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New fuels In the energy fransition

Wide variety of new fuels and combustion processes
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Fuels and

Digital Twins

Building digital twins of the entire processes could be of great help to

assess new fuels production and their perfformances and emissions
when used in new combustors/conditions and in the fraining of
operators (plants design and management, failures drivers and
maintenance schedules, safety issues, economics, etc.).

Current applications are mainly limited to:

v

v

Plants management
(improve efficiency, avoid critical conditions, ...)

Maintenance schedules
#predlc’r components failure, detect deteriorated
uncHionine) =

Economics

(Predict sugpl y requirements and market of sources,

balance p ysical emissions with emissions trading

system, .

Mostly based on Data-Driven approaches
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THERMO

[ ] [ ] [ ]
THERMO
300.000 1000.000 5000.000
! GRI-Mech Version 3.0 Thermodynamics released 7/30/99

I NASA Polynomial format for CHEMKIN-II
! see README file for disclaimer
L 1/900 1 G 200.000 3500.000 1000.000
D‘ ® ® . ® ® .56942078E+00-8.59741137E-05 4.19484589E-08-1.00177799E-11 1.22833691E-15
Igl CI WI ns q mos mISSI ng In more U n q men .92175791E+04 4.78433864E+00 3.16826710E+00-3.27931884E-03 6.64306396E-06
.12806624E-09 2.11265971E-12 2.91222592E+04 2.05193346E+00
TPIS890 2 G 200.000 3500.000 1000.000
.28253784E+00 1.48308754E-03-7.57966669E-07 2.09470555E-10-2.16717794E-14
.08845772E+03 5.45323129E+00 3.78245636E+00-2.99673416E-03 9.84730201E-06
3,
A
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.68129509E-09 24372837E-12-1.06394356E403 3.65767573E+00

ELEMENTS H O C AR END

SPECIES
H H2 C CH CH2 HCH CH3 CH4 O OH H20 C2 C2H C2H2 C2H3 C2H4 CO HCO C2H5 C2H6
CH20 CH30 CH20H CH30H 02 HO2 H202 C3H2 H2CCCH C3HACY C3H4 C3H4P AR C20
C3H5 HCCO C3H6 CH2CO HCCOH NC3H7 IC3H7 CH2CHO CH3CO C3H8 CH3CHO C02
CH30CH2 CH30CH3 C4H C4H2 HCCHCCH H2CCCCH C4H4 CH2CHCHCH CH2CHCCH2
HCCCO C4H6-1 C4H612 C4H613 HCCCHO I-C4H7 CH2CHCO CHCHCHO C4H8 CH2CHCHO
C2H5C0 C2H5CHO CH3COCH3 CS5H2(L) C5H3 CSH3(L) C5H4 C5H4A(L) CSHS5 C5H4H
C5H5(L) C5H6 H2C40 C6H C6H2 C6H3 BENZYNE C6H4 C6H5 C6H5(L) C6H6 C6H6F
C6H7 C6H813 C6H814 C5HS5CH3 C5H40 C5H50 C5HA0H C6HS5CH C7H7 C7H8 C6H50
C6H40H C6HS0H A1C2H*2 C8H6 C6HSCHCH C8H7*2 C8H8 C6HS5CO C8H10
C6H5CHO C6H302 C6HS5CH20H C7H80 C6HS50CH3 0OC6H402 PC6HA402 INDENE* C6HS5C3H2
INDENE C6H303 A2T1 A2T2 C1@H7*1 C1@H7*2 C10H8 A2CH2-1 A2CH2-2 A2CH3-1
A2CH3-2 C10H70-1 C1@H70-2 C10H70H-1 C10H70H-2 A2C2H-1*2 A2C2H-2*1
A2C2H-2*3 A2C2H-1 A2C2H-2 A2R5 BIPHEN A2VINP C12HS HA2R5 BIPHENH A2C2H3-2
C12H10 A2R5H2 C6H50C6H5 A3*1 A3*2 A3*4 A3*9 A3L*1 A3L*2 A3L*9 A3 A3L
A21C6H4 A22C6H4

END
!
! Rate coefficients in form k=A-Tn-exp(-E/RT)
! Units: moles, ccm, seconds, Kelvins and calories per mole)
1

REACTIONS
1

! H2,02, H,0H and O reactions
!

Intrinsic properties

» Fuel and flammable mixture composition
(surrogate fuel composition, physical
properties, thermodynamic properties,
chemical properties...)

Interaction properties

» Design of fuel manufacturing processes
(process design, reactor prototype and scale-
up, process efficiency, resilience, use of

Number of reactions, |
Number of Exp Functions

H2+0H=H20+H 2.14E8  1.51 3430.0 ! [Emdee et al. 1992]
5 S d 1_ H2+02=0H+OH 1.70E13 0.0  47780.8 ! [Miller and Melius 1992]
H+02=0H+0 1.91E14 0.0  16440.0 ! [Emdee et al. 1992]
prImOry Sources' emISSIOnS pre IC IOnS, "') H+02+M=HO2+M 3.61E17 -0.72 0.0 ! [MTli:r‘eanZ Melius 1992]
H20/18.6/ C02/4.2/ H2/2.9/ CO/2.1/
2H+M=H2+M 1.00E18  -1.0 0.0 ! [Mill d Melius 1992]
» Development of proper combustors S0t 6 60! [aillen and elive 1000]
L < fl .(:j . 2H+H20=H2+H20 6.00E19 -1.25 0.0 ! [Miller and Melius 1992]
T T | T 2H+C02=H2+C02 5.49E20  -2.0 0.0 ! [Mill d Melius 1992]
(ge.ome ry' mO erlo S reSIS Oncel UI ynOmIC H+OH+M=H20+M 8.35E21 -2.0 0.0 ! [B:uli; :: al? i;;Z]for‘ argon
H2/3.333/ H20/16.8/ C02/5.867/ (C0/2.533/ 1 f , Baulch et al. 1972
reglme/ oo -) H+0-+M=0H-+M 6.02E16  -0.6 0.0 ! [;;S;ﬁoznd ;:1;5919;2]
H20/5.0/
OH+H202=H20+H02 7.08E12 0.0 1430.0 ! [Emdee et al. 1992]
| OH+OH=0+H20 1.23E4 2.62  -1878.8 ! [Emdee et al. 1992]
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Main challenges

Simulations driven development of Digital Twins

Mathematical modelling of processes involving
new generation fuels, to be predictive, requires
the intfroduction of a huge number of variables
and parameters, posing further issues:

» Error estimation
» Model reduction

» Results interpretation
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Current Approaches

» Machine Learning to reduce the computational effort:

= effective in substituting data refrieval techniques (In Sifu
Adaptive Tabulation)

= employable to face the high stiffness of the equations deriving
from the adoption of detailed chemical mechanisms

= limited capabilities to cope with the large differences in the
solutions for small variation of the parameters in specific points

= limited capabillities in the interpretation of the result (identify the
driving phenomenon)

1 Genetics algorithms

0 effective in determining the many parameters of an extremely
simplified chemical mechanism (Virtual Chemistry)
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Traditional machine learning

Features:

* QRS amplitude

Classification
e Class 1

Feature extraction and classification

A1 [0]ofo]o]g]0]]|Gene
A2 Chromosome

A3 [1]0]1]0]1]1]
A4 [1]1]0]1][1]|0]| |Population




New directions of development

Obtain
Continuation Community
mMaps knowledge analysis

on the system
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Digital Twin

Acampora, L., Marra, F.S., Computers

and Chemical Engineering, 82 (2015).

Multi-parameter
maps
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New directions of development o L)

Results
Interpre
-tation

Obtain 1
Continuation Community
maps knowledge analysis Digital Twin
on the system

Fast unfolding of community o Coarse grained states (CHy4 combustion)
]

by Louvajin algorithm
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New directions of development o L)

Results
Interpre
-tation

Obtain 1
Continuation Community
Maps knowledge analysis Digital Twin

on the system

Du, P, Li, M,, Liang, S., Ji, L., Acampora, L., Marra, F.S,

Reaction Chemistry & Engineering, 10.1039.D2RE00579D, (2023).

CHe 2 s~ % heco ) Note that, due to the strongly non-
T e emeno €GO linear character of chemical kinetics,
e e key species NOT NECESSARILY are the
' most important from a quantitative
point of view.

Identification of key species at
different parameters values
(CH, combustion) STc ]\/B
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Error
Model Estima- )

New directions of development

Results
Interpre
-tation

Obtain Model
knowledge = S

on the system

reducﬂon Digital Twin

Chemical Mechanisms as networks

Ea (04 . .
wr=ATP exp (— R—7=> Cg C§ Bipartite Networks
/ Reaction flux

1
@ — -« — N

Entropy production
Species eactions

4r = w, AH,

Heat release rate
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New directions of development o L)

Results
Interpre
-tation

Obtain Model

B &
kﬂOWledge - ! Digital Twin
on the system reduction :

Acampora, L., Kooshkbaghi, M. Frouzakis, C.E., Marra,
E.S., Combustion Theory and Modelling, 23, (2019).

E Skeletal reduction
wr = ATP exp (— ﬁ) {oc!

States collection

—— Detailed
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P =20 atm, ¢ = 0.5

qr = w, AH,
n-Dodecane, POLIM.
Heat release rate

Time [s]

States analysis From 451 to 120 species
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New directions of development

Results
Interpre

-tation

¥

Obtain
knowledge
on the system

Digital Twin

J.He, Y. Li, L. Acampora, F.S. Marra, L. Ji, International
Journal of Hydrogen Energy. (2023) S0360319923033700.

Results . ar=arren(-gh)cgcf
Inferprefation ' '
Gr = wyr AH,
Communities' o
analysis R Jumping of species

from one community to
another at regime

Low temperature regime Oscillating regime High temperature regime TI"O NSl -I- IoN
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FiInal remarks

» Digital Twins technologies could greatly increase the
penetration of sustainable fuels from renewable sources

» Some approaches to overcomes current barriers to their

development in the fuel's fechnologies have been illustrated Ack”OW’edgemem
s
baﬁ;of" N P Du, M. s
cLoJdi, M. AT
» Several issues still need consideration: C.E. Frouzakis ]K?;)es hyl; bfghi,
7 J. , Y. 1

» Further decrease the computational demand for almost real fime
simulations

» Include the capability to deal with multi-physics effects
» Develop the ability to recognize the effective probing function

for results interpretation s.cnf-“

tacts: . i
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