reactor used for validation

— Ignition delay time & Jet Stirred Reactor selected from the
— Laminar flame speed used for validation

Sciexpem database
— Most data on OME,_4 (only 1 dataset available for OMEj5)

47
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Model validation

Pyrolysis Oxidation
0.0014 ¢ =2
0.0100 J — Optimized
0.0012F —== Nominal
Z ® OME,
: 0.0075 | T0.0010— ‘ﬁ‘ OME;
S - m 2N " OME,
s £ 0.0008 1 SFBp OME,
& .. i B
L'q_)' 0.0050f —— Optlmlzed % 0.0006
§ ----- Nominal = oot
0.0025¢ Py OMEQ ]
0 : OOOZ?O_O 600 8(.)0 0 0.0000+ A
800 900 1000 1100
Temperature [K] Temperature [K]
Scaled OME reactivity caught OME5 well caught (although not used
reasonably well as optimization target)
Zhong et al. J Anal Appl Pyr, 159, 2021 Gaiser et al. Fuel, 313, 2022
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Model validation: laminar flame speed

Laminar Burning Velocity [cm/s]

1007

0
o

D
o

S
(a=)

207

OME, vs OME;

—— @ Tu = 393 K, Shrestha (2022), OME,

—— B Tu = 443 K, Shrestha (2022), OME, ®
---- O Tu =393 K, Wang (2021), OME3

——-- [[] Tu=443 K, Shrestha (2022), OME;

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Equivalence Ratio [-]

Laminar flame speed is independent of
OME chain length (Cy-C5 controlling)

Shrestha et al. Combust Flame 246 (2022)
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Temperature scaling (OME;)

t
(e}

W
(e

Laminar Burning Velocity [cm/s]

This work

@ Tu=1363K,P=1har, Wang et al. (2022)
[ Tu=378 K,P =1 bar, Wang et al. (2022)
A Tu=393 K P=1bar, Wang et al. (2022)
Tu = 408 K, P = 1 bar, Wang et al. (2022)
d  Tu=423 K, P = 1 bar, Wang et al. (2022)
0.8 1.0 1.2 1.4 1.6 1.8

Equivalence Ratio [-]

Reasonable prediction of LFS scaling
with the temperature

Wang et al. Fuel, 297, 120754 (2022)
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Mechanism validation

OME,

OME;

OME2

This work
Nominal

Cai et al. (2020)

3
3
[}

Shrestha et al. (2022)®
De Raas et al. (2022) @ g

0.008

o
o
S
>

o
o
o
=~

Mole fraction |

=
o
o
[\

0.000

600

800
Temperature [K]

1000

OME3
This work
Cai et al. (2020)

\
d\
\

Shrestha et al. (2022) S

600 800
Temperature [K]

1000

0.040

0.035

=
o
w
o

o o
o o
D R
S @

Mole fraction [-]

0.015

600 800 1000

Temperature [K]

0.05

]

=
o
Iy

Mole fraction |

0.03

0.02

600 800 1000

Temperature [K]
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0.020

—20.015

0.010

Mole fraction

0.005

0.000

600 800 1000

Temperature [K]

Mole fraction [-]

600 800 1000

Temperature [K]

Wang et al. Combust Flame 245 (2022)



Ignition delay times and kinetic analysis

10— ' 10%
I —— Optimized :
[ --—- Nominal
° 10 bar
— | 4 20bar Y 103;
=03 e ] 3l . ) 50 5
=~ 10% 108
2 ] ,
102; OME;, ? 102; | 102; OME,
0.8 1.0 12 14 16 08 10 12 14 16 08 1.0 12 14 16
1000/T [K 1] 1000/ T [K 1] 1000/T [K 1]
RO, > QOOH - ] — : . s /ol /
2> Q (-1.08) — Consistent scaling of OME,_4 ignition delay times
QOOH -~ RO, | S (-1.08) o
0,+QOOH - 0,QO0H - (10) D — [-decompositions are slowed down to decrease low T
0,QO0H - OH+OQOOH - (1.0) S reactivity
02Q00H - 02+QOO0H 1 = (143) — Reverse QOOH oxidation to O2QO0OH was increased to
OQOOH p-dec 1 1 (0.57) E==T decrease low T reactivity
OQOOH B-dec 2 (0.92) &= . .
0,+OME, - HO,+R 1 10) B mmm OME2 — _The constraints on the scaling fgctors pr‘event further
HO,+OME, - H,0,+R - (0.71) B === OME3 improvements on the final mechanism (the ‘short-blanket
OQOOH B-dec 3 - (1.35) I "= OME4 problem’)
-1.0 —6.5 0.0 0.5 1.0
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Take-home messages

— Combustion is hierarchical, regardless of the kind of fuel

— Modeling the next-generation, CO,-neutral fuels can rely on the same
kinetic modeling tools and methodologies once developed for fossil fuels

— For longer-chain fuels (OMEs), the same size issues once met for fossil
fuels must be faced: mechanism size and complexity

— The combination of i) chemical lumping and ii) mechanism optimization
can deliver compact mechanisms, with a linear increase in the number
of species

— Reaction classes and rate rules are able to enforce physics in kinetic
mechanisms, easing their development

Not always! We might need to couple the
workflow to reduction techniques to provide
ad hoc, compact kinetic mechanisms

Is it enough to actually

use these mechanisms?

Alessandro Stagni — COST CYPHER Training School — Budapest, September 2-5, 2025

Number of Species

DO
ot
(e}

DO
o
e}

[ —
ot
(e}

Cai et al. Fuel 264 (2020)
Shrestha et al. Combust Flame 246 (2022)

@ This work .
A Shrestha et al. (2022)
B Caietal (2020)
[
A
. L
A o
= °
' L
' | |
1 2 3 4 5!
OME,




Conclusions

— The energy transition introduces novel challenges in modeling
combustion kinetics

v/ New fuels: NH;, OME...
v/ Heteroatoms chemistry (N, O, S...)

v/ New formation pathways of old pollutants (soot, NO,)

— Compared to the times of fossil fuels chemistry (90s-2000s):

v/ Huge amount of experimental data

v/ Kinetic modeling and analysis capabilities are much stronger

— We can leverage the same tools once developed for fossil fuels.
Combustion principles are unchanged, too. Thus:

V' Hierarchical and modular formulation
v/ Reaction classes and rate rules

v/ Reduction techniques: lumping and skeletal reduction

— The validation bottleneck must be cut, though

v We must develop and improve automated methodologies for
model validation and analysis
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