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ART. 1 - ISTITUZIONE

Ai sensi del vigente Regolamento di Ateneo dei corsi per master universitario e del D.M.
n. 270/2004, presso il Dipartimento di Ingegneriadell’Universitd degli Studi di Perugia &
istituito, per la.a. 2019/2020, il Master di 2° livello in «Proprietd Inteliettuale e
Trasferimente Tecnologico» in collaborazione con CIRIAF - Centro di Ricerca
Interuniversitario sull'lngquinamento e 'Ambiente “Mauro Felli”,

Il Master si inserisce nelle attivita di formazione del dipartimento di Ingegneria ed &
finalizzato alla preparazione di Manager del Trasferimento Tecnologico.ll Master prevede
un periodo di tirocinio presso enti o aziende.

ART. 2 - OBIETTIVI FORMATIVI QUALIFICANTI

Il Master di 2°livello in «Proprieta Intellettuale e Trasferimento Tecnologico», di durata
annuale, si articola in 70crediti formativi e si propone di fornire competenze specifiche ai
laureati magistrali nell'ambito della proprieta intellettuale e del trasferimento
tecnologico, definito internazionalmente come il processo che favorisce il successo della
trasformazione dei risultati della ricerca in imprese.
In particolare il master & finalizzato a fornire le basi culturali necessarie per coimare il
vuoto educativo che esiste in questo settore, in termini di conoscenza operativa dei
processi e delle complessita della proprieta intellettuale, esperienza e comprensione di
aree professionali e culture ampiamente diverse, capacita di “partare la lingua” sia del
mondo accademico che dell'impresae di sviluppare una vasta gamma di reti di contatti.
I master ha quindi V'obiettivo di offrire un corso unico in Europa per la formazione della
categoria professionale emergente dei Technology Transfer Managers (TTM).
Le conoscenze e le capacita teorico-pratiche, che saranno acquisite al termine del corso,
prevedono ['approfondimento dei linguaggi della scienza e del business e delle basi
economiche e giuridiche della proprieta intellettuale e del trasferimento tecnologico che
permettanc al TTM di comprendere l'ecosistema imprenditoriale circostante in modo da
assorbire 'innovazione e fornire servizi ausiliari

L'importanza crescente del trasferimento tecnologico nella recente evoluzione
universitaria ha fatto si che questo acguisisse un'importanza notevole in termini sia delle
sfide che delle opportunita che presenta per lo sforzo costante degli inventori nel trovare
soluzioni adeguate a vecchi e nuovi problemi per il progresso delle societa.

La realta contemporanea impone la necessita di disporre di Technology Transfer
Managers, correttamente formati e soprattutto aggiornati, capaci di svoigere sempre al
meglio la loro professione, sia in ambito pubblico (le universita stesse hanno bisogno di
competenze specifiche di proprieta inteliettuale e trasferimento tecnologico), sia in
ambitoe privato (gli inventori hanno bisogno di un "luogo sicurc® in cui discutere le
condizioni per la rivelazione e divuigazione deile proprie idee; gli investitori hanno
bisogno di informazione e rassicurazione in merito ai possibili rendimenti e agli scopi dei
loro investimenti; le aziende, in particolare le PMI la cui flessibilita e spirito
imprenditoriale sono fondamentali per lo sviluppo di nuove idee, necessitano di
indicazioni chiare sulla ricerca e sviluppo da effettuare nonché una conoscenza
approfondita dei potenziali nuovi clienti per i loro prodotti).

Ruolo chiave per la formazione dei discenti svolge il punto di vista dei potenziali
reclutatori: il profilo versatile richiesto indica aspettative di fluidita tra le diverse aree in
cui esercitano le proprie competenze e contribuiscono all'intero processo. Una qualifica
professionale che prevede tirocini & adatta alle esigenze operative del ruolo del TTM,
ponendo fe basi per le relazioni di lavoro basate suil'alleanza e il lavoro di squadra.
Infine, la possibilitd di svolgere un periodo di stage presso enti di produzione e
promozione della ricerca, quali uffici del trasferimento tecnologico delle Universita,
agenzie inter-governative per la proprieta intellettuale e I'innovazione come EUIPQ, EPO,
WIPO,0 grandi aziende tecnologiche e PMI che investono in innovazione garantisce una
formazione completa per un professionista con qualifiche rispondenti alle esigenze delle
aziende e degli enti che predispongano di un’unita altamente formata di trasferimento
tecnologico.



ART. 3 - ACCESSO E DURATA DEL MASTER

Nel rispetto del vigente Regolamento d’Atenec per i corsi per Master universitario e del
D.M. n. 270/2004, il presente Master si configura come Master di 2°livelio avra durata
annuale e si svolgera nell'a.a. 2019/2020.L’accesso al Master & riservato in via
prioritaria ai laureativecchio ordinamento/magistrale/specialistica in <«Architettura e
Ingegneria Edile-Architettura» (Classe LM04), «Biologia» (Classe LM06), «Biotecnologie
Agrarie» (Classe LMO07), «Biotecnologie Industriali» (Classe LMO08), «Biotecnologie
Mediche, Veterinarie e Farmaceutiche» (Classe LMO09), «Farmacia e Farmacia
Industriale»  (Classe LM13), «Fisica» (Classe LM17),«Informatica» (Classe
LM18),«Ingegneria Aerospaziale e Astronautica» (Classe LM20),«Ingegneria Biomedica»
(Classe LM21),«Ingegneria Chimica» (Classe LM22),«Ingegneria Civile» (Classe
LM23),«Ingegneria dei Sistemi Edilizi» (Classe LM24),«Ingegneria dell’Automazione»
(Classe LM25),«Ingegneria della Sicurezza» (Classe LM26),«Ingegneria delle
Telecomunicazioni» (Classe LM27),«Ingegneria Elettrica» (Classe [M28),«Ingegneria
Elettronica» (Classe  LM29),«Ingegneria  Energetica e  Nucleare» (Classe
LM30),«Ingegneria Gestionale» (Classe LM31),«Ingegneria Informatica» (Classe
LM32),«Ingegneria  Meccanica» (Classe  1M33),«Ingegneria  Navale» (Classe
LM34),«Ingegneria per 'Ambiente e il Territorio» (Classe LM35),«Matematica» (Classe
LM40),«Medicina e Chirurgia» (Classe LM41),«Medicina Veterinaria» (Classe
LM42), «Modellistica Matematico-Fisica per I'Ingegneria» (Classe LM44),«Odontoiatria e
Protesi Dentaria» (Classe L.M46),«Pianificazione Territoriale Urbanistica e Ambientale»
(Classe LM48),«Scienza e Ingegneria dei Materiali» (Classe LM53),«Scienze Chimiche»
(Classe LM54),«Scienze della Natura» (Classe LM60),«Sicurezza Informatica» (Classe
LM66),«Scienze e Tecniche dello Sport» (Classe LM68),«Scienze e Tecnologie Agrarie»
(Classe LME9),«Scienze e Tecnologie Alimentari» (Classe LM70),«Scienze e Tecnologie
della Chimica Industriale» (Classe LM71),«Scienze e Tecnologie della Navigazione»
(Classe LM72),«Scienze e Tecnologie Forestali ed Ambientali» (Classe LM73),«Scienze e
Tecnologie Geologiche» (Classe LM74),«Scienze e Tecnologie per I'Ambiente e il
Territorio» (Classe LM75),«Scienze Geofisiche» (Classe LM79),«Scienze per la
Cooperazione allo Sviluppo» (Classe LM81),«Scienze Zootecniche e Tecnologie Animali»
(Classe LM86),e affini.
Il Collegio dei docenti pud ammettere, inoltre, possessori di lauree appartenenti ad altre
classi, previa valutazione dei curriculum formativi, riconosciuti idonei sulla base delle
modalita di ammissione.
Il Master & aperto anche ai possessori di altro titolo equipollente conseguito ail’'estero in
discipline e tematiche attinenti, purché riconosciute idonee in base alla normativa
vigente.
La quota d'iscrizione & pari ad € 6600, da erogare in tre rate:
- Prima rata pari a €2500 in fase di immatricolazione
- Seconda rata pari a €2500 entro 3 mesi dall'inizio del Corso
- Terza rata pari a €1600 entro 6 mesi dall'immatricolazione,
Per l'attivazione del Master sara necessario li raggiungimento del numero minimo di 15
iscritti; il numero massimo sara di 25partecipanti.
Il Coliegio dei docenti procedera a nominare una Commissione al fine di procedere alla
selezione volta a verificare il possesso da parte dei candidati delle conoscenze di base
indispensabili per partecipare al corso. La selezione sara per titoli e colloguio, Al
colloquio saranno attribuiti 10 punti, ai titoli 10 punti.
I criteri di attribuzione dei punteggi per i titoli sono i sequenti:
- voto di laurea:
fino a 102 = 2 punti
da 103 a 109 = 3 punti
110 = 4 punti
110 e lode = 5 punti
- Pubblicazioni inerenti gli argomenti del Master: fino ad un massimo di 2 punti
- Specifiche esperienze professionali in ambiti inerenti al Master: fino ad unmassimo
di 3 punti.



ART. 4 - ORGANI DEL MASTER

Organi del Master, ai sensi dell’art. 99 del Regolamento Generale d'Ateneo, sono il
Collegio dei Docenti che definisce la programmazione delle attivitd didattiche e
formative, provvede all'organizzazione e svolge ogni altra funzione inerente i fini
istituzionali,il Direttore e il Consiglio direttivo.

Il Direttore & eletto dal Collegio dei docenti, a maggioranza assoluta dei suoi
componenti, tra | professori del Collegic stesso. II Direttore € nominatc con
provvedimento del Rettore, dura in carica per la durata del corso e comungue per non
pitt di tre anni e pud essere eletto consecutivamente una sola volta,

Il Collegio dei docenti & composto dai docenti responsabili delle aree disciplinari del
Master universitario, & presieduto dal Direttore ed & nominato dal Rettore.

1l Consiglio direttivo & eletto dal Collegio dei docenti tra i propri membri, & presieduto
dal Direttore,dura in carica per la durata del corso e comunque per non piu di tre anni e
pud essere eletto consecutivamente una sola volta.

Il Consiglio Direttivo coadiuva il Direttore in merito alla pregrammazicne didattica.

ART. 5 - ATTIVITA FORMATIVE E CREDITI CORRISPONDENTI

La durata del Corso per il conseguimento del titolo di Master & dil750 orecosi
ripartite:600cre di lezione frontale -con possibilitd di e-learning e videoconferenza
interattiva - e assistita, 975 ore per studio individuale ed elaborato finale €175 ore per la
partecipazione al periodo di tirocinio.

Al raggiungimento degli obiettivi e alla maturazione delle conoscenze e capacita
operative e relazionali di cui all'art, 2, corrisponde il conseguimento di70 crediti formativi
universitari,

In particolare, la ripartizione fra i crediti formativi e la seguente:

n. 60creditli formativi per attivitd didattica frontale, assistita/laboratoriale e studio
individuale;

n. 3crediti formativi per 'elaborato e la prova finale;

n. 7crediti formativi per il tirocinio.

Le attivita formative del corso di Master sono articolate in2 moduli, come da programma.
Non e previsto il riconoscimento di crediti per esami gia sostenuti nei corsi di studio
precedent] seguiti dagli iscrittd,

PROGRAMMA DEL MASTER

ORE CREDITI
Modulo Inseghamento SsSD
125 5
1 Patents IUS/04
125 5
1 Trademarks and designs 1US/01
125 5
1 Plant varieties and geographical indications AGR/O1
Copyright, know-how, transfer and licensing of 150 6
intellectual property rights
Mod.1: Copyright (4 CFU)
Mod.2: Know-how (1 CFU}
1 Mod. 3: Transfer and Licensing (1 CFU) 1US/04
IP systems and process of granting (EPO, EUIPO, 100 4
WIPQ)
Mod, 1: Intellectual property systems (3 CFU)
1 Mod.2: Process of granting (1 CFU) IUs/04
100 4
i Digital innovation INF/01
_ 125 5
2 History and Anthropology of Innovation SPS/09




125 5
2 Innovation finance and proof of concept SECS-P/09
Business planning of a technology start up 125 5
Mod. 1! Economics and management of scientific-
technological innovation (1.5 CFU)
Mod. 2: Market analysis tools (2 CFU)
Mod. 3: Business planning of a technology start
2 up (1.5 CFU) SECS-P/08
125 5
2 Corporate finance for start ups SECS-P/11
Sustainability as an innovation tool 50 2
Topic 1: Sustainabiiity indicators (1 CFU}
2 Topic 2: Circular Economy Fundamentals {1 CFU) | ING-IND/11
Ethics and technology transfer 125 5
Topic 1: Ethics {3 CFU)
Topic 2: Communication for innovation and M-
2 technology transfer (2 CFU) FIL/065PS5/08
100 4
2 Innovation ecosystems SECS-P/08
175 7
Stage Tirocinio formativo
Prova 75 3
finale Tesi di master
1750 70
TOTALE

Al termine del corso, i candidati in regola con gli adempimenti formali e sostanziali (tasse,
verifiche in itinere, frequenze, etc...) dovranno sostenere, di fronte ad una
Commissionecomposta da almeno 7 membri,proposta dal Collegio docenti e nominata con
decretorettorale,una prova finale cosi articolata:

Sviluppo della tesi di Master su argomenti interdisciplinari da concordare con i docenti del
Master in forma di elaborato scritto e discussione della stessa framite presentazione orale di
fronte alla suddetta Commissione.

A coloro i quali supereranno l'esame finale sara rilasciato il titolo di diploma universitario di
Master di 2°livello in “Proprieta Intellettuale e Trasferimento Tecnologico” firmato dal Rettore
dell'Universita degli Studi di Perugia, e verranno attribuiti 70CFU,

17 crediti formativi relativi al tirocinio ed | 3per la preparazione deita tesi di Master potranno
essere acquisiti, oltre che presso {'Universita degli Studi di Perugia e le sedi consociate, anche
pressoaltri enti pubblici e/o privati, ai sensi delia Legge n. 196 del 24/6/1997 e del Decreto
attuativo n. 142 del 25/3/1998.

ART. 6 - FREQUENZA

La frequenza di almeno il 75% delle attivitd d‘aula, di laboratorio e di stage & obbligatoria ed il
conseguimento dei crediti & subordinato alla verifica delle competenze acquisite oltre che delle
frequenze. Le ore di assenza non sono cumulabili in un unico moduio.Colore che non siano in
regola con le frequenze o che non abbiano sostenuto la prova finale entro la data fissata dal
Collegio dei docenti sono considerati decaduti.

ART. 7 - RISORSE E AMMINISTRAZIONE

Uattivita didattica sara svolta presso le strutture del CIRIAF efo del Dipartimento di
Ingegneriae/o di eventuali altre sedi individuate dal Collegio dei docenti del Master.

La gestione finanziaria e contabile, per tutte le pratiche amministrative relative alla
retribuzione dei compensi e rimborsi dei docenti del Master nonché le procedure relative



alreclutamento dei docenti esterni secondo i regolamenti di Ateneo e gli atti relativi ai contratti
di docenza, sara affidata alla Segreteria Amministrativa del CIRIAF,

la funzione di tutor d’aula e di coordinamento, organizzazione e gestione del perlodo di stage
sara affidata ad una unita di personale reclutata secondo le norme vigenti, per un numero di 1
tutor ogni 5 studenti.

La gestione della carriera degli iscritti al corso del Master & affidata all’Ufficio gestione
Dottorati, Master e Corsi post lauream.Non & prevista |"erogazione di borse di studio.



Schema Tipo
UNIVERSITA DEGLI STUDI DI PERUGIA

PROGETTO DI CORSO

Anno Accademico 2019 /2020

XIMaster universitario: Proprieta Intellettuale e Trasferimento Tecnologico

OCorso di perf. di alta formazione :

Denominazione del corso in lingua Inglese: Intellectual property and Technology Transfer

Livello G | Primo [Xl{ Secondo

Durata 1730 ore

Totale C.F.U. rilasciati 70

Titolo/Certificazione rilasciata Diploma di Master [ | Attestato di Frequenza

Tl progetto di riedizione di un Corso deve essere corredata da una relazione sulle
attivitd svolte e sui risultati conseguiti, con particolare attenzione per i Master alla
Istituzione [X] | Riedizione collocazione lavorativa di coloro che ne hanno conseguito il titolo finale (art. 15,
¢0.3 del Regolamento in materia di corsi per master universitario e corsi di
perfezionamento).

Dipartimento/i proponente/i: Dipartimento di Ingegneria, CIRIAF

QObiettivi formativi e finalita del corso, sbocchi professionali

Introduzione

Il trasferimento tecnologico ¢ definito internazionalmente come il processo che favorisce il successo
della trasformazione dei risultati della ricerca in imprese. Studiosi del settore considerano il trasferimento di
tecnologia come "il movimento formale e informale di know-how, abilita, conoscenze tecniche o tecnologia
da un ambiente organizzativo all'altro". Tuttavia, poiché il processo spesso si scontra con incentivi
economict sfavorevoli e un'offerta inadegnata di servizi complementari per tradurre nuove idee in
innovazioni tecnologiche economicamente valide, il suo coordinamento tra le varie parti interessate & una
sfida. Il processo di trasferimento tecnologico richiede pertanto la disponibilitd di risorse finanziarie e
umane al livello adeguato.

Il trasferimento tecnologico ¢ diventato centrale nella recente evoluzione universitaria e ha acquisito
un'importanza notevole in termini sia delle sfide che delle opportunita che presenta per lo sforzo costante
degli inventori nel trovare soluzioni adeguate a vecchi e nuovi problemi per il progresso delle societa.

Esso € un processo nuovo e complesso che funziona in un arco di tempo non convenzionale e con un
alto livello di incertezza. Un processo di trasferimento tecnologico di successo richiede un solido
portafoglio di proprieta intellettuale, una unita del trasferimento tecnologico dedicata come punto di
incontro di scienza e business, un team di Technology Transfer Managers (TTM) altamente qualificati che
comprendono i linguaggi della scienza e business e un ecosistema imprenditoriale circostante in grado di
assorbire 'innovazione e di fornire servizi ausiliari.

[l Master in Proprieta Intellettuale e Trasferimento Tecnologico dell’Universita degli Studi di Perugia

intende colmare il vuoto educativo che esiste in questo settore ed offrire un corso unico in Europa per la

1




Schema Tipo

formazione dei Technology Transfer Managers.

1. Obiettivi formativi

Essendo il TTM una categoria professionale emergente, le universita stesse hanno bisogno di
competenze specifiche di proprieta intellettuale e trasferimento tecnologico; gli inventori hanno bisogno di
un "lnogo sicuro” in cui discutere le condizioni per la rivelazione e divulgazione delle proprie idee; gli
investitori hanno bisogno di informazione e rassicurazione in merito ai possibili rendimenti e agli scopi dei
loro investimenti; le aziende, in particolare le PMI la cui flessibilitd e spirito imprenditoriale sono
fondamentali per lo sviluppo di nuove idee, necessitano di indicazioni chiare sulla ricerca e sviluppo da
effettuare nonché una conoscenza approfondita dei potenziali nuovi clienti per i loro prodotti.

Molti dei problemi riguardano la comprensione e I'accettazione dei rischi inerenti, e questo implica la
disponibilita di persone brillanti nella negoziazione dei rapporti fra tutte le parti interessate, il cui profilo
comprende non solo una conoscenza operativa dei processi e delle complessita della proprieta intellettuale,
ma anche esperienza e comprensione di aree professionali e culture ampiamente diverse, la capacita di
"parlare la lingua" sia del mondo accademico che dell’impresa, e una vasta gamma di reti di contatti.

Chiaramente, cid che viene delineato qui & una professione emergente, finora nebulosa, di
Technology Transfer Manager. Tra le varie domande che sorgono intorno a questa professione emergente ci
sono: quali qualifiche dovrebbero essere concepite per questi nuovi professionisti? e come sarebbe garantita
una formazione continua al fine di consentire loro di stare al passo con le esigenze in rapida evoluzione del
trasferimento tecnologico?

Al momento, le agenzie di trasferimento di tecnologia sono frammentate in modo diverso all'interno
dei diversi segmenti del processo di trasferimento tecnologico € non esistono qualifiche standard per il
ruolo dei TTM dedicati ad ajutare le innovazioni a fare il salto verso il mercato.

IT ruolo del trasferimento tecnologico differisce a seconda dei paesi, ma l'esperienza nello sviluppo e
nel lancio del prodotto & fondamentale e internazionale. Cio include la familiarita con gli aspetti normativi,
inclusi quelli della proprieta intellettuale.

Un background scientifico ¢ un vantaggio, ma anche esperienza in economia ¢ finanza, in particolare
nella modellazione dei cicli economici coinvolti nel processo di trasferimento tecnologico, risulta molto
adatto. Il Master includerd poi cicli di lezione di etica dello sviluppo di nuove tecnologie in particolare
quelle legate all’Intelligenza Artificiale.

2. Finalita del Master

Non solo il ruolo di un TTM ¢ eccezionalmente esigente in termini di competenze e responsabilita,
ma varierd anche con mercati diversi, "ecosistemi” dissimili e livelli di innovazione distinti.

Le PMI rappresentano il 99% di tutte le imprese dell'Unione europea (UE) e contribuiscono per il
57% al prodotto interno lordo (PIL) dell'UE. Tuttavia, gran parte del valore generato dalle PMI deriva da un
piccolo numero di imprese ad alta crescita che sono spesso molto innovative.

Studi internazionali mostrano che le PMI che hanno almeno un brevetto hanno il 21% in pi di
probabilita di sperimentare un periodo di crescita e hanno il 10% in pitt di probabiliti di diventare
un’impresa ad alta crescita rispetto alle aziende senza diritti di proprieta intellettuale.

Gli studi rivelano anche che le probabilita che una PMI diventi un un’impresa ad alta crescita




Schema Tipo

aumentano del 33% se utilizzano "pacchetti” di proprieta intellettuale con marchi, brevetti e design invece
di un'unica categoria di diritti.

Un buon TTM dovra percido comprendere e distinguere { diversi livelli di innovazione e i loro impatti
sociali, economici e finanziari. Il primo livello ¢ l'innovazione "sostenibile”, in cui ['obiettivo & sostituire il
vecchio con prodotti nuovi e migliori in modo che la domanda chiave per un TTM sia "questa innovazione
pud prolungare la crescita del fatturato esistente?". Le competenze richieste sono quindi relativamente
semplici. Il secondo livello ¢ I'innovazione "orientata all'efficienza”, che essenzialmente cerca di produrre
di pilt con meno. La domanda chiave qui & "questa innovazione migliora i margini di profitto?" Al terzo
livello, "creazione di mercato innovativo™, il lavoro di un TTM & molto piti complesso. La domanda chiave
¢ "l'innovazione risolve un problema ampio e complesso meglio delle soluzioni esistenti?" Si tratta di
innovazioni di trasformazione, che genericamente generano rischi pid elevati, ma hanno anche un impatto
maggiore.

Inoltre, il ruolo del TTM ¢ necessariamente interfunzionale: un TTM deve essere "conversante”
piuttosto che "esperto” in diversi campi. Tuttavia, non solo hanno bisogno di "parlare la lingua" di diversi
campi, ma devono anche farlo con sufficiente autoritd, ad esempio per selezionare e respingere progetti,
gestire i conflitti di interesse e giudicare il miglior momento di azioni e interazioni con attori diversi.

Questo porta alla questione della responsabilita per 'esito del progetto che & generalmente attribuito
al ruolo di marketing, ma alcune responsabilitd del TTM sono essenziali, perché il TTM ¢ coinvolto nel
processo dall'inizio alla fine. Nel settore in rapida evoluzione dell'innovazione tecnologica, cid implica un
continuo processo di apprendimento sul posto di lavoro per i TTM e una presa di responsabilita continua.

Il panorama in rapida evoluzione e molto diversificato dell'innovazione e del trasferimento
tecnologico suggerisce che la formazione formale dovrebbe includere una forte componente di
apprendistato. L'esperienza di coloro che sono attualmente coinvolti in trasferimento tecnologico, in ogni
parte del mondo, suggerisce fortemente che i bisogni cruciali sono l'esperienza industriale o ingegneristica,
una certa specializzazione in un determinato campo (acqua, ambiente, agro-biotecnologia, ecc.) stage
formativi, sia in start-up, PMI o aziende pit grandi.

Nel contesto aftuale, sta diventando piit importante che le competenze del lavoro siano codificate
attraverso qualifiche e certificazioni formali. Cid contribuisce ad attrarre il talento necessario oltreché a
portare una misura di standardizzazione nella formazione offerta. Nel progettare I’ attrazione degli studenti
la formazione sara studiata dal punto di vista dei potenziali reclutatori: il profilo versatile richiesto indica
aspettative di fluidita tra le diverse aree in cui esercitano le proprie competenze e contribuiscono all'intero
processo. Una qualifica professionale che prevede tirocini ¢ adatta alle esigenze operative del ruolo del
TTM, ponendo le basi per le relazioni di lavoro basate sull'alleanza e il lavoro di squadra.

3. Sbocchi professionali

Il trasferimento tecnologico riguarda le persone, dall'inventore di un'idea fino al cliente finale una
volta che lidea ha raggiunto il mercato. Molte idee nuove sorgono casualmente, senza particolare
attenzione agli scopi finali; quindi & essenziale considerare cid che si vuole raggiungere traducendo le
innovazioni in prodotti e servizi commerciabili.

Per costruire legami pia stretti con l'industria e facilitare la commercializzazione della ricerca, &

essenziale che un’unitd di trasferimento tecnologico recluti, ricompensi e mantenga i managers di
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protezione.

trasferimento tecnologico di alta qualita (TTM), nel lungo periodo. Lo staff deve essere di talento,
altamente motivato, profondamente qualificato e ben informato in settori di attivita molto diversi e in rapida
evoluzione, ed essere anche in grado di mediare efficacemente tra scienza e imprese.

Gli sbocchi occupazionali sono pertanto molteplici e vanno dagli uffici del trasferimento tecnologico
delle Universitda di tutto i mondo, alle agenzie inter-governative per la proprietd intellettuale e
Pinnovazione come EUIPO, EPO, WIPQ, alle grandi aziende tecnologiche che investono in innovazione
come Google, Amazon, Apple, alle PMI che vivono di innovazione come Menarini, fino agli uffici
nazionali dei brevetti che sempre di piu si occupano di sviluppo di nuove idee oltreché di deposito e

Progetto di articolazione delle attivita formative
ATTIVITA FORMATIVA oRE ENTE (4 ROV ENTO DI
( Insegrzamento, kxboratorio, tireciitio, stage, esame finale) bme € nome AFFERENZA SSD
Didattica | Didats Stdis
Denominazione con relativo settore Cru fi : 1“ @m individuale/
scientifico disciplinare ) rontate ’ stage/
@ ® tirocinio
Modulo 1:
INTELLECTUAL PROPERTY
Universita degli
Caforio Studi di Perugia,
Patents (1US/04) 5 40 10 75 Giuseppe Dfpa'rtlmento di
Giurisprudenza,
CIRIAF RJS/04
Universita degli
Cianci Studi di Perugia,
Trademarks and designs (IUS/01) 5 40 10 75 Alberto Dipartimento di
Giulio Scienze Politiche,
CIRIAF TUS/01
Plant varieties and geographical 5 0 10 75 Esperto esterno
indications (AGR/01)
Copyright, know-how, transfer and Mod. 1-3:
licensing of inteilectual property rights Schiuma Universita degli
(1US/04) (1LJS/04) Laura (50 Studi di Perugia,
Mod 10 C bt (4 CF 6 48 2 % ore) Dipartimento di
od.1: Copyright (4 CFU) , Mod. 2: Economia, CIRIAF
Mod.2: Know-how (1 CFU) Esperto 1US/04
Mod. 3: Transfer and Licensing (1 zit;rno (10 Esperto esterno
CFU)
[P systems and process of granting
(EPO, EUIPO, WIPQ) (IUS/04) Esperto esterno
Mod.1: Intellectual property systems 4 2 8 60
(3 CFU)
Mod.2: process of granting (1 CFU) .
Milari Universita degli
Digital innovation (INF/01) 4 32 8 60 Alfredo Studi di Perugia,
Dipartimento di
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Informatica,
CIRIAF INF/01
Modulo 2:
TECHNOLOGY TRANSFER
University of
History and Anthropology of Ullan de La | Alicante, Dep. of
innovation (SPS/09) 40 10 & Rosa Javier | Sociology 1
SPS/09
innovation finance and proof of 40 10 75 Esperto esterno
concept (SECS-P/09)
Business planning of a technology
start up (SECS-P/08) Ferrucei
L 150r . . .
Meod. 1: Economics and management Riz?cfia o€} | Universita degli
f scientific-technological i rati Andrea (20 Studi di Perugia,
of scientific-technological innovation 0 10 75 . ) Dipartimento di
(1.5 CFU) ore) Economia, CIRIAF
Rizzi SECS-P/08
Mod. 2: Market analysis tools (2 CFU) Francesco
Mod. 3: Business planning of a (15 ore)
technology start up (1.5 CFU)
Nadotti Loris
Lino Maria 1 1), versita degi
{20 ore) Studi di P .
Corporate finance for start ups (SECS- Gallo udi i rerugla,
: Dipartimento di
P/11) 40 10 » Manuela (15 Economia, CIRIAF
ore) SECS-P/11
Vannoni
Valeria {15
ore)
Sustainability as an innovation tool
Rossi Universita deghi
(ING-IND/11) Federico (10 | Studi di Perugia,
Mod. 1. Sustainability indicators (1 ore) Dipartimento di
16 4 30 . . .
CFU) Castellani Ingegneria,
Beatrice (10 | CIRIAF ING-
Mod. 2: Circular Economy ore) IND/11
Fundamentals {1 CFU)
Pontificia
Flavia Universita
Ethics and technology transfer Ma;cacm (25 | Lateranense
ore
Mod. 1: Ethics (SPS/09) (3 CFU) Esperto Esperto Esterno
Mod. 2: Communication for 40 10 75 Esterno (5
. i d technol p ore) Universita degli
innovation and technology transter Mazzoni Studi di Perugia,
SPS/08) (2CFU) Marco (20 Dipartimento di
are} Scienze Politiche,
CIRIAF SPS/08
Innovation ecosystems (SECS-P/08) 32 8 60 Esperto esterno
Towke o | Toteore | Totleor
480 120 00
Stage/tirocinio (tirocinio formativo) 175




Schema Tipo

Prova/e finale/i 3 75
Totale
Totale Ore:
CFUZ 1750
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{1) Ogni CFU corrisponde a 25 ore complessive di lavoro per lo studente. I numero complessive delle ore di ogni attivita
formativa va ripartito nelle colonne sottostanti.

{2) L'indicazione del settore scientifica-disciplinare & richiesto solo per gli insegnamentii e i laboratori disciplinari. In

caso di insegnamento modulare inserire fra parentesi la parola “module” dopo la denominazione dell'insegnamento.

{3) Le ore di didattica laboratoriale devono essere sommate alte ore di didattica frontale per il calcolo delle percentuali

previste dal’art.9 del Regolamento in materia di corsi per master universitario e corsi di perfezionamento,

{4)Se I'insegnamento & affidato ad un esperto di chiara fama riportare solo la dizione: “esperto esterno”

Il Collegio Docenti del Master provvedera a definire eventuali sostituzioni di docenti in caso di necessita.

Si richiede inoltre di poter andare in deroga a quanto deliberato dal Consiglio di Amministrazione nella
seduta del 13 aprile 2016 con riferimento al costo orario dei docenti esterni. Il piano del Master
consente infatti erogazione di una retribuzione oraria pari ad Euro 100,

ORE DID.ASSISTITA | PERCENTUALE
(frontale-+laboratoriale)
Docenti Dip. proponente 330 55 % (*)
Docenti  universitari  (Dip. | 405 67 % (**)
Proponente  +altri  dip.+altri
atenei)
Esperti chiara fama 195 3%

(*)Tale percentuale deve essere superiore o uguale al 25%del totale di ore di didattica assistita.
(**YTale percentuale deve essere superiore o uguale al 45%del totale di ore di didattica assistita.

Proposta di contratti per attivita di laboratorio, tutorato o integrative con PTA
e con personale esterno

Sede/sedi di svolgimento delle attivita (comprese quelle di tirocinio /stage):
Attivitd di didattica presso il CIRIAF e altre sedi individuate dal Collegio dei Docenti del master. Tirocini da
stabilire mediante accordi di collaborazione con enti e aziende.

Numero massimo di ammissibili 25
Numero minimo degli iscritti. 15
In caso di mancato raggiungimento di tale numero, il Corso nonpudessere attivato

Numero di eventuali uditori ammissibili | 0

al corso (ag!i uditori sara rilasciato solo un attestato di

partecipazione)

Nominativi dei componenti il Collegio dei Docenti (art.8 Regolamento in materia di
corsi per master universitario e corsi di perfezionamento)

Rossi Federico, Caforio Giuseppe, Cianci Alberto Giulio, Milani Alfredo, Ferrucei Luca,
Nadotti Loris Lino Maria, Mazzoni Marco, Castellani Beatrice
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diagnostiche e strumentali,
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dal programma formativo

del corso(da compilare solo per
corsi di master di area medica e
sanitaria)
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gestione amministrativae
finanziaria)
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Contributo pro-capite per Piscrizione

6600

_RISORSE FINANZIARIE |
Ente finanziatore o £0
Quote diiscrizione - n.studenti *euro/studente €99.000
TOTALE RISORSE €99.000
COSTI DI GESTIONE
Costi diretti
docenza (100€/ora) 160 €60.000
es.materiale didattico 500 euro a studente £7.500
tutor 3000 a tutor ogni 5 studenti 3 €9.000
altri costi (8 trasferte) £€7.650
Costi indiretti
Quota Amministrazione centrale - 10% contribuzione studenti €9.900
Quota Dipartimento - 5% contribuzione studenti €4.950
TOTALE COSTI £€99.000

{*) ! Consiglio di Amministrazione nella seduta del 13/04/2016 ha stabilito che il trattamento economico ¢




lei docenti esterni per ciascuna ora di insegnamento sia di 35 euro, al lordo degli oneri di Ateneo.



Contributo pro-capite per Fiscrizione 6600

RISORSE FINANZIARIE
Ente finanziatore g £0
Quote di iscrizione - n.studenti *euro/studente £ 165.000
TOTALE RISORSE 25 £€165.000
COSTI DI GESTIONE
Costi diretti
docenza (100€/ora) €60.000
es.materiale didattico 500 euro a studente £€12.500
tutor {3000 euro a tutor ogni 5 studenti) 5 €15.000
altri costi (8 trasferte) €7.650
Costi indiretti
Quota Amministrazione centrale - 10% contribuzione studenti £ 16.500
Quota Dipartimento - 5% contribuzione studenti 5 € 8.250
Quota CIRIAF - 27% contribuzione studenti €45.100
TOTALE COSTI €165.000
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Relazione IV anno RTDa — Giovanni Cinti Ph.d

Attivita di Ricerca

Uattivita di ricerca ha riguardato lo studio della tecnologia SOFC/SOE per la produzione di potenza e per la
produzione via elettrolisi di combustibili gassosi quali idrogenc o miscele ad alto contenuto di idrogeno
{syngas).

L’attivitd di questo anno ha portato a completamente lo studio dellelettrolisi ad aita temperatura ed, in
particolare, il ruolo dell’elettrodo ossigeno e dei gas utilizzati come sweep gas. In aggiunta significativo sforzo
& stato dedicato al miglioramento delia qualita dei test. Nuovi sealing a nuovi current collector sono stati
testati sia per ci& che riguarda i materiali che le geometrie. Lo scope, raggiunto, & stato quello di ottenere un
aumento del’OCV e della corrente massimaz ottenibile. H nuovo standard di test permettera le studio
sistemnatico dei processi di elettrolisi e di fuel cell. In particolare, per poter valutare correttamente {'effetto
del funzionamento SOFC e SOE, & stata perfezionata la tecnica di test di lunga durata. Questo ha richiesto la
modifica dei materiali, in particolare i coating, 'aumento di affidabilita del banco prova e tecniche di analisi
ontine, quali 'EIS, e soprattutio le tecniche di post test, quali I'analisi SEM, V'EDX e la XRD.

Nel dettaglio le specifiche attivitd sono state:

- Aggiornamento bibliografico dei temi di ricerca riguardanti SOFC e SCE;

- Progettazione campagna prove finalizzata all'analisi delle performance della cella e alo studio
dell’'effetto della composizione;

- Realizzazione deitest;

- Analisi dati e studio dei risultati;

- Pubblicazione dei risultati in conferenze e giornali scientifici;

- Supporto e chiusura delle rendicontazioni del progetti PON: “SMART GENERATION” e “FCLAB”;

- Raccordo e coordinamento tra le attivita del Dipartimento del{’Universita degli Studi di Perugia e gli
altri partner dei progetti PON;

- Partecipazione alla stesura e presentazione di progetti sottoposti a finanziamento a valere su fondi
nazionali ed europei;

- Attivita tecnica/sperimentale di laboratorio: utilizzo e progettazione di strumenti e tecniche per o
studio di sistemi celle a combustibile/elettrolizzatori ad alta temperatura;

- Supporto all'acquisto di strumenti e materiale di consumo necessari all’attivita di ricerca;

- Partecipazione alle attivita dell’associazione HYDROGEN EUROPE RESEARCH di cui il Dipartimento &
membro, associazione che gestisce in partenariato con la Commissione e il raggruppamento degli
industriali i fondi Comunitari destinati ad Idrogeno e celle a combustibile;

- Gestione di due progetti europei a valere sul fondo HORIZON2020: NET TOOLS e ELECTROU dei quali
sono responsabile scientifico per I'Universita degli Studi di Perugia;

- Scrittura, sottomissione e gestione, quale responsabile scientifico, del progetto TEZIO a valere sul
bando deila Fondazione Cassa di Risparmio di Perugia;

- Gestione del progetto Europec “HySchools” a valere sul bando ERASMUS+;

- Partecipazione alla conferenze: NH; event Europe, Rotterdam June 6-7 2019; 13th European SOFC &
SOE Forum 2018;

- Partecipazione al programma ERASMUS + for training presso DTU;

giovanni.cinti@unipg.it —~ 0755853391 2



Relazione IV anno RTDa — Giovanni Cinti Ph.d

Pubblicazioni

Specificatamente alle attivita di ricerca relative al progetto del contratto e refative al periodo di riferimento
del presente report sono state pubblicati i seguenti lavori interamente riportati in allegato:

I Barelli, L., Bidini, G., Cinti, G. "Air variation in SOE: Stack experimental study”(2018} International
Journal of Hydrogen Energy, 43 (26), pp. 11655-11662. DOi: 10.1016/j.ijhydene.2018.01.070

Barelli, L.; Bidini, G.; Cinti, G. “Airflow Management in Solid Oxide Electrolyzer {SOE} Operation:
Performance Analysis”, ChemEngineering 2017, 1, 13

w2

3. Barelli, L., Bidini, G., Cinti, G. “Steam as sweep gas in SOE oxygen electrode” (2018) Journal of Energy
Storage, 20, pp. 180-195. DO:10.1016/j.est.2018.09.009

In aggiunta grazie ad ulteriori collaborazioni sviluppate in gquesti anni e ad attivitd di ricerca svolte
precedentemente sono stati pubblicati i seguenti lavori, anch’essi riportati in allegato:

1. Liso, V., Savoia, G., Araya, 8.5., Cinti, G., Keer, 5.K. “Modelling and experimental analysis of a polymer
electrolyte membrane water electrolysis cell at different operating temperatures” (2018) Energies,
11{12}, art. no. 3273. DOI: 10.3390/en11123273

2. Barelli, L., Bidini, G., Cinti, G. “Steam vs. dry reformer: Experimentai study on a solid oxide fuel cell
short stack” {2018) Catalysts, 8 (12), art. no. 599. DOI: 10.3390/catal8120599

3, Cinti, G., Bidini, G., Hemmes, K. “Comparison of the solid oxide fuel celi system for micro CHP using
natural gas with a system using a mixture of natural gas and hydrogen” (2019) Applied Energy, pp.
69-77. DOI: 10.1016/].apenergy.2019.01.039

In stesura o in attesa di pubblicazione:

1. G.Cinti, L. Barelli, G. Bidini “The use of ammonia as a fuel for transport: integration with solid oxide
fuel cells” sottomesso su AT/ Conference;

2. L. Barelli, G. Bidini, G. Cinti “High temperature electrolysis using Molten Carbonate Electrolyzer” in
stesury;

{ risultati dell’attivita di ricerca sono stati presentati in conferenze e meeting internazionali:

1. G.Cinti,” Degradation of SOFC cells when fueled with ammeonia”, NH3 event Europe, Rotterdam June
6-7 2019;

2. Cinti, G., Barelli, L., Bidini, G., Milewski .. “Modeling a molten carbonate electrolysis cell through
reduced-order approach”, 11" International Symposium on Molten Salts;

3. Cinti, G., Barelfi, L., Bidini, G. “Study of STEAM as sweep gas in SOE oxygen electrode”, 13th European
SOFC & SOE Forum 2018;

Attivita didattica integrativa

Sullo stesso tema delle attivita di ricerca & stata realizzata I attivita di formazione ed affiancamento — didattica
integrativa. in particolare:

- Supporto alle attivitd di formazione riguardanti lo sviluppo e Futilizzo di sistemi di controllo per
banchi prova di celle a combustibile;

giovanni.cinti@unipg.it — 0755853991 3



Relazione IV anno RTDa - Giovanni Cinti Ph.d

- Formazione teorica sull'idrogeno e celle a combustibile, sulle problematiche dell'integrazione e sui
componenti necessari al funzionamento corretto dei sistema;
- Attivita formative nell’ambito dell'Alternanza Scuola Lavoro;

giovanni.cinti@unipg.it - 0755853991 4
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ABSTRACT

Solid oxide electrolyzer are the electrolysis technology that can achieve higher efficiency
and power densities. This study aims to analyze the role of air when used as a sweep gasin
the oxygen electrode of = SOE. Based on experimental activity on a SOE stack, both po-
larization and constant utilization tests were performed changing the air fow rate in the
stack. Due to air reduction, oxygen concentraton of off gasses was increased from 25% up
to 50%. All experimental resuits indicated that, reducing air flow down to 9% of nominal
value, the effect on performances is negligible and variation of voltage is maintained below
2%, Thermoneutral condition was achieved at 500 ma cm~?, Advantages of air reduction in
SOE operation stand in both capital and operation costs. System design is simplified,
ancillary consumptions are reduced and, in view of oxygen as a by-product, high oxygen
concentrated off gases are produced with lower energy request for possible O, separation.

Energy storage

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

introduction

Solid Oxide Electrolyzer (SOE) has been recently presented as a
high efficiency technology to produce hydrogen as a green
energy carrier for energy storage {1,2]. The scheme of a SOE
stack is reported in Fig. 1. The hydrogen electrode and oxygen
electrode reactions are the followings:

H,0 4+ 2¢” —H; -~ 0% hydrogen electrode (@)
o »«»;02 +2¢”  oxygen electrode {if)

The hydrogen electrode is fed with a mixture of steam and
hydrogen. Hydrogen is usually in smail concentration and is
fed only to maintain a reductive atmosphere and protect the
catalyst from the well-known problem of reoxidation {3}
Electrochernical reaction at the hydrogen electrode consists in
the decomposition: of steam and the production of hydrogen,
while oxides are produced and brought via the electrolyte to

* Correspoending author,
E-mail address: giovanni.cinti@unipg.it (G. Cinti).
https#/doi.org/10.1016/] Hhydene 2018.01.070
0360-3199/@ 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

the oxygen electrode. The gas exiting the hydrogen electrode
is a mixture with high concentration of hydrogen and the
amount of steamn that did net react. At the oxygen electrode
air is usually fed to collect and transport oxygen out of the
device. The off gasses of oxygen electrode are a mixture of
nitrogen and oxygen with concentraton of oxygen higher
than air {21%), depending on both electrolysis reaction rate
and air flow rate.

Main studies concerning SOE operation are focused on the
system integration to optimize benefits of the technology
{47} or the optimization of operative conditions such as
hydrogen electrode composition [8], operative temperature
and reactant utilization [9-14]. Regarding the oxygen elec-
trode the main effort was given to deveiop efficient materials
{1523}, but very small attention has been focused on oxygen
electrode gas operation, From the chemical point of view there
is no real need of any gas flow in the oxygen side of a solid
oxide electrolyte cell, since oxygen is a product and not a
reactant. Gas is fluxed rainly as a sweep gas to collect oxygen
and flow it out from the system. Due to low cost and wide




ERNATIORNAL iOURHAL OF HYDROGEN ENERGY XXX {.,_:_
2 L;:::_D' ST rerosn s e electrode conditions or stack operative temperature. No spe-
) i cific design of the oxygen electrode flow is also reported in
Ref. [25] but, in this case, pure oxygen is used as sweep gas. In
Ref, [26] oxygen electrode was fed with nitrogen, air and with
it Sotd Quide —— ne gas. The effect on OCV and on performances is highlighted
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Fig. 1 — Scheme of a SOE stack.

availability, air is used as sweep gas. An additional reason for
using air is the experience available derived from SOFC where,
differently from SOE, air is necessary to supply oxygen, thatis
a reactant, to the cell.

Air flow plays a significant role in electrochemical equi-
librium: in principle, the air flow reduces losses due to diffu-
sion polarizations. In addition, oxygen concentration is
reduced thanks to the effect of nitrogen dilution. This has a
beneficial effect on the voltage because oxygen is a product of
the reaction and Nerust losses increase with oxygen concen-
tration. Obviously, air contains oxygen and therefore listed
benefits are not maximized. in this sense, the utilization of
pure nitrogen or of any oxygen free gas brings additional
benefits, but it can be hardly compared to air in terms of
availability and cost.

Different considerations arise, concerning oxygen con-
centration in the electrode, if the production of pure oxygen as
SOE by-product is considered. In case of hydrogen and oxygen
co-generation, an additional unit for O, separation is neces-
sary and all available technologies benefit from a high oxygen
concentraticn in the off gases.

Therefore, a trade-off must be found, considering also
what discussed above in reference to the positive effect of
low oxygen concentrations on the electrochernical equilib-
rium. Moreover, feeding air to the electrode under high flow
rates has also drawbacks, mainly at system level. Before
entering the stack, air must be heated to avoid thermal shock
to the materials, The heat requirement can be easily recov-
ered from electrode off gasses that have higher gas flow and
higher temperature, At this regard it is remarked that: i} a
higher gas flow is guaranteed by the oxygen flow rate coming
from the hydrogen electrode side; i) Off gasses outlet tem-
perature can be considered the stack operative one, usually
higher than the inlet value because final temperature in-
crease is realized inside the stack. This latter aspect is
extremely important because the heat necessary to increase
air temperature is subtracted to the reaction and, thus, it
influences SOE efficiency. The air flow variation has, there-
fore, an effect on the operative point of the system and on
the its efficiency.

For what is in the knowledge of the authors, literature does
niot Teport any experience on the variation and the optimiza-
tion of air flow in a SOE stack. In all stack tests reported in
literature (12,20~24}, air is used at the oxygen electrode and
kept 1o a generic constant value, while varying hydrogen

but no variation of gas fiows is performed nor any design
indication is provided for the selected values. Alsc in Ref. [27]
two different stacks were tested with no sweep gas or with a
constant value of air flow rate.

In this study, we aim to answer the following questions:

e What is the effect of air flow reducton on SOE
performances?

« What is the affect of air flow reduction on SOE thermal
equilibrium?

An experimental campaign was designed and air study test
was performed on a solid oxide short stack. Both polarization
curves and long-term tests were performed changing the air
flow rate fed to the stack.

Results show how reducing air flow down to 9% of nominal
value, voltage variation is below 2%. The temperature varia-
tion at the oxygen electrode outlet confirms the slight
decrease in stack efficiency when air flow rate is reduced.

SOE experimental characterization
Materials

The study is based on experimental activity. Tests were per-
formed on a commercial SOFC short stack (supplied by SOLID
Power) that was operated in electrolysis mode in a test rig
which realizes gas supply, temperature control, current con-
trol and measurement of temperature and veltages. The short
stack is composed of six planar anode supported cells. The cell
is a sandwich of Ni/8YSZ anode, 8YSZ electrolyte, GDC barzrier
layer and LSCF cathode. Every cell has an active area of 80 cm?.
The stack operates in the range 650-800 °C. Each cell is
monitored by means of voltage sensers, while no direct
measurements of temperature can be realized in the stack.
Four thermocouples are placed close to the stack in the four
pipes: two entering and two exiting the stack (two thermo-
couples per electrode). Regarding gas supply, the hydrogen
electrode is fed with a mixture of steam and hydrogen pro-
duced in a controlled evaporator mixer where water is evap-
orated and mixed with hydrogen. Both water and hydrogen
are stored in external pressurized thanks and are controlled
via a flow meter controller. In a similar way air is stored and
fluxed inio the oxygen electrode. Test rig and in-
strumentations are deeply described elsewhere {28].

‘Test campaign

The ahm of the test campaign is to perform experimental
studies of SOE operation varying the Air flow into the stack.
Two different test types where designed: polarization curves
and RU tests. The first type is the traditional polarization curve
performed keeping constant gas flows and temperature,




increasing current at constant step up to a defined value. The
second test type is performed varying current in a specific
range and changing, at the same time, gas flows so to keep
constant the ration between current and gases. Such a test
procedure is more similar to the real operation of the system
where variation of gas flows is expected when current, and
consequently power, needs to be changed. For the design of
the test campaign several parameters where defined.
Considering electrolysis reaction in SOE, hydrogen and oxy-
gen produced in the operation can be caleulated as follows (Eq.
(i} and Eq. (ivik:

I-N
Meigoue = 57 (i)

I'N .
Nogout = 4_1,- (IV)

where [ is stack current, N is the number of ceils, F is the
Faraday constant and Dupeue 204 Npgene are molar flows of
hydrogen and oxygen respectively produced in the stack.
Reactant utilization (RU} is the ration between the steam that
Teacts in the stack, same molar quantity of hydrogen pro-
duced, and the totzl steam fed at the inlet. RU parameter
defined as follows (Eq. (¥}):

Ry < Tzow LN
Ny,c Z'F'nuno

i

where nysp is the molar flow of inlet steam. Final concentra-
ton of oxygen (O;) is the concentration at the oxygen elec-
trode output evaluated according to the foliowing equation
(Eq. {vi})) derived from the relation between oxygen production
and current.

Mlozout 0.22- 15+ G
2 = = -
Aair + Nozout Naiz + i‘%

Q {vi}
in Eq. {vi} ngy represents the molar flow of air. Both RU and O,
where used in defining the test campaign as indirect param-
eters for Ny, and ny,, calculation. Specifically, once a current
density is selected, in our case 500 mA em~? {@500), is possible
to calculate total current and following gas flows per each RU
and O, parameter. Finally, the sweep gas parameter (8/0;) can
be calculated as the ration between molar air flow and oxygen
produced by the reaction (Eq. {vii}):

Table 1. Operative temperature at 750 °C, hydrogen electrode
composition HyH,0 10:90 and RU@S00 equal to 0.7 were kept
constant for all curves, Operative temperature is considered
the state of the art for SOFC and SOE. Gas compaosition is the
hydrogen steam mixture that guarantees higher efficiencies
{29}, while RU@500 was fixed at 0.7 as a tradeoff between low
values, that reduce concentration losses, and higher ones,
preferable from the system point of view to reduce steam
production and relative heat requirements. Finally, the six
polarization curves differ for the air flow rate. In designing the
campaign O,@500 was chosen as the main parameter, varying
from 25% to 50% at steps of 5%. Lower vaiues of O, are difficuit
because require high values of air flow that could not be
realized in the test rig. Oxygen concentration of 25% is already
a very low value considering that there is a theoretical mini-
murn of 21% due to oxygen concentration in air. Maximum
value of 50% was considered as an acceptable vaiue that re-
duces the risk of material degradation due to oxidant
atmosphere.

Regarding the second part of the study, concerning the so-
calted RU tests, the campaign was designed as reported in
Table 2.

Same parameters values were chosen for the RUtest but, in
this case, there is no need o indicate a specific current density
for RU and O, parameters because gas values change at each
current step to maintain constant RU and Q; for all current
density values. In each RU test current values were 10, 20, 30
and 40 A, corresponding to cument density from 125 to
500 mA cm™2

Results

Polarization results are reported in Fig. Z. Each polarization
point was kept for T min and reported values are the average
in that pericd. In Fig. 2a, cell voltage values are reported as
function of current density. In this figure and in all the
following ones cell voltage is calculated as cell average be-
tween the six cells. Very small variation can be deduced from

Table 2 — RU test campaign design.

Temp. €]  Hp[%] H:0[%] RUI  0.%
S/ 02 = --Ef-iiw = Rﬂﬂi_[ (WI) RU
Poza . FX 1 750 01 0.9 07 5%
Ru2 750 a1 .9 07 30%
Also for sweep factor can be calculated at current density RUZ 750 0.1 0.9 07 95%
of 500 mA cm 2 (S/0,@500). Six polarization curves where RU4 750 0.1 0.9 07 40%
selected to be tested in the stack. Gas composition, indirect RUS 750 0.1 0.9 o7 5%
parameters and gas flows entering the stack are reported in RUE 750 o1 08 07 50%
Table 1 — Design of pelarization curves.
TEMP.C Hp% H0%  RUBS00 0,@500% S/0,@500  Hy,0gh™? Hanlh™* ARnlh?
POLOY - 750 ‘0.1 - 08 - 0.7 25% 18.75 115.13 15.93 940.67
POLOZ 750 0.1 - 09 07 30% . 278 115.13 15.93 380.20
POLO3 750 0.3 0.8 0.7 35% 464 115.13 1593 232,93
POLOA 750 01 ‘0.9 0.7 A0% 3.16 115.13 15.93 158.43
POLOS S7se 01 L Q8 07 45% 2.29 115.13 1593 114.97
POLOG 750 o1 0.9 07 50% 1.72 115.13 15.93 86.50
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Fig. 2 — Results of polarization s test in terms of cell voltage and cell voltage variation as function of current density.

Table 3 ~ Polarization results in terms of OCV and ASR
values,

ocV—V ASR - 0 cm?
POL1 0.852 €.651
POL2 (.850 0.650
POL3 0.850 0.663
POL4 0.849 0.679
FOLS 0.849 - 0.680
POL6 0.848 : 0.686

the graph and, with the aim of a deeper and more clear study,
same values are reported in Fig. 2b, for each current density
point, as variation between the measured values and the
voltage averages of all compositions. The graph clearly shows
that minimum variation was registered when changing air
flow from POL1 to POLS. All variations stand below 1%. From
Fig. 2b emerges that even such small variations have a trend
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related to gas compositions with a slight decrease in perfor-
mances when going from POL1 to POL6. Air flow reduction has
therefore a negative, but negligible, effect on performances.

The reason is that increasing air flow reduces losses due to
diffusion polarizations. Moreover, oxygen concentration is
reduced thanks o the effect of nitrogen dilution with corre-
sponding lower Nemnst losses.

This is evident also from the analysis of Area Specific
Resistance {ASR} values obtained from polarization curves.
Voltage variation with current density can be completely
described by means of two parameters: cell open circuit
voltage {OCV), equivalent to no current in drained from the
stack, and curve slope cbtained from data regression and
ususlly called ASR. As evident in Table 3, the decrease in air
flow rate causes a negligible OCV reduction and an increase in
ASR. Variation of OCV is always lower than 0.3% with respect
to the mean value of OCV relative to the six polarization
curves; no effect is expected because there is no production of
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Fig, 3 — Variation of temperature of oxygen electrode as function of current density.




oxygen at OCV and the same gas composition — pure air ~ is
sent to the electrode, ASR variation, instead, achieves a
maximum absolute deviation from the mean ASR value of
2.7%, related to the increase in losses at the oxygen electrode,
of the same magnitude order of voltage deviations {Fig. 2b).

Therefore, a slight decrease in efficiency occurs at low air
flow rates, compatible with lower stack temperature. What
stated above is confirmed by the temperature variation
measured at the oxygen electrode outlet which exhibits, as
vigible in Fig. 3, a monotonic decrease with air flow rate
moving from POL1 to POLE.

Fig. 4 Teports temperature difference between air electrode
and hydrogen electrode. The decrease of air flow reduces, as
expected, the temperature difference.
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Finally, Fig. 5 shows the temperature trend at the oxygen
electrode inlet as the result of the thermal balance at the
cathodic regenerator. Specifically, nevertheless the tempera-
ture slightly lower at the regenerator inlet (electrode outlet
visible in Fig. 3), reducing the air flow rate temperature in-
creases at the stack inlet.

In the RU tesis, each current condition was kept for 1 h
before moving to the next step. Compared with the polari-
zation curves, where each point is kept for only 1 min,
temperature equilibrium is obtained and the stack reaches
steady siate condition. Values reported in following graphs
are the average of samples taken during a 5 min period
ending, to avoid possible border effect, 2 min before the
new current condition. Fig. & reports values of RU tests as
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Fig. 4 ~ Temperature difference as function of current density.
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cell voltage as function of current density for different
values of the air flow rate {higher flow rates correspond to
lower oxygen concentrations here investigated from 25% to
50%). Here again it emerges that the effect on the voltage of
the different test conditions is negligible and all values
have a random variation in the range of 2%. The figure

shows a wider distribution of values for high current den-
sities due to voltage instability occurring under these
operating conditions.

Oxygen electrode temperature outputs are reported in
Fig. 7. Temperature data di¢ not suffer from the electrical
instability and, therefore, show a coherent relation with
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respect to what highlighted for the polarization tests. Specif-
ically, reducing the air flow rate, the oxygen electrode outlet
temperature slightly decreases. Concerning the variation with
current density, all temperature trends exhibit an initial stable
behavior and then an increase. Such trend is related to the
heat equilibriurn of the stack inside the furmmace due to the
chemical reaction that adsorbs part of the heat and compen-
sate losses due to irreversibility: when current increases los-
ses are higher and temperature raises.

Finally, in Fig. 8 stack efficiency of RU tests is reported.
Efficiency values are calculated as the ration between the
produced chemical energy, in terms of low heat value of
produced hydrogen (fueud, and electrical power input. As
expected the efficiency values start from values about the unit
and reaches the thermoneutral condition, 100% efficiency, at
500 mA cm~2 of current density. Values greater than 1 are
possible due to the definition of efficiency used in the graph
that does not consider the heat absorbed by the stack and
supplied in the test ring by the furnace. Efficiencies values
suffer of voltage instability at high current, therefore, ke for
voltages, the difference between the curves reported in the
figure can not be used to make any compariment evaluations.

Conclusions

The performed experimental study permitted to evaluate the
effect of air flow reduction when operating a SOE stack for
hydrogen preduction. Both polarization and RU tests indi-
cated that effect of air reduction down to 9.2% of initial value
is negligible. Al measured variations are in the range of 2%
maximum. Thermoneutral condition was achieved at current
density of 0.5 A em™®. The study demonsirated that air
reduction can be performed with no electrochemical losses
compared to full air conditions. A reduction in air flow will

introduce system advantages in terms of blower consumption
and heat exchanger dimension. Moreaver, a concentration of
50% of oxygen can open the route for a low-cost production of
pure oxygen from SOE operation as additional product. Future
development will focus on the material stability due to high
OXygen concentration.
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The interest in producing hydrogen as energy storage medium for renewable electricity brought to the devel-
opment to high efficient electrolyzers such as Solid Oxide Electrolyzer {SCE). Recent studies on SOFs focus
mainly on the effect of the Hydrogen Electrode composition into performances varying the concentration of
steam: and hydrogen. This study investigates the Oxygen Electrode side where normaily air is used as a sweep gas
o fow pure oxygen, produced by SOE operation, out of the system. Water, in the form of steam, is proposed as
an innovative sweep gas in oxygen electrode. The use of a different gas, such as steam, has the effect both of
reducing oxygen concentration and ehanging thermodynamie local eonditions of the SOE. Both phenomena
influence electrochemical reaction and, consequently, cell voltage. At system level, this operation strategy allows
to easily produce an oxygen flow as SOE by-product because no nitrogen in present in the oxygen efectrode off
gas and steam can be easily separated by condensation. Experimental study performed on a SOE single cell
demonstrated that steam can be used in the oxygen electrode with the production of 100% oxygen on dry base,
Negligible reduetion of performance was measured and ean be hardly distinguish from nermal aging duoe to the
test campaign. Open circuit voltage of 0.804 V and Aren Specific Resistance of 0.582 Q2 em ™2 were obtained at
BOO *C. The new concept was for the first time assessed on experimental base and opens new paths for system

design and integration of SOE electrolyzer units.

1. Introduction

The new energy requirements related to the development of re-
newable energy sources brought researchers to increase the study on
the use of hydrogen as energy storage medium. Economic viability of
electrolysis for hydrogen production as energy storage is strongly lim-
ited by the cost of the technology [1-3]. Main efforts are focused on
achieving higher efficiency and lower cost and other advantages (e.g.
no caustic, power density) moving from standard alkaline technology to
PEM and, as a third generation, SOE. High temperature electrolyzers,
such as SOE, allow high efficiency and, in future, low cost {4-6].

Research on SOE moved from the recent development on the same
technology applied for power production: Solid Oxide Fuel Cell {SOFC).
While knowledge derived from SOFC was recovered for what concerns
stack design, interconnect materials and production process, research
activities is extremely active on development of innovative materials
for the electrodes.

In particular main issues are related to the oxygen electrode {OF)
that has higher contribution to ohmic losses during operation [7] and
degradation due to delamination of the electrode/electrolyte interface
[8-11}. Literature studies dedicated to hydrogen electrode (HE) are

* Corresponding auther.
E-mail address; giovennicinti@@umipg.ii (G. Cinti).

hespszsfdoiorg 10,1016/ ast, 201 8.0%.009

mainly focused on the performance evaluation varying temperature and
steam to hydrogen ratio [12-14]. A relatively new field of research
evaluates hydrogen electrode strategies introducing carbon dioxide as
reactant for the production of CO and/or syngas [15-17].

The present paper proposes an additional pathway to reduce hy-
drogen production cost. Specifically, technology productivity is in-
creased by the valorization of by-produets, such as oxygen, through an
innovative management of the oxygen electrode. An interesting po-
tential development of the technology involves the study of the oxygen
electrode gas. In general air is used as & sweep gas to flow oxygen out of
the system and reduce O, concentration in the electrode surface. High
oxygen concentrations drive against electrolysis reaction and increase
polarization losses. Authors already investigated on the reduction of air
flow to improve system efficiency and increase O, conceniration in the
OE off gasses [18). Results indicate that an increase in efficiency can be
achieved and oxygen concentration can reach up to 50% at the oxygen
electrode output. The latter aspect is extremely interesting considering
the SOE not only as a hydrogen production device but, at the sane time,
as an oxygen generator, Even if oxygen is not a fuel and no energy can
be recovered from the molecule, pure Oy has an important market value
that accelerates the economic feasibility of the concept. An additional
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study, based on experimental study, demonstrated that air reduction
down to 9.2% of nominal value has negligible effect on performances
[1e].

Literature reports also the so called fuel enhanced electrolysis.
Hydrogen or, in general, a fuel, is added to the oxygen electrode.
Oxygen is reduced chemically or electrochemically in the electrode
reducing partial pressure of produced hydrogen. The electrolyzer acts
as a concentration cell, with the overall result of moving hydrogen from
the oxygen electrode to the hydrogen electrode [20-22].

The use of steam in the OF, as air substitute, can bring to further
improvements in hydrogen production efficiency and, at the same time,
produces a mixture of oxygen and steam that can be easily separvated
providing an additional chemical product of a SOE system. In this study
we propose the use of steam as a carrier gas for produced oxygen.
Compared with other gases such solution has two main advantages: (i)
steam is already available in the system for the production of hydrogen
in the HE and (ii} separation of oxygen from steam can be easily rea-
lized just condensing water. As a drawback additional heat is necessary
for the production of steam but energy recovery can be implemented in
the system and optimized. In this study a single SOE cell was tested
using air and steam as a sweep gas to compare differences in perfor-
mances. Literature reports only one study that deals with the use of
steamn as sweep gas [23]. In details the study, focused only on assess-
ments at system level, provides the theoretical analysis of a tri-gen-
eration system. Three different strategies for hydrogen electrode sweep
gas are evaluated (air, syngas and steam) and steam was selected as the
most profitable one.

An open issue on the use of steam is related to electrode stability
and material corrosion. To this regards, literature reports a large ex-
perience in using humidified air as reaction gas in SOFC operation [24].
Even if preliminary results show electrode degradation for both most
diffused electrade materials LSM and LSCF [25], literatare does not give
a clear indication due to experience where LSCF did not show any
degradation [26]. In general, such aspects are poorly studied and very
little is clarified in terms of degradation mechanism and no experience
is presented in electrolysis operation. Regarding corrosion issue, both
the presence of steam and oxygen can cause material degradation [24]
due to the production of volatile chromium both in form of CrO3(g) and
CrO2(0H)2{g) that can contaminate cell material [27]. Strategies to
prevent chromium production arve the doping of cathode composition or
the wse of special stainless steel that can prevent the formation of
contaminants [23].

For what is in the knowledge of the authors this is the first study
that reports an experimental activity of a SOE operating with steam as
sweep gas in the oxygen electrode demonstrating the feasibility of the
concept and the production of pure oxygen.

2, Materials and methods

Experimental test was performed on a single square commercial
planar cell, active area 16 em®, anode supported with Ni/8YSZ as HE,
8YSZ electrolyte and GDC + LSCF as OE. Thicknesses of each layer are
reported in Table 1.

Nickel mesh was used as HE current collector and gold mesh for OE.
Steel manifolds were used to distribute gasses to the electrodes. Water
was evaporated inside the furnace in a pre-reactor for the HE gas flow
and in the pipes for the OE flow. Two voltage and two temperature

Table 1

Details of cell layers,
Layer Composition Thickness
Anode NifBYSZ 240 += 20pm
Electrolyte 8YSZ 8 & 2um
Rilayer Cathode GDC + LSCF 50 + pm
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sensors were placed in the meshes and in the manifolds respectively.
Gas and water flows were regulated through flow meters controllers. A
scheme of the set-up in the furnace is depicted in Fig. 1. The set-up,
developed for this study, atlows to obtain stable voltage values even
with high steam content in the gas mixture feeding the OE.

Performance analysis was realized; polarization curves were mea-
sured at constant furnace temperature of 800 °C. OE gas was pre heated
up to 200 °C. For each polarization curve, steps of 1 A were kept for one
minute up to maximum current of 1000 mA cm ™~ 2. Results are reported
in the following paragraph 2 in terms of average profiles; each number
is calculated as the average of the values acquired in the time interval,
one minute, at 1 Hz, Data standard deviations is always below 0.5%,
even if not indicated in the graphs to guarantee their readability in
consideration of the multiple depicted trends. HE gas flow was kept
constant during all tests. Gas guality and quantity were defined via two
indirect parameters: hydrogen infet molar concentration (xy;) and re-
actant utilization at 1000 mA cm ™% (RU@1000). The latter is defined as
follows (1):

1000 -A

RU@IN0 = ———

2-FH,0 (1}

Where A is the cefl surface in cm?, F is Faraday constant and H,0 is
molar flow of steam. Thus while Xy, indicates the amount of hydrogen
in the HE necessary to keep a reducing atmosphere, RU@1000 in-
dicated the maximum conversion rate that can be achieved in the cell
and, once defined, can be used to calculate steam flow. Based on lit-
erature 10% of H, was used in all tests. Hydrogen flow is not necessary
for the reaction and, vice versa, due to the fact that it is a reacton
product, its presence inhibits the electrochemical reaction and increases
operative voltage. Thus, minimum amount was used to keep higher
performance results. RU@1000 was fixed at 0.5 so to achieve nearly
operative conditions and, at the same time, to reduce the contribution
of HE to polarization losses and focus or OE contribution. Three groups
of five polarizations each were performed changing OE composition:
standard air flow (ATR), mixture of steam and air 50:50 (H20) and,
finatly, steam and air mixture with cornposition variation {(MIX) up to
the case of 100% H,0 fed to the OE. To design OE flows, the parameter
Moy@1000 was used, This parameter was introduced as an indirect
criteria to define inlet gas flows of air and steam; it is defined as the
molar flow of oxygen produced at 1000 mAcm ™7 with respect to the
inlet flow {2):

0, @1000 + 0.21 «Alxn,
FoEin

mo; @1000 =

(2)

Where Q,@1000 is the molar flow of oxygen produced at 1000 mA
cm 2, Airy, is the molar flow of air entering (when fed to the electrode)
the OF electrode and npy, is the total mofar flow of inlet gas. 0,@1000
is calculated as follows (3):

1003 -A

;@00 =
@ oF

3)

In AIR and H20 tests, mg.@1600 was varied from 30 to 70% at steps of
10. In MIX tests, mg@1000 was kept constant at 50% and steam
concentration was varied to values of 0, 25, 50 and 100%. Test cam-
paign is reported in Table 2. In the table also Xuao and x,; are reported,
calculated as molar concentrations of steam and air respectively at the
oxygen electrode inlet.

Based on design condition reported in Table 2 gas flows were cal-
culated as reported in Table 3. The table reports also parameters such as
0,@1000, already defined, and the equivalent H;@1000, calculated as
the hydrogen production of the system when operating at 1000 mA
cm™2. Finally the table reports the HE/OE parameter, calculated as the
ratio between the hydrogen electrode and oxygen electrode total flows.
Tahte 3 reports also oxygen concentration on wet (x02) and dry (x02d)
basis of OF off gasses at 1000 mAem™2,
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Fig. 1. Scheme of the cell set-up in the furnace.
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Table 2
Test camnpaign design,
Hydrogea electrode Qxygen electrode
Xpsz RU@1000 T @ 1000 XHzo Xy
% h % % %
AlR 10% 50% 0% 0% 1006%
ATR2 10% 50% A% 0% 100%
AIR3Z 10% 50% 50% 0% 100%
AlR4 10% 50% 5% 0% 0%
ARE 10% 50% 7% 0% 100%
H201 10% 50% 30% 50% 50%
H202 10% 50% 4% 50% 509
H203 10% 50% 50% 50% 50%
H204 10% 50% 60% 50% S0
H205 10% 50% 70% 50% S50%
MEX1 10% 5% 50% 03 0%
MIX2 10% 0% 50% 25% 75%
MIX3 10% 50% 50% 50% S0%
MEX4 10% 50% 50% 75% 25%
MIXS 10% 50% 50% 100% 0%
3. Results

Polarization results, in terms of voltage as function of current den-
sity, are reported in Figs. 2, 4 and & for AIR, H20 and MIX tests re-
spectively. In general, all results show negtigible differences in perfor-
mance, with voltage variation always below 3%. Very low differences,

in terms of voltage, is a common trend for all the tests indicating that, in
the short period, the introduction of steam does not cause major issues
to the cell operation, A deeper discussion of each graph is here below
reported trying to correlate veltage variation to physical parameters.
However, due to low difference in values, each comment to voltage
suffers of high uncertainty. Even if the same cell was eperated in all
cases, variability may come from environmental variations, hysteresis
of materials or aging effect on the cell due to the intensive test cam-
paign.

In details, Fig. 2a reports the polarization curves as voltage Vs
current density, while Fig. 2b is a2 zoom of the differences, reporied as
voltage variation, in percentage, as function of current demsity. As ex-
pected, polarization curves show an almost linear increase in voltage as
function of current density. Even if variation is always below 3%, see
Fig. 2b, it is possible to identify a trend in the curves. The decrease of
air flow, from AIR1 to AIRS, causes a performances decrease in terms of
higher voltage. The increase in air flow has a positive effect on diffusion
fosses that increase when the flow is reduced. Same results were already
obtained in a previous study by authors [1%]. For the smallest values,
AlR4 and AIRS, the differenices berween curves are even smaller and
differences can be hardly appreciated. It is interesting to note that
voltage difference starts from smallest values, close to zero, and reaches
again values close to zero at maximum current density. Such behavior
might be related to temperature trend in the cell.

Fig. 3 reports temperature variations of AIR tests. Temperature was
caleulated as average of the two sensors in oxygen and hydrogen
electrode manifold. Temperature trends are typical of SOE curves, with
an initial decrease, due to heat absorbance caused by endothermic

Yable 3
Gas flows and additional parameter used during the experimental tests.

HE OF Prodacts

H2 H20 TOT H20 Air TOT HE/OE 02@1000 H2@1000 %02 x02d

Nish g/h NL/h g/h Ni/k Ni/h NI/h NI/
AIRT 1.49 10.75 14.87 0.00 3717 3717 0.40 335 6.69 028 443
AIR2 1.49 10.75 14,87 0.00 17.61 17.61 0.84 3.35 6.69 0.31 .50
AIR3 1.49 10.75 14.87 0.00 11.54 11.54 1.29 3.35 6.69 0.36 .56
AIR4 1.49 10.75 14.87 0.00 8.58 858 173 3.35 6.69 040 £.60
AIRS 1.49 10.75 14.87 0.00 6.83 6.83 2.18 3.35 6.69 .44 .59
H201 1.49 10.75 14.87 6.89 8.58 17.15 0.87 3.35 6.69 0.28 0.28
H202 1.49 10,75 14.87 4.55 5.67 i1.34 1.31 3.35 6.69 0.34 0.34
H203 1.49 10.75 14.87 3.40 4.23 8.47 1.76 3.35 6.69 0.3% .39
H204 1.49 10.75 14.87 2.71 3.38 6.76 2.20 3.35 6.69 043 0.43
H205 1.49 10.75 14.87 2.26 2.81 5.62 2.64 335 6.69 0.47 0.47
MIX1 1.49 10.75 14.87 0.00 11.54 11.54 1.29 335 6.69 039 0.39
MIX2 1.4 10.75 14.87 1.96 7.33 9.77 1.52 2.35 6.69 037 .46
MIX3 149 10.75 14.87 3.40 4,23 8.47 176 3.35 6.69 0.36 .56
MiX4 1.48 1075 14.87 4.50 1.87 7.48 1.9% 3.35 6.69 0.35 &.72
MIXS 1.49 10.75 14.87 5.37 0,00 6.69 2.22 3.35 6.69 0.33 1.00
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Fig. 3. Temperature variation of AR tests.

reactions, followed to an increase up to initial conditions and above due
to heat production of polarization losses. Comparing the values, It is
possible to correlate the performances to temperature trends, with
lower temperatures at higher air flows, due to cootant effect of fresh
gas. Going back to the performances, it is possible 1o correlate tem-
perature and voltages. The trend on voltage could be explained by the
temperature initial decrease and its following increase. Compositions
that cause bigger temperature difference, such as AIR1, have also
higher voltage varfation with conditions that get closer at the beginning
and at the end when temperature goes back to initial value as pre-
viously explained. It is possible to argue that temperature differences,
as reported in Fig. 3, are negligible but it is important to notice that
thermocouples are placed in the metal manifold and temperature var-
iation inside the electrede chamber may be amplified.

As for Adr tests, also H20 tests results are reported in Fig. 4 3, po-
larization curves, and Fig. 4b, voltage difference in percentage. Voltage
variations, with the exceptions of polarization curve H204, are below
1% and with a trend that goes from H201, lower voltage, up to H205.
Also these tests, like the AIR ones, indicate a relationt between perfor-
mances and total gas flow. Here again total gas flow in the OF has a
negative effect (even if negligible), increasing polarization losses and,
consequently, cell voltage.

Temperature trends of H2O tests are reported in Fig. 5. Also in this
graph, trends are similar to the ones gathered in AlR tests; it is possible
to identify a distribution of curves, with the only exception of H204,
that correlate higher temperatures to higher total OF flows. This results
is different from AIR tests. In this case the temperature increase seems
correlated to an increase of tofal flow. This might be refated to the
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content of steam in the flow. Specific heat of steam is higher of the air
one, contributing to cell temperature equilibrium. Note that steam may
play a role in temperature stabilization reducing the effect on voltage
differences that, as reported in Fig. 4b, have a linear behavior compared
to AIR tests. In any case differences in terms of temperature are negli-
gible, less than 1°C.

MIX test results are reported in graphs of Fig. 6a and b. Un-
fortunately, there were problems in performing MIX4 test and data are
not available. Also for MIX tests differences, in term of performances,
are minimum. Results, as detailed in Fig. &b, do not show any trend
between different compositions. The curve with MIX5 was performed
with only steam, demonstrating that it is possible to operate SOE using
only H20 at the oxygen electrode without negative effects on perfor-
mances,

Temperature results of MIX tests are reported in Fig. 7. Tempera-
tures show same trends of previous tests but, like for polarization
curves, it is impossible to provide a2 data correlation among different
compositions. The trend of voltage differences seems similar to the case
of H20 tests. Such evidence can be considered as a confirmation of the
role of steam in stabilizing cell temperature reducing the parabolic ef-
fect seen in AIR tests.

Polarization main parameters are reported in Tahle 4. In particular
the table reports the open circuit voitage (OCV) and the linear regres-
sion coefficient of the curves called Area Specific Resistance (ASR). In
Air tests there is a decrease of OCV moving from AIR1 to AIRS, mainly
due to the effect of temperature, Due to Nernst potential higher tem-
perature, caused by smaller air flows, brings to smaller OCV. Same
behavior can’t be derived for H20 and MIX compositions, where OCV
values are random distributed, For all tests OCV has very small varia-
tion, with a maximum of 1.2%. Regarding Area Specific Resistance,
deviation of values is always below 5% and with a random distribution
with no clear correlation with the test conditions.

4. Oxygen separation

The new technology solution presented in this study aims to develop
a system for contextual production of hydrogen and oxygen. Hydrogen
production realized via steam electrolysis falls in the power to gas
technology, currently under investigation at both sclentific and tech-
nical level, with the aim of enhancing the diffusion of renewable energy
sources reducing the siress in the electric grid. If oxygen is considered
as a byproduct of the system, it is possible to evaluate an additional
economic benefit. Usually oxygen is produced starting from air, se-
parating nitrogen through air separation units {ASU). Most developed
ASU technologies are eryogenic separation and membrane technology.
In detail, eryogenic separation, mainly used for large oxygen produc-
tion plants, is realized with a cryogenic process performed in several
condensing reactor that separate liquid nitrogen from gaseous oxygen.
Membrane technology is based on polymeric or ceramic membranes
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that separate oxygen from nitrogen with lower energy consumption.
Based on reference [29}, it is possible to evaluate production cost of
oxygen as 14.3 § kg, "' and 22.2 § kg ;"' considering membrane
technology and cryogenic air separation unit respectively. Those are
indicative numbers that show potential benefit, in term of saved cost, of
the concept presented in this study.
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The use of steam as a sweep gas for SOE oxygen electrode was de-
monstrated, This technical solution allows to produce pure oxygen with
ne performance decrease in terms of diffusion losses or material oxi-
dation. It is therefore possible to substitute air with steam on the OF
side without any decrease in performance and achiaving the mentioned
advantages in terms of oxygen production without any separation cost.

v

Wetage waristion

Fig. 6. Results of MIX test.
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Table 4
0OCY and ASR values of polarization curves.
ocv ASR
v Qem®
AlR1 0.822 0.540
AIR2 9.821 0.554
AIR3 0.820 0.564
AlR4 {4820 0.562
AIRS 0819 0.559
H201 0.806 0.572
H202 0,804 0.576
K203 0.810 0.575
H204 0.820 4,562
H205 0.804 0.582
Mix1 0823 0.564
MIX2 0.804 0.576
MIX3 0.810 0.575
MIX4
MIXS 0.804 0.582

Oxygen production can be evaluated, considering the SOE unit opera-
tion at 1,28V and 800mA cm™?, in 2.39kgh™ ! m™? storing, at the
same time, a power of 10.24kWm ™2

The study investigated also the use of steam and air mixtures. In
general, the decrease in air flow has minimum effect on performances,
with an increase in voltage when total flow is reduced. Long term tests
and complete system study have to be performed to evaluate the
technical feasibility of the concept and any degradation issues.

In perspective, a new technology can be developed obtaining the
coupled production of hydrogen and oxygen from steam and renewable
electrical energy, The combined renewsable energy storage and che-
mical production is potentially pecformed at high efficiency introducing
a new solution that can be easily integrated in a smart community,
increasing the sustainability of the grid and of oxygen production.
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Abstract: Hydrogen is being studied as a means of energy storage and can be synthetized to store
renewable energy and successively used as a fuel for power production or transport purposes.
High temperature solid oxide electrolyzers (SOE) are proposed as a technology to produce hydrogen
with high energy efficiency and high power density. Within the studies on SOE operation, little
attention has been given to the oxygen electrode side, where air is normally used as a sweep gas.
In this study, we consider the option of reducing the air flow rate when operating an SOE stack.
The advantages in terms of efficiency are calculated, showing that efficiency increases up to 2.8%
when reducing the air flow rate down to 7% of nominal value.
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1. Introduction

Solid oxide electrolyzer (SOE) is considered a new potential technology for the production
of hydrogen. Such a device achieves very high efficiencies in keeping power density higher
than low-temperature electrolyzers. A promising application for SOE is in the energy storage
field, where a high-efficient hydrogen production offers a viable path for the use of hydrogen as
a storage medium. A well-known problem for the exploitation of renewable energy sources is the
unpredictability of electrical production with a consequent unbalancing of the electrical grid. To restore
equilibrium between generation and consumption requires the significant integration of an energy
storage system (ESS) into the energy system. Today, installed energy storage capacity is very limited in
the European scenario, mainly due to technological and economic issues. Innovative solutions with
enhanced features with respect to conventional technologies have to be developed. High temperature
electrolyzers, such as SOE, offer a very interesting path for high-efficiency and low-cost hydrogen
production. The cost of the technology is an open issue. Important results where recently achieved at
the industrial level, taking advantage of the improvements of solid oxide fuel cell technology that share
many aspects of design, materials, and system integration with SOE. SOE technology, due to recent
development, lacks system study regarding energy balance and the impact of operative parameter on
performances. Open challenges are the management of the hydrogen cooling and compression and the
optimization of air flow in the system. This study performs a preliminary sturdy on the latter aspect,
specifically focusing on the role played by air flow with impacts at the system level.

The electrolysis reaction is the following (1):

H O — Hy + %02 {1
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In electrolysis, efficiency is caleulated as follow Equation (2):
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where Poy and Py, are system power output and input, respectively, ny, is molar flow rate of
hydrogen, LHVy, is low heating value of hydrogen, and V and ] are voltage and current of electrolyzer,
respectively. Hydrogen and current are related by Equation (3):

I
an = 2—F (3)

where F is Faraday constant. Thus, efficiency can be expressed by Equation (4):
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An additional efficiency, 75, can be defined at system level (5), considering the heat absorbed by
H,O, from room temperature to SOE operation temperature, as further energy input.
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where (Jy, is the heat necessary for heating and water vaporization to guarantee steam at 650 °C at the
hotbox inlet.

Efficiency therefore is only dependent on voltage. Considering that LIV is the enthalpy variation,
AH, of electrolysis reaction in Equation (1), it is possible to define thermoneutral voltage Ey, as the
voltage equivalent to 100% efficiency as follows (6):

AH
En=75F {6)

Once the system operates at a thermoneutral voltage, efficiency is 100%, and the electrolyzer
is in equilibrium. Depending on the relation between voltage and current density, which is called
the polarization curve, it is possible to find the thermoneutral current density, [y Figure 1 reports
polarization curves and thermoneutral values of different electrolyzer technologies. Compared to
a low-temperature electrolyzer, SOE allows higher thermoneutral current densities and relative power
densities to be achieved. Real systems usually operate above thermoneutral due to thermal losses,
and operative current densities are higher than thermoneutral one.
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Figure 1. Comparison between alkaline, polymer electrolyzer membrane (PEM), and solid oxide
electrolyzers in terms of voltage vs. current density [1].
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Considering a general polarization curve, like V{j) reported in Figure 2, real operating conditions,
V and J in the figure, are higher than thermoneutral due to system losses.
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Figure 2. Example of operating condition of a sclid oxide electrolyzer (SOE}.

Operative voltage, V, can be related to the energy balance of the stack by following relation:

_AH,  AHA4Q

V“z-F“ 2-F

> Vi 7
where Afd; is the total enthalpy requirement of the stack that is the sum of reaction enthalpy AH and
thermal losses (0.

The scheme of an SOE stack is reported in Figure 3. In the hydrogen electrode, steam is supplied
mixed with hydrogen. Hydrogen is added due to material restrictions that require a reductive
atmosphere to protect the reaction catalyst from oxidation. During operation, the steam reacts and
produces hydrogen and oxide ions. Hydrogen electrode output is a mixture of hydrogen and unreacted
steam. The reactant utilization parameter (RU) is introduced to calculate the amount of steam that
reacts in the cell and has a direct impact on the steam hydrogen mixture. Reactant utilization is defined

as follows:
RU = 2o 1

M0, 2-F-mpo,

8

where i, o, is the mole of steam reacting and myy,q,, is the total steam molar inlet flow.
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Figure 3. Scheme of a solid oxide electrolyzer.
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Regarding the oxygen electrode side, pure oxygen is produced by the electrochemical reaction,
and air is usually fed as a sweep gas for obvious reasons of low cost and availability. This study focuses
on the air feeding and on the effect of air flow rate on stack equilibrium and performance.

Studies on SOE are mainly focused on the material development [2,3] and on the operation
potentialities in specific applications such as CO-electrolysis [4] and reversible RE-SOFC [5].
SOE integration in complete systems is also addressed in the literature [6]. Air flow is an important
parameter at the system level because it has to be managed in the unit. In detail, air needs to be heated
up to stack temperature and has to be cooled down when mixed with produced oxygen. Such an
operation can be realized with a heat exchanger (regenerator) using a similar solution to the SOFC
system. The main difference with SOFC is that in SOE air flow is not necessary for the operation of the
stack and must be optimized only for the sweeping of oxygen. Compared to SOFC, the stack does
not have to be cooled; on the contrary, as previously explained, any thermal loss causes a decrease in
performances. It is impossible to obtain an operative air-air heat exchanger to supply all the required
heat to heat air flow rate up to the stack operating temperature. The consequence is that part of the heat
must be obtained directly from the stack and becomes an energy request that has to be subtracted from
the heat available for the chemical reactions. No studies in the literature address air flow management
and optimization,

Within this study, a zero-dimensional model of a stack and heat exchanger was developed, and
the effect of air flow rate reduction on the performances was investigated. The model is supported by
an experimental test giving the main parameters of SOE operation in the designed condition.

2. Materials and Methods

A zero-dimensional thermodynamic model, including an SOE stack and an air-air heat exchanger,
was developed. Thermodynamic properties were obtained by the FluidProp library supplied by
Asimptote and based on JANAF tables [7]. A scheme of the developed model is reported in Figure 4.
The SOE stack was operated at 750 °C with an RU of 0.7. Operative temperature is derived from
SOFC state of technology, while the RU is a trade-off between reduction of steam production and
higher availability of steam in the electrode to feed the reaction. Based on literature data, HyO:Hz
composition was kept as 90:10 [8]. In this case, the aim is to keep hydrogen concentration as low
as possible. Air flow enters the system at ambient conditions and is heated in the heat exchanger
(AIR HEX) up to 650 °C. This temperature was derived from typical SOFC stack operation where,
with the aim of reducing thermal shocks to the stack materials, 100 K are considered as maximum
temperature difference [9]. A hydrogen electrode mixture, Hy and H,0, is fed to the stack at 650 °C.

H20 {+ H2) H20 + H2

R brrr—————
SOE

T=750°C, RU= 0,7

r-es0c | } r=7soc

AIR HEX

T=20C I l Tair
Air Air+ 02

Figure 4. Scheme of the hotbox studied in the model.

The mixture of air and oxygen exits the stack at the operating temperature and enters the heat
exchanger. Note that this design guarantees a temperature difference of 100 K for the high temperature
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side of the heat exchanger. Moreover, the mass flow of the cooling flow (right side in the figure) is
higher of the heating one because oxygen produced by the reaction is added to the same mass flow.
This means that there is no risk of insufficient heat to bring the air flow rate up to 630 °C.

The model was calculated to have thermal equilibrinm in the stack. Once stack the physical
parameters—the number of cell and cell active area—are defined, the model calculates the operative
voltage based on air flow, RU, and polarizations parameters, specifically ASR and OCV. ASR is the
area specific resistance, and OCV is the open circuit voltage. ASR and OCV are derived from the
experimental part of the study. A commercial SOFC short stack was operated in SOE conditions at
750 °C. The short stack is based on six SOFC planar cells with a Ni/8YSZ anode, an LSCF cathode,
a GDC barrier layer, and an 8YSZ electrolyzer. The test was performed in a test rig designed to
perform stack start-up and experimental testing. The test rig was adapted in the furnace connected
to the hydrogen and air piping. Hydrogen piping was fed with a mixture of hydrogen and steam.
Water was evaporated in a controlled evaporator mixer, and the H;-HO mixture was kept at an
acceptable temperature with a cable heating system to avoid recondensation of water. Both air flow and
steamn were preheated in specific piping inside the furnace that increases gas temperature up to stack
temperature. Mica sealing was used to connect the piping to the stack to avoid gas leakage inside the
furnace. Off gasses were kept at high temperature using isolated piping to avoid water condensation
in the test rig, which could introduce pressure variation and pipe plugging. Further details of the test
rig are reported in [10].

No heat losses are considered in the model, and further heat requirements ({J) are needed to
bring the hydrogen electrode and oxygen electrode gasses from 650 °C to the operative temperature
of 750 °C. The stack is considered to operate under adiabatic conditions; thus, heat losses due to
overpotentials are calculated in the stack equilibrium and participate to supply heat to the reactions.

Al input parameters of the model and relative values are reported in Table 1.

Table 1. List of constant parameters used in the model.

Component Paramaeter Value Unit
Low temperature air—Tjyin 20 “C
Heat Exchanger High temperature air—Tgjou 630 °C
High temperature off gasses {Air + Ou}—Typin 750 “C
Reactant utilization—RU 0.7
Hydrogen electrode composition—H;O:H; 9010 molmol
STACK Area Specific Resistance—ASR .67 Q) em?
Open circuit voltage—OCV .85 \Y
Number of celis—N 12
Cell active area-—A BO cm?

The model is developed so that main design parameter is the number of cells. This value was
fixed to 12 in order to have a reference power up to 1 kW. Air flow in the system was initially fixed to
be twice the molar flow of the hydrogen electrode side. The study was designed to analyze the effect
of air variation and air flow rate is the parameter changed during the study. The flow values were
calculated introducing, as a parameter, the ration between the oxygen electrode and the hydrogen
electrode molar flow rate {Oe/He). In detail, starting from the initial value of 2, the Oe/He was
lowered to 0.5 at steps of 0.25. Input Oe/He values and relative air flow rates are reported in Table 2.
To improve the readability of the values, air flow is reported in NI k-t
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Table 2. Air flow values used for the study.

Qe/He Air Flow—N1 b1

0.5 228.07
0.75 346.95
1 469.05
1.25 594,38
1.5 72293
1.75 854.72
2 989.64

3. Results

To supply input parameters (ASR and OCV) to the electrochemical part of the model,
a polarization test was performed at 750 °C operating temperature. The hydrogen electrode was
fed with a mixture HyO:H, 90:10 with an input flow rate chosen to reach a reactant utilization of 0.7
at final current of 500 mA cm?. Oe/He condition was set to 1, in the middle of the range used in the
model. Test inputs are reported in Table 3. The experimental result is reported in Figure 5. The graph
also reports the regression curve and relative linear equation.
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Figure 5. Polarization curve obtained from the experimental test at 750 °C.

Table 3. Test condition of the polarization curve.

Stack temperature 750 °C
HzO:Hz 510
Oe/He 1

RU @300 A em™? 0.7

Current step 0.05 mA cm ™2
Hotlding time 60s

Based on the experimental results, ASR was fixed t0 0.69 (2 em? and OCV to 0.85 V. Both values
are used to linearize cell voltage as a function of current density as follows Equation (9):

V =0CV+ASR -] &)

The main electrochemical results of the model are reported in Figure 6. In detail, the two graphs
report cell voltage and current density as a function of Oe/He and as a function of each other. When air
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flow decreases—i.e., Oe/He decreases—both voltage and current density drop. The equilibrium
of the stack moves to lower values of voltage and current. If we consider the second graph in the
figure—graph b—we can find the behavior predicted when describing Figure 2. Higher values of air
flow increase the heat demand to the stack, moving the operative point to the right.
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Figure 6. Cell voltage and current density plotted as function of Oe/He (2} and as function of each
other (b).

In Figure 7, electrical power and efficiency are reported as a function of air flow rate. For a higher
value of air flow the electrical power absorbed by the system increases dute to the increase of both
voltage and current density. Concerning efficiency, the heat adsorbed by the airflow, subtracted to
the reaction, causes a decrease in chemical energy produced, which has a negative effect on efficiency.
Therefore, it is possible to reduce air flow rate with benefits in terms of efficiency. Specifically, reducing
the air flow rate from 989.64 (Oe/He = 2) to 228.07 Nt h™} (Oe/He = 0.5), the power increases by 10.8%
with respect to nominal conditions (Oe/He = 2), while efficiency increases by 2.8 percentage points.
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Figure 7. Power and efficiency as function of air flow rate.

Figure 8 reporis the efficiency vs. hydrogen production trend that can be considered as the
characteristic curve of the electrolyzer. The graph clearly shows that varying air flow can increase
or reduce hydrogen production. The systein suffers of the well-known tradeoff between hydrogen
production and efficiency, already commented in Figure 1, with high efficiency for lower hydrogen
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production and, consequently, higher system costs to produce the same amount of hydrogen. Note
that system efficiency has smaller variation due to the contribution of water evaporation combined
with the variation of water flow. Such efficiency is not a complete description of the system because the
optimization of the hydrogen electrode flows, e.g., heat exchanger, is not implemented in the model
and is not in the aim of this study.
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Figure 8. Efficiency vs. hydrogen production.

Figure 8 perfectly describes how the air variation can be used to rate hydrogen production of the
system keeping constant operating temperature,

Looking to the heat exchanger, in Figure 9. It is reported the variation of the thermal power
exchanged in the device as function of air flow. As expected, such value increases with the increase
of air flow. This parameter is necessary to design the heat exchanger once best operative condition
is selected.
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Figure 9. HE sizing as function of the air flow rate.

Finally, Figure 10 reports the outlet temperature of the system and the heat available in case
a cogeneration is possible, decreasing the off gasses temperature down to 50 °C. Even if the temperature
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is still acceptable for any cogeneration purpose, the total amount of heat available is very small--the
values reported are in W.
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Figure 10. Temperature and heat available in off gasses as function of air flow.

4, Conclusions

The study shows how the reduction of air flow allows the increase of SOE performances.
As a consequence, hydrogen production and electrical adsorbed power are reduced. At the operative
temperature of 750 °C, a reduction of air down to 23% allows for an increase of efficiency of
2.8 percentage points. In this sense, air regulation represents a regulation strategy for hydrogen
production when keeping a constant device temperature. Open issues are related to the effect of
air variation on operative voltage. The model does not consider the effect that the variation of
oxygen concentration in the relative electrode can introduce into the voltage. Such aspect as to be
deeply investigated with the mean of experimental activity. Even if these advantages, in terms of
efficiency, may not appear significant, it is important to highlight the additional benefits coming from
the reduction of air flow. First of all, the heat exchanger that has to be realized involves smaller
gas flows, and minor heat is transferred from high to low temperature gas flows. This, in general,
corresponds to a smaller size of the heat exchanger and lower cost due to the smaller amount of
material used. With a different approach, the air regulation can be used to rate the power of the S50E
keeping a constant operative temperature. Any load variation causes an increase or reduction in
operative temperature, Load variation allows us to rate the production both of hydrogen and electrical
energy stored. Finally, an additional benefit of air reduction is represented by the increase of oxygen
concentration in the off gasses. A higher concentration means a lower cost and a simpler separation of
oxygen. The production of oxygen as a byproduct improves the cost-effective benefits of the system
and can help this technology reach economic feasibility.
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Abstract: Solid Oxide Fuel Cell (SOFC) systems operating with methane usually are equipped with
an external reformer to produce syngas. The conventional applied technology is steam methane
reforming. Recent studies, instead, are presenting dry reforming as potential alternative. Advantages
come from the substitution of steamn with CO; to be handled in the system, representing a potential
strategy of COs reuse. This study compares, the performance of a SOFC short stack operating
with dry reforming and with steam reforming mixtures respectively. Results show that higher
performances can be obtained under same operating conditions, due to the high concentration of
syngas (that has low content of inert species} produced via dry reforming. The analysis of different dry
reforming concentrations shows that the amount of methane seems to be more relevant, in terms of
voltage performances, than high hydrogen concentration. Among tested dry reforming compositions,
the most performing exhibits an improvement of at least 5% in produced voltage in the range
150375 mA cm ™2 with respect to mixture produced by steam reforming (S/C ratio of 2.5). It was
also proved that this performance enhancement does not imply greater thermal stresses, since stack
temperature slightly reduces and lower temperature variations arise at anode and cathode when
operating current varies.

Keywords: dry reforming; steam reforming; microCHP; SOFC stack

1. Introduction

One of the potential path to increase the efficiency of the energy system is the deployment of
distributed production of energy with particular attention to high efficient cogeneration systems. In the
range of micro systems (<100 kW) the most promising technology is the Solid Oxide Fuel Cell (SOFC)
due to the high conversion efficiency and flexibility towards fuel composition [1]. SOFC systems
integrate a high temperature fuel processing unit. To optimize temperature equilibrium and control,
the SOFC stack and the fuel processor are integrated in a so called hot box where fuel is introduced and
off gases are exiting the unit. Heat recovery is optimized inside the hotbox. Natural gas is transformed
in the system into a mixture of hydrogen and carbon monoxide (i.e., syngas) before entering the SOFC
stack. According to the conventional steam methane reforming (SMR) technology, steam is mixed with
methane so that hydrogen is recovered from both species according to the following reaction (1)

CHy+H;0 & 3H;+CO  Ahg = 205k mol™? ')

The product of the reacton is a mixture of hydrogen and carbon monoxide with higher
concentration of the first compound. Thermodynaric conditions and system peculiarities are main
cause for composition variation, with a predominant effect produced by steam content in the reactants.
The increase in the steam to carbon ratio (5/C) moves the reaction to the products but, at the same

Catalysts 2018, 8, 589; doi:10.3300/catal812059% www.Indpi.com /joumal/catalysts
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time, increases the dilution of active species, H; and CO, of the produced syngas into unreacted steam.
An advancement of SMR process is represented by Sorption-Enhanced Steam Methane Reforming
(SE-SMR), already investigated by the authors at both material development and process optimization
levels [2—4]. This technique, in the frame of pre-combustion CCS technologies, consists in the in-situ
adsorption of the CO, produced during a steam reforming reaction by means of regenerable adsorbents.
Consequently, reaction thermodynamic limits are shifted and methane conversion increases at same
operating temperature; conversely thermal energy, also at high temperature (up to 850-900 °C)
according to the sorbent material typology, is needed for the sorbent regeneration phase. An alternative
interesting reaction is dry reforming of methane (DRM). According to Equation (2) methane reacts
with carbon dioxide, under a 1:1 molar ratio, to produce an equimolar hydrogen and carbon monoxide
mixture as syngas.

CH, +CO5 4 2Hy +2C0  Ahg = 247 K] mot™! @)

Dry reforming is an extremely interesting reaction from the environmental point of view, since it
allows the conversion of captured CO; (e.g., from fossil CO, sources), thus constituting a carbon
capture and utilization technology (CCU), in a hydrogen-rich gas under high conversion rates
{according to catalyst performance) [5-7}. With regards to the CO, bio-source, DRM can be considered
as implementation process of biogas, that is already a mixture of methane and carbon dioxide,
notwithstanding any upgrading process [8,9]. With respect to other reforming processes, as steam
reforming coupled to CO-shift or partial oxidation, DRM provides a higher concentration of active
species in the produced syngas and avoids the use of distilled water or oxygen/air, necessary for
steam reforming and partial oxidation respectively. Thus, in a Circular Economy view, it contributes to
resources preservation as well as the valorization of CO;. Conversely, DRM is highly endothermic, but
such a penalty can be overcome in case waste heat is made available by upstream processes, as possible
in the integration in energy systems (as the application here investigated) and in particular processes
of carbon-intensive industry (e.g., steel) where hydrogen is needed. Despite described potentialities,
the development and commercialization of dry reforming technology is slowed mainly due to critical
issues on catalysts, such as sintering and deactivation, caused by carbon deposition. In steam reforming
process, such risk is reduced through the introduction of steam. Numerous metals such as Ni, Co
and noble metals have been used as activator of DRM reaction and literature reports achieved results
and open challenges [2,5,10,11]. Thermodynamie studies [12-14] indicate as best operating condition
for the reaction high temperature (up to 900-1000 °C} and low pressure (1 bar). In particular, high
pressure enhances both carbon and steam production. Increase of CO; has a positive effect on methane
conversion with drawback on carbon dioxide one. Peculiarities of DRM are extremely interesting if
combined with SOFC technology. Compared to low temperature fuel cells, SOFC can operate directly
with syngas and no upgrade of the fuel is required. In addition, during operation SOFC produces high
temperature heat that can be used to supply thermal energy to the DRM reactor. Those aspects can be
found also in the state of art of SOFC system that integrates external steam methane reforming, but
DRM technology has the additional advantage of higher system efficiencies and no use of steam with a
significate simplification of the process and, consequently, of the system. For the case of DRM coupling
to SOFC, here investigated, the system analysis previously performed by the authors [15] certifies the
advantage of using dry reforming compared to steam reforming technology in SOFC systems. The new
presented design, based on a two stacks integration strategy with partial recirculation of off anode
exhausts from one stack into the DRM reactor, achieves 65% efficiency, 6.4 percentage points higher
than equivalent system based on steam reforming reactor. Also the thermal integration of DRM reactor
and SOFC stack is provided. Specifically, aiming to allow the recovery of waste heat, a temperature
of the dry reforming process in the 700-750 °C range, so lower than conventional operating values,
is imposed. It implies the development of customized catalysts to face coking issues, addressed also by
the authors in a separate study under review. In DRM coupling to SOFC, the produced syngas directly
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feeds the stack due to the high operating temperatures and the presence of catalyst (Ni) at the SOFC
anode side. It allows CO to be converted in hydrogen through shift reaction (3).

CO+H;0O o Hy+CO; Ahg = —41 kI mol™! 3)

Peculiarities of the reactions have a relevant effect on system design. Specifically, the recirculation
of off gasses requires a separation process that involves water in steam reforming configuration and
carbon dioxide in dry reforming one. It is important to highlight that stack off gasses are constituted
by carbon dioxide, steam and, in minor part, unreacted hydrogen. An important advantage of dry
reforming, compared to steam reforming, is that once steam is separated from system off gasses,
usually thanks to condensation, both hydrogen and carbon dioxide can be recirculated obtaining an
additional advantage at system level. In particular, carbon dioxide is a reactant for the dry reformer and
recirculation plays an important role in reactor equilibrium. The integration of DRM in SOFC system
is reported in literature also considering integrated SOFC-gas turbine power system {5,6]. In particular,
Wu et al. [5] implemented recirculation of anodic off-gasses into a dry reforming reactor, achieving a
total power efficiency of 52.51% and an increase of CO; concentration in plant off gasses. Kushi [7]
analyzed, by means of numerical study, an integrated hotbox containing dry reforming reactor, SOFC
stack and combustor. The calculations focus on thermal equilibrium and show how same operating
temperature of steam reforming could be maintained also in dry reforming design. Literature reporis
also few experimental studies on the operation of SOFC with dry reforming mixtures. In general, main
issue of this technology is degradation caused by carbon deposition {8—12] on SOFC anode. Therefore,
the optimization of DRM operating conditions has to be investigated also in consideration of the effect
of reformate composition on SOFC degradation. The catalytic activity of SOFC anode for dry reforming
reaction was assessed in [13], where experimental results identify an optimal temperature window
above 620 °C for methane conversion. In [14], both steam and dry reforming compositions were
studied in a single cell planar SOFC operating at 750 °C. Despite higher voltage obtained for steam
reforming composition, dry reforming mixture achieved higher fuel utilization. In the same study,
a short durability study demonstrates how internal dry reforming, already addressed by Cordigliano
and Fragiacomo [16,17] and Zhu et al. [15] in case of biogas and methane feeding, is disadvantageous
compared to external process. Durability studies of SOFC cell operating in dry reforming configuration
are reported also in Papadam et al. [19] were stable conditions are reported for both low (650 °C)
and high (850 *C) operating temperature over more than 200 h. Finally, in our previous study {20} a
performance assessment of dry reforming composition was tested in a SOFC short stack to support
strategies for the integration of an external dry reforming reactor in a SOFC cogeneration system.
The present study, focusing the attention on the stack, presents, for the first time, an experimental
comparison between SOFC operation when fed with steam reforming and dry reforming mixtures.
The use of reformate gas produced via dry reforming was demonsirated to be a more efficient and
cleaner option. Different compositions were tested on a short stack simulating syngas produced by
steam and dry reforming. Experimental results show how dry reforming compositions are more
efficient than steam reforming ones. Comparing equivalent gas mixtures in terms of chemical inputs
{same number of equivalent hydrogen moles as defined in the following according to Equation (5)),
the dry reforming ones allowed an increase in SOFC operating voltages up to 4.9%, if compared to
steam reforming compositions. With the aim of supporting dry reforming SOFC design, the study
focuses on the thermal equilibrium of the system highlighting additional advantages in terms of
thermal stability and integration potentialities. Specifically, dry reforming compaositions produce lower
temperature variations mitigating thermal shocks to stack materials.

2. Resulis and Discussion

Details on experimental test campaign and SOFC stack design are reported in following paragraph.
Results in terms of cell voltage as function of current density are reported in Figure 1. Cell voltage
is calculated as average among the six cells of the stack. Voltage value is averaged also over time.
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In details, each reported value is the average calculated in a period of five minutes sampled at
1 Hz. Such time interval is taken at the end of the one hour test. Such approach offers reliable values
calculated over a wide range of samples. The calculated distribution of sampled values, in fact, is below
0.2% for voltages and below 0.01% for temperatures. Error bar could not be reported in all the graphs.
As expected, all curves show a decrease in voltage when current increases due to polarization losses.
Steam reforming compositions have lower values if compared with dry reforming ones, with higher
value of the curve at 5/C = 2 with respect to the one at $/C = 2.5. The role of steam concentration
seems dominant reducing voltage values even if hydrogen concentration reaches the highest value
for these compositions. Lower performances of SMR are related to the dilution of the active species,
H, and CQ, into diluents such as CO; and H;O. Moreover compared to compositions Al and A3 with
similar amount of diluent (see Table 1) the DRM compositions have higher concentration of CHy in
the active species. Methane gives a higher contribution to the reaction with a potential contribution
equivalent to 4 hydrogen (see Hy,q definition in following paragraph). Methane contribution in the
DRM compensate the dilution concentration with a final result of higher performances of alit DRM
mixture compared to SMR ones.
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Figure 1. Stack performances in terms of Voltage vs. Current density for the compositions under study.

Table 1. Gas composition used for the experimental planning.

H»y CcO COy CH, H,0 DF Hy/CO
1  REF2@700 62.79% 1332% 571% 1.59%  16.58% 22.29% 4.71
2 REF25@700 5952% 11.02% 6.61% 0.85% 22.00% 28.61% 5.40
3 Al 25.00% 37.00% 2100% 11.00% 6.00% 27.00% 0.68
4 A3 31.00% 43.00% 14.00% 6.00% 6.00% 20.00% Q.72
5 Bl 41.31% 44.46% 4.38% 546%  438% 877 0.93
6 B2 44.35% 46.24%  3.55% 2.31% 3.55% 7.10% (196

Regarding dry reforming compositions, Al is the best performing composition, A3 and Bl
have very similar values, while B2 is the less performing. Compared to the other compositions,
Al has higher amount of methane while the level of concentration of active species is like to A3.
If we compare A3 with Bl they have very different DF values but, again, comparable amounts of
methane concentration, lower than Al but higher than B2. Methane concentration, therefore, seems a
relevant parameter to evaluate composition performances. We can also extend such consideration to
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steam reforming compositions where methane concenirations are again coherent with the previous
assumption. In addition, it is interesting to analyze also the voltage variation as function of current
density. By applying linear regression to these values, the slope of each voltage curve was calculated.
It can be defined, as absolute value, as the Area Specific Resistance (ASR) of the cells in the stack and
permits to evaluate the effect of composition on the polarization losses. Results are reported in Figure 2.
It is interesting to note that we have a different indication compared to voltage values. Dry reforming
compositions, in fact, have higher ASR values, i.e,, higher losses, if compared to steamn reforming
ones, even if the differences are minimal. A possible explanation, already discussed elsewhere {21},
may come from a positive effect on ASR of total gas flow entering the anode, as reported in Figure 3.
The increase in gas flows has a general positive effect mainly related to the reduction of diffusion losses
under polarization conditions. For what above, we can conclude that dry reforming compositions
provide enhanced performance in terms of produced power density, due to an increase in Open Circuit
Voltage (OCV) proportional to the methane concentration in the feeding mixtures.
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Figure 2. Area Specific Resistance {ASR) of the analyzed compositions.
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Figure 3. Total flow variation as function of Current density for the studied compositions.

Figure ¢ reports stack efficiency for each investigated composition. Efficiency is calculated as
follows (4):
_ Vel
myyz-LHVye + meo-LHVeo + mepg LHV ey

n {4)
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where V is stack voltage, I is total current, m and LHV are mass flow and low heating value of
each fuel gas. Note that the curves have not linear behaviors, like voltages, because the tests are
designed with the same Hy.q and not same inlet energy in terms of LHV. Considering the efficiency
equation, all curves have same current but different voltage values and different inlet energy amounts.
Composition Al provides also the highest efficiency.

With regards to the short-stack thermal behavior, temperature trends measured at cathode and
anode outlet are depicted respectively in Figures 5 and 6. Cathodic temperature is related mainly to
air flow and, therefore, current density: air flow is the same for all compositions. This means that the
variation is mainly related to the power losses during operation. With the increase of current density
there is an increase in temperature and, even if utilization of oxidant is very low, air variation does
not completely compensate the internal thermal losses. From minimum to maximum current density
there is an increase of 10 °C in temperature. The effect of composition is very low and only Al and B2
mixtures exhibit a difference coherently with the voltage trends.
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Figure 4. Stack efficiency for different gas compositions as function of current density.
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Figure 5. Cathodic outlet temperatures as function of current density.

For what concerns anodic outlet, the variation of temperature among compositions is mainly
related to anodic inlet flow rate, its composition and, consequently, the occurred internal reactions.
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The concentration of methane is the main factor. Due to the presence of nickel, methane reacts in the
anode following both steam and dry reforming reactions, which are highly endothermic and reduce
gas temperature. For all compositions, the global result consists in a temperature increase with current;
it is due to the dominant role played by heat produced by polarization losses compared to the chemical
reactions contribution. Pue to chemical contribution to the equilibrium, curves reported in Figure 6
are not linear due to the dominant chemical contribution at low current density.

After SOFC operation with each specific mixture, a polarization curve with reference composition
was performed as indicated in section “Materials and Methods”. These additional tests aim to evaluate
the effect of the dry reforming compositions on the materials before and after each test. Figure 7
reports the result of such analysis. Values are reported, for each current density, as percentage decay
of voltage average with respect to the reference polarization performed after the start-up. Negative
values indicate voltage degradation, while positive ones indicate an increase in performances.
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Figure 6. Anode outlet temperatures as function of current density.
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Figure 7. Voltage degradation during polarization curves.
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For all reported polarization the variation in term of voltage is very low, smaller than 2%. Itisn’t
possible to identify a linear behavior, indicating an increase in internal resistance, but it is important to
notice that absolute values are higher for the last tested concentration. This means that for sure there
was no fast degradation related to the tested compositions and that all the considerations on previous
results are consistent and not caused by previous used mixtures.

3. Materials and Methods

The experimental runs were performed in a Solid Oxide Fuel Cell short stack supplied by
SOLIDPower. The stack is composed of six planar single cells of 80 cm? of active area each. Standard
nickel and Yttrium Stabilized Zirconia (Ni-Y5Z) anode-supported cells are used, on which a barrier
layer and a Lanthanum Strontium Cobalt Ferrite (LSCF) composite cathode are deposited and sintered.
The stack is based on metallic cassettes, coated, low-cost ferritic alloy shaped by standard sheet metal
forming processes [22]. To follow start-up specific procedure and operate a complete test planning,
the stack is integrated in a test rig where temperature, gas flows and current are controlled and
measured. Detailed description of the test rig can be found in literature [23,24]. No thermocouple
could be placed inside the stack, but two thermocouples are located in the furnace close to the stack.
Moreover, four additional thermocouples are placed inside the pipes, specifically two in the inlets,
anodic and cathodic, and two in the outlet, anodic and cathodic. Figure 8 reports the simplified scheme
of the test rig, included thermocouples position.
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Figure 8. Scheme of the test rig.

The test rig allows to feed the anode with a composition of pure gasses such as Hp, CO, CO;,
H,0 and CH,. Thus, mixing such gasses, it is possible to reproduce outlet compositions from a
dry or a steam reformer. With the purpose of comparing steam and dry process, six gas mixtures
where selected, four simulating dry reforming compositions and two simulating steam reforming ones.



Catalysts 2018, 8, 559 9of12

Gas compositions are reported in Table 1 where molar concentrations of pure gasses are reported with
the addition of: (i} dilution factor (DF) calculated as the sum of inert gasses, CO; and H;0, on the
total flow; {ii} molar ration between H, and CO concentration (H, /CO). The two steam reforming
compositions were obtained, with a thermodynamic model based on Gibbs equilibrium, simulating
reformer operation at 700 °C; they differ for the steam to carbon ration (8/C). In detail, compositions
1 and 2 relate to 5/C of 2 and 2.5 respectively. As expected, an increase in steam composition and a
reduced amount of methane arise for S/C 2.5. A greater steam content entering the reformer permits a
higher conversion of methane but, at the same time, a higher concentration of water in the off gasses.

Regarding the dry reforming compositions, mixtures 3 and 4 relate to a system model design
deeply described in a previous study [15]. Specifically, Al refers to a DRM reactor temperature
of 809 °C and A3 to a higher temperature of 960 °C, while a constant CH,/CO, ratio of 0.6 was
set according to [15,20] at the reactor inlet. Compositions 5 and 6 where obtained from a previous
experimental activity performed by the authors on dry reforming reactor deeply described elsewhere
in [20], with reactor temperatures of 700 °C and 750 °C respectively, chosen compatibly with the
SOFC/DRM reactor thermal integration, and under an equimolar CHy-CO; mixture (CH; /CO; = 1)
at the reactor inlet. As expected, all dry reforming compositions have a reduced amount of steam.
Mixtures 3 and 4, obtained by simulation under different operating conditions, e.g., CH;/CO; <1,
have CO; concentrations significantly higher (with consequent high DF values). Moreover, specifically
for composition 3, also higher concentration of methane and lower concentration of hydrogen are
detected with respect to the other mixtures. Experimental compositions, instead, are characterized by
an equilibrium between hydrogen and carbon monoxide concentrations. In all tests air was used as
oxidant at the cathode. Finally, a reference anodic composition was used to evaluate any performance
decrease on stack performance. Such a composition is derived from start-up procedure and is a dry
mixture of hydrogen (103 NLh~1) and nitrogen (69 N1 h™1) for the anode, while the cathode is fed with
1434 N1 h~! of air.

The experimental planning is designed varying both current density and gas flows, to perform
tests at constant utilization coefficients, i.e., the utilization of fuel, Uy, and the utilization of oxidant,
Ugx. Utilization of fuel is defined as follows (5}:

AN

U = 3 F Hpeq

(5)
where A is the total current, N the number of cells (six in this case), F is the Faraday constant and Hzeq
is defined according to Equation {6} as follows:

HZeq == Ha + CO + 4-CHy 3]

where Hp, CO and CHj are hydrogen, carbon monoxide and methane molar flow rates respectively.
Utilization of fuel is a well-known parameter used in fuel cells technology and, in this case,
the definition includes also additional fuel species (CO, CH;) beyond that hydrogen. Such modification
is carried out considering the contribution, in terms of elecirons in the electrochemical reaction, that the
additional fuels species can provide through direct and indirect reactions. Hyeq is an established
parameter in literatare {20,25]. Utilization of oxidant is defined as expressed by Equation (7):

AN

= 2F021-Air @

Uox
where Air is the molar flow of air in the cathode. Once Uy and U,y are defined it is possible to easily
calculate gas compositions for a specific value of current. For each composition reported in Table 1 five
constant utilization tests were designed and gas flows were calculated after selection of the constant
parameters (U = 0.8, Ug, = 0.15) and five current values: 12, 18, 24, 30 and 36 A. Such current values
correspond to current density distribution between 150 and 450 mA cm™? that is the typical operation
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area of a SOFC stack. Also the Uyand Uox chosen values are close to the ones used in real systems to
obtain high efficiency and temperature control of the stack. A total of 30 constant utilization tests were
calculated and the complete test planning is reported in Table 2. Due to constrains of the test rig two
tests, strikethrough in the table, could not be performed. It hasn’t effect on the relevance of the results.

Table 2. Test planning,

Hzeq Hzeq uf Uox Hz €O COJ_ CH.; H;O Air I ]
Nih™! mEmin~!em? Nlh~! NIh~! MR Nh~' gh™* Nbh? A mAm™?

REF2@&700 38 131 080 015 2865 608 261 073 608 4778 12 150
REF2@700 56 196 080 015 4298 212 an 109 el 71683 18 225
REF2@700 75 261 080 0315 5731 1216 52l 145 1215 95577 24 300
REF2@700 94 327 080 015 7163 1520 651 181 1519 119471 30 375
REf26700 113 392 080 0I5 8595 1823 7.82 218 1823 143366 36 450
REF25@700 38 1.31 08 015 3029 561 336 043 899 477E9 12 150
REF25@700 56 196 08 015 4544 B4l 5.05 065 1349 71683 18 225
REF25@700 75 2.61 08 @15 6059 112 673 087 1798 95577 X4 300
REF25@700 94 327 08 015 7574 1402 841 108 2248 119471 30 375
REEBGM0 W3 592 88 845 5088 1583 1809 130 2608 143366 36 450
Al 38 131 08¢ 015 888 1314 746 39t 171 47789 12 150
Al 56 196 080 015 1331 1970 1118 586 257 7i683 18 225
Al 75 261 086 015 1775 2627 1491 781 342 95597 M 300
Al 94 327 080 015 2219 328 1664 976 428 119471 3¢ 375
At H3 542 880 6315 2663 3943 2237 HFR 533 143366 36 4560
A3 38 131 08 015 1% 1651 5.38 230 185 47789 12 150
A3 56 1.96 08 015 1786 2477 886 346 278 71683 18 225
A3 75 2,61 08 015 2381 3303 1075 461 370 95577 M 300
A3 94 327 D8 015 297 4128 1344 57 463 11947 30 375
A3 113 392 08 015 3571 4954 1613 691 555 143366 36 450

BL 38 1.31 080 015 1445 1555 153 191 123 47789 12 150

Bt 56 1.96 080 015 2167 2332 230 286 185 71683 18 225

Bi 75 261 08r 015 2890 3110 307 382 246 95577 4 300

B1 94 327 086 015 361z 3887 383 477 308 119471 30 375

Bl 113 392 08¢ 015 4334 4665 460 57% 569 143366 36 450

B2 38 131 08 015 1672 1743 1.34 087 107 47789 12 150

B2 56 1.96 63 015 2507 2604 201 131 161 71683 18 225

B2 75 261 08 015 3343 386 268 174 215 95577 24 304

B2 94 327 08 015 4179 4357 335 218 269 119471 30 375

B2 113 392 08 015 5015 5228 401 262 322 143366 36 450

To get stable tesults both for voltage and temperature measurements, each test condition at
same current and gas flow was kept for one hour. At each composition change a polarization curve
was performed under reference composition. The aim of such polarization curves is to evaluate if
any degradation occurs during the test planning. Those tests allow to evaluate if the investigated
composition caused any rapid degradation effect on the stack materials, improving the quality of
the study. In this way, it is possible to distinguish any performance deterioration phenomena on the
performances from the gas mixture effect, which is the aim of the study. Polarization curves were
performed after one hour of operation at open circuit voltage conditions (OCV) under reference
composition, varying current from OCV up to 34 A, with 1 A width step kept for one minute.
Once maximum current was achieved, same procedure was performed in reverse mode down to
OCV, AH the tests, constant utilization and polarization curves, were performed maintaining the stack
operating temperature at 750 °C.

4. Conclusions

The experimental study revealed that dry compositions can be used with higher performances in
a SOFC short stack. Evidence shows that while high concentration of steam, like in steam reforming
operation, strongly reduces performances, the substitution of H;O with CO; causes less decay as
diluent into the gasmix. In this case, lower dilution of the active species, Hy and CO, into diluents
(such as CO, and H,0) and, for similar dilution (see mixtures Al and A3 in Table 1), the higher
concentration of CHj {which according to Equation {v) significantly impacts on Hy,q parameter) result
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in higher performances. This positive effect overcomes the negative impact on the ASR due to the
lower total gas flows of dry reforming mixtures compared to SMR ones. It results in an improvement
in produced voltage of 4.9% (with reference to REF25) in the range 150-375 mA cm™2 when the
SOFC short-stack is fed with Al composition. Moreover, higher amount of methane in the dry
reforming mix permits: (i) higher efficiency over 56% at low currents with a mean increment, in the
range 150-375 mA cm ™2, of 4 percentage points (corresponding to about 8%) with respect to REF25
mixture; (ii} lower temperature variation at both anode and cathode outlet from minimum to maximum
operating current values, proving that the performance enhancement doesn’t imply greater thermat
stresses. No fast degradation effect was revealed after the tests. In the future, an endurance test will be
performed to provide a complete analysis of the long-term effect on material stability, especially for
what concerns carbon deposition.
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Abstract: In this paper, a simplified model of a Polymer Electrolyte Membrane (PEM) water
electrolysis cell is presented and compared with experimental data at 60 °C and 80 °C. The model
utilizes the same modelling approach used in previous work where the electrolyzer cell is divided in
four subsections: cathode, anode, membrane and voltage. The model of the electrodes includes key
electrochemical reactions and gas transport mechanism (i.e., Ha, O; and H;O) whereas the model
of the membrane includes physical mechanisms such as water diffusion, electro osmotic drag and
hydraulic pressure. Voltage was modelled including main overpotentials (i.e., activation, ohmic,
concertration). First and second law efficiencies were defined. Key empirical parameters depending
on temperature were identified in the activation and ohmic overpotentials. The electrodes reference
exchange current densities and change transfer coefficients were related to activation overpotentials
whereas hydrogen ion diffusion to Ohmic overvoltages. These model parameters were empirically
fitted so that polarization curve obtained by the model predicted well the voltage at different current
found by the experimental results. Finally, from the efficiency calculation, it was shown that at low
current densities the electrolyzer cell absorbs heat from the surroundings. The model is not able to
describe the transients involved during the cell electrochemical reactions, however these processes are
assumed relatively fast. For this reason, the model can be implemented in system dynamic modelling
for hydrogen production and storage where components dynamic is generally slower compared to
the cell electrochemical reactions dynamics.

Keywords: PEM electrolysis; modelling of experimental validation; hydrogen production

1. Introduction

With the increasing production of electricity from intermittent renewable energy sources (e.g.,
wind and solar), the need for an effective energy storage is becoming imperative. 1t is therefore
necessary to accumulate energy at the time it is not requested, and use it later when renewable energy
is lacking, and energy is still demanded.

The European Union (EU-28) has seen an increased renewable energy production over the years
and it is aiming to reach 20% of the gross final energy consumption by 2020. 1t is estimated that
between 2006 and 2016 there was an increase in renewable energy production by two-thirds [1].

Among the different options for energy storage, PEM electrolysis has recently atiracted attention
because it utilizes the same technology as PEM fuel cells, which has been developed for a long time and
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proven successful. The electrolyzer is able to produce hydrogen from electricity by an electrochemical
reaction for later use in a fuel cell, moreover hydrogen can be used to produce other carbon-neutral
fuels such as syngas and alcohols {e.g., methanol) which despite containing carbon, can be produced
by renewable sources [2,3].

Early electrolyzer models and simulations in Matlab /Simulink® were developed among others
by [4,5]. Such a dynamic modelling software platform is well suited for energy case scenarios where
input and output are continuously changing over the time. In particular in [4], the authors describe
a model with all the components from renewable energy generation including the wind turbines,
electrolyzer, fuel cell and power conditioning. System transient responses to different case scenarios
are also presented.

One of the first Simulink mathematical models of the gas porous diffusion electrode and ion
exchange membranes of a PEM electrolyzer can be attributed to Gorgiin et al. {6]. This model is in
fact a steady state model, as it does not consider thermal and electrical capacitance dynamic effects.
Awasthi et al. [7] followed a similar approach.

Marangio et al. [8] presented a validated PEM electrolyzer semi-empirical model including
overvoltages and resistances along the electrodes, flow plates and electrolyte. Abdin et al. [9]
included Knudsen diffusion and melecular diffusion to characterize cathode and anode porous
media. Choi et al. [10] developed an elecirolyzer model with the Butler-Volmer kinetics including the
effect of cell temperature on the exchange current density. More recently, Yigit et al. {11] developed
a dynamic model of a high pressure PEM electrolyzer system, the model is only partially validated.
This study gives detailed information of the energy losses in the system at different current density of
the electrolyzer showing that above 1 A/cm? efficiency become significantly low.

In the aforementioned models, authors implemented the differential equations describing the
physical phenomena directly in the software platform. Other authors have found other ways to
approach this complex dynamic system modelling effort. For instance, Olivier et al. [12] developed
a model based on the “bond graph” method. The model includes stack and BoP and simulates the
behavior under intermittent condition. This graphical approach is helpful to simplify the representation
of complex dynamic system behavior and convert the system in a state-space mode. The model
was then implemented in Matlab/Simulink®, showing good agreement between experimental and
model data.

Zhou et al. [13] developed a control oriented electrolyzer model and tested it in real time with a
hardware-in-the-loop emulator of the electrolyzer and wind energy system. The emulator is able to
test different electrolyzer specifications given by the manufacturers. In [14], Ruuskanen et al. followed
a similar approach where only the power conditioning was experimentally tested and the rest of the
systemn was implemented in a power-hardware-in-loop.

This paper provide a validated PEM electrolyzer model that includes the physical principles
introduced in previous papers [4,5,3,9}. In addition, in this study we estimate cell efficiency and heat
dissipation. Besides differently from [8,0], water gas pressure was calculated using the water saturation
pressure. The model is able to predict cell performance at a large range of different temperatures.
Exchange current densities parameters and membrane conductivity was chosen as closely depending
on {emperature.

This study is divided in two main parts. In the first part, the experimental test is described where
an electrolyzer cell is characterized and performance are measured. In the second part, the model is
detailed described and the experimental results are used to validate the model.

2, Experimental

The experimental setup is shown in Figure 1. The core of test is the electrolyzer cell assembly that
is supplied by electrical power and the required reactants. The polarization curve was registered at
two fixed operating temperatures, i.e., 60 °C and 80 °C. A start-up phase initiated each test in which
the cell gradually reached the set temperature,
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The cell has an active area of 2.89 cm?. The cathode has a catalyst loading of 0.5 mg/cm? Pt/C,
carbon cloth (C-cloth PTL) with parallel flow field. The anode has a catalyst loading of 0.3 mg/cm?
1r02, 2.7 mg/cm? Ir, porous Ti PTL, with an interdigitated flow field. The Nafion polymer membrane
is type N117.

Since the first part of the cell polarization curve has a greater slope, measurement were more
frequent at lower current densities than at high current density. At each step, the voltage was measured
as average of 3 min measurements. Up to 0.289 A, steps were every 0.01 A cm?; between 0.289 A
and 0.578 A, steps were every 0.1 A cm?. Finally, steps were every 0.2 A ¢m?, from 0.578 A up fo the
maximum voltage which was fixed at 2.2 A.

Tomotiiise
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Figure 1. (Left} P&ID of the test setup; (Right) Experimental setup for single cell operation.
(1) Deionized water bottle; {2) Anode water supply pipe; (3) Water supply pump; (4) Anode recirculation
loop; {5) hydrogen outlet; {6) Electrical power supply.

3. Modelling

A simplified mathematical model was developed in Matlab/Simulink®. The approach follows
the same modelling structure initiated by Abdin et al. [¥] and Marangio et al. [5]. The model is divided
into four sub-sections: Anode and Cathode chambers, Membrane and Voltage.

The model was fitted to experimental electrolyzer polarization curve operating at 60 °C and
80 °C. The electrodes reference exchange current densities at the anode and cathode, electrodes charge
transfer coefficients and the membrane hydrogen ion diffusivity were estimated from the cell curve
performance as they closely relate to the cell performance at different temperature.

As Figure 2 depicts at the anode side, water is introduced and then split into hydrogen ions and
oxygen gas. Hydrogen positive ions cross the membrane and recombine at the cathode side forming
hydrogen gas. At the same time electrons travel through the external circuit, which is connected to
the power supply that provide the electromotive force for the electrochemical reaction to happen.
The basic reactions taking place to the electrolyte/electrode interface are given below:

Anode : HyO — 2H" + %oz + 20 M

Cathode : 2H" +2e~ — Hy V)

1
Netreaction : HhO — Hy + 502 3
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The model follows similar approach to the one used by Gérgiin in [6] and later by [6,9]. The model
is divided in four Simulink blocks in which mass flow rate of different species are computed
{i.e., Anode chamber, Cathode chamber, Membrane, Voltage). Main assumption of this model is
to consider steady-state electrochemical mechanism for the electrolyzer model and therefore there is
an instantaneous response to input changes with no time delays. This approach is justified by the fact
that transient response is very fast in PEM electrolyzer as shown in experimental work by [6,9].

Cpin Tout ot
‘NHﬂ Hat)

CTORE A&
Hy, 7 NH:

Anode Cathode

“roons
H0

o ApER
N o, N e :

“rant.an

1.0 Membrane

Figure 2. Molar balance in the PEM electrolyzer assembly (adapted from [8]).
3.1. Anode Chamber

In the anode chamber, four moles of oxygen are generated for each electron. According to the
“Faraday’s law” we can define the molar flow rate of generated oxygen as:

- gen

1
an, 0y = Z‘f [m(’]/s] 4)

Similarly, two moles of water are consumed for each electron.

. cons T

N0 = 75 [mol/s] 5

1 is the current which is function of the current density, i, and the cell area, A, ie, I=iA.
The accumulation of oxygen gas in the anode chamber is calculated as the difference between
the oxygen gas at the chamber inlet and outlet plus the oxygen generated by the electrochemical

reaction [9}:
dNan,Og i

. out - yen
T Nuwo, = Nano, + Nﬁn,oz [mol/s] (6)
Similarly the accumulation of water takes into account the water consumed by the electrochemical
reaction and the net water flow through the membrane which is the combination of multiple processes
as described in section “Membrane” [9].

. CORS - THEM

aN. . in - ot
a0 Nnn,Hzo,I . Nam,HzO - NHZO gmol/s] {7

dt - un,HgO -

The partial pressure of the species in the channel can be calculated using the “Dalton law” in
which oxygen, water and hydrogen are considered in the gas phase. Such an approach was used,
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among others, in [8,9]. As in the anode chamber water is in liquid phase, we calculate the oxygen gas
partial as a difference between the anode total pressure and the water saturation pressure. In this way,
the water gas phase is accounted equal to its saturation pressure.

In the present study, the anode pressure was considered atmospheric, i.e., pg = 101,325 Pa

PO, = Pan = Pi,0,sar (P2] {8

The water saturation pressure can be calculated using the “Antoine equation” which is function
of temperature and other parameters shown in Table 1:

B
PHy0,s0t = 1077 THT [Pa] 9

Table 1. Parameter for the Antoine equation with T [°C} and pey [mm Hg] [15].

A B c Tmin Tmax
807.131 1730.63 233.426 1 100

Similar approach for the gas species partial pressures calculation was used for the cathode.

3.2. Cathode Charmber

At the cathode side, hydrogen is generated by the electrochemical reaction. The molar balance
and the gas partial pressure can be calculated similarly to the anode side.

The hydrogen gas accumulation is calculated as a difference between the hydrogen molar flow
rate at the inlet and outlet plus the product hydrogen:

dN . in -out - gen
1% = Ny, = Npj, + Ny, [mol/s] (10)
dNp.o - in - out - mem
dtz = NHZO - NH;O + NHZO [mol/s] {11}

Product hydrogen is calculated using “Faraday’s law” considering that for two moles of electrons

one mole of hydrogen is generated:
. gER 1

H, = 5F fmol/s] {12)

The hydrogen partial pressure is calculated as a difference befween the cathode pressure,
Peat = 101, 325 Pa, and the water saturation pressure:

PH, = Peat — PH;0,0at [P2] (13)

3.3. Membrane

Abdin et al. [9] identify three main relevant phenomena for water transport, namely diffusion,
electro osmotic drag and hydraulic pressure, which combined provide the membrane net water flow:

._mtent . diff . eed . ye
Npo = Nipo + N0 — Ny [mol/s] (14)

Diffusion mechanism refers to the transport phenomena due to concentration gradients across the
membrane, whereas electro-osmotic drag refers to water which is dragged by hydrogen protons in the
membrane, and hydraulic pressure refers to pressure asymmetries between the anode and cathode
that cause water transport. We describe these three water transport processes in the next three sections.
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3.4. Water Diffusion

Diffusion of water refers to the transport of water from high to low concentration regions
prevalently from anode to cathode as water is formed at anode side. Fick’s law is used to calculate
the water transport by integrating water concentration across the membrane between the two
electrodes [15}:

nglhade
di 4 A
N};{({a = ADzv'EE = / Dy dy [mol/s] (15)
dy Brremt e

Water diffusion is function of active area of the membrane A, the water diffusion coefficient,
Dy, and the water concentration in the membrane, ¢y, In Figure 3, the concentration of the species
at the membrane interface and inside the membrane is illustrated. We can assume that the water
concentration at the electrode/membrane interface is approximated with the water concentration in
the electrode channel.

o vul

M0 Mo
€ Pl mens i

Crionom .

_H:t).(.h‘.m : ,” o ('!IZ{}.rh.x-a!
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. iy,
Anode Membrane Cathode

Chamber Chamber

Figure 3. Species concentration inside the membrane and in the reactant channels (adapted from 8.

Assuming a linear water concentration gradient, we can simply calculate the concentration
gradients across the membrane as a difference instead of using integral function [8,9,11,1 7]. With this
assumption in mind, we calculate the water molar flow rate due to diffusion as:

N:f;{(); = "?‘EE(CHZO,mem,cm - CHzo,mem,an) [mol/ 5} (16)
memn
where Dy, is the membrane water diffusion coefficient, Spen is the thickness of the membrane and
CH,0.mem,cits CHo0, meman are the water concentration at the electrolyte/electrode interfaces.

The diffusion process of a multi-component gas mixture across the electrode porous media is
accounted using the Stefan-Maxwell approach, which considers an effective binary diffusion coefficient.
Such a coefficient is used to estimate the diffusivity as a function of temperature, pressure and other
geometric parameters [18]. Similarly to the approach described in [3,8], we can calculate the water
concentration using the Fick’s law of diffusion in the electrolyte as shown in the equations below:

cat ont

t PHRO
CH,0.memcat = Chochem + _e;f“z“f}“;g;(’j' fmol/L] (17)
D ef f cat
o 0
Cr,0,meman = CHO chan — -—552_—;20 [mol/L} {18)

effan
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where D?f;ffzo is the anode effective binary diffusion coefficient for O - Ho (O, Dg,zﬁﬁzo is the cathode

effective binary diffusion coefficient for the gas pair Hy — H,O, o and égf’ are the thicknesses of the
electrodes and Cr,0,c1 gn 20d Cpp,0 o car are the water gas molar concentration.

The anode and cathode electrodes effective binary diffusion coefficient of transport, Dy, is
calibrated by applying the porosity correction [7,8]:

£—E il @
Ouacs =Dncse(52) e
a0 = Daae( T2 ) [/ 19)
¢ is the porosity correction, ¢, is the percolation threshold and « is an experimental factor. The binary
diffuston coefficient is a proportionality factor that depends on temperature and pressure of generic
two gas species A and B

b 1
T : 5 1 LYY [em
Dap = e HTeaT, p )12 . ?
AB (a( Tc,an,b) (Prabes) (Teales) (Mm,,« +Mm.ﬂ) ) F [c /s] (20)

In the equation, p is the electrode pressure, @ and b are coefficients that depends on the gas type,
My, is the molar mass of species A and B, The water concentration in liquid form at anode and cathode
can be expressed as:

T, T;
pr20( cat); Craochan = 21120 (Tan) fmol/L] 1)

CH O,chcal =
2 Mo 20 M t20

The water density in this equation is calculated as {19]:
D
p=A/B*U=E) [Kg/m?| 22)
The empirical parameters, A, B, C and D are provided in Table 2.

Table 2. Parameter for the water density equation with T [K] [19].

A B C D Tmin [K} Tinax [K]
0.14395 00112 649.727  D.05107 273 685

3.5. Electro Osmwotic Drag

- eod
The water transport due to electro osmotic drag Nijzo represents the number of moles of
water molecules which are dragged by each mole of hydrogen ions through the membrane and
it is proportional to the osmotic drag coefficient and the hydrogen ions i.e., I/F.
. eod nal
Niyo = = [mol /1] 23)
The osmotic drag coefficient, 1,4, represents the number of water molecules carried by each
hydrogen ions and it has been measured experimentally by different authors and resulted values have
shown large variance. Awasthi et al. considered a value n4 = 5 which is in line with the relationship
below that is function of temperature and pressure [17}:

1y = 0.0252P; — 1.9073 + 0.0189T;y — 2.7892 [molo/moly .| (24)

In this work we consider the experimental relationship by Onda et al. [20] which applies to a fully

hydrated membrane:
ng = 0.0134T + 0.03 [molyzo/moly | {25}
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3.6. Hydraulic Pressure

Water transport due to pressure asymmetry, Ap, between anode and cathode depends on
permeability of the membrane and can be calculated using the Darcy’s Law. Similar approach was
followed by [7-9,17]. The relationship is function of the membrane permeability to water, Ky, the
viscosity, pi,0, and the molar mass of water, My, 1,0 .

AP0

Ap [mol/s 26
mPHZOMm,Hzo P[ } (26)

. pe
N H,O = Kdan:y
) 5me

4. Voltage

The electrolyzer voltage is the sum of the cell potential at open circuit, Vo, and three overpotentials
Vact, Vopm and Vepn:
V= Vo + Var:t + v;)hm + VCO?I [V] (27)

Below we provide the description of the four voltage components included in this model. The
three overpotentials are called non faradaic losses as they are mainly caused by mass transport and
resistance to the flow of protons in the electrolyte membrane and electric current in the cell components
as described in Chapter 2 of [21].

4.1. Open-Circuit Voltage (OCV), Ve
Equilibrium electrical potential is usually described by the Nernst equation [9]:

RT a0
Voe = Vi — F lﬂ(ﬁ) V] (28)
Ha Oz

The reversible cell voltage, V3, and the species activities, 4, can be rewritten using the partial

pressure instead:
RT. (pru. [Po
v, mE“+—1n(_-»% m%) \' 29
o zF "\ peat V Pan vl @)

The reversible cell voltage is E is expressed as:

0
_ 4Gy

0
B = =g V] 0

4.2. Activation over Potential, Vs

The activation overvoltage can be deduced by the Butler-Volmer equation, which accounts for the
etectrochemical kinetics of the reaction, Vi can be made explicit as follows:

RT i
= ~_arcsindt| we~ 31
Vit = —zarcsint ( 2:'0) v (31)
where, &, is the charge coefficient. The activation overpotential represents the potential difference
above the equilibrium potential (i.e., OCV) required to overcome the activation barriers to transfer
electrons from the electrolyte to the electrode. The same relationship can be applied to anode and
cathode electrodes of the electrolyzer cell so that the final value will be the sum of anode and

cathode overpotentials:
Vier = Vit + Vil [V] 2

iy represents the exchange current density value which is function of the physical characteristics
of the membrane material and catalyst and temperature of operation [8,9,22]. ig is computed both for
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anode and cathode and can be represented using the same expression used by [8,18] in which iy is
function of the roughness factor -y and the exchange current density, #; depending on temperature:

o = i [A/cm.z] (33)

The roughness factor 7y [23] is the ratio between the electrochemically active area and the
geometric area of the membrane electrolyte assembly [23]:

- 6 2 7em?
™M= Lk [cm /em J (34

In the equation, py is the catalyst density, my is the catalyst leading, dy is the supported or
unsupported catalyst crystallite diameter, ¢ is the fraction of metal catalyst surface in contact with
the ionomer.

The exchange current density temperature dependence is modelled though an Arrhenius type
relationship according to similar models [23-25]:

Bl
iy = iﬂ,rgfl‘?[ # g [A/cmz] (35

where iy, is the exchange current density at reference temperate, Tp,f. 1y for both anode and
cathode was empirically fitted to the experimental data at reference temperature, Tpyf.

4.3. Ohmic Overpotential, Vo

705

The ohmic overpotential is dominated by jonic loss predominantly in the membrane [5,9,11,23,25]:

e — St 1y (36)
Tmem
The ohrnic voltage is dependent on the membrane thickness, dyem, and the membrane conductivity,
Omenr. In many studies (e.g., the membrane conductivity, Gyen, is expressed as a function of the
membrane water content, A, defined as the moles of water molecules for each mole of Sulfonic acid
group, S0%~, in the Nafion membrane. A is generally constant in the electrolyzer case as the membrane
is fully hydrated. In this study, omen, was estimated using the relationship suggested by Bernardi and
Verbrugge [18]: ,
Omem = -F-C—*L};T?—’i‘i [$/cm] (37)
The relationship depends on Cy+ and D+, which are the membrane concentration and diffusivity
of hydrogen ions, H*, the only two mobile ions, and they strongly influence performance. For our case,
we considered a fixed value of Cpy+ = 1000 mol/m? as suggested in [6]. The temperature dependent
Dy value was empirically estimated to match experimental polarization curve,

4.4, Concentration over Potential, Vo

Marangio et al. [6] refer to this class of overpotential as “diffusion” overpotential as it considers
the potential difference due to concentration difference of charge-carriers between the electrolyte and
electrode surface. This mass flow in the membrane is unually described using the Nerst potential and
calculating the voltage loss from a reference concentration [24].

The derivation and expression below is from [6}:

RT. C
Ve = Vi = Vo = —z In C—; V] (38)
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where C; is the gas concentration at operating condition and Cy is the concentration in standard
condition. The Vi, relationship can be applied both at anode and cathode and the total concentration
overpotential can be calculated as:

C
Vion = Eh_l an /mem, Oy + -Iszln Ccat/mem,Hg V] (39)

4F Can/ ment, 02,0 2F Ccat/ mem,Hyp 0
where the anode and cathode component of the overpotential can be calculated as [6] Co,,mem and
Cp menm: Tepresent the oxygen and hydrogen concentration at the electrode/electrolyte interface. The
values can be obtained as described in the “Membrane” section.

5. Efficiency

A simplified system input-output thermodynamic analysis to determine the electrolyzer efficiency
is provided in [23]. For a PEM electrolyzer we consider as input the electric work, the cooling and
water for the electrochemical reaction. The system output will be the hydrogen and oxygen gas
formed by the electrochemical reaction. This steady-state approach disregards, among other things,
losses due mechanical work provided by ancillary equipment and the mass accumulation due to the
dynamic performance.

The electrolyzer first law efficiency considers as input the electric work W provided by the power
supply and as output the enthalpy change in standard condition of the electrochemical reaction to
obtain hydrogen gas AHS.

0
eat = %—E -] (40)

We assume that the remaining part of the electrical work, which is not converted in hydrogen
gas, is the rejected heat, Q. We notice that ( has a negative sign for a mere convention as in fact we
provide cooling to the electrolyzer stack. We can write the cooling as a function of the electrical work
and first law efficiency as:

- Q = W(1 —ean) [J/mol] (41)

The electrolyzer second law efficiency considers as input the electric work W provided by the
power supply and as output the Gibbs free energy change in standard condition of the electrochemical
reaction to obtain hydrogen gas, AGS:

0
£AG = %%B' i (42)

The Gibbs free energy at standard condition, AGY, is calculated by subtracting from AH, the
reversible heat:
Qrev = TASY [1/mol] (43)

The electrical work is function of the cell voltage, V and the faradaic efficiency:
14
W= ZF; [J/mol] (44)
I

In [20] the faradaic efficiency, g;, is function of hydrogen and oxygen membrane crossover and is
close to unity, however at low current densities it can be significant. Gas crossover occurs generally due
to solution-diffusion mechanism. The relationship is function of the equivalent current of hydrogen

and OXygen crossover: . ‘
g =1 (i*ﬂ_:__l‘h_x) (~] (45)
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The equivalent current of hydrogen crossover, i Hy xr is defined as [20):

. 2Fk
!HZ,X = -———I-:gj—%p‘r.lec [A/sz} (46}
The hydrogen permeability in Nafion is defined as [20}

21030

k!‘fg = 6.6 % 10_13 EIXP( W

) [mol bar lem™! s“;] 47

The equivalent current of oxygen crossovet, ip, , is calculated similarly to that of hydrogen:

. 2Fk
gy x = LBOZ Po,C [A/sz] {48)

The membrane permeability of oxygen is approximated as one-half of the hydrogen permeability
as mentioned in [15,27}:
ko, = kg, /2 [mol bar ' em! s"l] {49)

6. Results and Discussion

In order to fit the model to the experimental data, five empirical parameters were calibrated ie.,
i0,amrefs T0,ca,vefs Qans Rgq and Dy . Other fixed parameters were from experimental measurements and
various sources as shown in Table 3.

Table 3. Fixed model parameters from experimental measurements or various references.

Parameters Value Unit Reference

A 2.89 can?

Smem 175 x 107 cm

Sotcar 8 x 1077 cm

Buian 8 x 1073 em

Dy 1.28 x 10716 m? 5! I63]
£ 03 - 15

34 0.11 - 18]
alfa 0785 - 1]

TeH2 333 K i8]
Teoz 1544 K ]
P i2zg atm 8]
F.oz 49.7 atm 1 £3]

My 1z 2 gmoi™!

Moz 16 gmol™?

a 3.640 x 1074 - {8
b 2,334 - (51
$H0 11 x 1072 gmem 1s!

Kparey 158 x 10-H om? [£X|
AGp 2372 K] mol~1 123]
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The fitting results are given in the Table 4. Exchange current densities have high impact on the
activation overpotential [9]. Among others, Espinoza et al. [28] and Biaku et al. [29] found similar
values of &, and a . Choi et al. [10] suggested values of iy g ror and iy g rof in the same range as the
ones found in this model validation. Regarding the diffusivity of hydrogen protons in water, Dy,
the value obtained in this study is consistent with the ones found, among others, in [8,30]. Itis worth
mentioning that as suggested in [30], this coefficient is strongly correlated to the cell temperature and
in particular, hydrogen diffusivity increases with temperature. In [30], in the temperature range similar
to the one in this study it was found a limear increase in 20% of the Dy+. For this reason, we assumed
two different values for Dy at the temperature of 60 °C and 80 °C as shown in the Table 4.

Table 4. Fitted model parameters.

Parameter Value Units
10,an,ref 5x 10712 AJem?
i,ca,ref 1x 1073 Afem?

oy 1.2 -

Koy 0.5 -
Dy (T = 60°C) 24 x 1079 m?/s
Dy (T = 80°C) 3% 10~° m?/s

Figures 4 and 5 provide a comparison of the results obtained by both model and experimental tests
using the empirically fitted parameters in Table 4. A small discrepancy in the polarization curve is seen
due to the model assumption of negligible Ohmic overpotentials in the electrodes and plates, which
indeed contribute in limited proportion [9]. Besides as mention before, the temperature dependence of
D+ gives a good prediction for the cell performance.
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Figure 4. Model prediction and experimental data of the cell polarization at 80 °C.
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Figure 5. Model prediction and experimental data of the cell polarization at 60 *C.

In Figure 6, the effect of temperature on cell performance is depicted. Increasing temperature of
operation will reduce the Gibbs free energy of the electrochemical reaction thereby increasing the cell
performance and energy conversion. This is in agreement with results provided in [2].

The Ohmic overpotential depends on temperature through the conductivity relationship. Thisis
reflected on a slight increase in the slope of the curves at mid-high current densities.
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Figure 6. Modelling results of the polarization curve at different temperature of eperation.

Figure 7 shows the relatively higher contribution of the anode activation overpotential to the
overall activation over potential. The kinetics of the oxygen evolution reaction at the anode side is
slower than the hydrogen evolution reaction at cathode side resulting in higher overpotentials at the
anode. Nevertheless, the reaction kinetics also depends on physical properties of the electrode material
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e.g., roughness factor. The charge transfer coefficients at anode and cathode, «,, and «,, gave values
similar to those in [9].
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]
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Cell current density [Alcmzl

Figure 7. Anode and cathode activation overpotentials.

Figures 8 and 9 show the effect of using different exchange current densities at anode and cathode.
This parameter mainly affects activation overvoltage as a consequence of different kinetics of charge
transfer reactions.
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Figure 8. Impact of anode exchange current density on cell polarization curve.
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The sensitivity on the cell model to the diffusivity of H” ions is shown in Figure 10. The link of

diffusivity of H* ions to membrane conductivity and therefore to ohmic losses is evident as previously
shown in Equation (34) and [8].
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Figure 10. Influence of the cell polarization on H* ions diffusivity in Nafion membrane.

In Figure 11, the impact of the temperature on the first and second law efficiencies defined in
Equations {37) and (39) is shown. First law efficiency can reach values higher than 100% at low current
density due to cell heat absorption and strongly reduces with the increase of current density by around
30% over the current density range of operation.
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In Figure 12, cell heat loss is shown. At low current density, heat dissipation is negative, meaning
that the cell absorbs heat from the surroundings. When hydrogen production is low, the enthalpy
change of the electrochemical reaction is higher than the electrical work [23]. At high current density, a

high increase in heat dissipation is to be expected.
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Figure 12. Predicted cell heat loss at temperature of 80 °C.

7. Conclusions

A model of a PEM electrolyzer cell was developed including electrochemical mechanism at the
anode, cathode and in the membrane. Cell performance were analyses by defining an efficiency
relationship. The model was able to reasonably fit the experimental data at two different temperature

values i.e., 60 °C and 80 °C.
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In previous studies it has been shown that activation and chmic over voltages are closely
related to temperature. For this reason, key parameters in the overvoltages relationship were
chosen for the performance fitting. The electrodes reference exchange current density and electrodes
change transfer coefficients showed a sensitivity to temperature; these parameters are related to the
activation overvoltage. The hydrogen jon diffusivity is closely related to temperature in the ohmic
overvoltage relationship.

Finally, the connection between cell polarization curve, efficiency and heat dissipation was shown,
Specifically, because of the heat absorption at low current densities, fitst principle efficiency can reach
values higher than 100%. At high current density efficiency decreases as a result of the reduced
performance and related heat dissipation. Oxygen and hydrogen crossover played a less relevant role
in this case as the test was conducted at ambient pressure.
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HIGHLIGHTS

® A mixture of methane and hydrogen was considered as fuel for 2 SOFC mCHP system.
® System model was implemented with both intemal and external reforming solution.

& The model has been implemented with a gradual mix change from 0% to 99% of HZ.
® The introduction of hydrogen allows to achieve higher overall efficiency.

ARTICLE INFO ABSTRACT

Keywords: Solid oxide fuel cell systems for combined heat and power production (SOFC :CHP) fueled by natural gas are
SOFC attractive because of their high electrical and total efficiency even at small scale. The development of a hydrogen
IICP:]P economy will increase the availability of distributed hydrogen as a pure gas. Alternatively, hydrogen may be
Hythane

blended with naturat gas in the grid, This study investigates the performance of SOFC pCHP systems, while using
a fuel varying from pure hydrogen to pure methane via mixtures of hydrogen and methane calied Hythane.
Flowsheet models of external as well as internal reforming fuel cell systems were developed in Cycle-Tempo
simulation software, Results show that both the externa} as well as the internal reforming system can operated on
all fuel gas compositions varying from pure hydrogen to pure methane, thus allowing for a transition 1owards a
hydrogen economy via the mixing of hydrogen inte the natural gas grid. Although the natural gas based systems
have a higher electrical efficiency, the introduction of hydrogen into the gas leads to a higher total efficiency of
the combined heat and power system. The addition of hydrogen into the fuel minimizes the problems of thermal
stress and thermal shock associated with the use of methane in internal reforming fuel celf systems. The internal
reforming system showed a higher performance compared o the external reforming system for alf Hythane gas
mixtures in terms of not only electrical efficiency but also in terms of thermal and total efficiency.

Distributed generation

1. Introduction it is not just about the mixing of hydrogen into the natural gas grid, but

that alsg specific production methods can be developed for producing

One of the ways to lower CO, emissions is a transition towards a
hydrogen economy. One of the main obsiacles for the development of
hydrogen as an energy carrier is the cost of the development of a hy-
drogen distribution infrastructure. To avoid this obstacle several studies
proposed to take advantage of the existing wide spread natural gas grid.
Hydrogen can be mixed with methasne in the present pipelines. The
mixture of hydrogen and methane is sometimes called Hythane. In
order to accelerate the transition towards a hydrogen econcmy the
introduction of hydrogen into the natural gas grid is studied in several
projects and reported in literature {1-6]. Van de Beld et al. showed that

* Corresponding author.
E-mail address: giovanni.cinti@unipih {(G. Cind).

hetpsSAdol org /100106 Lapenergy 201 9,071,039

the mixture directly. This has several advantages compared to the
production of pure components first and later mixing them {11 In a
large EU project called NATURALHY the blending of hydrogen into
natural gas has been extensively studied from many different perspec-
tives {2]. The allowable percentages of hydrogen that can be mixed into
a natural gas system has been studied specificaliy by Altfeld and
Pinchbeck {31. Lewinsky et al. focussed on the impact of natural gas/
hydrogen mixtures on the performance of end-use equipment and do-
mestic applances {41, while Guandalini et al. [5] focussed on the
consequences for the high pressure transport pipelines and Abeysekera
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Nomenclature

(WCHP  (micro) combined heat and power

RES renewable energy sources
SOFC  solid oxide fuel cell

ocv open circuit voltage

ER external reforming

IR internal reforming

AB after burner

HE heat exchanger

ASR area specific resistance

uf fuel utilization in the SOFC
Uox oxygen utilization in the SOFC
§2C steam to carbon ratio

LHV lower heating value

HHV higher heating value

et al. {6] studied the network as a whole under distributed injection of
hydrogen containing gas mixtures.

A system operating with Hythane instead of natural gas can reduce
overall CO; emissions due to the use of hydrogen produced from re-
newable energy sources (RES). Moreover, we propose, in this study, the
use of fuel cell technology, that is well known for its quasi zero emission
in terms of pollutants,

Hythane can be used in all applications of methane in the residential
field (heating, cooking}, in the stationary power generation field, such
as cogeneration and power production, and in the transport sector
where natural gas fueled vehicles can also be operated on Hythane with
stgnificant advantages in terms of emission reductions 1711}, In other
words, Hythane can substitute methane in many of the applications
where combustion occurs with the advantage of reduced €0, emissions
due to the contribution of hydrogen. Compared to a pure hydrogen
system, power units operating on Hythane are limited in terms of sus-
tainability because the fuel still contains carbon that is most likely but
not necessarily fossil based. The share of renewable energy can be in-
creased somewhat further if the methane used in the grid comes from
biomass treatment (e.g. upgraded biogas from anaerobic digestion}
{1114}, from renewable electricity (power to gas) [15-17] or & com-
bination of both [181.

In our viston three potential paths for the introduction of Hythane
into our energy system can be eavisioned:

— A blend of hydrogen and natural gas available in the present natural
gas grid. Such a scenario is strongly dependent on the evolution of a
hydroger economy. A huge amount of hydrogen is required to in-
crease the hydrogen concentration in the grid even if only up to a
few percent. Such 4 seenario may develop if power to gas technology
with hydrogen, as a storage option for renewable electricity, will
strongly increase. Or if carbon capture and storage will be applied
on a large scale in the production of hydrogen for the natural gas
grid from fossil fuel resources such as from natural gas itself. Due to
the extra cost it is obvious that strong incentives, such as a high
carbon tax should be in place. In addition several studies reported in
literature §4,19,20] and a FP6 EU project called Naturalhy (2] in-
vestigated the tolerance limits of the natural gas grid for hydrogen
addition. Levinsky et al. assessed that the safety limit for the max-
imum amount of hydrogen to be mixed into natural gas depends on
the eomposition of the natural gas |4]. A, maximum value of 10 vol
% of hydrogen is generally considered, due to safe combustion limits
in end user appliances [5}. Still even this maximum of 10 vol% of
hydrogen is only 3% in terms of energy content. If we consider a
future scenario where the use of combustion based technologies will
be strongly reduced and the burners in remaining appliances
adapted, such a limit can move up to 50 vol% and above.

- An interesting second option comes from processes that avoid the
production of pure hydrogen and instead directly yield Hythane as
output. Such technologies can be based on natural gas or biomass
methane and encompasses conversion technologies such as steam
methane reforming with low CH. conversion, incomplete plasma or
thermal decomposition of methane and possibly internal reforming
fuel cells as well. Incomplete thermal decomposition of natural gas
has, for example, been studied in conjunction with concentrated

70

solar energy by the authors of this paper {21}, We have proposed
large-scale thermal decompesition of natural gas in the North of
Africa while transporting the directly produced Hythane through
existing natural gas pipelines to Europe. In this option, we would not
be talking about mixing hydrogen into the natural gas but rather
fook at it as taking the carbon out. When taking biomass as the fuel
both bic-reactors using bacteria and super critical gasifiers can
produce a blend of methane and hydrogen with inherent advantages
in the process itself compared to pure hydrogen production. Ad-
vantages and opportunities of such paths are reported in literature
{1l

— As a third option the gas blend can be obtained at a local level by
mixing natural gas from the grid with hydrogen locally produced
from renewable energy sources. Natural gas might be used to sup-
port hydrogen energy supply when the energy from Renewable
energy sources (RES) stored in the form of hydrogen is not sufficient
to feed the system and fulfill the demand. Strategies can be elabo-
rated to take maximum advantage of the use of hydrogen from RES
and natural gas from the grid.

In parallel with new concepts such as Hythane, a development to-
wards distributed generation can be observed for electricity as well as
for the gas sector {22]. In particular, the distributed production of
electricity in combination with the development of smart grids sup-
ported the development of smalf power cogeneration plants connected
to the natural gas grid as well as the electricity grid while waste heat is
used locally. In this cogeneration or combined heat and power appli-
cation, fuel cells and, especially, high temperature fuel cells such as
Solid Oxide Fuel Cells (SOFC), can achieve the highest energy effi-
ciencies in terms of power preduction compared to competitive tech-
nologies {23]. The market opportunity for micro cogeneration of heat
and power (uCHP) application on the scale of a household or group of
houses, brought several SOFC producers and system developers to start
demonstrating this technology mainly in Europe [24-26] and in Japan
137,281, Recent research focuses on the optimization of system design
[25-35] and the study of 4CHP integration strategies [36-40]. System
design studies have been performed applying external reforming
{29,31,33], innovative designs with low temperature SOFC's {32], with
and without gas recirculation [3¢] and substitution of steam reforming
by dry reforming (34,35). The integtation strategy studies focus mainly
on the economical valorization of heat and power depending on the
specific geographical application conditions {36], on the type of
building £37,38] and on the network integration strategy {39}, Recently
also the integration of SOFC systems fed with biogas at an industrial
scale was studied {40},

Simultaneous technology developments can reinforce each other or
can have a negative influence on the diffusion of one or both of the
technologies. Up to our knowledge the interaction between the devel-
apments sketched above and the possible consequences for SOFC op-
eration and development have not been studied. Therefor the aim of
this study in particular is to evaluate the performance of a uCHP system
based on SOFC technology when fed with Hythane compared to stan-
dard operation using methane (natural gas). This study starts from the
idea of placing an existing (semi-)commercial WCHP unit based on the
SOFC in a future scenaric where Hythane will feed the system. No
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modification nor optimization of this SOFC system design is considered.
The research questions we would like to answer are:

1. What would be the efficiency of the system operating on a mixture
of hydrogen and naturat gas compared to the same system running
on pure natural gas? Would it increass or would it decrease due to
the addition of kydrogen?

2. Irrespective of the efficiency would there be other advantages or
disadvantages running the system on a mixture of natura! gas and
hydrogen?

3, Would it make a difference if the SOFC system was based on an
internal reforming SOFC or if external reforming was applied in the
cogeneration system?

2. System design

By mixing hydrogen inte the natural gas, we expect the Nemnst
potential to increase due to the higher hydrogen partial pressure in the
mixture. A higher Nernst potential or open circuit voltage {QCV) in
general means a higher efficiency. On the other hand, the reforming of
natural gas is an endothermic reaction taking away a lot of the waste
heat produced in the fuel cell thereby upgrading the waste heat into
chemical energy again, which makes, in particular, internal reforming
fuel cells so very attractive from a thermedyramic point of view.
Moreover, a higher Nernst potential often also induces 2 higher Nernst
loss in the fuel cell because, on average, the Nernst potential is still
comparable with the situation in which less hydrogen would be in-
troduced in the fuel yieiding more or less the same averaged Nernst
potential over the whole cell, making the average deviation (by defi-
nition, the Nernst foss) with the higher OCV larger. Thetefore, in our
simulations we must be careful to include Nemnst loss in a proper way
and not simply model the fuel celf with an internal resistance or just
with a fixed polarization. The flow sheet program we are using {s called
Cycle-Tempo and has this calculation of the Nernst loss in the fue] cell
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module in the correct way. The flow sheet program Cycle-Tempo is
described elsewhere and is used in many studies of energy systems {41}
and also in many fuet cell energy systems studies [21.42.4%],

A cogeneration system based on SOFCs is usually composed of the
SOFC stack, the fuel processing unit with external reforraer, the air flow
management, off gasses treatment and the thermal control network.
Fuel precessing in the reformer allows to obtain a hydrogen rich mix-
ture from the supphied fuel ard to reach the SOFC iniet temperature. As
is well known, steam reforming of methane is endothermic so next to
methane and steam also heat has to be supplied. This is accomplished
by connecting the reformer to the outlet of the after-burner. Air flow
management ensures the supply of the required amount of preheated
air to the cathode. Usually excess air is supplied 1o cool the SOFC.
Anade off-gas treatinent is generally realized by using an after- bumer
that completes the oxidation of unreacted fuel. Finally, in order to
provide proper heat recovery and effective heat integration the system
design is complemented by heat exchangers, mixers and gas stream
dividers,

The scheme of the SOFC system under study is shown in Fig. | and
was modeled using Cycle Tempo, The design is derived from an online
standard model that can be downloaded from Cycie Tempo website
{44]. The system integrates a SOFC stack, an external reforming unit
(ER} and an after burner (AB). It represents a typical design of an in-
termediate temperature SOFC system (750 °C). In detail, the complete
oxidation of anode off-gas is achieved in the after bummer (AB) where
the fuel gas flow is mixed with the cathode outlet. The off gasses of the
cathode have more oxygen than required for the after burmer since
there always is an excess cathode air flow to cool down the stack. Thus,
a gas flow divider (1) is added to supply only a limited amount of
oxidant flow to the burner to obtain the right design temperature of the
AB exhausts. After burmer off gasses flow through the reformer (ER) and
a heat exchanger (HE1)} that pre-heats the inlet fuel up te mixer M1,
where steam and fuel are premixed before entering the reformer. In the
mixer M2, the AB off gasses are mixed with the other part of the
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Fig. 1. Scheme of the S0FC CHP system design.
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cathodic off-gas that is separated in S1. Before reaching M2, this
cathodic stream preheats the cathode inlet gas in the high temperatare
heat exchanger HE2 up ro stack inlet temperature. M2 gas outlets reach
heat exchanger HE3 that provides intermediate preheating of the air
infet flow. The residual heat in the gas flow is then split in 82. Part of
the §2 outlet reaches HE6 where low temperature heating is performed
from room temperature while the rest of the gas from 52 is required to
heat up the water stream in three different stages: economizer (HE7),
evaporator (HES) and superheater (HE4). The two streams separated in
52 are mixed back in mixer M3 before reaching the cogeneration unit
{CH) and vented finally into atmosphere via the blower B. Heat ex-
tracted in CH is the thermal output of the system. Table 1 reports the
design temperatures used in this study. Thermal equilibrium of the
stack is defined by the gas inlet (700°C) and outlet (800 °C) tempera-
ture. Thermal equilibrium of the SOFC is obtained by the model by
controlling the air inlet gas flow. Thermal equilibrium of the reformer is
obtained by recovering more or less heat from the afterburner (AB}
exhaust gas stream. In the modelling of the reformer unit, chemical
equilibrivm of all reformer reactions is assumed at the outlet tem-
perature, Both fuel and steam inlet flows are designed to be at 400°C
and the syngas outlet is set at the same temperature as the SOFC inlet:
700°C. Pressure drops of 20 mbar were considered for all heat ex-
changers, the reformer and in the after bumer. Regarding the SOFC
stack, pressure losses of 20 mbar are implemented at the anode and
50 mbar at the cathode.

In the internal reforming based system, the reformer is substituted
by a heat exchanger and the cell was operated in internal reforming
mode. System design temperature and pressure losses are reported in
Table 1,

The SOFC input design parameters, in addition to the temperatures
defined in Table | are: total active area, area specific resistance (ASR)
and fuel utilization {Up. The mode! calculates utilization of oxygen
(Uox) from the air Aow and current density. ASR is the slope of the
voltage versus current density curve. For this study the ASR value was
obtained from commercial SOLiDPower ASC700 cells that, at 750 °C
have a value of 2.8-107%Qm? {45). The gas utilization Uf and Uox
parameters are defined as follows:

oo NI
T 2 Fam ()
N
i, =
== A Fng (i)

In the equations N is the number of cells, I is cell current, F is
Faraday’s constant an iy, and nep are hydrogen and oxygen molar flow
respectively.

Air flow is obtained from stack thermal equilibrium as to maintain
the design output temperatures, The reformer is designed to operate at
a constant reaction equilibrium temperature of 700°C and a steam to
carbon ratio of 2.2. The same steam to carbon ratio was maintained for
both internal as well as external reforming system operation.

Note that the model is designed to evaluate the system perfor-
mances once changing the gas mixture inlet composition. In this sense,
the model simulates the performances of a system designed for natural
gas application that operates with the new blends. Thus, the analysis
was performed by keeping the stack design parameters such as active
area and intemal resistance constant. Also fuel utilization and stack
power were kept constant during the simulation. In detail, a DC stack
power cutput of 1.25kW was imposed in the modelt Thereby a net
system power in the range of 1 KW is obtained. We assume that com-
punents such as reformer, heat exchangers and burner can operate with
the new gas flow composition under otherwise the same conditions.
SOFC stack design parameters are reported in Table 2.

The aim of this study is to evaluate the systems operating on pure
methane with the same systems operating on Hythane, therefore the
model was run with 6 different gas compositions from pure methane to
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1% of CH, into hydrogen {(the software does not allow 0% CH,4 nor
100% H2). Table 3 reports the six gas compositions used in the simu-
tations,

The introduction of hydrogen In the fuel mixture allows additional
system considerations. Looking to methane as a fuel, one of the main
operation limits is related to the risk of carbon deposition in pipes and
in the reformer catalyst. Decreasing the concentration of carbon fuel in
the input gas mixture eventually permits to bypass the pre-reactor and
therefore permits the use of a direct internal reforming fuel cell con-
figuration.

Gas mixtures can be plotted in a temary diagram to predict the
effect in terms of carbon deposition or re-oxidation of the catalyst
(Fig. 2}. All gas compositions used in this study are shown in Table 3. By
adjusting the amount of added steamn to the chosen CH,/H; blends we
bave imposed a S2C ratio of 2.2 to all the gas compositions and
therefore they all lie in the safe area in between carbon deposition and
nickel oxidation.

The fuel gas compositions used are reported in Fig. 2, and are ac-
ceptable for the catalyst in the reformer and in the cell. For internal
reforming configurations the addition of hydrogen to the fuel may
improve the reaction equilibrium and the electrochemical reaction ki-
netics and reduce the potential of thermal shocks that is the main
drawback of internal reforming designs.

In conciusion two SOFC cogeneration system configurations were
simulated; one with external reforming (ER) and one with an internal
reforming (IR) SOFC using six fuel gas compositions.

3. Results
3.1. External reforming

For each simulation the gas composition was changed, Due to the
imposed constant steam to carbon ratio of 2.2, a change of gas com-
position brings about an increase of water consumption for higher va-
lues of the CH, concentration. Reformer operation is strongly affected
by the fuel gas composition in terms of thermal equilibrium and che-
mical products. ¥ig. 3(a) depicts the gas flows and relative chemical
power supplied through the fucl inlet and anode inlet, Fuel inlet is the
fuel mixture entering the system while anode inlet is the same as ex-
ternal reformer outlet ie. the syngas mixture entering the fuel cell
stack. The graph shows an increase of fuel inlet flow (mass based) when
moving from Hythane to pure methane but at the same time a decrease
in terms of energy flow. This opposite trend is caused by the different
mass energy ratio of the different Hythane compositions. The decrease
in terms of inlet power is caused by the varying system efficiency as will
be discussed in the following. The anode inlet flow is higher than the
fuel flow due to the introduction of steam, the concentration of which
increases with an increase in methane concentration. For pure hy-
drogen fuel, no steam is added in the reformer and the anode inlet flow
is the same as the fuel inlet flow. Anode inlet power is nearly constant
for all fuel gas mixtures. Even if the mass flow is higher, the heating

Table 1

Design specifics of the system.
SOFC stack temperature {'C) 750
SOFC stack inlet temperature ('C) 700
SOFC stack outlet temperature (*C} 800
Reformer reaction temperature (°C) 700
Barner gutlet temperatute {"C) 1200
Reformer gas inlet emperature (7C) 400
Reformer gas outiet temperature ("C) 700
HEG air ouslet temperature (°C) 350
HE7 water outlet temperasure ('C) 99
HES steam outlet temperature {'C) 101
HE4 steam outlet temperature {'C) 4G0
Pressure osses in Heat exchangers (bar) 3,02
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Tabile 2
SOFC stack input data.
Total active area - m? 300
Area specific resistance (ASR) - {2m® 2.8-10°%
tilization of fizgl 6.8
Power output (DC) — W 1225
Anoedic pressure iosses ~ bar 092
Cathodic pressure losses ~ bar 495
Table 3
Gas composition and 5/C ratie of inlet fuel used in the simulations.
# CHyH; s2C
1 100:0 22
2z 40:20 2.2
3 60:40 22
4 40:60 2.2
5 20:89 2.2
3 199 2.2

e \
e N

H Hythane compositions

0

Fig. 2. Temary HCO diagram of the selected compesitions.

value of the mixture is lower due to the diluting effect of adding steam.
As a net result the chemical power entering the stack is nearly constant.
Anodic inlet gas composition as a function of methane concentration in
the fuel gas is shown in Fig. 3(b). As anticipated, the increase of me-
thane content in the flow has a diluting effect due to the corresponding
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imposed increase of steam and the formation of more CO; in the re-
former due to this additon of steam.

Stack equilibrium is calculated at constant fuel utilization and
constant electric output power. This results in a cell voltage and current
density as a function of methane concentration in the fuel gas as shown
in Fig. 4{a). The efficiency of the fuel cel stack is shown in ¥Fig, 4(b).
The cell voltage is higher when the system is operated with Hythane
with a higher hydrogen content. As discussed in the introduction a
higher hydrogen concentration results in a higher OCV and in general
also in a higher cell voltage during operation. Vice versa, the current
density has to decrease when cell voltage increases in order to fulfill the
boundary condition of constant electric output power that we imposed
on the system. A lower cell voliage of the SOFC obviously leads to a
fower stack efficiency as shown in Fig. 4(b).

Moving to system level, the introduction of hydrogen in the inlet gas
brings two interesting results. Fig. 5(a) reports net-, thermal- and total
efficiency at system level. When the system operates with pure me-
thane, the electrical efficiency is found to be 48.44% and total effi-
ciency is 75.07%, both based on LHV, Such values are in line with the
state of the art of the technology as reported in {453, Efficiencies are
calculated as heat-, power- and total energy output divided by the lower
heating value {LHV) of the chemical energy in the input fuel flow in
terms of energy per unit time (kW). Curves show a higher electrical
efficiency of the system operating on pure methane compared to the
same system operating on Hythane. On the other hand, when using
Hythane higher thermal efficiencies and - in general - higher total ef-
ficiencies are abtained in the simulations. The lower electrical effi-
ciency when using Hythane instead of methane is caused by a reduced
contribution of the reformer to the system. The reformer reactor con-
verts internatly dissipated heat into chemical energy via the en-
dothermic reforming reaction(s) in the reactor. This leads to higher
hydrogen flows and increased chemical energy input inte the stack and,
therefore, via the imposed boundary condition of constant power
output to a reduction of primary energy (fuel) input. When adding
hydrogen into the gas mixture, the reduced heat absorption in the re-
actor results in a higher heat content in the off gasses and 2 higher heat
production of the total system. This increase in therma! efficiency is
also related, yet for a smaller amount, to the larger higher heating value
(HHV) of Hythane compared to methane. As stated, our efficiency
catculations are based on the lower heating value but heat recovery in
our cogeneration system is performed down to 40°C and therefore,
condensation heat is included in the heat output but net accounted for
in the input following the most frequently used corvention for
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Fig. 3. (a) System fuel and anode inlet flue and (b) Anode inlet composition as function of CH,4 concentration in the Hythane.
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Fig. 4. SOFC performances in external reforming case. Voltage and current density Vs CH4 concentration (a) and efficiency Vs CH4 concentration (b).
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condensing boilers. In general, as shown in ¥ig. 3(b), more chemical
energy input is necessary as more hydrogen is introduced into the fuel
under the boundary condition of constant electric power output as used
in our simulations.

‘This trend is partially batanced by the auxiliary power consumption.
Figure shows this contribution using two parameters: (a) utilization of
oxygen — Uy, {(Figure a}, and (b) the auxiliary power rate itself calcu-
lated as the ratio between auxiliary emergy consumption and net

e d V1573
4 0 40 6k a0 100

CHA cone - %%

electrical power output (Figure b). As previously commented, the in-
troduction of hydrogen into the system leads to an increase of stack
performance, less thermal losses in the stack and consequently a lower
air flow being the main gas flow cooling the fuel cell. A lower air flow
obviously results in a higher U, and a lower amount of auxiliary power
needed for the air blower as shown in Fig. 6a and b, (Note that a higher
hydrogen concentration is to be found at the left hand side of the X-
axis).

Aux power rate
&
5
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40 &0 80 100
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Fig. 6. (a) Uox and (b} auxiliary power rate as a functon of Hythane composition.
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3.2, Internal reforming

In this section we will present and discuss the main results of our
simulations on the internal reformer SQFC cogeneration system. In
Figs. 7 and 8 cell voltage, current density and stack- and system effi-
ciencies are depicted and compared with the results presented above for
the external reforming system. Fig. 7a reports voltage and current va-
lues as function of Hythane concentration. The internal reforming
configuration always shows a better performance compared to external
reforming. ¥ig. 7b shows that maximum stack efficiency is obtained for
pure methane with a difference in stack efficiency of more than 10
pereent points between external and internal reforming. This result is
mainly related to the higher cell voltage of the direct internal reforming
stack as shown in Fig. 7a.

System efficiencies are reported in Fig. 8. The internal reforming
configuration brings several advantages in terms of electrical efficiency
due to improved stack performance and reduced auxiliary power con-
sumed in the blower. The air flow needed to cool down the stack can be
lower thanks to the endothermic internal reforming reactions, Never-
theless, thermal efficiency is higher due to the higher temperature of
the off gasses. Fig. 9 reports oxidant utiization U,y and auxiliary power
rate as a function of CH4 concentration for the internal reforming
configuration. Both graphs have opposite trends compared to the ER
configuration. Oxidant wtilization U,, increases aimost linearly with
increasing methane concentration. Again, the increase is due to the
endothermic reforming reaction that reduces the need for coolant and
consequently power consumption by the air blower, the main con-
stituent of the auxiliary power rate, also decreases with increased me-
thane concentration in the fuel blend.

As already stated, system efficiencies depend on the percentage of
hydrogen in the natural gas grid used to fuel the system. Then it is
better possible te decide how to operate the system, depending mainly
on (time dependent) demand for power and heat and their tme de-
pendent market prices in order to achieve the economic optimum op-
erating conditions. A useful parameter, typical of cogeneration analysis,
is the Electric Index (EI), defined as the ratio between the amount of
electrical power and thermal power produced. As an example, Fig. 10
reports the Electric Index of the systemn with external reforming. In the
figure and arrow indicates the direction in which CH, concentration
increases; a higher CH, concentration gives a lower total efficiency. The
plot shows that when total efficiency increases (for decreasing CH,
concentration) a decrease of the Electric index is found. This is ac-
companied by a higher production of heat from the CHP system.
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Fig. 8, System efficiencies of internal (IR} and external (ER} reforming con-
figurations compared. as a function of Hythane composition.

4. Discussion.

We emphasize that a transition of natural gas {methane) to a mix-
ture of methane and hydrogen has consequences for applications based
on combustion where possibly gas burners need to be replaced. (Such a
huge substitution of burners in gas stoves and furnaces in individual
homes has already once taken place namely in the Netherlands in the
early 60-ies of last century, when the largest natural gas field of Europe
was found in the province of Groningen. However, also for (future)
systems based on (high temperature) fuel cells such as SOFC's in CHP
applications. A change of fuel from methane or hydrogen to a mixture
of both can have consequences for the operation and performance of
such combined heat and power systems.

In future scenario’s where CHP will be deployed at a local {(house-
hold) level systems fed by the natural gas grid, as well as vnits oper-
ating on stored hydrogen may be envisaged. As we have shown in this
study that SOFC based yCHP units can operate on both fuels; hydrogen
and methane and all mixture thereof. This allows for efficient and
convenient hydrogen integration strategies in an energy transition to
lower carbon fuels in order to reduce CO, emissions while using in
principle, the same SOFC CHP unit. However, our sfudy aiso shows that
a possible future switch from natural gas to Hythane will have con-
sequences for the operation and performance of such uCHP systems,
Surprisingly, electrical efficiency decreases with an increase in hy-
drogen content while, on the other hand, thermal efficiency and total
efficiency increases. Moreover, the use of Hythane allows for the use of
an internal reforming SOFC with additional advantages in terms of
increased thermal and electrical efficiency with respect to external

56.0%
34.0%

52.0%

50.0%
st ER-SOFC

48.0%
e |R-SOFC
45.6% -

Stack efficiency

44.0%

m;w‘%"ﬂ%.w

42.0%

A0.0% STV
qag 60 80
CHa conc - %

G 20 100

Fig. 7. A comparison of Stack performances of intemal and extemal reforming configurations in terms of {2) voltage and current and (b in terms of efficiency as a

function of Hythane composition.
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reforming and relaxed design and operating conditions with respect to
the prevention of temperature gradients and shocks in de SOFC stack as
would normally occur with the use of pure methane due to its fast re-
forming reaction and the endothermic nature of this reaction. The
presence of hydrogen in the fuel mixture at the inlet prevents the pre-
sence of a strong heat sink at the inlet side of the stack.

The practical consequences for the operation of such systems in the
future cap be found in the detailed design modification next to the
modified operation of these systems that might be necessary in parti-
cular if the composition of the fuel may vary in time during operation of
the CHP unit. Moreover, a recalculation of the economi¢ return on in-
vestment would be necessary since a shift from electricity to heat
production occurs for increasing hydrogen content in the Hythane fuel
biend.

5. Conclusions

This study evaluates the performance of a SOFC based pCHP system
in a future scenario where the system is fed with Hythane: a mixture of
methane and hydrogen. We have shown that the use of Hythane com-
pared to pure methane increases total efficiency in terms of power plus
heat of a SOFC combined heat and power system, yet at the expense of a
decrease in electric efficiency with a few point percent. When one ac-
counts for these changes in efficiency the SOFC based cogeneration
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systems are suitable for operation in aa energy system in transition
from natural gas to Hythane and pure hydrogen. Internal reforming
systems show higher thermal, electric and overall efficiencies and are
very siitable for operation with Hythane since those gas compositions
reduce internal temperature gradients in the IR-SOFC stack compared
to operation on methane and pre-reformers may no longer be needed in
those system designs.
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DESCRIZIONE GENERALE

L'attivita condotta nel corso del secondo anno del contratto RTDa ha riguardato
principalmente due linee di ricerca distinte: la sviluppo sperimentale di un sistema di
sovralimentazione per il settore motociclistico e lo studio di sistemi di accensione, sia
convenzionali che innovativi, per motori a combustione interna ad accensione comandata,
Quest'ultima attivitd, in prosecuzione del lavoro svolto nell'anno precedente, & stata la
preponderante e ha compreso anche lo sviluppo contestuale di un bancoe prova dedicato
alla caratterizzazione energetica dei sistemi di accensione presi in esame tramite la
misura, in ambiente controllato, dell’'energia assorbita e rilasciata in differenti condizioni
operative.

Attivita secondarie hanno riguardato:

- la caratterizzazione sperimentale al banco prova delle prestazioni di motori elettrici;
- le prime fasi della progettazione e sviluppo di un motore ad accesso ottico ad
accensione per compressione a benzina LTC (combustione a basse temperature).

IMPULSE DRUM CHARGER

Lo sviluppo di un sistema di alimentazione di tipo motociclistico rappresenta una sfida a
causa degli stringenti requisiti di leggerezza, semplicita e immediatezza di risposta. Nel
corso di questa attivita ci si & proposto lo studio di un sovralimentatore cosiddetto a onde
di pressione, I'lmpulse Drum Charger. Lo studio si & incentrato nel confronto delle
prestazioni al banco prova di un motore motociclistico commerciale a 4 tempi (KTM 390)
equipaggiato con e senza sistema di sovralimentazione. In particolare, lo studio & stato
condotto sull’analisi indicata (interno motore} e sulla pressione all’aspirazione
dimostrando che effettivamente il sistema di sovralimentazione @ in grado di migliorare
le performance del motore esaminato (fino a 1.4 kW a 9500 giri/minuto) anche senza una
ricalibrazione della centralina dedicata. In particolare, sono stati mantenuti costanti
parametri quali il rapporte di miscelazione e l'anticipo d'accensione per garantire la
confrontabilitdh dei due casi. 1l sistema di sovralimentazione si & dimostrato pil
prestazionale a bassi (4500 giri/minute) e alti (9500 giri/minuto) regimi di rotazione al



contrario di guelli intermedi {7000 givi/minuto), che hanno vigto invece preponderante
ta dipendenza dal silenziatore adottato, Di fatte, pur garaniendo un aumento di pressione
fino a 1007200 mbar, Vincdenza del sistema & sovralimentazione & legatz alla
sincronizzazione delle onde di pressione con un'opportuna fasatura defle valvole di
aspirazione.

H lavoero ha previsto anche Portimizzazione del sistema di scarico cost da garantire la
corretia propagazions detle onde di pressicne e contemporaneaments contenere le
temperature entro livelll accettabili per il testing di esempiart di sovralimentator
prodotii mediante prototipazione rapida, quindi non adatti alle condizioni di temperatura
dettate dal sistema di scarico di serie,

Da queste lavore & poi stata prodotia una pubblicazione, allegata alla presente relazione,
alla quale si rimanda per i dettagli,

CARATTERIZZAZIONE SPERIMENTALE DI SISTEMI DI ACCENSIONE
CONVENZIONALE E INNOVATIVI

H sistema di accensione basato sull'effetto Corona & una tecnologia promettente capace di
produrre piit centri di accensione in camera di combustione attraverso la gencrazione di
pilt “streamers”, canali di plasma a {relativamente)} bassa temperatura.  sistema si avvale
della capacitd di operare su volumi maggiori dt un sistema convenzionale, oltre che sulla
produzione di cascami di particelle attive (radical), in grade di stimolare positivamente
la combustione e accelerarta notevolmente nelle sue nrime fasi. Queste cavatteristiche lo
rendono capace di produrre una combustione stabile anche con concentraziont di
combustile molte basse, tipiche delle condizioni operative di "magro” o con alto EGR,
tipiche del moderno automotive @ necessarie alla riduzione delle emissioni nocive, Nel
corso di queste studio, un sistema protetipale a effetfo corona & stato confrontato con uno
convenzionale {stesso produttore con in quale esiste una convenzione) operante sia in
condizioni standard che “multispark”, ossia con pjﬁ eventt consecutivi i confronto &
avvenuto sulle base sia dell’'energia assorbita che, soprattutto, su quella rilasciata dagh
stessi sisteni d'accensione nel mezzo contenuto in un calorimetre a pressione, f test sone
stati condotti con vari Hvell di pressione. del mezzo e varlande § parameiri di
funzionamento dellaccenditore a effetto corona {durata dello streamer e tensione &
pilotaggio delle streamer stesso) alllinternc della lore vrispettiva finestra di
funzionamento. I risultati hannoe mostrate che Venergia assorbita dagh accenditori testat
& cirea indipendente dalla pressione del mezzo. Al contrario, Uenergia rilasciata nel mezzo
si & dimostrata funzione crescente linearmenie per gl accenditori convenzionali e,
conseguente, ha portato a un miglioramento della bassa efficienza di sistema. Questo
comportamento & chiaramente dovoto allaumento della densitd del mezzo tra gl
elettrodi con conseguente necessitd di una tensione maggiore per lo scoccr della scintilia
e quindi dell'energla depositata. L'accenditore a effetto Corona ha mostrato un’energia
ritasciata nel mezzo dipendente sia dalla tensione di pilotaggio (secondo una legge
guadratica) che dal tempo di durata dells streamer (dipendenza lineare}, La dipendenza
dalla pressione & decrescente: all’aumentare della densith del mezzo serve un'energla
maggiore per produrre streamers di part intensitd. 1 comportamento discende dat fatto
che ia tensione delfelettrode € indipendente dalla pressione mentre i campo eletirico
ridotto {campo elettrico su densitd del mezzo}, responssbile della produzione di
streamers nel mezzo stesso, diminuisce per effetto dellanmento della densita dei mezzo
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stesse. Juesto comportamento viene compensato awnentando paralielanente la tensione
di pilotaggio in modo da garantire sia ur'aita quantitd di energia depositata che un'alta
efficieniza di sistema. L'aumento della tensione i pilotaggio non ¢ indefinito ma viene
limitato dai prodursi di indesiderate condiziond di scarica che portane Paccenditore a
comportarsi come uno convenzionale,

Da questo lavore ¢ pol siata prodotia una pubblicazione, allegata alla presente relazione,
aila guale si rimanda per i dettagli.

Altre attivita

Nel corso dell’anne seno state condotte attivitd di aggiornamento {partecipazione ai
congresst SAE Detroit 2018 e ATI Pisg 2018), di disseminazione {pubblicazione di dus
articoll scientifici ¢ presentazione orale allATI Pisa 2018} e di trasferimento della
conoscenza {rollaborazione e incontri copn Federal Mogul Powertrain, AlterBgo-
Hardware, [ET & HPE COXA).
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‘Abstract

Charging a motorcycle engine is challenging, since requirements of lghiness, system simplicity and engine responsiveness are
key factors. This paper reports on a preliminary study on a pressure wave compressor, the “Impulse Drum Charger”.
Performances of a 4-stroke motorcyele engine with and without Drum Charger were compared at the test bench and a pressure
analysis in the intake manifold was carried out as well. Results show that this system is able to effectively improve engine power
(up to 1.4 kW at 9500 rpm WOT) without an ECU recalibration.

© 2018 The Authors. Published by Elsevier Ltd.
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1. Introduction

Charging intake air of an internal combustion engine is a well-known technique, that allows to increase the
density of the working medium before it enters the cylinder. Air compression can be used to increase power density
and, depending on design and application, to improve the combustion process, in order to reduce exhaust pollutant
emissions, noise emission or fuel consumnption [1]. The medium temperature should not raise too much, in order not
to adversely affectthe high-pressure working cycle: in many applications a charge air cooler is used to decrease
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Nomenclature

CAD  Crank Angle Degree

BTDC Before Top Dead Center
DOHC Double OverHead Camshaft
ECU  Engine Control Unit

FLC  Full-Load Curve

IDC(s) Impulse Drum Charger(s)
MON Motor Octane Number

PF1 Port Fuel Injection

RON  Research Octane Number
SA Spark Advance

Si Spark Ignition

UEGO Universal Exhaust Gas Oxygen
WOT Wide Open Throttle

such temperature {2].

Depending on the charging principle, it is possible 1o distinguish many families of air chargers [1,3] A first

“possibility, the supercharging, consists on a mechanical driving of the charger: roots blower, sliding vane, screw

compressor, but also reciprocating and centrifugal compressor belong to this group. Another possibility is to use part
of the exhaust gas enthalpy to drive the compressor: turbocharging is the most common solution, especially in
automotive and heavy/light duty applications. Finally, it is possible to exploit the pressure waves propagating
through intake or exhaust ducts after valve opening or closing to obtain an impulsive boost effect (e.g. the Comprex
[4D.

Charging a motorbike engine is not éasy, due to different kinds of difficulties as reported by Zinner ¢ ol. [5].
Many attempts were tried in the past, but nowadays only few models {e.g. Kawasaki H2)} are equipped with
superchargers. As a matter of fact, motorbikes tend to be constructively “simple” and low-weight, with few add-ons.
The insertion of a charger should not complicate engine nesting inside the frame, and auxiliary elements like
intercooler are disliked. Another key factor is power-fo-weight ratio, which is high in motorbike applications: a
turbocharger or supercharger insertion can adversely affect this feature. Usnally, naturally aspirated engines are
characterized by an overabundant max power for motorcycles: charging, in this case, can be attractive to improve
low-end torque, something that can be particnlarly useful in city riding. In these conditions, rideability is of absolute
importance: an air charger should guarantee a high responsiveness, and this factor often penalizes turbocharged
solution [6], since turbo-lag can be a strong limit. Turbomatching {the coupling between engine and turbocharger
{11) is not easy: benefits could be limited only to a part of engine map. Finally, the cost of the charging system is not
low: it could encumber too much on the total engine cost {3]. fust out of curiosity, when a motorbike engine is
transferred to a 4-wheel vehicle, many of these limitations become less influent, and charging is possible and
desirable, as found in Formula SAE application (Romani er al. [7], Wang er ol [8]).

Even if charging a motorcycle engine is not easy, as said, interesting solutions can be found. One of these, the
Impulse Drum Charger {(IDC), by AlterEgo Hardware, can be classified as a compréssor that exploits exhaust
pressure pulses. Externally, it is composed of two shells: inside the lower one there are two cavities, separated by an
elastic membrane (Fig. 1). One cavity (the “hot side”) is in communication with the exhaust manifold through a
dedicated duct, receiving pressure waves when the exhaust valves open. This pulse is able to deflect the membrane,
forcing fresh air in the other cavity (the “cold side™) to exit the IDC with an overpressure (Fig. 2b} through a
chamber in the upper shell towards the airbox. When the pulse is over, a bow-spring allows the membrane to return
to its rest position: in this moment, thanks to this movement, external fresh air at atmospheric pressure is aspirated in
the cold side (Fig. 2a) coming from another chamber, located in the upper shell too, connected to the external
environment. Two sets of reed valves separate upper and lower shells, avoiding backflows (boosted air can enly go
towards the airbox). This behavior occurs once per engine cycle (i.e. 2 crankshaft revolutions). It must be remarked
that exhaust gases and fresh air, separated by the elastic membrane, never mix together.
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Fig. 2. IDC functioning principle {courtesy of AlterEgo Hardware): (2) fresh air suction in the cold side, caused by membrane returning to rest
position, (b) air compressed and forced towards plenum, caused by membrane deflection when exhaust pulses arrive.

This work was focused on the first analysis of this new concept charger, in order to assess its behavior and
performance. Besides the engine brake power evaluation, an analysis of intake pressure and a detection of possible

knocking phenomena were carried out as well.

2. Experimental Setup

2.1. Original Engine

Test were carried out on @ KTM RC390 4-stroke engine (year 2013), Table ] lists the engine specifications.

']:ab!e 1. Engince specifications of the tested model (KTM RC390).

Paramneters

Value/Description

Bore x Stroke (mm x mm)
Number of cylinders ()
Displacement Volﬁme {em®)
Compression Ratio (-)
Connecting-Rod Length (mm)
Valve System

Fucl system

89x 60

13

373

12.6:1

105

DOHC 4 valves

PFI, SBtandard European market gasoline RON 95 MON 85
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2.2. Drum Charger coupling and engine modifications

In the tested engine (displacement of 373 cm?) two IDCs in parallel were necessary. In fact, the ratio between
engine displacement and 1DC volume is a key factor to obtain sufficient boost. It is necessary to modify both intake
and exhaust engine ducts to properly couple IDCs with the engine (Fig. 3a). Concerning the intake, the airbox is
modified in order to receive the airflow from the IDCs. Downstream, the remaining intake line parts (throttle valve,
intake manifold, intake ports) are the same of original engine. The original exhaust line with one duct from the
exhaust manifold to the muffler was also modified (Fig. 3b), adding in parallel two ducts which connect the
manifold to the hot side of drum IDCs. Because of the modified layout, it was also necessary to replace the original
muffler with a new one supplied by Egb.

It must be remarked that the presence of two IDCs makes the analysis much more critical. As a matter of fact,
exhaust pipes to left and right IDCs cannot be identical, because of exhaust ducts nesting around the motorcycle
frame. Inside the ducts, the measured gas temperatures resulted to be different because of 3-D effects related to
exhaust geometry and external air cooling. Consequently, since, as well known, the pulse propagation is strongly
affected by medium temperature, the operation of the two IDCs could be not perfectly phased. Many efforts were
made in order to minimize this effect, but it was not possible to completely avoid it in this preliminary phase. This
should be taken into account during an optimized design phase.

2.3. Test bench and instrumentation

The engine was installed on the test bench and coupled with a Borghi & Saveri FE600-SD eddy-current brake. In
addition to the original KTM ECU, an Athena GK-ECUJ5-0010 was used in series to modify both spark advance
and PFI energizing time to reach lambda target. Engine was instrumented with temperature sensors located in the
engine intake and exhaust pipes, as well as in the cooling and lubrication circuits [9]. In-cylinder pressure was
measured by a piezo-electric sensor (Kistler 6052C) fiush-installed in the cylinder head, while pressure in the intake
manifold (downstream of throttle valve), in the exhaust manifold and in IDC hot side were recorded using piezo-
resistive transducers (Kistler 4075A5). Crankshaft angular position was measured by means of an coptical encoder
(AVL 3635). These signals, together with ignition timing from a current clamp, were sampled at 0.1 CAD resolution
and acquired by a Kistler KiBox combustion analysis system. For each tested point, 200 consecutive indicated
eyeles were recorded to have a statistically significant amount of data. Lastly, a UEGOQ lambda senser (Horiba
MEXA-720) was installed in the exhaust line upstream of muffler.

Fig. 3 (4} schematic of IDC instalted on 2 KTM RC390 (courtesy of AlterEgo Hardware), {b) new exhaust duct to couple two 1IDCs with the
engine. In the latter, red arrows represent exhaust mass flows while orange arrows represent pressure wave pulses.
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3. Test Table

In a first phase of the work, an observation of the pressure trends at the IDCs inlet (exhaust gas pulses, i.e. the
driving force) and at the outlet (boost, i.e. the desired effect) was performed in order to understand the main
phenomena and the waves phasing.

The main campaign consisted of a comparison among three different layouts: the engine in its original
configuration (*“Original”), with the muffler to be used with IDCs (“Baseline”) and with the complete Drum Charger
setup (“IDC™). Besides the FLC in the original configuration, the medified ones were thoroughly analyzed in three
significant engine points: 4500 rpm WOT (representative of low-speed), 7000 rpm WOT (representative of medium-
speed and close to original engine max torque point) and 9500 rpm WOT {representative of high speed, max power
point). In Table 2 further details about main test campaign can be found.

Since original KTM ECU is not open and its correction algorithms are unknown, in order to avoid that the results
were affected by Spark Advance (8A) or relative air-fuel ratio (A} variations, these two parameters were maintained
equal to the Original configuration values by means of the additional Athena system (Table 3),

Table 2, Main test campaign

Layout Tested points Performance  Intake  Knocking
' : ‘analysis Pressure  analvsis
analysis
Original FLC X X X
Baseline (Engine with new muftler) 4508 ~ 7000 — 9500 rpm WOT b4
IDC (Engine with new muffler and Drurn Chargers) 4506 — 7000 - 9506 rpm WOT x X X

Table 3. BCU fixed parameters

Tested point Spark advance Lambda
{CAD BTRC] {-1

4500 spm WOT 3 1.03

7000 rpm WOT 27 0.93

9500 rpm WOT 315 0.97

4. Resuits and Discussion

The pressure trends analysis was carried out at 4500 rpm WOT and 6000 rpm WOT in order to evaluate the
effects of the IDCs insertion. Tests were performed by comparing two configurations: the complete system (blue
curve in Fig, 4 “IDC on™), and the system with the {DCs disconnected from the airbox (black curve, “IDC off”): in
the Iatter layout, IDCs are connected to the engine exhaust, but not to the airbox, which is free to directly aspirate -
environmental air. In this manner, engine operates with an identical exhaust configuration, and it is possible to focus
the analysis on the boost effect only.

Analyzing the results in Fig. 4 it is possible to observe that, as expected, the exhaust pulse (red curve, near 200
CAD) deflects the membrane producing a subsequent intake pulse delayed by about 60-70 CAD. Obviously, the
angular interval between these two pulses is dependent on engine speed: since exhaust valve opening angle is fixed
and the wave propagation physical time is almost constant, the crankshaft position in which boost waves reach the
engine intake varies with regimes. Consequently, since the air charging effect depends on engine speed, the more
precise the synchronization between boost pulse and intake valve opening phase, the higher the engine performance.
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Fig. 4. Pressure characterization versus crank angle at different engine speeds (top: 4500 rpm, bottom: 6000 rpm). Lefi side: pressure in IDC hot

side (red); intake manifold pressure with IDC inseried {blue) or removed (black). Right side: intake manifold pressure difference (green) between

IDC inserted and removed. When green curve is negative, the naturally aspirated configuration {IDC off) guarantees in that moment an intake

pressure higher than the one with IDCs.

The following performance characterization started with a knocking analysis, since, when charging a SI engine,
especially in oversquare (short-stroke) engines such as the tested one, a wide safety margin against knock must be
preserved. During the fests, indicating analysis over 200 consecutive cycles with Kistler KiBox allowed us to
determine the so-called “k-ratio”, an experimental kmocking detection index based on a Siemens VDO
algorithm [11]. If the threshold of 1.4 is exceeded, it can be stated that knocking begins to occur [12]. In Fig. 5,
k-ratio values for Original and IDC configurations are reporied. It can be seen that Original configuration is near the
threshold (i.e. engine is close to an incipient knock); it is interesting to note that IDC does not change this behavior
significantly. In particular, 4300 rpm WOT is the only point where a small increase of k-ratio was found, slightly
worsening knock. At 7000 rpm, instead, a small decrease occurs, while no effect was found at 9500 rpm. It must be
remarked that all these points were recorded with no changes in SA nor lambda (Table 3).

It is worth saying that engine intake temperature does not rise passing from Original to IDC configuration, owing
to the limited overpressure and to the negligible heat transfer between the IDC hot and cold sides.

Kentiey -}

A5 3 R0
Fagine speed [spra]

Fig. 5. Calculated k-ratio. Dashed red line represents the 1.4 threshold.

Table 4. Performance comparison for the three tested layotts,

Corrected Power (kW]
Tested point Original Baseline iDC
4560 rpm WOT 12.0 P14 138
7000 rpm WOT 23.6 252 247

9500 rpm WOT 297 - 300 311
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Performances (Fig. 6 and Table 4) were acquired and corrected by taking into account barometric pressure, humidity
and room temperature according to SAE J1349 [10]. The most evident effect of IDC is at 4500 rpm: there is a
significant power increase if compared to both Original Engine and Baseline (Original: +15.0%, Baseline: +21.1%).
The same behavior, with a lower gain, can be found at 9500 rpm (+4.7% and +3.6% respectively). At 7000 rpm,
instead, 1DC is able to increase power if compared to Original layout (+4.6%) but performs less than Baseline
(-2.0%). This can be probably due to effects superimposition: the new muffler has a positive effect at 7000 rpm (in
fact, both Baseline and IDC show higher performances than Original), while the pulses from the twe IDCs, are
probably positioned in a not faverable timing with respect to intake valves opening phase and in-cylinder pressure
level. As a matter of fact, by analyzing intake pressure oscillations during an engine cycle and focusing on the
angular interval when intake valves are open (Fig. 7}, one can see that at 7000 rpm 1DC configuration is able o
generate a pressure level almost always higher than the Original one. At 9500 rpm, even if in the first phase of
intake valve opening (up to 400 CAD) IDC pressure is lower, performance confinues to remain better. This can
~ suggest that an air pulse is more effective during the second half of intake stroke, when piston starts to slow down
(so, reducing suction effectiveness [2]).
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Fig. 6. Cotvected performances of the three layouts: power (feft) and torque (right) vs engine speed,

Apibar}

e ek A DA i 2

[CAL oAl
Fig. 7. Intake pressure (absolute bar) during intake valve opening period at different engine speeds (fop: 4500 pm, middle: 7000 rpm, battom:

9500 rpm). Left side: Original (black) and IDC (blue) values. Right side: difference {green) between IDC and Original. When green curve is
negative, Original engine guarantees in that moment an intake pressure higher than the one with IDCs.
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4. Conclusions and Fufure Work

Drum Charger is a compressor designed to exploit the pulses generated by exhaust valve opening. In this work, a
first study of the coupling of this system with a 4-stroke motorbike engine (KTM RC 390) was carried out. Knock
characterization showed that IDC insertion' does not worsen k-ratio significantly. Afier the performance
characterization of the original engine, the differences in terms of brake power were studied with fixed ECU
parameters (spark advance and lambda). At low-speed full-load (4500 rpm WOT) and high-speed full-load (9500
rpm WOT) the performances of the engine equipped with IDCs were found to be better than Original engine, with a
max power gain of about 1.4 kW. At medium-speed fuil-load (7000 rpm WOT) the power improvement seems to be
mainly due to the muffler, different from the Original one, and not to the boost itself. Pressure analysis confirmed
that the IDC insertion allows the intake pressure to rise in any case, but its effect also depends on the proper timing
with respect to intake valves opening phase and in-cylinder pressure level.

Future work will be based on a deeper analysis concerning pressure waves. Measurements will be carried out in
several points, even inside the Drum Charger. This should allow to better understand the boost generation
. mechanism and should produce useful data for setup and tuning of CFD models. ‘
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Abstract

The Radio-Frequency (RF) Corona Ignition System is an innovative and promising technology able 10 produce muitiple streamers
to ignite the fuel throughout the combustion chamber. This system, compared to a conventional spark ignition system, involves
wider initial combustion volumes and allows the engine to operate in stable conditions at leaner mixtures, higher EGR dilutions,
with faster burning rates and enabling advanced combustion strategies. Due to the intrinsic operating features of the RF corona
ignition system, the production of a plasma generated by a high frequency electrical field, the energy released to the surrounding
medium is a fundamental parameter to understand its behaviour and impact on a given air-fuel mixture.

The aim of this paper is the energetic characterization of a prototype of corona igniter, called Advanced Corona Ignition System
(ACIS), by measuring the pressure increase caused by the sireamers in a controlled environment, a pressure based calorimeter.
The ACIS resulis are also compared with a multiple spark discharges (MSD) ignition system based on standard Federal Mogul
spark plug technology characterized by an integrated electronics capable of managing up to 17 consecutive discharges. The energy
evaluation was carried out at room temperature with air at different pressure levels, up to 10 bar.
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1. Introduction

_ Modern engine technology targets are to improve the energy conversion efficiency and reduce exhaust emissions of
the combustion system for given operating conditions. To succeed in exploiting ulira lean air-fuel mixture combustion,
opportunities are offered by applying innovative systems based on low temperature plasma-assisted ignition [3, 2}.
These innovative ignition systems, by means of different ion and excited species production mechanisms, add new
paths {0 start a reaction chain that leads to combustion [3]. Furthermore, transient plasma showed to accelerate the
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eatly combustion phase and, more in general, improve engine performance thanks to the multiple spread ignition
locations in the areas of greatest active species production [4, 5). The oxygen, in atomic, ionic or excited state, seems
to be the key chemical species for the plasma ignition [6, 7]. Engine combustion results stabilized and the lean limit
is extended with respect to the conventional spark igniter [8, 9]. Also, it has been proved that the low temperature
plasma can extend the EGR dilution folerance [10, T1].

At present, there are only few attempts to model the plasma ignition process because of challenging issues due Lo
the plasma formation timescale, which is orders of magnitude smaller than the ignition process timescale [12],

From a general point of view, the thermal energy delivered to the air-fuel mixture is 2 key parameter as it heavily
affects the flame kernel formation and then the production of a correct ignition [13]. The aim of the present work is to
agsess the thermal energy released to the medium by the streamers produced by an RF Corona Ignition System and,
then, to compare it with the energy released by a conventional system. This investigation concerning low temperature
plasma ignition systems has not been reported in the literature yet, to the best of authors’ knowledge. Indeed, even if
the production of the ion and excited states that starts and promotes the combustion is supposed to be the main feature
of the low temperature plasma produced by the ACIS, these chemical activities cannot be separated from the thermal
phase that, actually, is spatially distributed, enhancing the chemical kinetics of the exothermic fuel oxidation, resulling
in the combustion initiation []. Therefore, it is essential to measure and assess the deposited thermal energy.

To this end, the thermal energy delivered by the ignition systems is measured in a simplified and controllable envi-
ronment, i.e. a constant volume cylindrical vessel, operated at different pressures. Furthermore, the primary electrical
energy supplied to the ignition systems is also measured (for the conventional igniter) or calculated (for the ACIS) to
address how much of the electrical energy supplied to the igniter is transmitted to the chamber medium.

Nomenclature

ACIS Advanced Corona Ignition System

MSD Multiple Spark Discharges

Vs Supply Voltage Offsct

Epg Energy Supplied to the Primary circuit

Erg Thermal Energy Released to the medium

U‘ES Standard deviation of the Eps data distribution
o’%ﬁR Standard deviation of the E1x data distribution
ne Electric efficiency

Poramber Pressure in the bomb chamber

2. Experimental set-up and methodology
2.1. Test-bench description

The experimental campaign is carried out using a constant volume vessel to allow free management of the operating
‘conditions as pressure, temperature, gas type, volume and geometry. The inner bomb volume (22.5 - 10° mm?} is made
out of Plexiglas for its low thermal conductivity (0.187 W - m~' X'} and to allow optical access.

The bomb works as a calorimeter, equipped with a piezoelectric low-pressure sensor (Kistler Type 7261, sensitivity
of 2200 pC - bar™, max pressure resolution of = 107 bar) to measure the enexgy released in the chamber to the
medium by the streamers, The pressure sensor and the igniter tip (fig. 1.a) are mounted opposed to each other (fig.
1.b). The charge signal produced by the pressure sensor is amplified and converted to a proportional voltage signal by
a charge amplifier (Kistler Type 5017) and then acquired by a fast oscilloscope (Teledyne LeCroy Wavesurfer 3000).
The oscilloscope also collects the signals produced by a thermocouple which monitors the chamber temperature, by
a current probe (Teledyne LeCroy CPO30, sensitivity of 10 mA - div''y and by a Teledyne LeCroy PPO20 passive
probe. In the case of the single or multi-spark tests, the electrical energy supplied to the primary circuit is estimated
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by measuring voltage and current simultanecusly. These measurements allow to accurately assess how much of the
supplied energy is converted and deposited in the medium as thermal energy.

Fig. 1. Detail of the ACIS 4-ips elecrode (a). Detail of the bomb chamber {b).

The conventional spark igniters are driven by an Arbitrary Wave Generator (HP 33120A) that triggers the spark and
controls the frequency and the number of the multiple spark events [14]. The gas which fills the bomb is supplied by
cylinders for its purity, since it can widely affect the behavior of the streamers (i.e., the induced plasma), in particular
for the inclusion of electronegative species like oxygen {13, 161, The medinm is replaced before any test sequence.

22 Methada!agy and procedures

The oscilloscope sampling frequency is 10 MHz, 10 times bigger than the frequency of the ACIS current (about
1 MH?z). The natural frequency of the pressure sensor is = 13 kHz and therefore it can not be used to resolve pressire
components above this frequency. When the carrent starts, it suddenly induces electronic noise that heavily affects the
pressure (fig. 2.a) and only after some tens of s a response is visible. This delay is compatible with the traveling 1ime
of a pressure wave across the bomb at the speed of sound, from the igniter fip to the sensor. The pressure rise is quite
complex, probably due to the interference of the reflecting waves and the streamers persistence.

Infig. 2.a whole ACIS, single spark and MSD events are showed. The noise heavily affects the pressure signal with
many components in the frequency domain (fig. 2.b). Therefore a low-pass filter at 2 kHz is needed to smooth out
the signal adequately. Finally, the difference between the average pressure after and before the streaming/spark event
generates a pressure step AP, '

a5

15 4

2 25
Timme, ms Frequency, Mz e

1.5

Fig. 2. Raw data acquired by the pressure sensor from three different events produced by the ACIS (black), Single Spark (red) and Maltiple Spark
(yellow) at Pogemper = 10 bar a). ACIS frequency spectrwm of the smoothed stgnal at 3.5bar (black) and of the raw signals al | bar (red), 5.5 bar
(yetlow) and 10 bar (purple) (b).
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From the evaluated AP, the energy E delivered to the chamber medium is then calculated, by assuming the chamber
as an adiabatic system [13], becaunse the increase of the gas temperature during the streaming is negligible, and the
chamber wall is an excellent insulator, Under these conditions, applying the first law of thermodynamics the following
equation is obtained

1
E=—V.-AP
y-1 . S
where v 15 the specific heat ratio, and V, is the chamber volume. For each operating condition, about one hundred AP
are collected and averaged fo obtain the value of E.

3. Results and discussion

The measurements were carried out at room temperature and at increasing chamber pressure levels fo take into
account the pressure influence on the released energy: 1 bar, 3.5 bar (5 bar in the MSD test) and 10 bar. Inthe ACIS
case, we included a sensitivity analysis on the main control parameter, i.e. the Supply Voltage Offset (V, s}, that sets
the input to the high frequency amplificr to properly match the energy requirement of the working conditions {9, 8],

3.1. Single Spark

The energy supplied to the primary circuit (primary energy supplied, Epg) is almost constant during the whole
recorded data-set and approximately independent of the bomb condition, near 105 mJ for any pressure level. Indeed,
the standard deviation (o‘ﬁs) is around 1.5 mJ for any pressure, larger than the difference between each Epg at the
various Popanker. Data are summarized in table 1.

For each Ppamper, the thermal energy released by the spark to the medium (E7g) resulted to be constant for the
whole tests. The distribution of Erg data series is quite variable (see 0%, column of tab. 1, the relative o', is about
17%, 9% and 17% for 1 bar, 5.5 bar and 10 bar, respectively) but it does not show any particular trend as the pressurc
increases, even if measurement conditions are limited to clearly identify a trend.
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Fig. 3. Single Spark (a) and MSD (b) Ignition System: enérgelic assessment of the measured values for the theee different bomb inner pressure
Pramber: Evg (black squares) and Epg (red squares).

As expected, Erg depends on the chamber pressure: the higher the pressure, the larger the dieleciric between the
electrodes and the higher the power needed. In other words, stronger electric field is required to reach the breakdown
and arc condition. The average value of the released thermal encrgy Erg ranges from 0.83 mJ at ambient pressure to
5.31 mJ at 10 bar, showing an almost linear trend (fig. 3.a). _

The efficiency increases as the chamber pressure increases, consistently with the released thermal energy, as the
primary supplied energy is basically constant, and it reaches 5.1% at 10 bar. Table | summaries the results for the

single spark case.
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Table 1. Single-Spark and Multi-Spark: energy supplied w the primary circnit Epg, thermal energy released in the bomb medium Erg, relative
standard deviation of the data distribution (a'gs and cr]’fR. respectively) and overall efficiency .

Ignition System  Pepuuper ibar]  Eps mf]  oh ImJ] Epglmd) ok (md] o

i 105.1 16 0.83 014 08%
Single Spark 55 105.1 L5 2.95 0.3 2.8%
10 104.7 15 53 09 51%

_ 1 4355 16 653 008 0.1%

MSD 5 4245 52 8.75 0.8 2.1%

10 401.0 9.2 19.1 19 4.8%

3.2. Multiple Spark

The MSD Ignition System is similar to the previous igniter as for the general features, but it produces many sparks
in a short amount of time, belonging to the same event, and the energy management is therefore quite different. Fig.
4.a shows how the primary circuit is fed vs. time (Epg per sumple, black solid line), essentially reflecting the supply
current trend during an event. The first charge is by far the most intense and longest; the first breakdown is well
recognizable by the first sudden drop of the supplied energy. The breakdown characterizes the thermal energy release .
start (E¢g red Hne of 4.a). The released energy growth continues until a new spark recharge process starts (in Erg this
identifies a local maximum), beginning a new loop of the spark plug charge-discharge process. The last breakdown
triggers a longer discharge and, consequently, a greater cnergy release phase, i.c. the last glow phasc. This behaviour
is in good agreement with the results of previous works on analogous ignition systems ({14, 17]).

e 0o Eneray Supplied per spark produced
18 sp g (b}

16 80

‘14 'é. I3

gz-é E’ BO

= 2

;Qg‘ :n% 50 1 bar
5‘5 & a0 %5 bar
: s 3-!_, 30 # 10 bar
4

.2
o 102 3 4 5 5 7 8 9 10 P 12 33 14 15 16

Spark

Fig. 4. Multi-spark test case. (a) example at Pepomper = 10 bar: energy per sample supplied to the primary circoit (black solid line), thermat encrgy
Eyg per sample releascd to the medium (black. dotted linc) and the overall thermal energy Eyg {the sum of cach sample contribution, red line).
(b): energy supplied to the spark plug primary circuit for cach one of the 17 sparks produced by the MSD during a single event, equivalent 1o 17
breakdown for event.

After the breakdown, the arc and glow phases occur and require few ms to fully develop [13]; during these phases
energy is released. In the MSD processes, a new charge-discharge loop breaks the previous arc-glow phase before it
completes, except for the last breakdown,

The black dotted line of fig. 4.a represents the released thermal energy Erg per sample. It is heavily affected by
the data processing (in particular, by the low pass filter, see the yellow line in fig. 2.a} so that the local information
is smoothed and spread out on a wider time interval. Nevertheless, it keeps track of the deposited energy amount of
each spark. Each local maximum is centred on the intervals whose limits are defined by Epg = 0mJ, i.e. charge and
discharge are alternate; the last peak is asymmetrical, with a prolonged tail, that is due to the largest thermal energy
released by the last discharge glow phase. Eyg per sample and Epg per samnple are plotted on the same axis on purpose,
to altow their comparison, as their ratio is the energy efficiency.

The value of the sum of the Epy per sample for each spark (fig. 4.b) is variable but the first discharge is by far
the most energetic, The MSID system absorbs most of the required energy in the 3 ms preceding the first spark. This
energy is then stored and partially refilled before each breakdown and finally dissipated with the fast spark event.
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The MSD showed a quite constant Epg for the whole test, while it is slightly dependent on Pgpamp.r, showing a
decrease with pressure, which was negligible for the single spark. In this case, Peyguper has an impact with such an
high level of energy. The data dispersion is not so stable, but results independent of the Poumper (arﬁs column, tab. 1),

The Erg follows the single spark trend, approximately linear (fig. 3,b): almost constant for the test duration and
considerably affected by Pamter, increasing quickly with Poygmper (reaching about 19 mJ at 10 bar). The data disper-
sion does not affect the high pressure data distribution excessively (see o, column in tab. 1), As expected from the
Epg and Erp trends, the efficiency increases with the bomb prossure Poamner- Data are summarized in tab. |

3.3. ACIS

The ACIS has different setting parameters that can be adjusted to modify the streamer behaviour. We took into
account the main parameter V7, only, as exploring the full range of settings and control parameters would be beyond
the scope of this work. On the other hand, the V,;;; exploration is fundamental, because it defines the power supplied
to the igniter and its value is expected to be calibrated and set up for each engine operating condition [9], Furthermore,
we found there is not a commaon value of V,;; that optimizes the three tested pressures of 1, 3.5 and 10 bar.

The Vr; operating window is determined by finding the power conditions of minimum value, below which there is
no streamers production, or of maximuom value, above which the undesired arc condition appears and the ACIS works
in spark mode [9]. The window is then divided in four intervals of about the same width. It should be noted that,
while the lower limit depends on the medium density only, the upper limit is variable according the arc conditions
due 10 Pehamber. At 1 bar the arc takes place between the igniter tip and its tip holder, while for higher pressure the arc
conditions are achieved near the pressure sensor. The whole test campaign is summarized in table 2.

Table 2. ACIS resulis. org is the standard deviation of the released energy Eyg distribution assumed as width evaluation.

Poyamper (bar}  Vorr (VY Eps Ind]  Erg(mJ]  orrlml/l  orel%l  ne

1t 42.4 0.55 0.17 31.6% 1.3%

18 99 2.53 0.21 B.3% 2.6%

1 24 162.5 9.12 0.30 33% 5.6%

30 238 200 0.6 29% 4%

36 326 31.6 1.6 5% 9.7%

32 266 0.22 0.21 93.4% 0.1%

40 391 4.06 0.46 11.3% 1.0%

5.5 47 516 16,7 1.0 61% 3.2%
54 653 43.2 50 H. 7% 6.6%

62 831 64.5 5.5 8.5% 18%

44 460.5 .77 0.25 3i9%  02%

47 516 14 0.25 17.2%  0.3%

10 50 574 29 0.25 8.6% 0.5%
33 634.5 54 0.7 13% 0.9%

56 697.5 8.35 0.84 10.1% 12%

The electrical energy supplied to the ACIS igniter can be evaluated as a funciion of the setting parameters. Epg «
V17208 independently of the applied pressure inside the bomb: the trend of this function is well visible in fig. 5.a,
whcre al the three cases overlap.

The thermal energy released to the medium qumkiy increases with the voltage offset V,;;, while the pressure
increase, at constant V, ¢y, reduces Erg, essentially because the conditions to establish streamers become harder. The

- measured points lie on the fitting curve Erp ngf (fig. 5.b). The growth of Ppampr Moves those curves to higher

voltages; it is difficult to derive a unique law which describes the three curves. The interval width of V,z, heavily
affects the energy development. However, the trend of Erp being proportional to V? f - is well established.
‘The ACIS efficiency shows three different intervals, varying Eq ;- (fig. 5.c):

1. low V7 - this interval is characterized by a slow increase, like the slow E7y starting increase;
2. intermediate value of the Vs - it is characterized by a fast growth; in this section the increase of Eg with Vyrp

is much faster than the supplied energy growth Epy in the same V,,rr phase;
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3. high value of V,; - it is characterized by a new reduction of the growth rate, duc to the dependence of Evg and
Eps on the respective powers of Vs, namely 2 and 1.7208, such that, finally, 7 « Vf,’ffm. OF course, nothing is
inferable for higher values of Vs, :

BE Covyng - EHILergy

RiCoroha -Fomany tnergy Supaliad 5 EE farnm - Hreeay fledis v
5

" ria) |

Fig. 5. ACIS; energy supplied to the primary circuit Epg {2} thermal energy released to the chamber medium Erg (b) 2 at | bar (orange}. 5.5 har
{grey) and 10 bar (blue); energetic efficiency n, = Erp/Eps for the three different values of the bomb pressure Pepamper {€).

Finally, the width of the released energy data distribution, produced by the sequence of the streamer events and
estimated by the standard deviation org (5* column of tab. 2), shows a very light increase with V7, corresponding
to a pronounced relative reduction. The oy values corresponding to the lowest V, ¢, suffer from the weak and noisy
signal produced by the ACIS in those operating conditions.

4. Conclusions

The measurement of the energy deposited in pure air by three different ignition systems, one of which is a low
* temperature plasma-assisted igniter, has been carried otit at three chamber pressures. The results showed that, varying
the pressure, the energy supplied to the primary circuit for the single spark system is about constant while the trend of
the multiple spark case is slightly decreasing. The energy led to the ACIS system is fully independent {rom the bomb
inner pressure.

The second result obtained is the measurement of the thermal energy provided to the chamber medium by the
ignition systems: the single and multi-spark systems showed the same increasing trend with the pressure increase.
Similarly, the efficiency of these two systems 1o release the absorbed electric energy increases with the pressure.
The ACIS thermal energy released case is a bit more complex. The pressure increase produces a marked drop in the
released energy, with the same V, 7, (same energy supplied). Actually, higher V, Jrl.e't:)pf:rati.ng values are available to the
ACIS system, so that the system is capable of reaching very high Erg values, if compared to the spark plug system.
This energy can be increased until the system reaches the undesired arc conditions, established by the geometry of the
chamber. The efficiency reaches the highest levels for Jow pressure and has a clear trend change for the highest V.
but without an actual inversion towards low values.

Therefore, in a real engine application, in principle it is possible to manage the deposited thermal energy in the
working medium, by properly setting the control ACIS parameters, in particular V,r, depending on the operating
conditions (i.c. engine point, equivalence ratio and/or EGR rate).

Further analyses will be carried out to better understand the ACIS system, in particular as a function of the different
working parameters and by exposing the streamers to various gas types and pressures. '
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Introduzione

L’attivita di ricerca svolta nei tre anni ha riguardato diversi aspetti della sintesi e della realizzazione
di componenti a microonde. Una parte della ricerca si & concentrata sull’aspetto piu tecnologico
riguardante la costruzione di componenti a microonde mediante I'uso di tecniche di Additive
Manufacturing. Un’altra parte ha riguardato, invece, lo sviluppo sia di nuove fecniche di
progettazione che di nuovi componenti, concepiti in modo da trarre vantaggio dalla realizzazione
mediante tecniche di stampa 3D.

Tecniche di additive manufacturing

Le tecniche di additive manufacturing prevedono 1’uso di stampanti 3D per la realizzazione fisica di
componenti meccanici in generale. Nello specifico & stata esplorata la possibilita di costruire
componenti a microonde, tipicamente in guida d’onda, mediante stampa 3D. Tale possibilita &
molto interessante sia per la realizzazione di prototipi sia per esplorare la possibilita di realizzazione
di piccole serie di dispositivi. Le principali peculiaritd della manifattura additiva, infatti, sono la
possibilitd di poter costruire in breve tempo e a costi ridotti prototipi di componenti che, invece,
sarebbero costosi da produrre mediante tecniche classiche. Le stampanti 3D possono essere di vario
tipo, con una differenziazione fondamentale per il tipo di materiale che utilizzano. In particolare
esistono alcune stampanti che utilizzano plastica come materiale di stampa e altre che utilizzano
delle leghe metalliche. Le prime sono pit semplici e, quindi, meno costose. Entrambe costruiscono
il componente accrescendo una serie di strati di materiale, in modo da dare la forma al componente.
Questa & la differenza fondamentale dei processi additivi rispetto a quelli sottrattivi, che invece
partono da un blocco di materiale grezzo per poi rimuovere cid che non serve. Ovviamente, a
seconda del tipo di materiale utilizzato per la stampa, cambiano anche i costi sia della stampante sia
del prodotto finito. In particolare la stampa su plastica & la soluzione sicuramente piti economica. La
deposizione della plastica pud avvenire in diversi modi. La tecnica pitl semplice ¢ la FDM (Fused
Deposition Modeling), dove un filo di materiale plastico (PLA o ABS) viene fuso attraverso un
estrusore e depositato, Tale tecnica ¢ molto economica ma poco precisa, quindi mal si adatta ala
produzione di componenti a microonde. Un’altra tecnica ¢ detta SLA o stereolitografica, dove una
resina liquida viene polimerizzata attraverso un raggio laser. Questo metodo € molto pilt preciso,
quindi maggiormente adatto alla costruzione di dispositivi a microonde. Infine c’¢ la cosiddetta
tecnica PoliJet, dove un getto di materiale plastico liquido viene istantaneamente polimerizzato
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attraverso 1’uso di laser o raggi UV e depositato sul componente. Per quanto riguarda le stampanti a
metallo, queste usano una polvere metallica che viene parzialmente fusa attraverso un laser ad alta
potenza (o sinterizzata) in modo che una singola goccia possa aderire al corpo del componente. Se il
metallo @ riscaldato a bassa temperatura, una singola pallina di materiale si attacca al resto del
componente gia realizzato. Se, invece, la polvere ¢ riscaldata ad alta femperatura questa si fonde
completamente e si unisce al resto della parte meccanica in maniera piil uniforme. La differenza tra
i due casi consiste nella migliore resistenza meccanica dei componenti realizzati con il secondo
processo. Ovviamente il processo stampa € pilt costoso rispetto alla stampa su plastica, sia per le
polveri sia per 1 macchinari impiegati. '

Per effettuare le sperimentazioni & stata impiegata la stampante in dotazione al Dipatimento di
Ingegneria dell’Universitd di Perugia, ovvero una Formlabs Form2. Essa usa la tecnica
stereolitografica, che come detto polimerizza una resina plastica. Il processo costruttivo avviene
attraverso |’accrescimento di strati di materiale plastico, con una risoluzione, ovvero uno spessore
dei singoli strati, che pud essere di 25 um, 50 um oppure 100 um.

In effetti I’accrescimento avviene dall’alto verso il basso, partendo da una base metallica piana che
fornisce da sostegno. Per ragioni di produzione del pezzo, il software che controlla la stampante
(FormLabs PreForm)}, aggiunge dei sostegni a traliccio come si vede sia in Figura 1 che in Figura 2.

g, Bnptans

- Detinglo di un QethoMede Trrasducer (GRDY realizoato con To teoniohe J1 Addiive Manufiely

zostegnt aggientt dal softwurs di stamps

I sostegni sono necessari perché, altrimenti, la resina potrebbe essere polimerizzata in punti dove
non pud attaccarsi al componente principale ¢ si formerebbe un grumo di materiale plastico flottante
nella resina.
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Nella prima fase sono stati realizzati alcuni componenti neti, in modo da poter valutare
’accuratezza meccanica e la ripetibilitd, oltre a poter confrontare le caratteristiche con i corrispettivi
componenti costruiti mediante tecniche tradizionali. Questi comprendono semplici tratti di guida
d’onda, risonatori in guida rettangolare, OMT e filtri a elica.

Dai test effettuati si nota una buona precisione nella realizzazione dei componenti. In particolare
sono stati anche valutati gli effetti dell’orientazione del componente da realizzare sulla rugosita.
Dato che il materiale viene depositato strato su strato, nelle pareti si formano inevitabilmente delle
righe corrispondenti ai vari strati. Per ridurre questo effetto ¢ conveniente ruotare leggermente il
componente {con angoli da 30° a 45°), come mostrato in Figura 1 e Figura 2. In questo modo si
minimizza il numero di pareti disposte orizzontalmente o verticalmente e la rugosita superficiale
dovuta alla stampa 3D diminuisce.

Dopo le prove iniziali, la seconda fase dell*attivitd ha riguardato la messa a punto di una procedura
affidabile per la metallizzazione dei componenti. Sono state prese in considerazione diverse
tecniche, in particolare:

1.

La deposizione di alluminio vaporizzato si & rivelata insufficiente, sia per lo spessore esiguo
della metallizzazione che per la qualita della deposizione. I componenti realizzati con tale
tecnica hanno manifestato perdite elevate a microonde. Questa tecnica necessita I'invio dei
componenti ad aziende del settore, quindi con un incremento dei costi e dei tempi di attesa;
I.’uso di vernice d’argento non consente di avere una copertura omogenea delle superfici. I
difetti riscontrati sono la rugosita superficiale e la presenza di spazi vuoti senza metallo,
lasciati sia in fase di deposito della vernice che in fase di asciugatura;

L’uso di vernici spray conduttive si & rivelato anch’esso non adeguato. Le vernici a base di
grafite lasciano uno stato ben uniforme ma la resistenza misurata (in corrente continua) &
dell’ordine della decina di KOhm, quindi troppo elevata. Le vernici a base di rame, invece,
non lasciano uno strato uniforme di metallo, fatto confermato dall’impossibilita di misurare
una resistenza in continua mediante tester, per via dell’estrema variabilita del valore indicato
a seconda di dove si appoggiano i puntali del tester;

La tecnica che si & rivelata migliore ¢ la combinazione della vernice conduttiva di argento
con la deposizione elettrolitica di rame. Questa soluzione permette di avere una superficie ad
elevata conducibilitd e a bassa rugositd, in quanto l’elettrodeposizione del rame tende a
livellare la superficie. Inoltre, vengono anche coperti eventuali piccoli buchi lasciati dalla
verniciatura. La stessa tecnica & stata provata anche partendo da un substrato di grafite
depositato tramite vernice spray, tuttavia la deposizione galvanica che ne deriva non &
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uniforme come nel caso della vernice a base d’argento. La spiegazione & da ricercare
nell’elevata resistivita della grafite che non consente un’uniforme deposizione del rame su
tutta la superficie del componente. Appare, inoltre, pit difficile la deposizione galvanica del
rame sopra alluminio vaporizzato del punto 1, poiché sarebbe necessario un ulteriore strato
di nichel che fa da collante tra i materiali.

In definitiva la deposizione elettrolitica del rame appare come la soluzione migliore per la
metallizzazione di componenti a microonde di plastica, sia per qualita della metallizzazione sia per
il fatto di poter fare tutto il processo direttamente in casa. Rimane da valutare bene lo spessore
ultimo della metallizzazione, che varia in funzione del tempo di esposizione. Inoltre, in base allo
spessore del metallo sara sicuramente necessario compensare le dimensioni interne dei componenti.
Dato che la deposizione galvanica avviene su superfici in precedenza metallizzate con vernici,
risulta necessario poter accedere liberamente alle superfici interne dei componenti. Per questo
motivo appare sensata la realizzazione dei componenti in parti che saranno poi assemblate dopo la
metallizzazione mediante viti di chiusura, come ad esempio per ’'OMT in figura:

Trpesanain b

P

Come prima prova di componente metallizzato & stato considerato un semplice filtro del terzo
ordine in guida d’onda rettangolare WR-90:

Flgura & - Fittro del tereo ovdine. in fzura sano vind snche fo varie sl 8 meinifivaasisng,

Come si vede in Figura 5, dal componente plastico con i supporti rimossi, si passa alla deposizione
della vernice a base di argento e alla successiva deposizione elettrolitica di rame che porta al
componente finale. Dalle misure effettuate tramite analizzatore vettoriale di reti, risulta una risposta
in linea con la simulazione effettuata in precedenza. In particolare la banda & perfetiamente centrata
e le perdite sono in linea con le simulazioni. Siccome la banda del filtro ¢ del 2% e che I’insertion
loss in banda & di circa 0.1dB, il fattore di qualita risultante & pari a circa 6400, un valore pit che
buono ed in linea con quanto si ottiene mediante i classici processi sottrattivi.
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Sviluppo di componenti innovativi

La seconda parte dell’attivitd di ricerca & stata concentrata sullo sviluppo di componenti a
microonde innovativi che, in particolare, potessero avvantaggiarsi delle tecniche di manifattura
additiva. Infatti, la stampa 3D consente di realizzare con relativa facilitd delle geometrie che
altrimenti sarebbero estremamente complicate, se non impossibili, con le tecnologie classiche o
sottrattive.

Come primo esempio & stata sviluppata una famiglia di filtri in guida evanescente con diverse
frequenze di funzionamento. I filtri sono particolarmente significativi per testare le prestazioni di
una tecnologia costruttiva, poiché sono particolarmente sensibili alle tolleranze meccaniche ¢ ai
difetti della metallizzazione, come la rugositd superficiale, che hanno I’effetto di aumentare le

perdite d’inserzione. In Figura 7 € raffigurata la struttura di base utilizzata per lo sviluppo di tali
filtri.

La struttura di base € composta da una coppia di risonatori inseriti all’interno di una guida sotto
taglio {evanescente). La forma dei risonatori, che ricorda dei funghetti, & tale da permettere una
notevole riduzione delle dimensioni, sia trasversale che lungo la direzione dei perni. Infatti, i dischi
postl in cima ai post metallici permettono di ottenere una capacita relativamente elevata che carica i
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post stessi, garantendo upa frequenza di risonanza piu bassa, a paritd di volume complessivo
occupato, rispetto al caso di post metallici uniformi. Questa geometria ha anche il vantaggio di
allargare la banda soppressa fino alla terza armonica. L’accoppiamento tra i due risonatori &
realizzato mediante un filo che connette i post metallici. L'altezza del filo pud essere regolata per
modificare I’accoppiamento tra i risonatori. Dal grafico di Figura 8 si nota come il modo dispari sia
influenzato dalla posizione del filo di coliegamento, mentre la frequenza di risonanza del modo pari
rimanga praticamente invariata.
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Questo dimostra 1l fatto che I'accoppiamento tra i due risonatori, che pud essere ricavato dalla
formula:

2 2

k - ,fm)’d T Jeven
2 2

f ockd + )

aumenta all’aumentare dell’altezza h alla quale si connette il filo.

I.’accoppiamento con I’esterno avviene mediante il collegamento di due cavi coassiali direttamente
sul filo di interconnessione tra le cavitd. Questa particolare soluzione consente di ottenere anche
degli zeri di trasmissione, come si vede in Figura 9.

600 700 800 900 1060 1100 1200
Frequency {MHz}

Pl e €7 TIPS e POl ieceb 10 Paveruar i o i s 100 s gricrnesy b Eay o1 d oy vewe : N I - P
b V- spostawenty Gegl et S reannisgione sl varlore deldn diviaees del coaseind df ineressaduneln

In particolare ¢ mostrato come variando la distanza tra i punti di connessione dei coassiali, si ha uno
spostamento dei due zeri di trasmissione posti a destra della banda passante.

Un semplice filtro a due cavitd cosi progettato & stato costruito mediante la stampante 3D a
disposizione del dipartimento.
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Come si vede dalla Figura 10, il componente ¢ stato realizzato in due parti, la base con i risonatori

attaccati e il coperchio.
Per la metallizzazione delle superfici interne del componente ¢ stato utilizzato il metodo illustrato in

precedenza che consiste in una prima deposizione di una vernice conduttiva a base di argento
seguita da una deposizione elettrolitica di rame.

In Figura 11 si vede il componente finale con il rame depositato. Sono stati realizzati diversi
prototipi dello stesso filfro, funzionanti a frequenze diverse, semplicemente scalando le varie
dimensioni. Questo per verificare la ripetibilita della realizzazione anche quando si aumentano le
frequenze di lavoro. [ due filtri realizzati hanno una frequenza di centro banda di 750 MHz ¢ 2.8
(GHz ed una banda passante del 2.2% in entrambi i casi.
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In Figura 12 sinistra & visibile la risposta in frequenza del filtro a 750 MHz. La banda ¢ ben centrata
con quanto simulato perché sono stati utilizzati due elementi di sintonia per regolare la frequenza di
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risonanza delle cavitd. Gli accoppiamenti, invece, non sono stati toccati. Si vede una
sovrapposizione quasi perfetta tra le curve. Le perdite misurate in banda passante sono leggermente
superiori a quanto simulato, per effetto, molto probabilmente, della rugosita dovuta sia alla stampa
sia alla deposizione del metallo.

In Figura 12 destra ¢ raffigurata la risposta in frequenza del filtro funzionante a 2.8 GHz In questo
caso non sono stati utilizzati elementi di sintonia per aggiustare la frequenza di risonanza delle
cavitd. Lo spostamento in frequenza osservato, comparabile con quanto ottenuto sul precedente
filtro prima della sintonia, & davvero molto piccolo (minore del 2%). Lo spostamento ¢ avvenuto
verso le alte frequenze, segno di un accorciamento dei post interni alla cavita, dovuto probabilmente
ad una riduzione di volume della resina durante la sua essiccazione. Anche in questo caso le perdite
misurate sono leggermente superiori a quelle simulate, sempre per effetto della rugosita.

La struttura illustrata sopra & stata ulteriormente affinata utilizzando dei risonatori accoppiati
mediante la tecnica del mixed coupling. Tale tecnica consente di aggiungere degli zeri di
trasmissione senza la necessita di realizzare cross coupling tra i risonatori. La tecnica tradizionale
del cross coupling crea pili percorsi tra ingresso ed uscita. I segnali che viaggiano nei vari percorsi
interferiscono tra loro creando degli zeri di trasmissione nefla risposta in frequenza del filtro. La
tecnica del mixed coupling o electric and magnetic coupling, invece, utilizza un accoppiamento sia
induttivo che capacitivo tra due risonatori adiacenti in modo tale che, ad una specifica frequenza,
I’accoppiamento complessivo risulti risonante, creando quindi lo zero desiderato.

La struttura di base presa in considerazione per tale scopo ¢ mostrata in Figura 13.

d

La struttura di base ¢ formata da due risonatori inserifi all’interno di una guida sotto taglio
(evanescente). | risonatori sono caricati con una capacita finale che ha 'effetto di ridurre la loro
lunghezza a parita di frequenza di risonanza. L’accoppiamento tra i due risonatori avviene mediante
due meccanismi. L’accoppiamento induttivo si ottiene mediante la presenza del filo che connette i
perni. Esso pud essere regolato variando ’altezza / del filo, in particolare, maggiore ¢ I'altezza k
pil grande & "accoppiamento induttivo tra i due risonatori. L’accoppiamento capacitivo € invece
ottenuto mediante i gap di spessore 4 tra 1 cappelli dei risonatori. In questo caso, minore ¢ la
distanza d tra i1 cappelli maggiore & 'accoppiamento capacitivo. Da notare che i perni di base dei
risonatori rimangono sempre alla stessa distanza.

Con questa tecnica € stato sintetizzato un filtro a quattro cavita (Figura 14).
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1l filtro & stato misurato utilizzando 1’analizzatore vettoriale di reti Keysight N5230A disponibile in
dipartimento ed il risultato & mostrato in Figura 15.

Scattering parameters (dB)

Da notare che, per compensare lo spostamento della risposta dovuta alle tolleranze meccaniche di
produzione, sono state utilizzate anche delle viti M2 in corrispondenza dei risonatont e degli
accoppiamenti.

Di particolare interesse anche la risposta del filtro a banda larga, dato che questa tipologia di filtri
ha una soppressione delle spurie fino a frequenze superiori a 3*£0.
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Come si vede dalla Figura 16, il filtro garantisce la soppressione delle spurie fino a circa 8 GHz,
quindi fino alla quarta armonica.
L’ultima tipologia di filtri studiata sono i filtri coassiali in linea come quelli raffigurati in Figura 7.

Coaxial
lines

La struttura & formata da una cascata di cavita coassiali, che possono essere anche ripiegate come in
figura per occupare meno spazio. Le linee di trasmissione che formano tali risonatori sono
ovviamente delle linee TEM. La linea coassiale deve essere sostenuta il qualche modo e questo
avviene mediante I'uso di alcuni supporti metallici, indicati sempre in Figura 17. Tali supporti
metallici funzionano come elementi di accoppiamento tra i risonatori, quindi sono utilizzati per
fissare la banda ed il return foss dei filtri.

Per ridure ulteriormente lo spazio occupato, sono stati inoltre sintetizzati dei filtri che utilizzano
dei risonatori di tipo SIR (Stepped Impedance Resonator), ovvero risonatori con una linea coassiale
con salti di impedenza caratteristica, e filtri con risonatori lunghi /4 (Figura 18).

fE rsipnit e
T TIER SRH

Nel primo caso, la variazione di impedenza caratteristica della linea permette di ottenere un
risonatore pilt corto di A/2, pur mantenendo la stessa frequenza di risonanza. Nel secondo caso, la
Junghezza dei risonatori & di fatto dimezzata rispetto al progetto iniziale, grazie al fatto che un capo
del coassiale viene lasciato a circuito aperto. Un altro grosso vantaggio di queste soluzioni consiste
nello spostare la risonanza del primo modo superiore a frequenze molto alto, tipicamente superiori
alla 3*10.

Tutti questi filtri sono stati costruiti utilizzando la tecnica additiva illustrata in precedenza,
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In Figura 20 sono mostrati i confronti tra le simulazione e i risultati sperimentali per i vari filtri a
risonatori coassiali.
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Dai grafici si vede come il comportamento fuori banda sia molto migliore guando si usano
nisonatori SIR o A/4, rispetto al progetto originale con risonatori A/2.
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Al Consiglio del Dipartimento di Ingegneria

Oggetto: Richiesta di un posto di Ricercatore tempo determinato ex
art. 24, comma 3, lettera a) - SC 09/C1 SSD ING-IND/08

Il sottoscritto Linda Barelli, in qualita di Responsabile scientifico di Unita di
Ricerca del progetto PRIN protocollo 2017F4S2L3_005 ammesso a
finanziamento con Decreto Direttoriale MIUR n. 1162 del 17/06/2019 e per
il quale a seguito di rimodulazione del Coordinatore Scientifico & assegnato
all'unita di ricerca il Contributo Miur pari a € 147.400 e Co-finanziamento di
ateneo pari a € 29.000 (per un costo totale di €176.400), per le seguenti
esigenze di ricerca di tale progetto pone all’attenzione del Consiglio del
Dipartimento la necessita di chiedere al Consiglio di Amministrazione
|‘autorizzazione alla copertura di un posto di ricercatore tempo determinato
tempo definito ex art. 24, comma 3, lettera a) - SC 09/C1 SSD ING-IND/08
per un periodo di tre anni, eventualmente prorogabile per ulteriori due, al fine
di poter realizzare il progetto di ricerca HERMES - High Efficiency Reversible
technologies in fully renewable Multi-Energy System.

Il costo complessivo del ricercatore a tempo determinato pari ad €112.085,13
verra coperto con i fondi esterni derivanti dal finanziamento del PRIN HERMES -
High Efficiency Reversible technologies in fully renewable Multi-Energy
Systemalla voce COAN 07.70.01.01.01 “costi operativi progetti-quota di
competenza per finanziamenti competitivi da miur - progetti di ricerca di
rilevante interesse nazionale” - UA.PG.DING. PRIN_2017BARELLI.

Nel rispetto del Regolamento per l|‘assunzione di ricercatori a tempo
determinato ai sensi della Legge 30.12.2010 n. 240 si forniscono di seguito le
seguenti informazioni:

A) SETTORE CONCORSUALE: 09/C1
B) Profilo: SETTORE/I SCIENTIFICO DISCIPLINARE/I: ING-IND/08
C) ATTIVITA’ DI RICERCA:

- Titolo del progetto in italiano: Analisi delle prestazioni di celle a ossidi solidi reversibili
per la generazione elettrica e |'elettrolisi

- Titolo del progetto in inglese: Performance analysis of reversible solid oxide cells for
power generation and electrolysis.

- Descrizione dell'attivita di ricerca in italiano:

In accordo all'attivitd prevista per I'Unita di Ricerca dell'Universita degli Studi di
Perugia nell'ambito del progetto PRIN HERMES sopra citato, |'attivita di ricerca sara
focalizzata sull’analisi sperimentale delle prestazioni di celle a ossidi solidi. Per quanto
al funzionamento in modalita diretta (cella a combustibile) saranno analizzate differenti
condizioni operative, incluse differenti modalita di alimentazione. Sara inoltre
investigato sperimentalmente il funzionamento reversibile in accordo a specifici ciclaggi




The research activity is scheduled according to HERMES project tasks leaded by
University of Perugia. Therefore, the attention is focused on the experimental
characterization of solid oxide cells performance. Regarding the direct working mode
(fuel cell) different operating conditions will be investigated, including several feeding
conditions. Also the reversible working mode will be studied under specific fuel
cell/electrolysis cycles, as an efficient reversible technology to be implemented in
multy-energy systems with high flexibility.

Docente referente: Linda Barelli.

D) ATTIVITA’ DIDATTICA, DIDATTICA INTEGRATIVA E SERVIZIO AGLI STUDENTI: 200
ore annue (regime a tempo definito) prevalentemente nell’ambito del SSD di cui alla
lett. B), di cui non piu di 5 ore per attivita di didattica ufficiale*;

E) Sede di servizio: Dipartimento di Ingegneria.
F) Lingua straniera: Inglese.
G) Numero massimo di pubblicazioni: 12.

H) REQUISITI DI AMMISSIONE ALLA VALUTAZIONE COMPARATIVA SONO:

- titolo di dottore di ricerca in Ingegneria Industriale e dell'Informazione o titolo
equivalente.

- Esperienza maturata nel campo della ricerca comprovante il possesso di solide
competenze di base nel SSD ING-IND/08




Disposizioni per il
finanziamento di
1 posto da
Ricercatore TD
SSD ING IND/08
Resp. prof. ssa
Linda Barelli
Autorizzazione
Ufficio Stipendi
pagamento
mensilitd

UNIVERSITA DEGLI STUDI DI PERUGIA
Dipartimento di Ingegneria

D.S.A. n. 24/2019
1l Segretario Amministrativo

VISTA la Legge n. 240/2010,

VISTO I'art. 32 del vigente Regolamento per iammmzstrazmne la finanza e la
contabilitd dell"Universita degli Studi di Perugia;

VISTA la nota del Dirigente della Ripartizione Gestione Risorse Finanziarie prot. N..
3449 del 03.02.2015 recante “Note opemtzve UGOV - modalita di
attivazione/proroga/rinnovi assegni di ricerca .

VISTA la direttoriale prot. n. 92123 del 15/12/2016 relativa alle nuove modalita
attivazione/proroga/rinnovi assegni di vicerca e ricercatori TD  dalla quale si evince
chiaramente che per la richiesta inoltra dalla Profissa Linda Barelli rientra nella nuova
modalita;

VISTA la richiesta inoltrata dalla Profssa Linda Barelli - per l'attivazione delle
procedure necessarie all’emanazione di un bando per ["assunzione di un ricercatore
universitario, con rapporto di lavoro subordinato a tempo determinato, con regime di
impegno a tempo definito, ai sensi e per gli effetti dell’art.24, comma3, lettera a) della
Legge 240/2010, SC 09/Cl1 SSD ING-IND/08, per un periodo di tre anni,
evenfualmente prorogabile per ulteriori due;

VISTA la delibera n. 15bis/1 del 8/07/2019, con cui il Consiglio di Dipartimento ha
autorizzato le procedure necessarie all’emanazione di un bando per ’assunzione di un
ricercatore TD proposto dalla prof.ssa Linda Barelli; )

CONSIDERATO che la copertura finanziaria per il costo per il suddetto posto da
ricercatore TD pari ad € 112.085,13 (centododicimilaottantacinque/13) per la durata di
tre anni, non graverd sullF.F.O. ma gravera interamente su fondi appostati sulla
macrovoce “Finanziamento Ricercatori TD” nella voce di costo: COAN 07.70.01.01.01
- Costi operativi progetti — quota di competenza per finanziamenti competitivi da
MIUR - progetti di ricerca di rilevante interesse  nazionale -
PJUA PG.DING.PRIN_2017BARELLI di cui la richiedente & responsabile scientifico;
RITENUTO necessario procedere alle relative variazioni al Bilancio Unico di Ateneo
di previsione annuale autorizzatorio dell’esercizio 2019;

DECRETA

1) di autorizzare I'Ufficio Stipendi al pagamento delle mensilita spettante al vincitore del

bando di riferimento a gravare su fondi appostati sulla macrovoce “Finanziamento
Ricercatori TD”: PT UA.PG.DING PRIN_2017BARELLI per un totale di € 112.085,13 di
cui ¢ la responsabile la Prof.ssa Linda Barelli.

2y di trasmettere scansione dell’originale del presente decreto al Collegio dei Revisori dei

Conti, come previsto dall’art. 32 del vigente Regolamento per ’amministrazione, la
finanza e la contabilitd, richiamato in premessa,
Il presente decreto sara portato a conoscenza del Consiglio di Dipartimento nella prima
seduta utile.

Perugia, 9/07/2019
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IL DYRETTORE GENERALE

VISTO il Decreto lLegge n. 85 del 16 maggio 2008 convertito, con modificazioni, in
Legge n.121 del 14 luglio 2008, istitutivo, tra l'altro, del Ministero dell'lstruzione,
dell'Universita e della Ricerca;

VISTO [articolo 1, comma 870, della legge 27 dicembre 2006, n. 296 (legge
finanziaria 2007), che istituisce nello stato di previsione della spesa del MIUR il Fondo
per gli investimenti nella ricerca scientifica e tecnologica (FIRST);

VISTO il protocollo d'intesa MIUR-IIT-MEF del 27 dicembre 2017, firmato dal Ministro
deil'lstruzione, deli'Universita e della Ricerca, dal Ministro dell'Economia e delle
Finanze e dal Presidente dell’Istituto Italiano di Tecnologia, con il quale sono stati
destinati Euro 250.000.000,00 al finanziamento di progetti scientifici ricadenti nei
macrosettori scientifici dell’lEuropean Research Council identificati con le sigle PE
{Scienze fisiche, chimiche, ingegneristiche) e LS (Scienze della vita);

VISTO il D.D. n. 594 del 26 luglio 2016 con il quale sono state definite le procedure
per gli interventi diretti al sostegno delle attivita di ricerca fondamentale, a norma
degli articoli 60, 61, 62 e 63 del decreto-tegge 22 giugno 2012, n. 83, convertito, con
modificazioni, dalla legge 7 agostoe 2012, n, 134, nelllambito degli atenei e degli enti
pubblici di ricerca afferenti al MIUR,;

VISTO il D.D. n. 3728 del 27 dicembre 2017 con il quale é stato emanato il bando
destinato al finanziamento di Progetti di ricerca di Rilevante Interesse Nazionale
(PRIN), diviso in tre linee d'intervento: a) “linea d'intervento Principale”; b) “linea
d'intervento Giovani”; ¢) “linea d'intervento Sud”;

VISTO il D.D. n. 1039 del 27 aprile 2018 con cui il MIUR, nel rispetto delle procedure
di cui predetto art. 3 del D.D. n. 3728 del 27 dicembre 2017, ha determinato le
disponibilita economiche per linea di intervento e settore ERC;

CONSIDERATO che, con il predetto D.D. n. 1039 del 27 aprile 2018, al settore PES
sono state assegnate le seguenti disponibiliti economiche, cosi suddivise per linea
d'intervento:

a) Linea A: Euro 22.000.000,00;

b) Linea B: Euro 2.114.119,00;

¢) Linea C: Euro 6.784.100;
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VISTO il D.D. n. 453 del 13 marzo 2019, e relativi allegati (registrato alla Corte dei
Conti il 26 aprile 2019 reg. n. 1-878), con il quale sono stati approvati, neil'ambito del
settore PES:

- n., 33 progetti della Linea A per un finanziamento totale di Euro 22.000.000,00;
- n. 5 progetti della Linea B per un finanziamento totale di Euro 2.114.119,00;
- n. 13 progetti della Linea C per un finanziamento totale di Euro 6.784.100,00;

stabilendo altresi il termine del 5 aprile 2019 per la presentazione, da parte dei
coordinatori nazionali, delle rideterminazioni dei costi e dei contributi spettanti alle
singole unita di ricerca, sulla base dei costi congrui definiti {(per ogni progetto) dal
Comitato di Selezione, e riportati nell‘allegato B delio stesso decreto;

VISTO Vart. 4 del predetto D.D. n. 453 del 13 marzo 2019 con il quale si definiscono
le fonti di finanziamento per ciascuna linea di intervento nell'ambito del settore PES;

CONSIDERATE le rideterminazioni dei costi e dei contributi spettanti alle singole
unita di ricerca, anche alla luce dei trasferimenti intervenuti ai sensi dell'art. 7, comma
4 della Legge n. 240/2010;

RITENUTO di procedere alla conseguente ammissione a contributo dei progetti
approvati, con le ripartizioni dei costi e dei contributi per singola unita di ricerca
stabilite dai coordinatori nazionali, al fine di consentire, nel rispetto di quanto stabilito
dall’art. 6, comma 6 del Bando PRIN 2017, il successivo trasferimento ad egni singolo
ateneo/ente pubblico di ricerca della quota di contributo spettante, come somma dei
singoli contributi relativi alle unita di ricerca ad essi afferenti;

VISTO il D.Lgs. n. 165/2001 e successive modifiche e integrazioni;

VISTO il D.Lgs. 14 marzo 2013, n. 33, recante "Riordino della disciplina riguardante
gli obblighi di pubblicita, trasparenza e diffusione di informazioni da parte delle
pubbliche amministrazioni”;

DECRETA

ART. 1

1. La ripartizione dei costi e dei contributi per ogni progetto approvate neli’ambito del
settore PE8 & indicata nella tabella di cui all’Allegato A, che costituisce parte
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integrante ed essenziale del presente decreto. In detta tabella sono indicati il
codice Cineca del progetto, il nome del coordinatore nazionale e, in particolare, per
ciascuna unita di ricerca, il nome del responsabile di unita, 'ateneo/ente pubblico
di ricerca di afferenza, il cofinanziamento, il contributo MIUR per la ricerca, la
quota premiale e il contributo totale.

. Liimporto di Euro 22.000.000,00, relativo al finanziamento della linea di intervento
A, grava sulle disponibilita di cui al protocollo dintesa MIUR-IIT-MEF del 27
dicembre 2017, firmato dal Ministro dell'Istruzione, dell'Universita e della Ricerca,
dal Ministro dell'Economia e delle Finanze e dal Presidente della Fondazione
dell™Istituto Italiano di Tecnologia”, con il quale sono stati destinati Euro
250.000.000,00 al finanziamento di progetti scientifici ricadenti nei macrosettori
scientifici dell’European Research Council identificati con le sigle PE (Scienze
fisiche, chimiche, ingegneristiche) e LS (Scienze della vita).

. Limporto di Euro 2.114.119,00, relativo al finanziamento della linea di intervento
B, grava sulle disponibilita di cui al protocolio d'intesa MIUR-IIT-MEF del 27
dicembre 2017, firmato dal Ministro dell'Istruzione, dell'Universita e della Ricerca,
dal Ministro dell'Economia e delle Finanze e dal Presidente della Fondazione
deli™Istituto Italiano di Tecnologia” con il quale sono stati destinati Euro
250.000.000,00 al finanziamento di progetti scientifici ricadenti nei macrosettori
scientifici dell’'European Research Council identificati con le sigle PE (Scienze
fisiche, chimiche, ingegneristiche) e LS (Scienze della vita).

. L'importo di Euro 6.784,100,00, relativo al finanziamento della linea di intervento
C, grava sulle disponibilitd di cui al protocollo d'intesa MIUR-IIT-MEF del 27
dicembre 2017, firmato dal Ministro dell'Istruzione, dell'Universita e della Ricerca,
dal Ministro dell'Economia e delle Finanze e dal Presidente della Fondazione
deli™istituto Italiano di Tecnologia” con il quale sono stati destinati Euro
250.000.000,00 al finanziamento di progetti scientifici ricadenti nei macrosettori
scientifici dell’European Research Council identificati con le sigle PE (Scienze
fisiche, chimiche, ingegneristiche) e LS (Scienze della vita).

ART. 2

. 1! contributo per la realizzazione dei progetti, di cui ai commi 2, 3 e 4 dellart. 1, e
erogato direttamente agli atenei/enti sedi delle unitd di ricerca dall’IlT per le Linee
di intervento A, B e C, previa autorizzazione al pagamento da parte del MIUR.
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L'erogazione avviene in tre tranche:

- il 40% a titolo di anticipazione;

- il 30% previa acquisizione, da parte del MIUR, di apposita dichiarazione, resa dal
legale rappresentante dell’ateneo/ente entro # 15° giorno successivo alla
conclusione della prima annualita (su formato predisposto dal MIUR, ed
esclusivamente per il tramite del sito http://prin.miur.it/), che attesti il concreto
sviluppo delle attivita (con indicazione delle sommae effettivamente spese al termine
della prima annualitd) e la regolaritd delle procedure amministrative poste in
essere;

- il 30% residuo previa acquisizione, da parte del MIUR, di apposita dichiarazione,
resa dal legale rappresentante dell’ateneo/ente entro il 15° giorno successivo alla
conclusione della seconda annualita (su formato predisposto dal MIUR, ed
esclusivamente per il tramite del sito http://prin.miur.it/), che attesti il concreto
sviluppo delle attivitd (con indicazione delle somme effettivamente spese al termine
della seconda annualitd) e la regolarita delle procedure amministrative poste in
essere,

3. Gli atenei/enti garantiscono, in ogni caso, la continuita delle attivita dei progetti

1.

anche in pendenza delle erogazioni da parte del MIUR.
ART. 3

Ciascuna unita di ricerca dovra garantire la completa realizzazione delle attivita di
propria competenza, assicurando la copertura sia del proprio cofinanziamento e,
ove necessario, degli eventuali maggiori costi.

ART. 4

Fatta salva la necessita di coordinamento tra le unita di ricerca afferenti ad ogni
singolo progetto {(di responsabilita esclusiva del coordinatore di progetto), ogni
unita di ricerca nello svolgimento delle attivita di propria competenza e per
I'effettuazione delle relative spese, operera in piena autonomia e secondo le norme
di legge e regolamentari vigenti, assumendone la completa responsabilita;
pertanto, il MIUR restera estraneo ad ogni rapporto comungue nascente con terzi
in relazione allo svolgimento del progetto stesso, e sarad totalmente esente da
responsabilita per eventuali danni riconducibili ad attivita direttamente o
indirettamente connesse col progetto.

2. 1 costi sostenuti nell’accertato mancato rispetto delle norme di legge e

regolamentari non saranno riconosciuti come costi ammissibili.

ART. 5

4/8



£ P :
_;‘_4’)/:(’.’/2»/{1:/?’%5'2 /?: A s e ._.%;14‘4";‘15;" (-//5!) /r:" . )fr'fi('(Jr(/

Ot . v e g e
R .,_C’c;,g)”ﬁ /rl L e diilrierssimredl, Ao b siitrsen o Ko /t:/r{ir,; cerierass abrfs Al s

. La data di avvio ufficiale dei progetti & fissata al 90° giorno dalla data del presente
decreto.

. Le attivita connesse con la realizzazione di ciascun progetto dovranno concludersi
entro 36 mesi dalla data di avvio ufficiale di cui al comma 1.

ART. 6

. La decorrenza per I'ammissibilita delle spese sostenute & fissata per i progetti dei
settore PE8 al 13 marzo 2019, data del decreto di approvazione dei progetti
vincitori del bando PRIN 2017.

. La data ultima per I'ammissibilita delle spese e fissata, per ognij singolo progetto,
alla scadenza temporale indicata all’art. 5, comma 2. Sono fatti salvi i pagamenti
sostenuti nei 60 giorni successivi a tale data, purché relativi a titoli di spesa emessi
entro la data di scadenza del progetto.

. Eventuali spese per la diffusione dei risultati (partecipazione a convegni,
organizzazione di convegni, pubblicazione di libri), se non sostenute entro la data
di scadenza del progetto, possono essere oggetto di una rendicontazione
integrativa da sottoporre al MIUR entro il dodicesimo mese successive alla
scadenza del progetto.

. I costi sostenuti al di fuori dei limiti temporali sopra indicati non saranno
riconosciuti come costi ammissibili.

ART. 7

. Le varianti alla sola articolazione economica del progetto non sono soggette ad
approvazione preventiva da parte del MIUR; le varianti scientifiche relative alle
modifiche degli obiettivi del progetto sono consentite soltanto previa approvazione
del MIUR.

. Tutte le varianti tecnico-scientifiche sostanziali dovranno essere preventivamente
sottoposte alla valutazione del MIUR, mediante apposita esplicita richiesta che ne
evidenzi le necessita e le motivazioni di carattere tecnico-scientifico, da inoltrare
da parte del coordinatore di progetto. Con apposito successivo provvedimento il
MIUR informera il coordinatore di progetto dell’accoglimento della richiesta di
variante o dell’eventuale motivato rigetto.

. 1 costi sostenuti per varianti non autorizzate non saranno riconosciuti come costi
ammissibili.

_ Nel caso di trasferimento del PI o di un responsabile di unita, in fase di esecuzione
del progetto, da un ateneo/ente ad altro ateneo/ente, il regolare svolgimento delle
attivith deve essere garantito mediante accordo scritto tra i due atenei/enti (da
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trasmettere al MIUR per la necessaria autorizzazione), con particolare riferimento
alluso delle attrezzature gia acquistate e inventariate presso {‘ateneo/ente
originario ed alla prosecuzione dell‘attivita dell’eventuale personale a tempo
determinato gia contrattualizzato dall’ateneo/ente originario per lo svolgimento
delle attivita dell’'unitd di ricerca interessata. Il trasferimento del finanziamento (da
intendersi comunque limitato alle somme non ancora spese o impegnate)
dall’ateneo/ente originario all’ateneo/ente di destinazione del PI o del responsabile
di unita non pud essere soggetto ad ulteriori limitazioni, fatta salva la necessita
(per quanto riguarda la linea d’intervento “Sud”) di garantire che l'ubicazione
dell’ateneo/ente di destinazione resti all'interno delle Regioni in ritardo di sviluppo
o in transizione.

. Per tutte le pubblicazioni e i prodotti scientifici realizzati nell'ambito del progetto di
ricerca, il PI e gli eventuali altri responsabili di unita sono tenuti a indicare di aver
usufruito di un finanziamento nell'ambito del Bando PRIN 2017.

ART. 8

. Entro 15 giorni dalla scadenza delle annualita intermedie, deve essere acquisita da
parte del MIUR apposita dichiarazione, resa dal legale rappresentante
deli‘ateneo/ente (su formato predisposto dal MIUR, ed esclusivamente per il
tramite del sito http://prin.miur.it/), che attesti il concreto sviluppo delle attivita
{con indicazione delle somme effettivamente spese al termine della prima
annualitd) e la regolarita delle procedure amministrative poste in essere.

. La rendicontazione contabile ordinaria finale & effettuata da ciascun responsabile di
unita nel rispetto del "criterio di cassa" e mediante apposita procedura telematica,
entro 60 giorni daila conclusione del progetto. Eventuali spese per la diffusione dei
risultati (partecipazione a convegni, organizzazione di convegni, pubblicazione di
libri), se non sostenute entro la data di scadenza del progetto, possono essere
cggetto di una rendicontazione integrativa da sottoporre al MIUR entro il
dodicesimo mese successivo alla scadenza del progetto. In nessun caso l'insieme
delle due distinte rendicontazioni pud dar luogo a contributi MIUR superiori rispetto
a quelli stabiliti nel presente decreto di ammissione a finanziamento.

. Qualora le somme precedentemente erogate risultino superiori al contributo
effettivamente spettante, il MIUR procedera in qualsiasi momento, nei confronti
degli atenei/enti, al recupero delle somme erogate in eccedenza, anche attraverso
compensazione su ogni altra erogazione o contributo da assegnare agli stessi in
base ad altro titolo.

. Entro 30 giorni dalla scadenza di ogni annualita, ogni PI trasmette al MIUR, per.via
telematica sul sito del bando e su apposita modulistica, una relazione scientifica
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intermedia. La relazione é resa disponibile, nei successivi 10 giorni, dal MIUR al
competente CdS, che, entro | successivi 30 giorni (sempre sulla base di apposita
modulistica predisposta dal MIUR), relaziona sul concreto sviluppo dei progetti. In
questa fase, il CdS pud anche proporre al MIUR la revoca del contributo nel caso in
cui si manifesti una grave inerzia nelio sviluppo delle attivitd e/o un evidente
disallineamento del progetto rispetto aile finalita e agli obiettivi originari.

. Entro 90 giorni dalla conclusione del progetto, it PI redige una relazione scientifica
conclusiva sullo svolgimento delle attivita e sui risultati ottenuti, con aliegato
elenco delle pubblicazioni relative al progetto, specificando fra esse quali riportino
come primo o ultimo nome, 0 come autore corrispondente, quello del PI o dei
responsabili di unita. Questa relazione & trasmessa con modalitd telematica al
Ministero. Nel caso in cui sia prodotta la rendicontazione integrativa di cui al
precedente comma 2, il PI redige, contestualmente a tale rendicontazione, anche
una relazione scientifica integrativa, con allegato elenco delle ulteriori pubblicazioni
relative al progetto, prodotte entro il dodicesimo mese successivo alla sua
conclusione.

. Per la necessaria attestazione di conformitd alle norme di legge e regolamentari e
alle disposizioni e procedure amministrative, la rendicontazione ordinaria (o
l'insieme di quella ordinaria e di quella integrativa, ove esistente) & assoggettata
ad appositi audit interni centrali da parte di idonee strutture degli atenei/enti sedi
delle unitad di ricerca. II MIUR procede, a campione, agli accertamenti finali di
spesa, mediante verifica documentale delle rendicontazioni e controlli in sito sugli
audit interni centrali, secondo modalita e procedure stabilite nella nota MIUR prot.
n. 8109 dell’8 aprile 2014, lettera B) “Nuove modalita di verifica amministrativo-
contabile”.

ART. 9

. 1 controlli da parte del MIUR saranno effettuati nel pieno rispetto di quanto previsto
dali‘art. 1 del D.L. 9 febbraio 2012, n. 5, convertito con modificazioni dalla legge 4
aprile 2012, n. 35.

. Ciascun responsabile di unitd garantisce l'accesso gratuito e on-line (almeno in
modalitd green access) ai risultati ottenuti e ai contenuti delle ricerche oggetto di
pubblicazioni scientifiche 'peer-reviewed' nell'ambito del progetto, secondo quanto
previsto dail'art.4, commi 2 e 2 bis, del decreto legge 8 agosto 2013, n.91,
convertito con modificazioni dalla legge 7 ottobre 2013, n.112.

. Restano impregiudicati tutti gli eventuali obblighi di riservatezza o di tutela dei dati

personall.
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4. La mancata effettuazione degli audit, nonché 'accertamento da parte del MIUR di
violazioni di norme di legge e/o regolamentari sulle singole rendicontazioni, ©
Fesistenza di casi di plagio e/o manipolazione e/o travisamento dei dati, ferme
restando le responsabilita civili e penali, comporta la revoca del finanziamento e
fautomatica esclusione del responsabile di unita dai successivi bandi MIUR per un
periodo di cingue anni dalla data dell'accertamento.

Il presente decreto ¢ inviato al competente organo di controllo.

IL DIRETTORE GENERALE

{Dott. Vincenzo Di Felice)
Dacumento firmato digitalmente ai sensi del o.d, Codice dell Amministrazione Digitale e normativa connessa

Firmato digitalmente da Dl
EEL:CE VINCENZO

0= MINISTERO ISTRUZIONE
UNIVERSITA' E RICERCA
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Allegato N. ..., i ....... al puntg
dellordine dz! giorno .1/5/];*

UNIVERSITA DEGLI STUDI
DI PERUGIA Perugia, 3 luglio 2019

Al Direttore del Dipartimento di Ingegneria
e p.c.
Al Dott. Gabriele Discepoli

Oggetto: contratto di ricercatore a tempo determinato ex art. 24, comma
3, lettera a) — settore concorsuale 09/C1 — SSD ING-IND/08 - regime di
impegno a tempo definito - Dott. Gabriele Discepoli. Richiesta di stipula

addendum e di proroga biennale.

Il sottoscritto Carlo N. Grimaldi, in qualita di Professore Ordinario, per
le seguenti esigenze di ricerca e didattica pone all'attenzione del
Direttore del Dipartimento di Ingegneria, per [l'approvazione nel
prossimo Consiglio, la necessita di chiedere al Consiglio di
Amministrazione I'autorizzazione alla proroga, per un periodo di due
anni, del contratto di ricercatore a tempo determinato, stipulato in
regime di impegno a tempo definito, ai sensi dellart. 24, comma 3,
lettera a) della Legge 240/2010 — SC-09/C1, SSD ING-IND/08 — di cui

& titolare il Dott. Gabriele Discepoli.

L "attivita di ricerca, oggetto del contratto RTD-A in parola, ha riguardato
Pattuazione del progetto “Studio e definizione di sistemi innovativi per
la riduzione delle emissioni inquinanti da sistemi propulsivi e di
conversione dellenergia’ nellambito del quale il Dott. Discepoli ha
svolto attivita di studio di sistemi applicati a motori a combustione
interna, al fine di analizzarne le potenzialita in termini di riduzione sia ‘\\
delle emissioni gassose inquinanti, sia del consumo energetico e . \
quindi delle emissioni di anidride carbonica. La ricerca ha riguardato | \
diverse tipologie di dispositivo, fra cui un sovralimentatore innovativo, il
controllo motore con sensori virtuali basati su reti neurali artificiali,

tipologie innovative di sistemi di accensione della miscela aria-benzina

Via G. Duranti, 93 Direttore Tel: +3g975 5853600
06125 Perugia Segretario Amministrativo Tel: +3975 5853653
Segreteria Amministrativa Tel: +3975 585 3657-3652-3945-3686-3688 FAX 3654

s DIPARTIMENTO DI INGEGNERIA

Canrataria Nidattira Tel- +207¢ c8c1605-3603-3604



per l'utilizzo di dosature magre. Numerosi sono stati | risultati della
UNIVERSITA DEGL sTupl | ricerca  effettuata, pubblicati o in corso di pubblicazione, ma di
PIPERUGIA altrettanto interessanti e promettenti se ne intravedono orientando lo
studio a ulteriori sistemi finalizzati alla riduzione dellimpatto

ambientale, quali i propulsori ibridi.

In tale ottica si pone il PRIN 2017 dal titolo “Study, development and
prototyping of a novel compact hybrid powertrain for small/medium city
cars, with multiple energy recovery systems’, recentemente ammesso
a finanziamento, nelfambito del quale il sottoscritio & responsabile
tocale di unita di ricerca. In particolare, in piena compliance con |
percorsi sperimentali gia svolti, sara studiata l'implementazione di un
propulsore ibrido mofore a combustione interna-motore elettrico ditipo
avanzato, che possa utilizzare, anche nel caso di applicazione in
-{veicoli di taglia medio-piccola, adeguati sistemi per it recupero
energetico. L’attivita sul sistema integrato allo studio, in piena
continuitd scientifica con gli esiti della ricerca fin qui svolta dal Dott.
Discepoli, & espressamente finalizzata ad otienere la riduzione
dellimpatio ambientale da combustione di combustibili fossili, in termini
sia di emissioni inquinanti sia di consumo energetico e quindi di

anidride carbonica {gas serra), in particolare in ambito urbano.

Alla luce di quanto sin qui esposto & di tutta evidenza 'opportunita di
prorogare il contratto RTD-A di cui & fitolare il Dott. Discepoli
consentendo, altresi, al ricercatore di prendere parte alle atlivita

sperimentali del PRIN 2017 in parola sin dal suo awvio.

A tal fine il sottoscritto avanza anche la richiesta di stipula di un

[ ——

addendum al coniratto RTD-A in essere che preveda, nel periodo di
contestuale vigenza temporale dei due progetti in questione, Ia \

partecipazione del Dott. Discepoli ad entrambi, cosi da gestire inmodo \

efficace le attivita sperimentali che costituiscono il trait-d'union fraidue |
progetti. \J |
|| sottoscritto stima che il Dott. Discepoli - nel periodo di .

sovrapposizione temporale dei due progetti in parola - possa dedicare
al PRIN 2017, distogliendolo parimenti dal progetto di ricerca oggetto

DIPARTIMENTO D! INGEGNERIA

Yia G. Duranti, 93 Direttore Tel: +3975 5853600
ob125 Perugia Segretario Amministrative Tel: +3g975 585 3653
Segreteria Amministrativa Tel: +3975 585 3657-3652-3949-3686-3688 FAX 3654

* Segreteria Didattica Tel: +3975 585 3605-3603-3604



del contratto RTD-A in essere, un impegno temporale pari al 6% del

UNIVERSITA DEGLI STUD! tempo prOdUtﬁVO annuo. Di conseguenza la pETCGHtuale di tempo
ERUGI . . . .
produttivo che sara dedicata al progetto di ricerca oggetto del contratto

RTD-A in essere € determinata in misura pari al 67,33%.

Sia il costo delladdendum (corrispondente alla valorizzazione
economica del tempo produtlivo che verra distolio dal progeﬁé di
ricerca originario per essere dedicato al PRIN 2017) che il costo della
proroga saranno interamente finanziati a valere sulle risorse assegnate
all'unita di ricerca PRIN 2017 identificata dal codice 2017X8RI.FE_002.

Si indica per fattivita didattica, di didattica integrativa e di servizio agli
studenti, 200 ore annue (regime a tempo definito) nell'ambito del SSD

indicato o affini, di cui non pit di 50 ore per attivita di didattica ufficiale.

Si propone per la valutazione delfattivita didattica e di ricerca svolta dal
Dott. Gabriele Discepoli la composizione della pertinente commissione
di seguito indicata: Prof.ssa Linda Barelli {linda.barelli@unipg.it}, Prof.
Michele Batlistoni (michele.battistoni@unipg.it), Prof. Francesco Di
Maria (francesco.dimaria@unipg.it), iulti Professori  Associati

appartenenti allUniversita degli Studi di Perugia, SC-09/C1, SSD

ING-IND/08.
Distinti saluti.
Prof. Carlo N.P}imaidi e / .
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06125 Perugia Segretario Amministrativo Tel: +3g975 5853643
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Segreteria Didattica Tel: +397¢ 585 3605-3603-3604



Allegaty N. ... Z ........ al punto

| g IR R AL I B rie efesTradnaned

 DICHIARAZIONE SOSTITUTIVA DI CERTIFICAZIONE
(artt.46 e 48 del D.P.R. 28.12.2000 n. 445)
DICHIARAZIONE SOSTITUTIVA DELL'ATTO DI NOTORIETA
(artt.47 e 48 del D.P.R. 28.12.2000 n. 445)

DICHIARA SOTTO LA PROPRIA RESPONSABILITA

I| sottoscritto

DISCEPOLI Gabriele

nato a CEGRNEREE) (prov. PG) i| aEEFEEISRD
CorcianeiF BEnTESEa 1, Oet /50

residente a

consapevole delle responsabilitd penali previste dagli artt. 75 e 76 del D.P.R. 445/2000 per le
ipotesi di falsita in atti e dichiarazioni mendaci

DICHIARA

di non avere uri grado di parentela o affinita, fino al quarto grado compreso o
rapporto di coniugio o rapporto di unione civile o convivenza di cui alla legge n.
76/2016 con un professore appartenente al Dipartimento o alla Struttura che
effettua la chiamata, ovvero con il Rettore, il Direttore Generale o un componente del
Consiglio di Amministrazione dell’Universita di Perugia (art. 18 - comma 1, lett. b) e
c) legge 240/2010).

1| sottoscritto prende atto, ai sensi D.Lvo 30 giugno 2003, n. 196 sul trattamento dei dati personali e del
Regolamento UE 2016/679, che i dati contenuti nella presente autocertificazione verranno trattati
prevalentemente con procedure informatizzate e potranno essere forniti ad altri organismi pubblici per il
raggiungimento delle rispettive finalita istituzionali.

'fPerugla 4/07/2019;’

Wi A

(f‘r a per esteso g leggibile)

. La presente dichiarazione non necessita dell’autenticazione della firma e sostituisce a tutti gli
effetti le normali certificazioni richieste o destinate ad una Pubblica Amministrazione nonche ai
gestori di pubblici servizi e ai privati che vi consentono.

ualora la dichiarazione non venaga sottoscritta in presenza del funzionario dell’Amministrazione
accettante, alla stessa va allegata fotocopia di documento di identita in corso di validita.
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Gabriele Discepoli

Universita degli Studi di Perugia - Dipartimento di Ingegneria

RELAZIONE ATTIVITA RTD-A

DESCRIZIONE GENERALE
La necessita di ridurre le emissioni inquinanti, cosi come di migliorare I'efficienza dei motori
a combustione interna, ha spinto la ricerca nell’ambito del progetto RTDa “Studiv e definizione
di sistemi innovativi per la riduzione delle emissioni inquinanti da sistemi propulsivi e di
conversione dell’energia” verso 'indagine sull'adozione di miscele ultra-magre e di percentuali
di EGR particolarmente alte, richiedendo I'intervento di sistemi innovativi di accensione che
migliorassero drasticamente le prestazioni delle candele convenzionali.

La linea di ricerca quindi che & stata principalmente sviluppata nel corso triennale del
contratto RTDa, ha riguardato i sistemi gli accensione a effetto Corona, per motori a
combustione interna ad accensione comar‘fgj'ata. Questa attivita si é suddivisa in tre tronconi
comprendenti: ' P

- lamisura dell'energia rilasciata dagli accenditori in un mezzo gassoso. Questa attivita ha
¢ inoltre comportato lo sviluppo di un banco prova dedicato per la caratterizzazione

energetica di tali sistemi di accensione (convenzionali o innovativi) in differenti
condizioni operative;

- test su motore ad accesso oftico in diverse condizioni di lavoro e con diverse strategie di
controllo dello stesso sistema di accensione;

- simulazione numerica degli stadi iniziali di sviluppo della fiamma innescata da
accenditori a effetto Corona.

In ottica di riduzione di inquinanti e, piti in generale, delle emissioni, sia per sistemi propulsivi
che per conversione dell’energia, sono state condotte altre attivita che hanno riguardato:

- l'analisi sperimentale di un sistema di sovralimentazione per il settore motociclistico;

- la caratterizzazione sperimentale al bance prova delle prestazioni di motori elettrici;

- le prime fasi della progettazione e sviluppo di un motore ad accesso ottico ad accensione

' per compressione a benzina LTC (combustione a basse temperature).

- Studio preliminare sul controllo di motori a combustione interna realizzato tramite
implementazione in centralina di reti neurali artificiali.

- Studio numerico di strategie di water injection per il controllo della detonazione.

- Studio di sistemi di produzione, stoccaggio e conversione di energia (stazionario/mobile)
basati su fuel cell (carbonati fusi e ossidi solidi) e redox flow battery.

CARATTERIZZAZIONE SPERIMENTALE DI SISTEMI DI ACCENSIONE
CONVENZIONALE E INNOVATIVI

1l sistema di accensione basato sull’effetto Corona & una tecnologia promettente capace di
produrre pil centri di accensione in camera di combustione attraverso la generazione di piu
“streamers”, canali di plasma a (relativamente) bassa temperatura. Il sistema si avvale della
capacitd di operare su volumi maggiori di un sistema convenzionale, oltre che sulla
produzione di cascami di particelle attive (radicali}, in grado di stimolare positivamente la
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combustione e aceelerarla notevolmente nelle sue prime fash Queste caratteristiche o
rendono capace di produrre una combustione stabile anche con concentrazioni di combustile

moito hasse, tipiche delle condiziont operative di “magro” o con alte EGR, necessatie slla

riduzione delle emissioni nocive.

Nel corso di questo studio, un sistema protetipale a effette corona {ACIS) & stato confrontato
con une convenzionale (stesso produttore con in guale esiste una convenzione} operante si
in condizioni standard che “multispark”, ossia con pil eventi consecutivi, Il confronte &
avvenuto sulle base sia dell’energia assorbita che, soprattutie, su quefla rilasciata dagh stessi
sistemi d’accensione nel mezzo contenuto in un calorimetro a pressione.

LVACIS & stato guindi sistematicamente caratterizzato misurandone Venergia assorbita ¢
guella termica rilasciata nella finestra operativa dei propri parametri di funzionamento e al
variare della pressione del gas {azote o aria) all'interne della camera di misura a volume
costante. L'intervallo della pressione applicata ha compreso valeri confrontabili a guelli
sperimentati nel motare ad accesso ottice 1 cul test hanno costituite parte sostanziale
deil’attivits, In particolare, in questi test & stato esplorato it campo di operativith dei parametr]
di funzionamento dell’ACIS attraverse Uanalisi deila velociti di fiamma, Inoltre, col medesims
metodo ¢ stata valutata la capacitd di estendere il limite di magro del’ACIS in confronto ad
accenditori a candela convenzionali in funzione della complessith chimica del combustibile
adottato (benzing, metano, miscela metano/idrogena).

Lo studio su ACIS ha portate anche a uno studio numerico preliminare tale da riprodurre i
risultat sperimentali ottenuti per Venergia termica depositata nel calorimetro a volume
costanie per poi esportare | risultati nella simulazione del motore ad accesso ottice e predire
guingi il comportamento in combustione.

IMPULSE DRUM CHARGER

Seapo di questa attivitd & lo studio di un sovralimentatore di tipo motocichstico, cosiddettoa
onde di pressione, Ulmpuise Drim Charger. Lo studio st & incentrato nel confronto delle
prestaziont al banco prova di un motore motociclistice commerdiale a 4 tempt {KTM 394)
equipaggiato con e senza sistema di sovralimentazione. In particolare, lo studio & stato
condotto suilanalist indicata (interno motore) e sulla pressione all'aspirazione dimosirande
che effettivamente il sistema di sovralimentazione & in grado di migliorare le performance del
motore esaminato {fino a 1.4 kW a 9580 girt/minuto}. If lavoro ha previsto Vottimizzazione
del sistema di scarico cost da garantive la corretia propagarzione delle onde di presstone ¢
contenere le temperature entro Hvelli accettabili.

VALUTAZIONE PERFORMANCE MOTORI ELETTRICI
in ottica delfla futura attivitd di prova sperimentale e sviluppo di motorizzazioni termiche
ihride, cono stati condottl test di valutazione performance dif durata di motort eleitric. Le
prove, automatizzate sull'intero range operativo deillunitd eletirica, seno state finalizzate alla
valutazione e cmologazione della tipologia di propulsore,

SVILUPPO MOTORE AD ACCESSO OTTICO LTC
Scopo di questa attivied & [a modifica dell’attuale motore ad accesso oltico per ottenerne ung
versione Low Temperature Combustion, divezione fondamentale dellattuate ricerca sui
propulsori: la combustione a basse temperature permette di mighorare radicalmente
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J'efficienza del propulsore riducendo drasticamente gli inguinanti prodotil. In guesta fase,
gran parte del motere & stato riprogettata [in particolare il volume comprendente la camers
di combustione) e prodaotta

RETI NEURALJI ARTIFICIAL} PER LA GESTIONE ICE

In ambiente automotive un tema centrale & costituito dalla capacita di controllare ed
elaborare un numers sempre maggiore di parametri sfruttando risorse di caleolo limitate.
Limplementazione di reti neurall artificiali permette di correlare rapidamente un aito
numero dinformazion, la creazione di sensori virtuali e limplementazione di un sistema di
diagnostica ai-board, con costi Himitati e sfruttando le capacita di calcolo gia presenti,

A guesto proposite, si & effetruato une studio preliminare dove, basandost su dat
sperimantali, fe reti neural sone state utilizzate per simulare i fimzionamento di sensori
virtuali posti all'interne di un circeito olio motere. I risultati sone stati quindi confrontati ¢
validati con dati misurati da sensori reali.

WATER INJECTION

Lutilizzo di acqua in camera di combustions permette in linea teorica un aumenio
dell'efficienza, un miglioramento deifle prestazioni motoristiche e una contestuale riduzione
delle emissioni. In particolare, la water injection & una tecnologia che permette numenrost
henefici (rapporti di compressione maggiori, riduzione dell' EGR e del rischio di detonazione),
grazie alia capacith di assorbire calore sia in fase di evaporazions che per Valto calore specifico
dell'acqua. o questo stadio numerico sono ottimizzat  parametri fondamentall di injezione
dellacqua, quali posizionamento delliniettore, tempistica deil'infezione e gualita
delVatomizzazione primaria, in modo da massimizzare Pefficacia delle caratteristiche
delliniezione di acqua e, in particolare, ridurre sensibilmente la detonazione.

SISTEMI DI PRODUZIONE, STOCCAGGIO E TRASFORMAZIONE
DELL’ENERGIA

Le MCEC sono sistemi energetici intrinsecamente efficienti che, in particolare configurazione,
possone associare alla produzione di energia anche la cattura della CO2 prodotta da altyi
impianti, In questo studic & stato valutata la risposta di tali sistemi in funzione di
concentrazioni catodiche variabili di anldride carbonica sia dal punto di vista deile
performance che da quello elettrochimico, tramite analist d'impedenza.

Nell'ottica deila necessita di bilanciamento della rete eletirica richiesto dal crescente ricorse
a sistemi di produzione di energia rinnovabile e non predicibile, & stata fatta una valutazione
tecno-economica di due promettent sistemi di trasformazione e stoceaggio di energla basati
su tecnologia redox flow battery (batterie a flusso) e reversible solide oxide fuel cell,

ALTRE ATTIVITA
Nel corso defl’anno seno state condotte attivith di didattica (correfatore in tesi, partecipazions
a commissioni d'esame e servizio agh siudenti) e di aggiornamento {partecipazione ai
congressi SAE Capri 2017, SAE Detroit 2018, ATI Pisa 2018 ¢ VERIFI Argonne National
Laboratory 2019), di disseminazione {pubblicazioni e presentazione orale all’'AT] Pisa 2018,



coautore di presentazioni orall al SAE Capri 2017, EFC 2019, SAE Detroit 2018 e VERIF
Argonne National Laboratory 2019}

PUBBLICAZION]
Rattistoni, M., Grimaldi, C. N., Crucealing, V., Discepoli, G, & De Cesare, M. {2017). Assessment
of Port Water Injection Strategies to Control Knock in a G Engine throngh Multi-Cycle CF
strnslations, In SAF Technical Paper, https://dolorg/104271/2017-24-0G34

Audasso, £, Baretli, L., Bidini, G., Bosio, B, & Discepeli, ¢. (2017). Molten Carbonate Fuel Cell
performance analysis varying cathode operating conditions for carbon capture applications.
Journal of Power Sources, 348, 118-129, hitps:/ /dolorg/ 10,1016/ jpowsour.2017.02.081

Cimareilo, A, Cruccolind, V., Discepoli, G, Battistoni, M, Mariani F, Grimaldi, C. N, & T1at Re, M.
A. (2018). Combustion Behavior of an RF Corona Ignition System with Different Controt
Strategies. In SAE Technical Paper (pp. 1-19) hitns/ fdolorg/10.4271 FRnIRai-1197

Discepoli, G, Cruccolini, V., Dal Re, ML A, Zembi, |, Battistond, M., Mariani, F, & Grimaldi, C. N,
(2018). fxperimental assessment of spark and corona igniters energy release. Energy
Procedia, T48(AL), 1262-1269. hitns://dolovg /101014 L eavoro 203 RUE.001

Cruccolini, V., Discepoli, G., Zembi, [, Battistoni, M. Mariani, F, & Grimaldi, C. N. {2018}
Experimental Assessment of a Presgure Wave Charger for Motorcycle Engines. Inergy
Procedia, 148, 1254-1261. hitps/ Mdoborg/1010 18 A eevnre, 20 1 208,802

Baldineili A, Barelii L., Bidini G, Discepoli ., Economic viability of tajlored power-to-capacity
energy storage for renewable-based micro-grids: Vanadinm Redox Flow Batteries vs,
Reversible Solid Oxide Cells, fournal of Fawer Sources (submitted)

Cruceolin V., Discepoll G, Cimarelio A, Battiston M., Mariani F, Grimaldi . N, Dal Re M., Lean
combustion analysis using a corona discharge igniter inan optical engine fueled with methane
and a hydrogen-methane blend, Fuel [submitied}

Petruce L, Ricei F, Mariani ¥, Grimaldi €. N, Discenali G, Violi M, Meatteazzi N, Performance
Analysis of Artificial Neural Networks for Control in Internal Combustion Engines Energy
Procedia {submitted}

Ricci F., Zembi [., Battistoni M, Grimaldi €. N, Discepoli G, Petrucci L, Numerical Simulation
of the Early Flame Development Produced by an Advanced Radio Frequency ignition System
in an Opiical Access Engine. In SAE Technical Paper {submitted].
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Al Direttore del CIRIAF
Prof. Pietro Buzzini

e al Direttore del Dipartimento di Ingegneria
Prof. Giuseppe Saccomandi

Oggetto: Proposta di proroga per due anni, mediante fondi esterni del CIRIAF, del
ricercatore a tempo determinato ex art. 24, comma 3, lettera a) — SC 09/C2 - SSD ING-
IND/11 Dott. Emanuele Bonamente.

Gentili Direttori,

il Dott. Emanuele Bonamente sta completando il triennio di attivita da ricercatore a
tempo determinato ex art. 24, comma 3, lettera a) — SC 09/C2 - SSD ING-IND/11 in regime
di tempo definito, a valere sul finanziamento erogato dal Ministero dell’Ambiente e della
Tutela del Territorio e del Mare (di seguito MATTM) nell’ambito del progetto
“Sostenibilita ambientale, riduzione delle emissioni clima alteranti, diffusione e
implementazione di metodologie per la valutazione e certificazione dell'impronta di
carbonio e dell'impronta ambientale”.

Il sottoscritto prof. Franco Cotana, in considerazione dell'importanza dell’attivita di ricerca
fin qui svolta e considerate le esigenze del progetto PRIN 2017 dal titolo “BlOmasses
Circular Holistic Economy APproach to EneRgy equipments (BIO-CHEAPER)”, richiede, in
gualitd di componente dell’'unita di ricerca, una proroga di due anni del contratto da
ricercatore a tempo determinato ex art. 24, comma 3, lettera a) del dott. Emanuele
Bonamente a valere sui fondi del medesimo progetto BIO-CHEAPER.

Tale attivita, e conseguentemente le competenze acquisite dal dott. Bonamente, infatti,
risultano di particolare interesse anche per il progetto di ricerca “BlOmasses Circular
Holistic Economy APproach to EneRgy equipments (BIO-CHEAPER)”, approvato con
Decreto Direttoriale n. 1162 del 17.06.2019. In particolare, si rendono necessarie attivita
di simulazione e caratterizzazione sperimentale dei processi di conversione energetica
delle biomasse e I'ottimizzazione delle prestazioni, in termini di sostenibilita ambientale,
di tali processi tramite un approccio di economia circolare e LCA applicato all'intera filiera,
che rappresentano una naturale prosecuzione ed approfondimento delle tematiche finora
affrontate. A tal fine, nonché per le esigenze didattiche del settore, & di particolare
rilevanza la professionalita acquisita dal dott. Emanuele Bonamente.

Si comunica inoltre che il costo della suddetta proroga verra coperto con il fondo di
seguito indicato:

- per € 80.439,76 (ottantamilaquattrocentotrentanove/76) con i fondi derivanti dal
finanziamento del progetto BIO-CHEAPER “BlOmasses Circular Holistic Economy APproach

to EneRgy equipments”.
Polo Ingegneria Tel.: +39 075 585 3717 E-mail: centro.ciriaf@unipg.it
Via G. Duranti, 63 Fax: +39 075 585 3697 Web:  www.ciriaf.it

06125 Perugia - Italia
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L’attivita didattica, didattica integrativa e servizio agli studenti sara pari a 200 ore annue
(regime a tempo definito) nell’'ambito della SSD ING/IND 11 o settori affini, di cui non pitu
di 50 ore di didattica frontale.

Ai fini della valutazione della relazione dell’attivita didattica e di ricerca svolta dal dott.

Emanuele Bonamente, si propone la seguente commissione di valutazione:
- Prof. Federico Rossi - Universita degli Studi di Perugia - SSD ING-IND/11;
- Prof.ssa Cinzia Buratti - Universita degli Studi di Perugia - SSD ING-IND/11;

- Prof.ssa Elisa Moretti - Universita degli Studi di Perugia - SSD ING-IND/11;

Prego Le SS.VV. di portare in approvazione, la richiesta nei Consigli dei rispettivi
Dipartimenti nella prima seduta utile.

Cordiali saluti,

Prof. Franco Cotana

Via G. Duranti, 63 Fax: +39 075 585 3697 Web:  www.ciriaf.it
06125 Perugia - Italia

Polo Ingegneria Tel.: +39 075 585 3717 E-mail: centro.ciriaf@unipg.it
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DICHIARAZIONE SOSTITUTIVA DI CERTIFICAZIONE
(artt.46 e 48 del D.P.R. 28.12.2000 n. 445)
DICHIARAZIONE SOSTITUTIVA DELL’ATTO DI NOTORIETA
(artt.47 e 48 del D.P.R. 28.12.2000 n. 445)

DICHIARA SOTTO LA PROPRIA RESPONSABILITA

I| sottoscritto

(Cognome).......... %ONMQV’Y ...................... ENMAVUELS
nato a “ il ... ’
residente a

consapevole delle responsabilita penali previste dagli artt. 75 e 76 del D.P.R. 445/2000 per le
ipotesi di falsita in atti e dichiarazioni mendaci

DICHIARA

di non avere un grado di parentela o affinita, fino al quarto grado compreso o
rapporto di coniugio o rapporto di unione civile o convivenza di cui alla legge n.
76/2016 con un professore appartenente al Dipartimento o alla Struttura che
effettua la chiamata, ovvero con il Rettore, il Direttore Generale o un componente del
Consiglio di Amministrazione dell’Universita di Perugia (art. 18 — comma 1, lett. b) e
c) legge 240/2010).

Il sottoscritto prende atto, ai sensi D.Lvo 30 giugno 2003, n. 196 sul trattamento dei dati personali e del
Regolamento UE 2016/679, che i dati contenuti nella presente autocertificazione verranno trattati
prevalentemente con procedure informatizzate e potranno essere forniti ad altri organismi pubblici per il
raggiungimento delle rispettive finalita istituzionali.

........................................

(luogo e data)
IL DICHIARANTE

2%3 c/.,w’L\ &Mg}-(ﬁ, u?.—c/C

(firma per esteso e leggibile)

La presente dichiarazione non necessita dell’autenticazione della firma e sostituisce a tutti gli
effetti le normali certificazioni richieste o destinate ad una Pubblica Amministrazione nonché ai
gestori di pubblici servizi e ai privati che vi consentono.

Qualora la dichiarazione non venga sottoscritta in presenza del funzionario dell’Amministrazione
accettante, alla stessa va allegata fotocopia di documento di identita in corso di validita.
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Relazione Triennale Conclusiva

Dott. Emanuele Bonamente

Ricercatore universitario a Tempo Determinato (art. 24 — comma 3, lettera a) Legge 240/10), Settore
concorsuale 09/C2- Fisica Tecnica e Ingegneria Industriale - Settore scientifico-disciplinare ING-IND/11 (Fisica

Tecnica Ambientale).

3 e

Progetto di ricerca: “Energia e sostenibilita ambientale della risorsa idrica”.

Sede: Universita degli Studi di Perugia - Dipartimento di Ingegneria, Centro Interuniversitario di Ricerca

sull’'Inquinamento e sull’Ambiente “M. Felli”, Via G. Duranti, Perugia.
Tel: +39 075 585 3914

e-mail: emanuele.bonamente@unipg.it

Attivita scientifica:

Scopus — Author ID: 23017714200, 194 documenti, 25175 citazioni, h-Index: 86

ORCID: orcid.org0000-0003-3847-0510

Research Gate — 291 documenti, RG Score: 46.99 (>97.5% dei membri di RG), h-index: 77

Google Scholar — 228 documenti, 36011 citazioni; h-index: 94; i10-index: 170

Il progetto di ricerca & incentrato su attivita connesse alla sostenibilita nell'impiego dell’energia e nello
sfruttamento della risorsa idrica, con particolare attenzione alla valutazione di carbon e water footprint, a
sistemi innovativi per lo sfruttamento delle fonti energetiche rinnovabili e ai materiali innovativi per il

miglioramento della sostenibilita ambientale di beni e servizi.

Le attivitd svolte nel periodo di tre anni iniziato il 7 novembre 2016 sono incentrate nel progetto “Energia e
sostenibilitd ambientale della risorsa Idrica” e hanno coinvolto ambiti ad esso affini e complementari anche

tramite collaborazione e direzione di progetti finanziati su fondi esterni.

Progetto “Sostenibilitd ambientale, riduzione delle emissioni clima alteranti, diffusione e implementazione di

metodologie per la valutazione e certificazione dell’impronta di carbonio e dell’impronta ambientale”




Responsabile scientifico degli obiettivi realizzativi AP, ESSC2 e Ri. Le attivitd svolte riguardano a ricognizione
dettagliata dei database disponibili relativi alla risorsa energetica su base nazionale al fine di effettuare una
raccolta e categorizzazione dei dati e creare una struttura dinamica del Database Nazionale dellEnergia. In
particolare, sono stati individuati | tre settori pil rilevanti del panorama energetico nazicnale {energia
eletirica, gas naturale, carburanti) e raccoltl tutti i riferimenti necessari e i dati indispensabili per la
predisposizione del Database. E stata inoltre effettuata una ricognizione del territorio nazionale, attraverso
I'utilizzo di mappe topologiche georeferenziate che descrivone, con precisione sufficiente a rappresentare in
modo adeguato le peculiarita del panorama italiano, lo stato attuale dell’utilizzo del suolo ed in particolare
permettono una categorizzazione dei singoli elementi per finalita d’uso (e.g. agricola, industriale, etc.). Si &
realizzata una valutazione dell'impronta idrica in termini di acqua verde {WFgreen), blu (WFhlue) e grigia
(WFgrey) con lo scopo di delineare un quadro globale che permette di valutare gli impatti sull'ambiente
relativi all’uso della risorsa idrica. Sono stati elaborati ed applicati indicatori specifici con lo scopo di valutare
lo stress idrico prodotto dall‘utilizzo di acqua dolece in considerazione dell’effettiva disponibilita nel bacino
dal quale I'acqua viene prelevata (Water Scarcity) e misurare l'inquinamento prodotto sull’acqua superficiale

e di falda (Water Degradation).

Progetto SmartEnergy

t'obiettivo del progetto Smart Energy & stato quello di sviluppare e testare una modalita innovativa di utilizzo
delle fonti energetiche rinnovabili per la climatizzazione di edifici, con particolare attenzione allo
sfruttamento e alla conversione dell’energia geotermica per applicazioni a pompa di calare tramite un
approccio innovativo che include un sistema di accumulo di calore upstream. In quest’ottica, la gestione dei
flussi energetici all'interno dell’edificio & potenzialmente sfruttabile in modalita intelligente, ovvero il sistema
di accumulo termico pud essere pensato come il centro di raccolta e smistamento dell’energia proveniente
anche da altre fonti oltre a quella geotermica, come quella proveniente da collettori solari, e pud utilizzare
in modi ottimale le varie componenti dell'impianto (e.g. Ia poma di calore reversibile, 'energia elettrica

prelevata dalla rete o prodotta da installazioni fotovoltaiche, etc.}.

Le attivitd principali del progetto Smart Energy si sono concentrate nella progettazione, realizzazione e

caratterizzazione sperimentale del prototipo di storage termico.
Sastenibilita Ambientale

Nell'ambito della sostenibilitd ambientale sono state effettuate numerose analisi di valutazione di carbon e
water footprint di beni e servizi in accordo con ie pilt recenti normative internazionali, nonché studi su

indicatori innavativi per la quantificazione dell’impatto sulla risorsa idrica.

Fluidodinamica



Sono stati effettuati studi sut comportamento fluidodinamico di diversi apparati sperimentali volti alla cattura
delia CO2 tramite materiall porosi sostenibili, 'immagazzinamento di energia termica in sistemi di accumulo
basati su calore sensibile e latente, e pilt approfonditamente sulle proprieta termiche dei solidi a

cambiamento di fase {PCM]).

Intelligenza artificiale

Si sono sviluppati modelli per la valutazione in uno scenaric di ottimizzazione multiobiettivo delle
caratteristiche progettuali di edifici in fase di progettazione e ristrutturazione basati su un approccio a ciclo

di vita che tenga conto anche degli impatti ambientali da essi generati.

Pubblicazioni nel triennio di riferimento:

Riviste scientifiche peer-reviewed

1. A life-cycle approach for multi-objective optimization in building design: methodology and
application to a case study. £. Bonamente et al. Civil Engineering and Environmental Systemns, 35(1-4):158-

179, 2018. doi: 10.1080/10286608.2019.1576646

2. Carbon and energy footprint of the hydrate-based hiogas upgrading process integrated with CO2
valorization. B. Castellani et al. Science of the Total Environment, 615(15}:404-411, 2018. doi:
doi.org/10.1016/}.scitotenv.2017.09.254

3. Life-Cycle Assessment of an Innovative Ground-Source Heat Pump System with Upstream Thermal

Storage, E. Bonamente and A, Aquino. Energies, 10(11):1854, 2017. di:10.3390/en10111854

4, Experimental investigation and energy considerations on hydrate-based biogas upgrading with CO2
valorization. B. Casteltani et al. Biomass and Bicenergy, 105:364-372, 2017.
doi:10.1016/j.biombioe.2017.07.022

5. National water footprint: toward a comprehensive approach for the evaluation of the sustainability
of water use in ltaly. E. Bonamente et al. Sustainability, 9{8):1341, 2017. doi:10.3390/5u908134 1iviste

internazionali

Conveqgni

1. 6th International Conference on Energy, Sustainability and Climate Change (ESCC2019), Chania,
Crete, Greece, 3-7 lune 2019, Experimental characterization of a PCM thermal storage for ground-source

heat pumps



2. 4th International Conference on Energy and Environment: bringing together Engineering and
Economics (ICEE2019), Guimaraes, Portugal, 16-17 May 2019, GHG emission reduction for ground-source

heat pumps: energy storage using phase-change materials

3. 12th Italian LCA Network Conference, Messina, Italy, 11-12 June 2018, Practitioner-related effects on

LCA results: a case study on Energy and Carbon Footprint of wine
4, Vinitaly, Verona, Italy, 15-18 April 2018, LCA — Life-cycle assessment of olive and wine

5. 18th CIRIAF National Congress — Sustainable Development, Environmental Protection, and Human
Health, Perugia, Italy, 6-7 April 2018, Uncertainty due to choices in LCA: a case study on Energy and Carbon

footprints of wine

6. 18th CIRIAF National Congress — Sustainable Development, Environmental Protection, and Human
Health, Perugia, Italy, 6-7 April 2018, An innovative methodology for multi-objective optimization applied to

building design

7 17th CIRIAF National Congress — Sustainable Development, Environmental Protection, and Human
Health, Marsciano (PG), Italy, 6-7 April 2017, National water footprint: toward a comprehensive approach for

the evaluation of the sustainability of water use in Italy

8. 17th CIRIAF National Congress — Sustainable Development, Environmental Protection, and Human
Health, Marsciano (PG), Italy, 6-7 April 2017, Life cycle assessment of a ground-source heat pump including

an upstream thermal storage

9. 17th CIRIAF National Congress — Sustainable Development, Environmental Protection, and Human
Health, Marsciano (PG), Italy, 6-7 April 2017, Carbon footprint of a water distribution service: comparison

between product and organization approaches

10. 17th CIRIAF National Congress — Sustainable Development, Environmental Protection, and Human
Health, Marsciano (PG), Italy, 6-7 April 2017, Carbon and energy footprint of the hydrate-based biogas

upgrading process integrated with CO2 valorization

11. 22nd Conference of Parties (COP22), Marrakech, Morocco, November 7-18 2016, High-albedo

surfaces for Urban Heat Island mitigation

Responsabilita scientifica di progetti finanziati su bandi competitivi

(] BlOmasses Circular Holistic Economy APproach to EneRgy equipments (BIO-CHEAPER) -
PRIN: progetti di ricerca di rilevante interesse nazionale — Bando 2017, 2019-2022 (€ 1,200,000).

Responsabile Scientifico di Unita.



2. Smart Energy: design e ottimizzazione di un sistema integrato per la climatizzazione tramite
energie rinnovabili ed accumulo termico con PCM — Fondazione Cassa di Risparmio di Perugia,

2017-2019 (£ 40,000.00). Responsabile Scientifico (Pl).

Attivita didattica

Titolarita di corsi universitari

Elementi di Fisica (Matematica e Fisica), Corso di laurea in Produzioni Animali, Dipartimento di

Medicina Veterinaria — Universita di Perugia, AA 2018-19.

Fisica Tecnica Ambientale (Prevenzione e Sicurezza sul Lavoro 1), Corso di laurea in Tecniche della
prevenzione nell’ambiente e nei luoghi di lavoro, Dipartimento di Medicina Sperimentale —

Universita degli Studi di Perugia, A.A. 2017-18 e 2018-19.

Fisica Tecnica Industriale (Scienze applicate per il Design), Corso di laurea in Design, Dipartimento

di Ingegneria Civile e Ambientale — Universita degli Studi di Perugia, A.A. 2017-18.

Superficial optical properties: theory and practice, Corso di Dottorato in Ingegneria Energetica e

Sviluppo Sostenibile — Universita degli Studi di Perugia, 2016-17.

Attivita di coordinamento

Responsabile tecnico operativo del laboratorio di fisica tecnica industriale.
Organizzazione dei seguenti congressi:

19° congresso nazionale CIRIAF — Energia e Sviluppo Sostenibile. Perugia, Italy, 12 Aprile 2019.

18° congresso nazionale CIRIAF — Sostenibilita Energetico-Ambientale e consolidamento sismico

del patrimonio costruito. Perugia, Italy, 5-6 Aprile 2018.

17° congresso nazionale CIRIAF — Sostenibilita Energetico-Ambientale e consolidamento sismico

del patrimonio costruito. Rocca di Sant’Apollinare, Marsciano (PG), Italy, 6-7 Aprile 2017.

Attivita di revisione per riviste scientifiche peer-reviewed
Buildings — MDPI (ISSN 2075-5309)

Carbon Management — Taylor & Francis (ISSN 1758-3004/1758-3012)
Energies — MDPI (ISSN 1996-1073)

Energy and Buildings — Elsevier (ISSN: 0378-7788)



Journal of Cleaner Production Elsevier {(ISSN: (0959-6526)
Journal of Solar Energy Engineering — ASME (iSSN: 0199-6231)
Sustainability - MDPI (1ISSN 2071-1050)

Science of the Tota! Environment — Elsevier {ISSN: 0048-9697)
Applied Energy — Elsevier {ISSN: 0306-2619)

Environmental Engineering Research — KSEE {elSSN: 2005-968X)
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