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REZUMAT

Teza de doctorat cu titlul ,,Contributii privind optimizarea amestecurilor de gaze
naturale cu hidrogen” are ca obiectiv studierea si optimizarea amestecurilor de gaze naturale
cu hidrogen in vederea utilizarii acestora in sistemele de transport si distributie existente.
Cercetarea analizeaza proprietatile fizico-chimice ale amestecurilor hidrogen-metan,
comportamentul acestora In conducte, metodele de modelare si simulare, precum si influenta
hidrogenului asupra performantei si sigurantei retelelor. Pe baza rezultatelor obtinute sunt
propuse solutii de optimizare tehnicd si economica pentru integrarea hidrogenului n
infrastructura de gaze naturale, contribuind la tranzitia catre un sitem energetic sustenabil si la

reducerea emisiilor de carbon.

Lucrarea este structurata in patru capitole, fiecare abordand un aspect esential al utilizarii

amestecurilor hidrogen-gaze naturale in sistemele de transport si distributie.

o Capitolul I, prezinta caracteristicile fundamentale ale sistemelor hidrogen-
metan, proprietatile fizice si termodinamice ale gazelor naturale si ale hidrogenului, precum si

influentd acestora asupra comportarii amestecurilor.

. Capitolul al ll-lea , analizeaza stadiul actual al cercetarilor privind utilizarea
hidrogenului in retelele de distributie si transport al gazelor naturale, evidentiind principalele

metode de modelare, limitarile si provocarile tehnice asociate.

o Capitolul al Ill-lea, este dedicat modelarii numerice a proprietatilor
amestecurilor binare hidrogen-metan, analizand influentd concentratiei de hidrogen asupra

parametrilor fizici si a comportarii curgerii in conducte.

o Capitolul al 1V-lea, prezintd contributiile originale ale cercetarii, privind
optimizarea amestecurilor hidrogen-gaze naturale, prin dezvoltarea si aplicarea unor modele de
simulare si optimizare tehnico-economica pentru integrarea hidrogenului in infrastructura

existentd de transport si distributie.

Rezultatele obtinute evidentiaza posibilitatea integrarii hidrogenului in retelele existente
de gaze naturale in conditii de siguranta si eficienta, contribuind la reducerea emisiilor de
carbon si la dezvoltarea unui sistem energetic durabil. Totodata, cercetarea ofera solutii si
recomandari tehnice utile pentru implementarea amestecurilor hidrogen-gaze naturale in

infrastructura energetica.



Aceastd cercetare, desfasuratd pe parcursul a patru ani, se incheie cu o sintezd a
concluziilor si o bibliografie vasta, oferind o perspectiva tehnicd asupra viitorului infrastructurii

energetice.

Cercetarile efectuate in cadrul acestei teze demonstreaza cd utilizarea amestecurilor
hidrogen-metan reprezintd nu doar o solutie de tranzitie, ci o necesitate tehnica pentru
viabilitatea retelelor actuale de gaze naturale. Modelele numerice dezvoltate confirmd ca
variatiile de vascozitate si densitate pot fi gestionate eficient prin algoritmi de optimizare,

prevenind astfel riscurile de integritate structurala a conductelor.

Prima parte a lucrarii analizeaza efectele emisiilor de metan si dioxid de carbon asupra
structurii climatice a Romaniei. Au fost dezvoltate doua modele predictive bazate pe regresie
multivariata si prognoza neliniard, utilizate pentru evaluarea evolutiei parametrilor climatici in

functie de emisiile de CO2 si CHa.

Cu datelor culese pe parcursul anilor de analiza am dezvoltat un model de tipul
ecuatiilor de regresie numerica care descrie evolutia unor parametrii specifici functie de anul
de raportare, emisiile CO> si emisiile de metan (CHa4). Au fost implementate trei ecuatii ce
analizeaza evolutia modificarii mediului ca urmare a efectelor create de emisiile de dioxid de
carbon (COz2) si metan (CHg), privind, variatia temperaturii multianuale, valorile precipitatilor

medii anuale, viteza vantului determinata ca valoare medie anuala.

Abordarea mea din acest capitol este de modelare statistica avansata, pentru a identifica
corelatii intre indicatori antropogeni si rdspunsul climatic al naturii. Pentru a observa impactul
emisiilor fugitive provenite din transportul si distributia gazelor naturale, s-a integrat in modelul

numeric existent o ecuatie care sa descrie scurgerile de metan doar din conducte.

Astfel, s-au rescris toate cele trei modele de simulare matematica (ecuatiile pentru variatia
parametrilor de Temperatura, Precipitatii, Viteza Vantului) apoi S-a creat si o ecuatia care sa
descrie indicele de ariditate, introducand in modelul de comportare climatica valorile emisiilor

de metan aferente sistemelor de trasport si distributie a gazelor naturale.

Modelul conceput de cele 5 ecuatii arata ca, desi Se depun eforturi pentru reducerea

emisiilor (COz si CHa), "inertia termica" continua sa impinga valorile temperaturilor in sus.

Pentru a oferi o perspectiva clara asupra viitorului climatic al Romaniei, s-a realizat o
prognoza graficd comparativa pand in anul 2030, bazata pe regresie liniara si emisii si un Model

Al Alternativ care ia in calcul accelerarea incalzirii globale din ultimul deceniu.



Pe baza ecuatiilor, s-a propus o simulare de stres pentru a identifica "Punctul de
Basculare", in Romania si anume acel punct ce determind momentul in care emisiile de metan
ar duce la o temperatura medie a tarii peste pragul critic de 15°C (o anomalie de +5°C fata de
media istorica). Se remarca faptul ca, modelul Alternativ care se bazeaza pe o crestere masiva
a metanului si care este corelatd cu o crestere a precipitatiilor, mentine Indicele de Ariditate la
un nivel ridicat. Emisiile de metan aduc in sine si fenomene extreme cu precipitatii masive si
perioade scurte de timp.

Prin majorarea coeficientului de metan, s-a analizat influenta acestui parametru asupra
evolutiei modelului, recalibrarea acestuia modifica substantial evolutia prognozei starii
climatice.

Aceastd ajustare simuleaza un scenariu in care metanul nu doar incalzeste atmosfera, ci
accelereaza ciclul hidrologic prin instabilitate termicd masiva.

Tn TIncheierea acestui proiect de modelare avansati, a fost generatd Diagrama Radar care
sintetizeaza starea de sdnatate climatica a Romaniei pentru februarie 2026 si care permite sa
analizam dintr-o privire unde sistemul este echilibrat si unde apar deviatii critice. Aceasta
diagrama compara performanta fiecarui model fata de mediile istorice (1950-2025). De
asemenea, in analiza starii globale termale a Romaniei a fost dezvoltatd o diagrama spider si
pentru anul 2030 privind evolutia climatica a Romaniei.

In continuare, pentru a observa variatia masei volumice a gazului natural la diferite
presiuni si temperaturi s-a dezvoltat un model numeric bazat pe regresie numerica si ulterior un
model numeric bazat pe machine learnig. Totodata s-a implementat si un model ce utilizeaza o
arhitectura de tip Refea Neuronala (Multi-layer Perceptron - MLP) pentru a inviata relatia
complexa dintre temperatura, presiune si masa volumica a metanului.

Modelul a fost antrenat sd recunoasca tiparele de variatie non-liniard, iar implementarea
acestui model numeric bazat pe retele neuronale artificiale pentru determinarea masei volumice
a metanului asigurd o eroare de predictie minima (< 0.2%), oferind un instrument robust pentru
recalibrarea sistemelor de masura in scenariul tranzitiei catre amestecuri de gaze.

S-a realizat o simulare a variatiei indicelui Wobbe si a puterii calorice superioare (PCS)
pentru un amestec intre metan si hidrogen. Pentru aceasta simulare s-a dezvoltat un model
numeric bazat pe evolutia parametrilor PCS amestec, densitate relativa, Indice Wobbe, functie

de cantitatea de hidrogen din amestec.



Analiza Al a Proprietatilor Amestecului CH4 - H2 (2026-2030)
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Figura 1.16. Variatia indicelui Wobbe si a puterii calorice superioare (PCS) pentru un amestec intre
metan §i hidrogen

Pornind de la modelele numerice dezvoltate in primul subcapitol, a fost realizata
simularea introducerii progresive a hidrogenului in amestecul cu gaz natural, incepand din anul
2026.

Actualizarea modelelor numerice pentru anul 2030, luand in calcul amestecurile
progresive de hidrogen, dezvaluie o dinamica interesantd intre reducerea emisiilor de carbon si
schimbdrile in rata de scurgere a gazelor.

Am realizat simularea impactului utilizand cele 6 modele interconectate, ajustand factorii
de emisie si proprietitile fizice (densitate, putere calorifica si rati de scurgere volumetrica). In
ciuda cresterii factorului volumetric fy, managementul scurgerilor echivalente ramane stabil,
demonstrand eficienta hidrogenului (GWP 11) fatd de metan (GWP 28).

Pe baza rezultatelor obtinute se poate concluziona ca utilizarea amestecurilor hidrogen-
gaz natural constituie o solutie tehnica ce poate contribui la reducerea impactuluiclimatic al
sistemelor energetice, prin diminuarea emisiilor de gaze cu efect de serd si cresterea eficientei
utilizarii infrastructurii existente.

A fost analizata o functie de monitorizare a sigurantei arzatoarelor care analizeaza in
timp real Indicele Wobbe si returneaza o alertda daca amestecul devine periculos. Limita
calculata optima a modelului analizat este de 21,4% H: care indica punctul in care sistemul
declanseaza prima avertizare, fiind nevoie de a modifica centralele termice.

Pragul de 30% H> arata ca flacara poate deveni instabila (risc de flashback), iar senzorii
de ionizare ai centralelor ar putea opri alimentarea. Desi la 30% Se atinge cea mai buna
umiditate a solului (63,07%), riscul tehnic de exploatare a infrastructurii devine prea mare.

Tn capitolul al Il-lea, lucrarea urmireste sa analizeze impactul continutului de hidrogen

asupra amestecului initial de gaz natural, evidentiind densitatea, vascozitatea, proprietdtile



critice, studiul va cuprinde si analiza, influenta prezentei hidrogenului in amestecul de gaz
natural asupra asigurarii debitului, in ceea ce priveste pierderile de presiune si transferul de
caldura pe lungimea conductei, de acmenea S-a evidentiat, utilizand simulatorul Chemcad,
curba de vaporizare condensare pentru un amestec de 90 % metan si 10% hidrogen marcand
punctul critic al amestecului.

Efectul continutului de hidrogen asupra diagramei fazelor descrie modul in care prezenta
hidrogenului influenteaza limitele de faza ale unui amestec de gaz natural.

In urma studiilor efectuate privind predictia fazelor, s-a concluzionat ci cele mai credibile
modele pentru predictia diagramei fazelor, sunt Peng-Robinson si Redlich-Kwong datorita
simplitatii si preciziei lor. In ceea ce urmeazi s-a comparat modelul empiric (bazat pe regresii
liniare) cu ecuatiile de stare cubice clasice, precum Peng-Robinson (PR) si Redlich-Kwong
(RK), care scot in evidenta diferente fundamentale de abordare: precizie locala vs. generalitate
termodinamica.

In urma analizei comparative a rezultatelor obtinute cu modelul de regresie numerica si

cu modelul Peng-Robinson/Redlich-Kwong, au fost evidentiate urmatoarele aspecte principale:

1. Efectul Cuantic
2. Panta de variatie
3. Factorul Acentric (w

Pentru a evalua precizia modelului, s-a comparat rezultatele bazate pe regresia liniara cu
datele de referintd provenite din analiza datelor publicate de NIST (National Institute of
Standards and Technology), iar rezultatele au demonstrat ca modelul analizat ofera valori mai
mari decat cele din tabelele standard, in inginerie, acest lucru este adesea considerat o "marja
de sigurantd" care prezice ca sistemul va atinge punctul critic mai devreme decat in realitate,
ceea ce ne ajutd sa evitdm zonele instabile.

Graficul indica cum modelul polinomial incepe sa fie mai precis, curbura acestuia

reprezentand compresibilitatea hidrogenului care nu este constanta.



Presiunea Critica (Pc): Liniar vs Polinomial

Temperatura Critica (Tc): Liniar vs Polinomial
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Figura 3.8. Analiza presiunii critice si temperaturii critice a hidrogenului functie de concentratie
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Sunt analizate datele initiale ale modelului liniar, acesta fiind o metoda de a gasi

Cricondenbarul si Cricondentermul, s-a determinat presiunea la care apare prima picatura
de lichid pentru un amestec de 15% Hidrogen (H2) si 85% Metan (CHa) la temperatura de
173.15 K (-100°C). Pentru a intelege impactul hidrogenului asupra capacitatii de transport,
s-a analizat densitatea amestecului la conditiile de referinta anterioare (30 bar si 173.15 K /

-100°C), folosind Legea Gazelor Reale.

Compararea rezultatelor cu cele existente n literatura de specialitate (bazate pe ecuatii
de stare precum GERG-2008, Peng-Robinson sau SRK) scoate in evidenta cateva diferente
fundamentale, dar si confirmari ale unor fenomene termodinamice complexe.




Diagrama de faza (Vaporizare) pentru amestec CH4 - H2
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Figura 3.11. Diagrama de faza metan-hidrogen
Rezultatele obtinute indicd, ca modelul este particularizat si functioneaza excelent pentru

transportul gazelor in regim industrial (concentratii mici de Hz, 5-30%), unde se doreste
mentinerea amestecului in fazi gazoasi. In cazul amestecurilor cu hidrogen, sunt necesare
presiuni mai mari sau temperaturi mai scazute pentru a evita condensarea.

Schimbarile in diagrama fazelor influenteaza cerintele pentru echipamente, izolatie
termica si sisteme de compresie, crescand complexitatea si costurile.

Pentru mai multe amestecuri realizate in laborator (90% metan-10% hidrogen, 70%
metan-30% hidrogen si 50% metan-50% hidrogen), s-au obtinut experimental, valorile
densitdtii si vascozitdtii la temperatura constantd de 300 K, 320 K si 340 K si la presiuni
cuprinse intre 1 si 18 Mpa, iar cu aceste date s-a dezvoltat modele numerice de evolutie a
vascozitatii, densitatii functie de presiunea gazelor, temperatura acestora si cantitatea de
hidrogen din amestec, utilizand ecuatii de regresie multivariata

Spre deosebire de modelele termodinamice clasice (ca Peng-Robinson), care pleaca de la
forte intermoleculare, acest model a fost construit pe baza datelor experimentale si analizeaza
cum se comporta amestecul CHs-H> Tntr-un domeniu specific de temperatura si presiune.

De asemenea, am implementat ecuatiile vascozititii (cP) (z) si a densitatii (y) (Kg/m®) a
amestecurilor metan-hidrogen la temperaturi constante functie de concentratia de metan din

amestec (%) X1 si de presiunea de lucru x2 (MPa), la temperaturi de 300 K, 320 K, 340 K.



In continuare am integrat toate variabilele (concentratie, presiune si temperatura) intr-un
singur model matematic unitar, trecand de la ecuatiile izoterme la o regresie multivariata
globala.

Comparatie Densitate: Experimental vs Teoretic
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Figura 3.20. Variatia densitatii si a vascozitatii functie de presiune

Cu toate acestea, pentru calculele de inginerie a conductelor, eroarea este minima in zona
de operare standard. S-a aratat ca modelul implementat ofera rezulate optime pentru operatorii
de sistem cu o eroare neglijabila in intervalul de utilizare practica.

In ultima parte a lucrarii s-a analizat pentru un gaz din zona Bazinului Transilvania in
amestec cu hidrogen de pana la 20 %, variatia masei moleculare, factorul de neidealitate,
densitatea relativa, puterea calorica brutd, indicele Wobbe cat si timpul de fierbere. Rezultatele
pot fi observate in tabelul 4.2.

Tabelul 4.2. Valori ale diferitelor proprietati obtinute pentru procente variate de hidrogen

Amestecul Masa Factorul de | Densitatea Puterea Indicele Timpul
de moleculard | neidealitate, relativa calorica Wobbe de
hidrogen z bruti (MJ/INm®) | fierbere
cu gazul (MJ/INm3) pentru un
natural, in litru de
procente apa, s
[%]
0 17,66 0,975 0,60 50,45 39,23 348
5 16,91 0,9753 0,57 49,76 37,74 372
10 16,16 0,9756 0,54 49,08 36,26 387
15 15,41 0,9759 0,51 48,39 34,78 396
20 14,66 0,9762 0,48 47,70 33,29 397




Tn baza tabelului s-a dezvoltat un model numeric de optimizare multiliniara format din un
grup de relatii numerice care sa respecte conditiile din tabelul 4.5.

Tabelul 4.5. Conditii minime si optime de performanta a amestecurilor hidrogen-metan

Parametru Conditii Minime (Acceptabile) | Conditii Optime (Performanta)
Procent H; 5%-10% 15% -20 %
> 36 MJ/Nm?®
Indice Wobbe 33 -35 MJ/Nm?®
Sau > 95 %)
Densitate Relativa > 0,54 0,48 -0,51
Emisii CO; Scadere <5 % Scadere 5 % - 10 %

Datele obtinute arata ca strategia optima de decarbonizare este inlocuirea metanului cu
hidrogen, limitand in acelasi timp hidrocarburile grele si inerte pentru a mentine calitatea
arderii.

Modelul multiliniar demonstreaza ca amestecul optim pentru perioada de tranzitie este
cel de 20% H>, deoarece maximizeaza reducerea GWP cu 20%, mentinand in acelasi timp
Indicele Wobbe peste pragul critic de 48 MJ/Nm3, asigurand astfel interschimbabilitatea gazelor
fara costuri de retehnologizare la utilizatorul final.

De aceea, am avut in vedere analiza si apoi optimizarea amestecurilor hidrogen-gaze
naturale functie de compozitia in etan, propan si azot.

Analiza s-a concentrat pe modul in care variatia componentelor secundare (etan X,
propan Xs si azot Xs4) poate compensa sau accentua modificarile proprietatilor termofizice
cauzate de hidrogen.

Prin aplicarea algoritmului de calcul dezvoltat, s-au obtinut urmatoarele concluzii pentru
compozitia optima:

Tabelul 4.9. Rezultate finale optimizare
Component Tendinta in Optimizare Justificare Tehnica

Mentine Indicele Wobbe in
limitele de interschimbabilitate.

Etan (X2) Crestere controlata (2-4%)

Evita cresterea excesiva a

Propan (X3) Limitat la < 1.5% densitatii si riscul de
condensare.

Reducerea azotului este calea

Azot (Xa) Minim tehnologic (< 1%) cea mai ieftina de a creste

randamentul termic.

Aceasta configuratie permite mentinerea Indicelui Wobbe la aproximativ 49-50 MJ/Nm?,

valoare care garanteaza o functionare stabild si un impact climatic redus cu ~18% fatd de gazul

natural standard.



In ceea ce urmeaza s-a realizat un model ce calculeazi coordonatele Dutton (W - Indicele

Wobbe si S - Factorul de propensiune la desprindere/ardere) si ploteaza "Plicul de Sigurantd"

(Safety Envelope).
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Factor de Stabilitate a Flacarii (S)

Etanul si Propanul (X2, X3) actioneaza ca o structura de stabilitate pe axa Y (Indice
Wobbe), limitand atingerea de 46 MJ/Nm3, de asemenea, azotul (Xs), accentueaza efectele
negative ale acestuia asupra puterii termice, iar hidrogenul (Xs) este factorul determinant al
variatiei pe axa X (Stabilitate), controlul acestuia la valoarea de 20% asigura ca viteza de ardere
nu depaseste capacitatea arzatoarelor de a mentine flacara pe suport.

Pentru a completa modelul de optimizare s-a inclus si valoarea emisiilor de NOy, (acest
model utilizeaza o aproximare bazata pe excesul de aer si continutul de hidrogen pentru a estima
cresterea emisiilor poluante).

Hidrogenul creste temperatura adiabaticd a flacdrii, ceea ce favorizeaza mecanismul
Zeldovich de formare a NOy termic. Pentru functionare optima este necesar exces de aer usor
marit (A = 1,2 ... 1,3) sau utilizarea arzatoarelor cu pre-amestec (lean-premixed) pentru a disipa
céldura si a mentine emisiile de NOx n limitele legale.

Trecerea de la 15% la 20% H> reduce impactul climatic cu inca ~6%, in timp ce Indicele

Wobbe scade doar cu ~1,3%, demonstrand o stabilitate tehnica ridicata in acest interval.



Urmatorul model genereaza graficele de influenta pentru Metan (X1), Etan (X2), Propan
(X3) si Azot (X4) asupra functiei obiectiv (Impact Climatic), precum si graficul de compromis
(Trade-off) intre decarbonizare si performanta.

Conform rezultatelor putem afirma ca, metanul are cea mai mare panta pozitiva in graficul
GWP, reducerea sa este principala metoda de atingere a obiectivelor de mediu, Etanul si
Propanul influenteaza GWP-ul mai putin decat metanul per unitate de volum, dar sunt critice
pentru mentinerea Indicelui Wobbe.

De asemenea, azotul are impact zero asupra GWP, dar degradarea rapida a Indicelui
Wobbe il face un component nedorit in optimizare, iar trade-off-ul evidentiaza ca punctul de
20% hidrogen reprezinta punctul optim de compromis intre beneficiile ecologice si mentinerea
Indicelui Wobbe in limitele admise de functionare.

Pentru optimizarea unei retele de distributie, s-a trecut de la un model bazat doar pe
compozitie la unul hidrodinamic si termodinamic, capabil sa gestioneze transportul pe distante
lungi si evenimentele critice, punand in evidenta:

e Ecuatia de debit energetic (Conservarea energiei la utilizator)

e Ecuatia Generald de Curgere (Weymouth modificatd)

e Ecuatia de stocare volumetrica (§V_{LP}$)

e Debitul de scurgere prin orificiu (Ecuatia Saint-Venant & Wantzel)

¢ Functia Obiectiv (minimizarea costului si pierderii de presiune)

e Constrangerea de Energie (Satisfacerea Utilizatorilor)

e Ecuatia de Continuitate (Kirchhoff pentru Gaze)

In cazul unei scurgeri subterane (ex: fisurd in conducta de distributie ingropati) diferenta
majora a curgerii prin sol intre metan si hidrogen consta in difuzivitatea molecularda si
vascozitate, de aceea s-a luat in calcul si:

e Ecuatia de Curgere in Medii Poroase (Legea lui Darcy)

e Modelul de Difuzie-Advectie (Transportul speciilor)

e Analiza pe Tipuri de Sol

Cu toate acestea, s-a dezvoltat 0 modelare de tip Mixed-Integer Nonlinear Programming
pentru simularea unor scenarii complexe de distributie. S-a introdus Th model Xs, numarul de
consumatori mici, X7 numarul de consumatori medii, Xg numarul de consumatori mari, Xg
lungimea retelei, X10 diametrul conductelor, X11 numarul de puncte de acces in retea, Xi2
numarul de avarii in acelasi timp, unde am calculat:

e Ecuatia Cererii Energetice Totale (Eiptal)



e Ecuatia Caderii de Presiune si Dimensionarii (Xg, X1)

® Modelul de Fiabilitate si Rezilienta (A)

e Functia Obiectiv Extinsad (Capex + Opex + Mediu)

e Matricea de Constrangeri (Constraints)

Rezultatele au demonstrat ca pentru o retea cu un numar ridicat de consumatori mari (Xg),
sensibilitatea la variatia hidrogenului (Xs) este maxima, impunand fie o crestere a diametrelor
(X10), fie o distributie a injectiei prin mai multe puncte de acces (X;1) pentru a compensa
reducerea densitdtii energetice.

S-a implementat un scenariu cu doud avarii simultane pentru a observa cum reactioneaza
presiunea la consumatori, s-a rulat acest scenariu complex, prin constructia unui model de retea
hibrida (Comuna + Oras) si S-a introdus un scenariu de criza cu Xi2 = 2 (doua avarii simultane).

In urma scenariilor pentru ansamblul Comuni + Oras, au fost extrase urmitoarele

concluzii de optimizare:

1. Vulnerabilitatea Consumatorilor Mari
2. Impactul Hidrogenului asupra Timpului de Rezerva
3. Optimizarea Diametrelor

De asemenea in modelul realizat s-a introdus si doua noi ecuatii de constrangere urmate
de costurile de retehnologizare pentru scenariul hibrid.

S-a estimat costurile de adaptare pentru a mentine aceleasi performante hidraulice la un
amestec de 20% H..

Modernizarea zonelor urbane necesita un buget de 5 ori mai mare decat zonele rurale, din
cauza necesarului energetic industrial care impune marirea diametrelor.

Pentru a gestiona scenariul cu doua avarii, investitia in puncte de acces suplimentare este
obligatorie, altfel timpul de recuperare a presiunii in oras depaseste limita de siguranta.

Modelul demonstreaza cd, la o taxa pe carbon de peste 100 EUR/tonad, investitia in
retehnologizarea pentru 20% hidrogen se amortizeaza in aproximativ 8-9 ani, facand proiectul
atractiv pentru operatorii de sistem.

In ceea ce urmeazi s-a dezvoltat 0 Matrice de Risc Comparativid unde am sintetizat
ecuatiile finale de optimizare a retelei. S-a realizat analiza de incertitudine, aceastd analiza
transformd un model teoretic "rigid" intr-unul aplicabil in conditii reale, unde senzorii de pe
teren au limite de precizie, iar conditiile de mediu (temperaturd, presiune atmosferica)

oscileaza.



In urma analizei, putem afirma cu un nivel de incredere de 95% ci Indicele Wobbe
optimizat pentru amestecul de 20% Ho este:

Wix = 50,35 + 0,56 MJ/Nm3

Chiar si in cel mai defavorabil caz (50,35 — 0,56 = 49.79 MJ/Nm?), valoarea riméane mult
deasupra pragului de risc de desprindere a flacarii (lift-off), care apare sub 47.5 MJ/Nm3.

Acest lucru demonstreaza ca modelul este proiectat cu o marja de sigurantd intrinseca,
protejand utilizatorii de fluctuatiile aparatelor de masura.

Aceastd lucrarea examineaza efectul hidrogenului in diferite concentratii asupra gazelor
naturale, asupra performantei de curgere si asupra proprietatilor gazelor naturale.

S-a ardtat ca hidrogenul afecteaza intr-o mare masura diagrama de faza, determiniand
curba de vaporizare sa se apropie de infinit.

Pe de alta parte, prezenta a 10% hidrogen se transforma in cresterea pierderilor de
presiune pe lungimea conductei cu 5,39% si reducerea scaderii temperaturii cu 6,14%.

Ceea ce se determina 1n aceasta lucrare, pot fi folosite pentru a prezice impactul
hidrogenului asupra amestecului de gaze naturale ce curge prin conducte. Poate servi, de
asemenea, drept ghid 1n proiectarea conductelor de transport, fiind prezentatd o imagine ampla
a impactului unor tipuri de impuritati non-hidrocarburi din gazul natural asupra performantei
debitului.

S-a stabilit ca un amestec cu un continut de 10% ar putea fi implementat fara schimbari
majore ale infrastructurii de utilitdtii, pe baza conditiilor de operare si a modificarilor
proprietatilor amestecului.

Adaugarea a 30% Ha poate reduce cu aproximativ 11% emisiile produse de gazul natural
pur.

Este evident ¢, cu cat continutul de Hz este mai mare, cu atét beneficiile pentru reducerea
emisiilor de CO> sunt mai mari, dar pentru aplicarea efectiva a unui continut mai mare de
hidrogen este necesar sd se inteleagd mai aprofundat efectele hidrogenului in reteaua actuala
de conducte pentru gaz natural.

In concluzie, cresterea concentratie de hidrogen contribuie la reducerea emisiilor de CO,
Tnsa implementarea unor procente mai ridicate necesita evaluarea atenta a impactului asupra

proprietatilor amestecului si asupra functiondrii retelelor existente de gaze naturale.

Concluzii generale si directii de cercetare

Aceastd lucrarea examineaza efectul hidrogenului in diferite concentratii asupra gazelor

naturale, asupra performantei de curgere si asupra proprietatilor gazelor naturale.



Efectele hidrogenului asupra proprietatilor gazelor naturale si asupra performantei de
curgere, precum si deviatiile rezultate, au fost evidentiate si analizate.
In urma cercetrilor efectuate privind analiza si optimizarea amestecurilor hidrogen-gaze
naturale prin modelare multiliniara, pot fi formulate urmatoarele concluzii fundamentale:
e Validarea Limitelor de Interschimbabilitate
Modelarea prin intermediul Diagramei Dutton a demonstrat ca amestecul cu un continut
de 20% hidrogen reprezinta pragul tehnico-economic optim pentru infrastructura actuala de
transport si utilizare a gazelor naturale. Peste aceastd valoare, factorul de stabilitate a flacarii
migreaza spre zona de risc de flashback, impunand modificari structurale ale arzatoarelor.
¢ Rolul Compensator al Hidrocarburilor Grele
Analiza de sensibilitate a evidentiat importanta critica a fractiilor de etan si propan. Desi
aceste componente cresc amprenta de carbon per moleculd, prezenta lor In procente controlate
(2-4 % pentru etan si 1-1,5 % pentru propan) este esentialda pentru a compensa scaderea
densitatii si a puterii calorifice induse de hidrogen.
e Impactul asupra Mediului si Compromisul Poluantilor
v Decarbonizarea: Amestecul optim de 20% H> asigura o reducere a indicelui de impact
climatic (GWP) cu aproximativ 18-20% fata de gazul natural conventional, indeplinind
obiectivele de tranzitie energetica.
v Emisiile de NOx: Simularile au aratat o crestere a temperaturii adiabatice a flacarii cu
aproximativ 45-50°C la pragul de 20% H>, fenomen ce antreneaza o crestere estimata
a emisiilor de oxizi de azot cu ~30%. Aceasta concluzie impune necesitatea operarii cu
un exces de aer controlat (A = 1,25) pentru a mentine emisiile in limitele reglementate.
o Optimizarea Functiei de Cost
Functia de cost dezvoltata aratd cd viabilitatea economica a amestecului este strans legata
de taxa pe carbon.
e Recomandari Tehnice
Pentru o implementare sigura, se recomanda:
4 Limitarea continutului de azot la minimul tehnologic, deoarece acesta degradeaza
simultan toti parametrii de performanta (putere, stabilitate, randament).
4 Monitorizarea riguroasa a timpului de fierbere (tf), care la 20% H> prezinta o
crestere de cca. 14%, factor ce trebuie comunicat consumatorilor industriali pentru ajustarea

proceselor tehnologice.



Analiza retelei utilizand modelul multiliniar si simularea in ChemCAD releva urmatoarea
strategie optima:

e Utilizatori Mari: Necesita instalarea de regulatoare de presiune cu debit marit, deoarece
necesarul lor volumetric creste cu peste 15%.

e Segmentarea Retelei: Utilizarea unor diametre de conductd minime de 110 mm pentru
tronsoanele care deservesc amestecuri cu 20% Ho, pentru a mentine viteza gazului sub pragul
de eroziune/zgomot (20 m/s).

e Capacitate de Stocare: Reteaua optimizata prezinta o reducere a "Line Pack-ului
energetic” de 12.4%, sugerand necesitatea unei presiuni de intrare mai mari cu 0.4 bar pentru a

mentine aceeasi rezerva de siguranta in perioadele de varf.

Directii viitoare de cercetare
1. Tranzitia citre 100% Hidrogen (H2-Ready Networks)
Dacd modelul a optimizat amestecul pentru 20%, pasul urmator este cercetarea
comportamentului retelelor la procente de 50%, 80% si 100%.
o Studiul materialelor: Testarea polimerilor de inaltd densitate (PE100-RC) pentru a
elimina permeabilitatea hidrogenului.
e Recalibrarea totald a arzatoarelor: Dezvoltarea unor arzdtoare cu geometrie variabila
care sa poatd trece de la metan la hidrogen pur fara inlocuire hardware.
2. Digitalizarea si ""Smart Grids'' pentru Gaze
Optimizarea realizata cu Xs - X12 poate fi extinsa intr-un sistem de monitorizare in timp real.
« Digital Twin: Crearea unei replici virtuale a retelei care sa primeasca date de la senzori
si sd prezica unde va apdrea o scadere de presiune sau o scurgere inainte ca aceasta sa
aiba loc.
o Algoritmi de Al pentru detectarea avariilor: Utilizarea Machine Learning pentru a
diferentia intre o fluctuatie normalad de consum si o micro-fisura in conducta.
3. Integrarea cu Energiile Regenerabile (Power-to-Gas)
Cercetarea modului in care surplusul de energie eoliand sau solard poate fi transformat in
hidrogen si stocat direct in retea.
e Optimizarea injectiei dinamice: Cum variem H> in retea in functie de prognoza meteo,
astfel Incat utilizatorii industriali sd nu fie afectati de variatiile de putere calorifica.
e Stocarea geologica: Analiza modului in care reteaua de distributie poate interactiona cu
depozitele subterane de gaz convertite pentru hidrogen.
4. Impactul asupra Mediului si Sandatdtii (Emisii Ultra-LL.ow NOX)

Deoarece am observat cd NOx creste odatd cu temperatura flacarii, viitorul apartine
controlului arderii.
e Arderea catalitica: Cercetarea arderii hidrogenului la temperaturi joase folosind
catalizatori, pentru a elimina complet formarea oxizilor de azot.



e Senzori de detectare timpurie: Dezvoltarea unor senzori de hidrogen ieftini, cu consum
redus de energie, care sa poata fi instalati in fiecare locuinta.
5. Standardizarea si Cadrul Legislativ (Politici Energetice)
O directie teoreticd si administrativa esentiald pentru un doctorat.
o Crearea unui "Cod al Hidrogenului': Armonizarea standardelor europene pentru a
permite transportul transfrontalier al amestecurilor de gaze.
e Modelarea pietelor de carbon: Cum va influenta pretul carbonului decizia de a trece de
la amestec la hidrogen pur.
6. Analiza Comportamentului Hidrogenului in Soluri Poluate
Extinderea modelului de curgere prin sol catre interactiunea chimica.
e Microbiologia solului: Cum afecteaza scurgerile de hidrogen bacteriile din sol si daca
acestea pot fi folosite ca "biomarkeri" pentru detectarea scurgerilor.
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ABSTRACT

The Ph.D. thesis entitled "Contributions to the Optimization of Natural Gas
Blends with Hydrogen™ aims to study and optimize natural gas blends with
hydrogen for their utilization in existing transmission and distribution systems.
The research analyzes the physical-chemical properties of hydrogen-methane
blends, their behavior in pipelines, modeling and simulation methods, as well as
the influence of hydrogen on network performance and safety.

Based on the results obtained, technical and economic optimization
solutions are proposed for integrating hydrogen into the natural gas infrastructure,
contributing to the transition toward a sustainable energy system and the reduction
of carbon emissions.

The paper is structured into four chapters, each addressing an essential
aspect of utilizing hydrogen-natural gas blends in transmission and distribution
systems.

« Chapter | presents the fundamental characteristics of hydrogen-methane
systems, the physical and thermodynamic properties of natural gases and
hydrogen, and their influence on blend behavior.

. Chapter Il analyzes the current state of research regarding the use of
hydrogen in natural gas distribution and transmission networks,
highlighting the main modeling methods, limitations, and associated
technical challenges.

« Chapter Il is dedicated to the numerical modeling of binary hydrogen-
methane blend properties, analyzing the influence of hydrogen
concentration on physical parameters and flow behavior in pipelines.

. Chapter IV presents the original contributions of the research regarding
the optimization of hydrogen-natural gas blends through the development

and application of simulation models and techno-economic optimization



for integrating hydrogen into the existing transmission and distribution

infrastructure.

The results obtained highlight the feasibility of integrating hydrogen into
existing natural gas networks under safe and efficient conditions, contributing to
carbon emission reduction and the development of a sustainable energy system.
At the same time, the research provides useful technical solutions and
recommendations for implementing hydrogen-natural gas blends in the energy
infrastructure.

This research, conducted over four years, concludes with a synthesis of
conclusions and an extensive bibliography, offering a technical perspective on the
future of energy infrastructure.

The investigations carried out within this thesis demonstrate that using
methane-hydrogen blends represents not just a transitional solution, but a
technical necessity for the viability of current natural gas networks. The
developed numerical models confirm that viscosity and density variations can be
effectively managed through optimization algorithms, thereby preventing
structural integrity risks for pipelines.

The first part of the work analyzes the effects of methane and carbon
dioxide emissions on Romania's climatic structure. Two predictive models based
on multivariate regression and non-linear forecasting were developed and used to
evaluate the evolution of climatic parameters as a function of CO, and CH,
emissions.

Using data collected over the analyzed years, a numerical regression
equation model was developed, describing the evolution of specific parameters as
a function of the reporting year, C0O, emissions, and methane (CH,) emissions.
Three equations were implemented to analyze environmental modifications
resulting from carbon dioxide (CO,) and methane (CH,) emissions regarding
multi-annual temperature variation, average annual precipitation values, and

annual average wind speed.



My approach in this chapter utilizes advanced statistical modeling to
identify correlations between anthropogenic indicators and nature's climatic
response. To observe the impact of fugitive emissions from natural gas
transmission and distribution, an equation describing methane leaks exclusively
from pipelines was integrated into the existing numerical model.

Thus, all three mathematical simulation models (equations for
Temperature, Precipitation, and Wind Speed variations) were rewritten, and an
equation describing the aridity index was created by introducing methane
emission values specific to natural gas transmission and distribution systems into
the climate behavior model.

The model comprised of these 5 equations shows that despite efforts to
reduce emissions (C0, and CH,), "thermal inertia" continues to drive temperature
values upward.

To provide a clear perspective on Romania's climatic future, a comparative
graphical forecast up to 2030 was generated based on linear regression, emissions,
and an Alternative Al Model accounting for accelerated global warming over the
past decade.

Based on these equations, a stress simulation was proposed to identify the
"Tipping Point" in Romania—specifically, the point determining when methane
emissions would drive the country's average temperature past the critical
threshold of 15°C (a +5°C anomaly compared to historical averages). It is
noteworthy that the Alternative Model, based on a massive methane increase
correlated with increased precipitation, maintains the Aridity Index at a high level.
Methane emissions inherently bring extreme phenomena with massive
precipitation over short periods.

By increasing the methane coefficient, its influence on model evolution was
analyzed; recalibrating the model substantially modifies the trajectory of climatic

state forecasting. This adjustment simulates a scenario where methane not only



warms the atmosphere but accelerates the hydrological cycle through massive
thermal instability.

At the conclusion of this advanced modeling project, a Radar Diagram was
generated to synthesize Romania's climatic health status for February 2026,
enabling a quick glance at where the system is balanced and where critical
deviations occur. This diagram compares each model's performance against
historical averages (1950-2025). Additionally, a spider diagram was developed
for the year 2030 regarding Romania’s climatic evolution to analyze its overall
thermal state.

Next, to observe variations in natural gas mass density at various pressures
and temperatures, a numerical model based on numerical regression and
subsequently a machine learning-based numerical model were developed.
Furthermore, a model utilizing a Multi-layer Perceptron (MLP) Neural Network
architecture was implemented to learn the complex relationship between
temperature, pressure, and methane mass density.

The model was trained to recognize non-linear variation patterns, and
implementing this artificial neural network-based numerical model for
determining methane mass density ensures minimal prediction error (< 0.2%),
providing a robust tool for recalibrating metering systems during the transition
scenario toward gas blends.

A simulation of the Wobbe index variation and superior calorific value
(SCV) for a methane-hydrogen blend was performed. For this simulation, a
numerical model was developed based on the evolution of blend SCV, relative
density, and Wobbe Index as functions of the hydrogen quantity in the blend.



Analiza Al a Proprietatilor Amestecului CH4 - H2 (2026-2030)
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Figure 1.16. Variation of the Wobbe index and superior calorific value
(SCV) for a methane-hydrogen blend

Starting from the numerical models developed in the first sub-chapter, the
simulation of progressive hydrogen introduction into the natural gas blend starting
in 2026 was carried out. Updating the numerical models for 2030, accounting for
progressive hydrogen blends, reveals an interesting dynamic between carbon
emission reductions and changes in gas leakage rates.

The impact simulation was performed using 6 interconnected models,
adjusting emission factors and physical properties (density, calorific value, and
volumetric leakage rate).

Despite the increase in the volumetric factor f,,, equivalent leakage
management remains stable, demonstrating the efficiency of hydrogen (GWP 11)
compared to methane (GWP 28).

Based on the obtained results, it can be concluded that using hydrogen-
natural gas blends constitutes a technical solution that can help reduce the climatic
impact of energy systems by lowering greenhouse gas emissions and increasing

the utilization efficiency of existing infrastructure.



A burner safety monitoring function was analyzed, which evaluates the
Wobbe Index in real time and triggers an alert if the blend becomes hazardous.
The calculated optimal limit of the analyzed model is 21.4% H,, indicating the
point where the system triggers the first warning, requiring modifications to
central heating boilers.

The 30% H, threshold indicates that the flame may become unstable
(flashback risk), and the ionization sensors of boilers could shut off the fuel
supply. Although the best soil moisture (63.07%) is reached at 30%, the technical
risk of operating the infrastructure becomes too high.

In Chapter |1, the paper analyzes the impact of hydrogen content on the
initial natural gas blend, highlighting density, viscosity, and critical properties.
The study also encompasses an analysis of the influence of hydrogen presence in
the natural gas blend on flow assurance regarding pressure drops and heat transfer
along the pipeline. Furthermore, utilizing the Chemcad simulator, the
vaporization-condensation curve for a blend of 90% methane and 10% hydrogen
was highlighted, marking the critical point of the blend.

The effect of hydrogen content on the phase diagram describes how
hydrogen presence influences the phase boundaries of a natural gas blend.
Following phase prediction studies, it was concluded that the most credible
models for phase diagram prediction are Peng-Robinson and Redlich-Kwong due
to their simplicity and accuracy.

Subsequently, the empirical model (based on linear regressions) was
compared with classical cubic equations of state, such as Peng-Robinson (PR) and
Redlich-Kwong (RK), highlighting fundamental methodological differences:
local accuracy vs. thermodynamic generality.

Following the comparative analysis of results obtained with the numerical
regression model and the Peng-Robinson/Redlich-Kwong models, the following
main aspects were highlighted:

« Quantum Effect



. Variation Slope
« Acentric Factor (w)

To evaluate model precision, results based on linear regression were
compared with reference data from NIST (National Institute of Standards and
Technology) analyses. The results demonstrated that the analyzed model yields
higher values than standard tables; in engineering, this is often considered a
"safety margin" predicting that the system will reach the critical point earlier than
in reality, thus helping us avoid unstable zones.

The graph indicates how the polynomial model begins to exhibit higher
precision, with its curvature representing hydrogen compressibility, which is not

constant.
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Figure 3.8. Critical pressure and critical temperature analysis of hydrogen

as a function of concentration

Initial data of the linear model were analyzed as a method for finding the
cricondenbar and cricondenterm; the pressure at which the first liquid drop
appears was determined for a blend of 15% Hydrogen (H,) and 85% Methane
(CH,) at a temperature of 173.15 K (—100°C). To understand hydrogen's impact
on transport capacity, the blend density was analyzed at the aforementioned
reference conditions (30 bar and 173.15 K/—100°C) using the Real Gas Law.



Comparing the results with existing literature (based on equations of state
like GERG-2008, Peng-Robinson, or SRK) highlights several fundamental

differences as well as confirmations of complex thermodynamic phenomena.
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Figure 3.11. Methane-hydrogen phase diagram

The results indicate that the model is customized and operates excellently
for industrial gas transport (low H, concentrations, 5--30%), where maintaining
the blend in the gaseous phase is desired. In the case of hydrogen blends, higher
pressures or lower temperatures are required to avoid condensation. Phase
diagram shifts influence requirements for equipment, thermal insulation, and
compression systems, increasing complexity and costs.

For multiple laboratory-prepared blends (90% methane-10% hydrogen,
70% methane-30% hydrogen, and 50% methane-50% hydrogen), density and
viscosity values were experimentally obtained at constant temperatures of 300 K,

320 K, and 340 K and pressures ranging between 1 and 18 MPa. Using these



data, numerical models for the evolution of viscosity and density as functions of
gas pressure, temperature, and hydrogen content in the blend were developed
using multivariate regression equations.

Unlike classical thermodynamic models (such as Peng-Robinson), which
stem from intermolecular forces, this model was built on experimental data and
analyzes how the CH,--H, blend behaves within a specific temperature and

pressure domain.

Furthermore, viscosity equations (cP) (z) and density equations (y) (kg/m>)
for methane-hydrogen blends at constant temperatures were implemented as
functions of the methane concentration in the blend (%) x, and working pressure
x, (MPa) at temperatures of 300 K, 320 K, and 340 K. Next, all variables
(concentration, pressure, and temperature) were integrated into a single unitary
mathematical model, transitioning from isothermal equations to a global

multivariate regression.
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Figure 3.20. Density and viscosity variation as a function of pressure

Nevertheless, for pipeline engineering calculations, the error is minimal

within the standard operating zone. It was shown that the implemented model




provides optimal results for system operators with negligible error in the practical

use range.

In the final part of the work, for a gas from the Transylvanian Basin blended

with up to 20% hydrogen, variations in molecular mass, non-ideality factor,

relative density, gross calorific value, Wobbe index, and boiling time were

analyzed. The results can be observed in Table 4.2.

Table 4.2. Values of various properties obtained for various hydrogen

percentages
Hydrogen
blend with Gross Boiling
Non- Wobbe
natural Molecular | ) Relative calorific time for
_ ideality ) Index _
gas, in mass density value one liter
factor, Z (MJ/Nm3)
percentages (MJ/Nm3) of water, s
[%0]
0 17.66 0.975 0.60 50.45 39.23 348
5 16.91 0.9753 0.57 49.76 37.74 372
10 16.16 0.9756 0.54 49.08 36.26 387
15 15.41 0.9759 0.51 48.39 34.78 396
20 14.66 0.9762 0.48 47.70 33.29 397

Based on the table, a multi-linear optimization numerical model was

developed, consisting of a group of numerical relationships satisfying the

conditions in Table 4.5.




Table 4.5. Minimum and optimal performance conditions for

hydrogen-methane blends

Minimum Conditions | Optimal Conditions
Parameter
(Acceptable) (Performance)
H, percentage 5%--10% 15%--20%
> 36 MJ/Nm®> (or >
Wobbe Index 33--35 MJ/Nm®
95%)
Relative Density > 0.54 0.48--0.51
C 0, Emissions Decrease < 5% Decrease 5%--10%

The obtained data show that the optimal decarbonization strategy is
replacing methane with hydrogen while limiting heavy hydrocarbons and inerts
to maintain combustion quality.

The multi-linear model demonstrates that the optimal blend for the

transition period is 20% H,, because it maximizes GWP reduction by 20% while

keeping the Wobbe Index above the critical threshold of 48 MJ/Nm?>, thereby
ensuring gas interchangeability without retrofitting costs for the end-user.

Therefore, the analysis and subsequent optimization of hydrogen-natural
gas blends were performed as a function of ethane, propane, and nitrogen
composition. The analysis focused on how secondary component variations
(ethane X,, propane X5, and nitrogen X,) can compensate or accentuate
thermophysical property changes caused by hydrogen.

By applying the developed -calculation algorithm, the following

conclusions were reached for optimal composition:



Table 4.9. Final optimization results

Component Optimization Trend Technical Justification
) Maintains Wobbe Index
Controlled increase | -
Ethane (X,) within interchangeability
(2--4%) o
limits.
Avoids excessive density
Propane (X3) Limited to < 1.5% increase and

condensation risk.

_ . Nitrogen reduction is the
_ Technological minimum _
Nitrogen (X,) cheapest way to increase
(< 1%)
thermal efficiency.

This configuration allows maintaining the Wobbe Index at approximately

49--50 MJ/Nm?>, a value guaranteeing stable operation and an ~ 18% lower
climatic impact compared to standard natural gas.

Subsequently, a model calculating Dutton coordinates (W - Wobbe Index
and S - Lift-off/Burn propensity factor) and plotting the "Safety Envelope" was
developed.

Ethane and Propane (X,,X3) act as a stability structure on the Y-axis
(Wobbe Index), preventing it from reaching 46 MJ/Nm?; furthermore, nitrogen
(X,) accentuates its negative effects on thermal power, while hydrogen (Xs) is the
decisive variation factor on the X-axis (Stability). Controlling hydrogen at 20%
ensures that burning speed does not exceed burners' capacity to maintain the flame
on the holder.

To complete the optimization model, NO, emission values were also
included (this model uses an approximation based on excess air and hydrogen

content to estimate pollutant emission increases).
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Hydrogen increases adiabatic flame temperature, favoring the Zeldovich
mechanism for thermal NO, formation. Optimal operation requires slightly
increased excess air (1 = 1.25...1.3) or lean-premixed burners to dissipate heat
and keep N O, emissions within legal limits.

Transitioning from 15% to 20% H, reduces climatic impact by an
additional ~ 6%, while the Wobbe Index drops by only ~ 1.3%, demonstrating
high technical stability in this interval.

The subsequent model generates influence graphs for Methane (X; ), Ethane
(X5), Propane (X53), and Nitrogen (X,) on the objective function (Climatic Impact),
as well as the trade-off graph between decarbonization and performance.

According to the results, methane has the highest positive slope in the GWP

graph; reducing it is the primary method for achieving environmental objectives.



Ethane and propane influence GWP less than methane per unit volume, but are
critical for maintaining the Wobbe Index.

Additionally, nitrogen has zero impact on GWP, but its rapid degradation
of the Wobbe Index makes it an undesired component in optimization, and the
trade-off highlights that the 20% hydrogen point represents the optimal
compromise between ecological benefits and maintaining the Wobbe Index within
permissible operating limits.

To optimize a distribution network, the approach transitioned from a
composition-only model to a hydrodynamic and thermodynamic one, capable of
managing long-distance transport and critical events, emphasizing:

. Energy Flow Equation (Energy conservation at the user level)
« General Flow Equation (Modified Weymouth)

« Volumetric Storage Equation (V;p)

« Orifice Leakage Flow (Saint-Venant & Wantzel Equation)

« Objective Function (Minimization of cost and pressure drop)
. Energy Constraint (User satisfaction)

« Continuity Equation (Kirchhoff for Gases)

In the case of underground leaks (e.g., a crack in a buried distribution pipe),
the major difference in soil flow between methane and hydrogen lies in molecular
diffusivity and viscosity; therefore, the following were also accounted for:

. Flow Equation in Porous Media (Darcy's Law)
« Diffusion-Advection Model (Species transport)
« Analysis by Soil Types

Furthermore, Mixed-Integer Nonlinear Programming (MINLP) modeling
was developed to simulate complex distribution scenarios. Variables introduced
into the model include: X, (number of small consumers), X (number of medium
consumers), Xg (number of large consumers), Xo (network length), X,, (pipe
diameter), X;; (number of network access points), and X;, (number of

simultaneous failures), allowing calculation of:



« Total Energy Demand Equation (E,.;)

« Pressure Drop and Sizing Equation (Xg, X;,)

 Reliability and Resilience Model (A4)

« Extended Objective Function (Capex + Opex + Environment)
« Constraint Matrix

The results demonstrated that for a network with a high number of large
consumers (Xg), sensitivity to hydrogen variation (Xs) is maximal, requiring
either increased diameters (X;,) or multi-point injection distribution (X;;) to
compensate for energy density reduction.

A scenario with two simultaneous failures was implemented to observe
pressure behavior at consumer nodes; this complex scenario was run by
constructing a hybrid network model (Commune + City) and introducing a crisis
scenario with X;, = 2 (two simultaneous failures).

Following the scenarios for the Commune + City assembly, the following
optimization conclusions were extracted:

« Vulnerability of Large Consumers
« Hydrogen Impact on Reserve Time
« Diameter Optimization

Additionally, two new constraint equations followed by retrofitting costs
for the hybrid scenario were introduced into the model. Adaptation costs to
maintain identical hydraulic performance at a 20% H, blend were estimated.

Modernizing urban areas requires a budget 5 times larger than rural areas
due to industrial energy demands requiring enlarged diameters. To manage the
two-failure scenario, investment in additional access points is mandatory;
otherwise, pressure recovery time in the city exceeds the safety limit.

The model demonstrates that at a carbon tax exceeding 100 EUR/ton,
investment in retrofitting for 20% hydrogen pays off in approximately 8--9 years,
making the project attractive for system operators.



Subsequently, a Comparative Risk Matrix was developed synthesizing the
final network optimization equations. Uncertainty analysis was performed,
transforming a "'rigid" theoretical model into one applicable under real conditions
where field sensors have precision limits and environmental conditions
(temperature, atmospheric pressure) oscillate.

Following the analysis, we can state with a 95% confidence level that the
optimized Wobbe Index for the 20% H, blend is:

W... = 50.35 + 0.56 MJ/Nm®

Even in the worst-case scenario (50.35 — 0.56 = 49.79 MJ/Nm?>), the
value remains well above the flame lift-off risk threshold, which occurs below
47.5 MJ/Nm?>. This demonstrates that the model is designed with an intrinsic
safety margin, protecting users from measuring device fluctuations.

This work examines the effect of hydrogen at various concentrations on
natural gas, flow performance, and natural gas properties. It was shown that
hydrogen significantly affects the phase diagram, causing the vaporization curve
to approach infinity.

On the other hand, the presence of 10% hydrogen results in a 5.39%
increase in pressure drop along the pipeline and a 6.14% reduction in temperature
drop. The findings of this work can be used to predict hydrogen's impact on
natural gas blends flowing through pipelines. It can also serve as a guide in
designing transmission pipelines, presenting a comprehensive picture of the
impact of non-hydrocarbon impurities in natural gas on flow performance.

It was established that a blend with 10% content could be implemented
without major utility infrastructure changes, based on operating conditions and
blend property modifications. Adding 30% H, can reduce emissions produced by
pure natural gas by approximately 11%.

It is evident that the higher the H, content, the greater the benefits for CO,

emission reduction, but effectively applying higher hydrogen content requires a



deeper understanding of hydrogen effects within the current natural gas pipeline
network.

In conclusion, increasing hydrogen concentration contributes to CO,
emission reduction, but implementing higher percentages requires careful
evaluation of the impact on blend properties and existing natural gas network

operations.

GENERAL CONCLUSIONS AND RESEARCH DIRECTIONS

This work examines the effect of hydrogen at various concentrations on
natural gas, flow performance, and natural gas properties. The effects of hydrogen
on natural gas properties and flow performance, as well as resulting deviations,
were highlighted and analyzed.

Following research conducted on analyzing and optimizing hydrogen-
natural gas blends through multi-linear modeling, the following fundamental
conclusions can be formulated:

. Validation of Interchangeability Limits: Modeling via the Dutton
Diagram demonstrated that the blend containing 20% hydrogen represents
the optimal techno-economic threshold for current natural gas transmission
and utilization infrastructure. Above this value, the flame stability factor
migrates toward the flashback risk zone, requiring structural burner
modifications.

. Compensatory Role of Heavy Hydrocarbons: Sensitivity analysis
highlighted the critical importance of ethane and propane fractions.
Although these components increase the carbon footprint per molecule,
their presence in controlled percentages (2--4% for ethane and 1--1.5% for
propane) is essential to compensate for the reduction in density and calorific
value induced by hydrogen.

« Environmental Impact and Pollutant Trade-off:



o Decarbonization: The optimal 20% H, blend ensures an ~ 18--20%
reduction in the climate impact index (GWP) compared to
conventional natural gas, fulfilling energy transition targets.

o NO, Emissions: Simulations showed an increase in adiabatic flame
temperature by ~ 45--50°C at the 20% H, threshold—a
phenomenon driving an estimated ~ 30% increase in nitrogen oxide
emissions. This conclusion necessitates operating with controlled
excess air (A = 1.25) to keep emissions within regulated limits.

Cost Function Optimization: The developed cost function shows that the
economic viability of the blend is closely tied to the carbon tax.

Technical Recommendations: For safe implementation, the following are

recommended:

Limit nitrogen content to the technological minimum, as it simultaneously
degrades all performance parameters (power, stability, efficiency).

Rigorously monitor the boiling time (t¢), which at 20% H, exhibits an ~
14% increase—a factor that must be communicated to industrial

consumers to adjust technological processes.

Network analysis using the multi-linear model and ChemCAD simulation

reveals the following optimal strategy:

Large Consumers: Require installing increased-flow pressure regulators,
as their volumetric requirement increases by over 15%.

Network Segmentation: Use minimum pipe diameters of 110 mm for
sections serving 20% H, blends to keep gas velocity below the
erosion/noise threshold (20 m/s).

Storage Capacity: The optimized network exhibits a 12.4% reduction in
energetic "Line Pack,” suggesting the need for a 0.4 bar higher inlet

pressure to maintain identical safety reserves during peak periods.



FUTURE RESEARCH DIRECTIONS
Transition to 100% Hydrogen (H2-Ready Networks): If the model
optimized the blend for 20%, the next step is researching network behavior
at percentages of 50%, 80%, and 100%.

o Material studies: Testing high-density polymers (PE100-RC) to
eliminate hydrogen permeability.

o Total burner recalibration: Developing variable-geometry burners
capable of transitioning from methane to pure hydrogen without
hardware replacement.

Digitalization and Gas ""Smart Grids": Optimization performed using
X¢--X1, can be extended into a real-time monitoring system.

o Digital Twin: Creating a virtual network replica receiving sensor
data to predict pressure drops or leaks before they occur.

o Al algorithms for failure detection: Using Machine Learning to
differentiate between normal consumption fluctuations and micro-
cracks in pipelines.

Integration with Renewable Energies (Power-to-Gas): Researching how
surplus wind or solar energy can be converted into hydrogen and stored
directly in the network.

o Dynamic injection optimization: Adjusting H, in the network based
on weather forecasts so industrial consumers are not affected by
calorific value variations.

o Geological storage: Analyzing how distribution networks can
interact with underground gas reservoirs converted for hydrogen.

Environmental and Health Impact (Ultra-Low NOx Emissions): Since
NO, increases with flame temperature, the future belongs to combustion

control.



o Catalytic combustion: Researching low-temperature hydrogen
combustion using catalysts to completely eliminate nitrogen oxide
formation.

o Early detection sensors: Developing inexpensive, low-energy
hydrogen sensors installable in every household.

. Standardization and Legislative Framework (Energy Policies): An
essential theoretical and administrative direction for a doctoral thesis|[cite:
1].

o Creating a "Hydrogen Code": Harmonizing European standards to
enable cross-border gas blend transport[cite: 1].

o Carbon market modeling: How carbon pricing will influence
decisions to transition from blends to pure hydrogen][cite: 1].

« Analysis of Hydrogen Behavior in Polluted Soils: Extending the soil flow
model toward chemical interaction[cite: 1].

o Soil microbiology: How hydrogen leaks affect soil bacteria and

whether they can be used as "biomarkers" for leak detection[cite: 1].
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