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Comme prévu, le monde est confronté aux effets tangibles du changement climatique, conséquence d'une économie
basée sur les combustibles fossiles depuis des centaines d'années. En plus de faire face et de prendre des mesures
correctives pour limiter lesfefs du réchauffement climatique, I'Europe est confrontée a une grave crise énergétique,
révélant la fragilité du systéeme énergétique européen, qui dépend principalement des importations de combustibles
fossiles.

La géopolitique des ressourfessiles a déclenché la nécessaire refonte de I'économie énergétique européenne, qui
s'oriente "a marche forcée" vers les sources d'énergie renouvelables pour devenir une économie neutre en termes de
ressources fossiles et de carbone. Dans le panoraémedgss renouvelables, les ressources les plus exploitées sont
I'énergie solaire, 'énergie éolienne et I'énergie de la biomasse. Outre la production de bioénergie, la biomasse est une
source inestimable de biocarbone, qui peut étre exploitée et vadorséeproduction de molécules a haute valeur

ajoutée pouvant étre utilisées dans divers secteurs industriels, pour la production de carburants, de produits chimigues,
de matériaux, et en remplacant les produits correspondants d'origine fossilecBiatesties des systémes innovants

de bioraffinage de la biomasse de deuxiéme génération ont été développés pour transformer et déconstruire la
structure complexe de la biomasse en molécules plateformes plus simples, qui peuvent ensuite étre transformées en
molécules a fort potentiel. Parmi celiiédes Iévulinates d'alkyle ont été identifiés pour leur potentiel considérable

en tant que biadditifs et biocarburants. Esters de I'acide lévulinique, ces composés peuvent étre obtenus a partir de
dérivés de ldiomasse, tels gue les monosaccharides de sucre, selon différentes voies de réaction ; fartai celles
solvolyse acide des sucres hexagonaux pourrait étre une voie de production prometteuse et rentable, qui nécessite des
recherches plus approfondiesiajant pas encore été trouvées dans la littérature.

Le potentiel du lévulinate d'alkyle réside également dans la possibilité d'un traitement ultérieur par hydrogénation
pour produire de lavalérolactone (GVL), une molécule dont le marché est prometteur en tant que biosolvant en
raison de ses propriétés de stabilité, d'écotoxicité et de biodégradabilité. L'utilisation d'hydrogene moléculaire est la
voie la plus courante pour 'hydrogénatie la GVL, mais, en plus détre un réactif chimique fondamental,
I'hydrogéne est également I'un des principaux aatieuts transition énergétique. En effet, en tant que vecteur
énergeétique, 'hydrogéne peut permettre la pénétration compléte des sources d'énergie renouvelables sur le marché de
I'énergie, en constituant un complément tampon pour le stockage des é@m@yiedables intermittentes, grace a

la conception de systémes de stockage de I'énergie a base d'hydrogéne (HydESS). Le stockage a long terme de
I'hydrogéne peut permettre la mise en place de systémes d'énergie renouvelable autonomes, car itietlie lien e
fonctionnalité des systéemes "PoweeHydrogen", capables d'absorber les surplus d'énergie provenant des énergies
renouvelables et de les stocker, et celle des systemes "Hytdr@gerer”, qui restituent 'énergie renouvelable

lorsque les sourceténergie primaires ne sont pas disponibles. Dans cette perspective, le développement de ces
systémes peut conduire a l'intégration compléete et stable des sources d'énergie renouvelables dans les actifs industriels
existants, ainsi que dans de nouveauxiéarindustriels, tels que les bioraffineries de biomasse lignocellulosique,
promouvant le développement de réalités industrielles "vertes" en termes de transformation des matériaux et de

I'énergie.



Le marché industriel mondial évolue vers la décarbonisation et le redéveloppement de divers actifs, grace a des
investissements dans l'efficacité énergétique et a l'introduction de processus verts pour la valorisation des sources
renouvelables, maislarais en Tuvre ° grande ®chelle de ces initia
de leur durabilite.

Des mesures et des outils d'évaluation de la durabilité ont été développés au fil des ans, en particulier pour guider les
phases de conception ; l'application de ces mesures est particulierement efficace dans le contexte de la conception
précoce des procass, ou une analyse décisionnelle basée sur des criteres de durabilité permet d'orienter
judicieusement les décisions de conception clés, telles que la technologie des processus, les conditions d'exploitation,
la taille de l'usine, le site d'installatioers les meilleures solutions possibles.

Les exigences de durabilité constituent donc la base de linvestissement dans la conception de nouveaux procédés et
systemes d'exploitation des énergies renouvelables et desdaiorces carbonées, afin d'‘évaluer leur rentabilité
économique, leur fiabié technologique, leur sécurité sociale et leurs incidences sur 'environnement.

Dans ce contexte, le sujet de recherche de cette thése se concentre sur I'étude technologique et I'évaluation de la
durabilité d'un systeme de bioraffinage potentiel pour valoriser la biomasse lignocellulosique pour la production d'une
molécule a haute \&lr ajoutée, telle que le lévulinate de butyle et, par la suitealérolactone, intégrée a des

systémes d'énergie renouvelable pour la production d'énergie et d'hydrogéne.

Afin de répondre a la question de la durabilité de I'ensemble de la configuration du processus, la recherche présente
une premiére section axée sur I'étude expérimentale de la technologie optimale pour la production de Iévulinate de
butyle. Pour comblerddacunes de la littérature concernant ce lévulinate d'alkyle prometteur, la solvolyse de 'hexose
Fructose dérivé de la biomasse en lévulinate de butyle a été étudiée, en termes de conditions optimales de processus
et de modélisation cinétique. Aprés agéiectionné un catalyseur hétérogene efficace, l'effet du solvant a été étudié,
montrant les avantages de l'utilisation devalérolactone comme &olvant, avec le butanol, sur la cinétique de
conversion et de dissolution du fructose.

En tenant compte de lutilisation du catalyseur sélectionné et du systeme de solvant optimal, la solvolyse en lévulinate
de butyle a été étudiée en profondeur d'un point de vue cinétique, d'abord en proposant un modéle pour la solvolyse
du 5HMF, un internédiaire dans la voie du fructose, et ensuite en étendant la modélisation a partir du fructose lui
méme. Un modéle cinétique robuste, décrivant le mécanisme réactionnel de la solvolyse, a été défini et validé, en
particulier dans des conditions de concéatrénitiale élevée en fructose (en appliquant le concept de haute gravité),

et en incluant dans la modélisation la cinétique de dissolution et de dégradation du fructose dans des conditions acides.
Dans la deuxieme partie de la recherche, la perspective technologique a été étendue a I'nhydrogénation du lévulinate
de butyle en-valérolactone, en utilisant des modéles cinétiques rapportés dans la littérature, afin de définir un schéma
de processus optimal pour la conversion globale du fructose en GVL, via le lévulinate de butyle. A partir d'une phase
de conception, le schéma drogedé a été défini pour inclure les unités de la réaction de solvolyse et de
I'hydrogénation ultérieure, ainsi que les étalagsurification du produit final, le GVL, et la régénération du solvant

butanol, au moyen d'une premiére étape de séparation de la teneur en eau produite et d'une décomposition ultérieure
des traces de formiate de butyle, un produit secondaire deitardactolvolyse. Une fois le schéma de procédé de

référence défini, il a été optimisé sur la base du concept dintensification des procédés, visant a optimiser la
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récupération des matieres et de I'énergie ; une analyse énergétique a été réalisée pour définir la demande d'énergie du
schéma, pour différentes tailles d'installations.

Outre l'optimisation du procédé de-hidfinage, cette section s'est concentrée sur l'utilisation de I'hydrogene pour
I'étape d'hydrogénation et comme vecteur énergétique, et donc sur la définition et la conception optimale du systeme
de stockage de I'hydrogéne, qui dépend de la demandergia éhen hydrogéne du procédé, mais aussi de la
disponibilité des ressources énergétiques renouvelables et des technologies de convexsion, dgssturbines

éoliennes, etc.

L'analyse a donc été adaptée a une étude de cas, en considérant la région de Normandie (France) comme un site
d'installation potentiel pour I'ensemble de la configuration, et en se concentrant sur la disponibilité locale de la
biomasse lignocellulosiqueds I'énergie éolienne.

Sur la base du potentiel des ressources renouvelables, de la demande énergétique du processus et des technologies de
conversion de I'énergie éolienne et de production, de stockage et d'utilisation sur site de I'hydrogeéne, une méthode de
conception et diggration du systeme d'approvisionnement en énergie au processus de production a été définie ; une
conception optimale de la configuration présentée et différents scénarios d'intégration ont été définis en conséquence.
Enfin, une méthodologie d'‘évaluation de la durabilité¢ a été définie, a l'aide dindicateurs de performance clés qui
évaluent la durabilité pour chaque scénario sur la base de perspectives économiques, environnementales et sociales.
L'application de méthodade pondération et d'agrégation des indicateurs a été utilisée pour définir un indice global

de durabilité agrégé, permettant de classer les scénarios en fonction de leur durabilité.

L'analyse de la durabilité par le biais de lindice global final a démontré le potentiel des scénarios 6 et 7 avec un
systeme de bioraffinerie GVL, intégré a 'énergie éolienne et a des systémes de stockage d'énergie a base d'hydrogéne,
par rapport aux sodrios alimentés par des sources dénergie conventionnelles. En particulier, l'analyse des
perspectives individuelles a révélé la rentabilité économique élevée de ces scénarios, en raison de la synergie
commerciale du GVL et de 'hydrogéne vert, et dédaation de l'impact sur l'environnement ; certaines critiques

sont, en revanche, associées a la perspective sociale, exprimée en termes d'analyse de la sécurité inhérente au
processus, motivée par la taille du stockage de I'hydrogéne vert.

La robustesse de la méthodologie utilisée a été testée par des analyses de sensibilité basées sur la méthode de Monte
Carlo, qui confirment la fiabilité et la robustesse des résultats. Bien qu'appliquée a une étude de cas spécifique, la
méthodologie défiri constitue un outil flexible et fiable qui peut étre étendu a différentes technologies de processus,

a différents sites, ainsi qu'a des systémes hybrides énergie renouvelable plus complexes.
Mots-clés: Valorisation de la biomasse lignocellulosique, producti@nuaéculesplateformes, modélisation

cinétique, simulation de procédé, analyse teckitonomique, analyse de limpact environnemental, analyse de la

sécurité intrinséque, évaluation de la durabilité.
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Ri assunto

Come previsto, il mondo sta affrontando gli effetti tangibili del cambiamento climatico come conseguenza di
un'economia basata sui combustibili fossili per centinaia di anni. Oltre a dover affrontare e adottare misure correttive
per limitare gli effetti deriscaldamento globale, 'Europa sta affrontando una grave crisi energetica, che rivela la
fragilita del sistema energetico europeo, prevalentemente dipendente dalle importazioni di combustibili fossili.

La geopolitica delle risorse fossili ha innescato la necessaria rimodulazione dell'economia energetica europea, che si
sta spostando "forzatamente™ verso le risorse energetiche rinnovabili per diventare un'economia fossile e a zero
emissioni di carbonio. & panorama delle rinnovabili, le risorse piu sfruttate sono l'energia solare, eclica e da
biomassa. Oltre alla produzione di bioenergia, la biomassa € una fonte inestimabile di biocarbonio, che puo essere
sfruttata e valorizzata per la produzione di nabtead alto valore aggiunto che possono essere utilizzate in vari settori
industriali, per la produzione di carburanti, prodotti chimici, materiali e sostituendo i corrispondenti prodotti di origine
fossile. In questo contesto, sono stati sviluppati sisterovativi di bioraffinazione della biomassa di seconda
generazione per trasformare e decostruire la complessa struttura della biomassa in molecole piattaforma pitl semplici,
che possono poi essere trasformate in molecole ad alto potenziale. Tralicalelstidegulinati sono stati identificati

per il loro notevole potenziale come bioadditivi e biocarburanti. Esteri dell'acido levulinico, questi composti possono
essere ottenuti da derivati della biomassa, come i monosaccaridi dello zucchero, semsrdasdili reazione; tra

gueste, la solvolisi acida degli zuccheri esosi pud essere una via di produzione promettente ed economicamente
vantaggiosa, che richiede ulteriori indagini non ancora presenti in letteratura.

Il potenziale dgli alchil levulinat risiede anche nella possibilita di un ulteridrasformazione mediante

i dr ogenazi o waerolptene (GyL), ond malecola con un mercato promettente corsehl@ate

grazie alle sue proprieta di stabilita, ecotossicita e biodegradabilita. L'uso dellidrasgrs® la via piu comune

per lidrogenazione del GVL, ma, oltre a essere un reagente chimico fondamentale, l'idrogeno &€ anche uno dei
principali protagonisti della transizione energetica. Inéaitie vettore energetico, l'idrogeno puo portare alla piena
penetrazione delle fonti energetiche rinnovabili nel mercato dell'energia, costituendo un comiaenpent per

lo stoccaggio delle energie rinnovabili intermittenti, attraverso la progettazisisemi di stoccaggio dell'energia
dellidrogeno (HydESS). L'accumulo di energia a idrogeno a lungo termine pud consentire l'autosufficienza dei
sistemi di energia rinnovabile, in quanto agisce da ponte tra le funzionalita dei sistertdPtyslengenjn grado
diassorbire i surplus energetici delle energie rinnovabili e diimmagazzinarli, e quelle dei sistemi HigdRogen,

che restituiscono energia rinnovabile quando le fonti di energia primaria non sono disponibili. In questiottica, lo
sviluppodi tali sistemi pud portare all'integrazione completa e stabile delle fonti di energia rinnovabile in asset
industriali gia esistenti, cosi come in nuovi mercati industriali, come le bioraffinerie di biomassa lignocellulosica,
promuovendo lo sviluppo dialta industriali “verdi" in termini di trasformazione di materiali ed energia.

Il mercato industriale globale si sta evolvendo verso la decarbonizzazione e la riqualificazione di diversi asset,
attraverso investimenti in efficienza energetica e lintroduzione di processi green per la valorizzazione delle fonti
rinnovabili, ma limplenentazione su larga scala di queste iniziative richiede un'analisi completa e approfondita della

loro sostenibilita.
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Nel corso degli anni sono stawiluppae metriche e strumenti di valutazione della sostenibilita, in particolare per
guidare le fagniziali di progettaziond.'applicazione di queste metriche & particolarmente efficace nel contesto della
progettazioneichuovi processi, dove un'analisi decisionale basata su criteri di sostenibilita consente di orientare in
modo sensato le decisiodi progettazionequali le tecnologe di processocondizioni operativedimensioni
dellimpianto, sito di installazionimdicandde alternative migliori.

| requisiti di sostenibilita sono, quindila basedelle scelte di investimentlla progettazione di nuovi processi e

sistemi per lo sfruttamento delle energie rinnovabili e dellddnicse di carbonio, al fine di valutarne la redditivita
economica, l'affidabilita tecnologica, la sicurezza sociale e limpatto ambientale.

In questo contesto, il tema di ricerca di questa tesi si concentra sullindagine tecnologica e sulla valutazione della
sostenibilita di un potenziale sistema di bioraffineria per la valorizzazione della biomassa lignocellulosica per la
produzionediunamoe col a ad alto valore aggi unt evaeroiptioreel e i |
integrato con sistemi di energia rinnovabile per la produzione di energia e idrogeno.

Per rispondere alla domanda sulla sostenibilita dellffittera di processo, la ricerca presenta una prima sezione
incentrata sull'indagine sperimentale della tecnologia ottimale per la produzione di butil levulinato. Per colmare la
lacuna in letteratura riguardo a questo promettente alchil levulinato, é stata stwditalisi dell'esoso fruttosio

derivato da biomassa a butil levulinato, in termini di condizioni ottimali di processo e modellazione cinetica.
Selezionato un efficace catalizzatoreragieneo, € stato studiato l'effetto del solvente, mostrando i benefici
del | ' ut +derolattane cordecelvente, insieme al butanolo, sulla conversione e sulla cinetica di
dissoluzione del fruttosio.

Considerando l'uso del catalizzatore selezionato e del sistema di solventi ottimale, la solvolisi a butil levulinato e stata
studiata in modo approfondito da un punto di vista cinetico, proponendo dapprima un modello per la solvolisi del 5
HMF, intermediael percorso del fruttosio, e poi estendendo la modella@liaesolvolisidal fruttosio stesso.

E stato definito e validato un modello cinetico robusto, che descrive il meccanismo di reazione dellarsolvolisi,
condizioni di elevata concentrazione iniziale di fruttosio (applicando il concetto dijtdigty) e includendo nella
modellazione la cinetica di dissoluzione e degradazione del fruttosio in condizioni acide.

Nell a seconda parte della ricerca, | a prospettiva
valerolattone, utilizzando modelli cinetici riportati in letteratura, al fine di definire uno schema di processo ottimale
per la conveisne complessiva del fruttosio in GVL, attraverso il butil levulinato. Partendo da una fase di
progettazione concettuale, lo schema di processo € stato definittendde unita della reazione di solvolisi e
successiva idrogenazione, nonché le fasinifigazione del prodotto finale, GVL, e di rigenerazione del solvente
butanolo, attraverso un primo stadio di separazione dal contenuto di acqua prodotto, e la successiva decomposizione
delle tracce di butiformiato, un prodotto secondario della readios@volisi. Una volta definito lo schema di
processo di riferimento, questo € stato ottimizzato sulla base del concetto di intensificazione del processo, volto a
ottimizzare il recupero di materia ed energia; € stata effettuata un'analisi energigtigainpda domanda di energia

dello schema, per diverse dimensioni di impianto.

Oltre all'ottimizzazione dello schema del processo di bioraffinazione, questa sezione si € concentrata sull'uso

dellidrogeno per la fase di idrogenazione e come vettore energetico, e quindi sulla definizione e sulla progettazione

XV



ottimale del sistema di stoccaggio dell'idrogeno, che dipende dalla domanda di energia e di idrogeno del processo,
ma anche dalla disponibilita di risorse energetiche rinnovabili e di tecnologie di conversione, ad esempio turbine
eoliche.

Essendo specifica del sito, la disponibilita di risorse energetiche rinnovabili dipende fortemente dalla localita
considerata; per questo motivo, l'analisi & stata adattata a un caso di studio, considerando la regione della Normandia
(Francia) come poterate sito di installazione per lintera configurazione e concentrandosi sulla disponibilita locale

di biomassa lignocellulosica e di energia eolica.

Sulla base del potenziale delle risorse rinnovabili, del fabbisogno energetico del processo e delle tecnologie per la
conversione dell'energia eolica e per la produzione, lo stoccaggio e l'utilizzo in loco dellidrogeno, € stato definito un
metodo per lampgettazione e lintegrazione del sistema di approwvigionamento energetico nel processo produttivo;

e stato presentato un progetto ottimale della configurazione e sono stati definiti diversi scenari per lintegrazione.
Infine, & stata definita una metodologia di valutazione della sostenibilita, utilizzando indicatori chiave di prestazione
che valutano la sostenibilita per ogni scenario sulla base di prospettive economiche, ambientali e sociali.
L'applicazione di metodii gjonderazione e aggregazione degli indicatori & stata utilizzata per definire un indice di
sostenibilita complessivo aggregato, che consewstutiree confrontare laostenibilita tra gli scenari.

L'analisi di sostenibilita attraverso l'indice aggregato finale ha dimostrato il potenziale degli scenari 6 e 7 con un
sistema di bioraffineria GVL, integrato con sistemi di accumulo di energia eolica e idrogeno, rispetto agli scenari
alimentati da fontiergetiche convenzionali. In particolare, 'analisi delle singole prospettive ha evidenziato l'elevata
redditivita economica di questi scenari, dovuta alla sinergia di mercato del GVL e dellidrogeno verde, e il ridotto
impatto ambientale; alcune critict@no invece associate alla prospettiva sociale, espressa in termini di analisi della
sicurezza intrinseca del processfhienzatadalla dimensione dello stoccaggiddiogeno.

La robustezza della metodologia utilizzata é stata testata con agalisitiliitebasate sul metodo Monte Carlo, che
confermano l'affidabilita e la solidita dei risultati. Sebbene applicata a un caso di studio specifico, la metodologia
definita costituisce uno strumento flessibile e affidabile che pud essere esteso a diverse tipnobagiso, siti di

ubicazione e sistemi ibridi di energia rinnovabile piti complessi.
Parole chiave Valorizzazione della biomassa lignocellulosica, Produziomldicolepiattaforma, Modellazione

cinetica, Simulazione grocesso, Analisi tecreconomica, Analisi dellimpatto ambientale, Analisi della sicurezza

intrinseca, Analisi idsostenibilita.
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Abstract

As expected, the world is facing the tangible effects of climate change as a consequence of an economy based on
fossil fuels for hundreds of years. In addition to coping with and taking remedial action to limit the effects of global
warming, Europe is faog a severe energy crisis, revealing the fragility of the European energy system, which is
predominantly dependent on imported fossil fuels.

The geopoalitics of fossil resources has triggered the necessagngeof the European energy economy, wisch
shifting *forcibly’ towardgenewable energy resources to become a-fassll carbomeutral economylin the
panoramaof renewablesthe mostexploitedresourcesare solar, wind, and biomass energy. In addition to the
production of bieenergy, biomass is an invaluable sourdaatarbon, which can be exploited and vaksgifor

the production of higlhralueadded molecules that can be useehious industrial sectors, for the production of
fuels, chemicals, materials, and by replacing the correspdiodsigbased productdn this context, innovative
biorefining systems for secogeneration biomass have been developed to transform and deconstruct the complex
structure of biomass into simpler platform molecules, which can then be transformed iptaénitial molecules.
Among these, alkyl levulinates have been identified for their considerable potdritieddditives and bifuels.

Esters of levulinic acid, these compounds can be obtained from biomass derivativesyglasasosaccharides,
according to different reaction pathwagbthese, acid sablysis of hexose sugars may b@ramisingandcost
effectiveproduction route, which requires further investigation not yet found in the literature.

The potential of alkyl levulinate also lies in the possibility of further processing by hydrogenation to produce
valerolactondGVL), a molecule with a promising market adbia-solventdue to its stability, ecotoxicity and
biodegradability propertieshe use aomoleculahydrogen is the most common route to hydrogenatiGivt., but,

besides being a fundamental chemical reagent, hydrogen is also one of the main players in the enerdy transition
fact, @& energy carriehydrogercan lead tthe full penetration of renewable energy sources into the energy market,
constituting a buffecomplement for the storage of intermittent renewairegiesthrough the dggnof hydrogen

energy storage systems (HydE&8hgterm hydrogen energy storaggen enable seffustaining renewable energy
systems, as it adis bridge thdunctionality ofPowerto-Hydrogen systescapable of absorbing energy surpluses
from renewablenergiesand storing them, arttiose ofthe Hydrogerio-Power systes) that retun renewable

power wherprimaryenergy sources are unavailable. In this perspective, the development of such systems can lead
to the completand stabléntegration of renewable energy souiinesready existing industrial assets well asin

new industrial marketsuch as lignocellulosic biomass biorefineries, promoting the development of 'green’ industrial
realities in terms of material and energy transformation

The global industrial market is evolving towardsdblearbonization armedevelopment of various assétsough
investment in energy efficiency and the introduction of gpeecesses for thalorizationof renewable sources, but

the fullscale implementation of these initiatives requiresmplete and idepth analysis of their sustainability
Sustainability metrics and assessment tools have been developed over the years, in pguitdetisign phases

the application of these metrics is particularly effedtivihe context okarly process design, where a decision
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makinganalysis based on sustainability criteria allows for sensible steering of key design decisions, such as process
technology, operating conditions, plant size, installation site, towards the best alternatives.

Sustainability requirements atteereforethe basis for investing in the design of new processes and systems to exploit
renewable energgnd carbombio-resourcesn order to assess their economic profitability, technological reliability,

social safety and environmental impacts.

In this context, the research topic of this thesis focusestacitmelogicaihvestigatiorand sustainability assessment

of a potentiabiorefinery systento valorizethe lignocellulosic biomass for the production of a higlueadded

molecule, such asutyl levulinate andsubsequenb-valerolactongintegrated with renewable energy systems for

the production of energy and hydrogen

In order to answer the question of sustainability of the entire process configuration, the research presents a first section
focused on the experimental investigation of the optimal technology for the production of butyl levuliiiateeTo

gap in the literature regarding this promising alkyl levulinate, the solvolysis of the biteriged hexosEructose

to butyl levulinate was investigated terms of optimal process conditions and kinetic modelfatgcted an

effective heterogeneous catalytbe effect of the solvent was investigatsowing the benefits of usirg
valerolactone as esplvent, together with butanol, on the conversion and dissolution kinetics of fructose

Considering the use of the selected catalyst and the optimal solvent #yessaaplysisto butyl levulinatewas

studied in depth from a kinetic point of view, first by proposing a madicolvolysis of #-IMF, an intermediate

in the fructose pathway, and then extending the modelling from fructose itself. A robust kinetidesodéig the

reaction mechanism of solvolysigas defined and validated, particularly under conditions of high initial fructose
concentration (applying the concepHidh-gravity), andincluding in the modelling the kinetics of dissolutiand
degradation of fructosander acidic conditions

In the second part of the research, the technological perspesdstended to the hydrogenation of butyl levulinate

to o-valerolactongby using kinetic models reported in the literature, in order to defiogtinalprocess scheme for

the overall conversion of fructose to GWia butyl levulinate Startingfrom a conceptual design phase, the process
scheme was defined to include the units of the solvolysis reaction, and subsequent hydrogenation, and the stages of
purification of the final product, GVL, and regeneration of the butanol solvent, by mearst efage of separation

from the produced water content, and subsequent decomposition of tferimattraces, aecondaryproduct of

the solvolysis reaction. Once the reference process scheme was defined, it was then optimized on the basis of the
pracess intensification concept, aimed at optimizing material and energy recovery; energy anagsigavast

to define the energy demand of the scheme, for different plant sizes.

In addition to the optimization of the biefining process scheme, this section focused on the use of hyidragen
hydrogenation stage aal$o as energy carrier, and tlarsthedefinition andbptimal design of the hydrogen energy
storage system, which depsfrdm the energy and hydrogen demahthe procesdut also on thavailability of

renewable energgsources and conversion technologiesyired turbines, etc.

Being sitespecific the availability ofenewable energy resourggsighly dependent on tecationconsidered; for

this reason, the analysis has been adapted to a case study, cotisdergigrNormandy(Francelas a potential
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installationsite for the entire configuration, and focusing ortdbal availability of lignocellulosic biomass and wind

energy.

Based on the potential mfnewable resources, the energy demand of the process, and the technologies for wind
energy conversioandhydrogen productigrstorage and esite usea method for the desigmdintegraion of the
energysupplysystento the production processgs defined; an optimal design of the configuration presented and
different scenario®r the integrationvere defined accordingly.

Finally, a sustainability assessment methodolegg defined, usingkey performance indicators that assess
sustainability for each scenario on the basis of economic, environmedisbcial perspectives. The application of
weighting and aggregation methadithe indicatorsvas usedo definean aggregatenlverallsustainability index,

allowing the sustainability ranking among the scenarios.

The sustainability analygisrough the finahggregate index demonstrated the potentiatefiario® and Awith a

GVL biorefinery system, integrated with wind power and hydrogen energy storage systems, compared to scenarios
powered by conventionahergy sources. In particular, the analysis of the individual perspectives revealed the high
economic profitability for these scenarios, due to the market synergy of GVL and green hydrogen, and the reduced
environmental impact; sonegiticalities areinstead associated with the social perspective, exprésgedns of
inherentsafety analysis of the procedsven by the size of the green hydrogen storage.

The robustness of the methodology used hastéseiby sensitivity analyses based on the Monte Gadthod

which confirm the reliability and robustness of the restiitaough applied to a specific case study, the defined
methodology constitutes a flexible and reliable tool that can be extended to different process teclucakamies,

sites, as well as more compterewable energyybrid systems.
Keywords: Lignocellulosic biomass valorization, Platformoleculesproduction, Kinetic modeling, Process

simulation, Techneconomic analysis, Environmental impact analysis, Inherent safety analysis, Sustainability

assessment

XVIII



| ENERGY SUPPLY

‘ DXPTRIMENTAL ‘ KINETIC PROCESS
INVESTIGATION ‘ ‘ | | SYSTEM SUSTAINABILITY SENSITIVITY
& OPTIMIZATION MODELING DESIGN DESIGN ‘ ASSESSMENT ‘ ‘ ANALYSIS
5 . - - )
STEP 1 STEP 2 STEP 3 STEP 4 STERP S STEP 6
o — - 7'\\\
- Su. Srq/‘;v\\
OPTIMAL PROCESS h - 4&/ o
CONDITION // ‘\\ON\‘C PERS,DE (/))>
FRUCTOSE SOLVOLYSIS C)} ‘7
to BUTYL-LEVULINATE | / !?o \{‘ﬁ\
/ <NVIRONY, » Jh
, B 2
/ ) \
/ & [30°)
f PROCESS SCHEME of Ko 3‘\
JGVLPRODUCTION Q \
- FROM FRUCTOSE 2 \
\ m ‘
O |
OPTIMAL DESIGN of |
KINETIC MODELING WIND ENERGY /
FRUCTOSE SOLVOLYSIS HydESS /
To BUTYL-LEVULINATE SYSTEM /
\ ""
\\
\
\
N - < /
N O, W /
N Cla perepect yd
,//
~ 7

Fig. I: Graphical Abstract of the research

XIX






Tabl e of Content s

CHAPTER 1: Context of the study 1
1.1 Introduction 1
1.2 Lignocellulosic biomass (LCB) valorization 3
1.3 Levulinic acid and Alkyl levulinates: Synthesis and applications 5

1.3.1 Production from hexoses and pentoses sugar monomers

1.3.2 Homogeneous ammeéterogeneous catalysts in the solvolysis of sugar monomers

1.3.3 Direct production of Levulinates from cellulose, hemicellulose and biomass 12
1 . 4/alerolactone: Synthesis andpplications 16
1.5 Integration of renewable energy sources (RESS) 19
1.5.1 Wind and solar energy 19
1.5.2 Hydrogen 21
1.6 Process Design and Sustainable Development 27
1.6.1 Sustainability assessment 29
1.7 Objectives and Outline of the thesis 31

CHAPTER 2- Optimization of process conditions for the solvolysis of fructose to butyl levulinate:

effect of catalyst and solvent 33
2.1 Introduction 33
2.2 Experimental and Analytical set up 35

2.2.1 Chemicals 35
2.2.2 Analytical methods 35
2.2.3 Experimental setp 36
2.2.3.1 Mass transfer resistance investigation 37
2.2.3.2 Experimental investigation on the solvent effect 37
2.2.3.3 Fructose dissolution investigation 38
2.3 Experimental results and discussion 40
2.3.1 Mass transfer limitations effect 40
2.3.2 Solvent effect: kinetics and swelling effect 42
2.3.2.1 Swelling effect 43
2.3.2.2 Cesolvent effect: Water 44
2.3.2.3 Cesolvents effect: GVL in presence of Water 45
2.3.2.4 Cesolvents effect: GVL in Butanol 47

2.3.2.5 Dissolution kinetics investigation 48




2.3.3 Comparison with literature 48

2.4 Conclusions 50

CHAPTER 3- Solvolysis of the platform moleculePydroxymethyl furfural (5SHMF) to butyl

levulinate: kinetic modelling and model assessment 51
3.1 Introduction 51
3.2 Experimental and Analytical set up 53

3.2.1 Chemicals 53
3.2.2 Analytical methods 53
3.2.3 Kinetic experiments sep 53
3.3 Experimental results and discussion 54
3.3.1 Effect of temperature 55
3.3.2 Effect of catalyst loading 56
3.3.3 Effect of BHMF loading 57
3.3.4 LA and FA esterification results 59
3.3.5 Deactivation catalyst effect 60
3.3.6 Repeatability of kinetic experiments 60
3.4 Kinetic Modelling 60
3.4.1 Models 62
3.4.1.1 Model 1 62
3.4.1.2 Model 2 63
3.4.1.3 Model 3 63
3.4.1.4 Model 4 64

3.5 Modelling results and discussion 64
3.5.1 Regression methods and strategy 64
3.5.2 Regression models results 66
3.5.3 CrossValidation method and results 71
3.6 Conclusions 72

CHAPTER 4- In-depth kinetic modelling of butyl levulinate production from Fructose in High

Gravity condition 74
4.1 Introduction 74
4.2 Experimental and Analytical set up 77

4.2.1 Chemicals 77
4.2.2 Analytical methods 7
4.2.3 Kinetic experiments sep 77

4.2.4 Solubility measurement 79




4.3 Experimental results and discussion 80
4.3.1 Temperature effect 80
4.3.2 Catalyst loading 82
4.3.3 Deactivation catalyst effect 83
4.3.4Fructose initial loading 85
4.3.5 Solubility measurement 86
4.3.6 Repeatability 87

4.4 Kinetic Modelling 89
4.4.1 Models 91

4.4.1.1 Model 1 92
4.4.1.2 Model 2 92
4.4.1.3 Model 3 93

4.5 Modelling results and discussion 93
4.5.1 Training phase 93
4.5.2 Model estimation results 94
4.5.3 Models validation results 97
4.5.4 Tuning of process conditions 98

4.6 Conclusions 100

CHAPTER5-Sust ai nabi | i tvglerdastene malucton ftom bructose 101

5.1 Introduction 101

5.2 Methodology 103
5.2.1 Assessing sitgpecific renewable energy sources 106

5.2.1.1: Lignocellulosic biomass availability 106
5.2.1.2: Wind data analysis anbdaracteristic parameters 108
5.2.1.3: Wind potential assessment 109
5.2.2 Conceptual design of the chemical process 112
5.2.3 Process modelling for an intensified process flowsheet 114
5.2.3.1 Solvolysis Fructose tebutyl levulinate 116
5.2.3.2 Hydrogenationofh u t vy | | e waldrolactomd e t 0o o 117
5.2.3.3 Water separation and butyl formate decomposition 117
5.2.4 Energy analysis 118
5.2.5 Integrating renewable energies into the GVL biorefinery 118
5.2.5.1 Alkaline electrolyzer (AEL) 119
5.2.5.2 Hydrogen Storage 120
5.2.5.3 Hydrogen Fuel Cell 121
5.2.6 Description of the scenarios analyzed 122
5.2.7 Conceptual design of the integration system for electricity and hydrogen from RES 125
5.2.8 Sustainability Assessment and Key Performance Indicators (KPIs) 128




5.2.8.1 Economic KPIs

128

5.4 Conclusions

References

Symbols and Units

Abbreviations

List of Figures

5.2.8.2 Environmental impact KPIs 132
5.2.8.3 Inherent Safety KPIs 135
5.2.8.4 Overall Sustainability Index: Normalization, Weighting and Aggregation 139

5.3 Results and discussion 143
5.3.1 Results of the conceptual design of the process and RES system 143
5.3.2 Results of the economic analysis 148
5.3.2.1 Results of preliminary design and cost estimation of-gidcess scheme 148
5.3.2.2 Effect of parameters: wind farm size and storage system on economic indicators 151
5.3.2.3 Cost analysis and economic indicators: scenario comparison 159
5.3.2.4 Sensitivity analysis on the economic KPI 164

5.3.3 Results of the environmental impacts analysis 168
5.3.3.1 Sensitivity analysis on the environmental KPI 170

5.3.4 Results of the Inherent safety analysis 174
5.3.4.1 Sensitivity analysis on the inherent safety KPI 179

5.3.5 Overall sustainability index analysis 181

183

CHAPTER 61 Conclusions and perspectives 185
Appendix S1: Additional DateChapter 3 188
Appendix S2: Additional DateChapter 4 197
Appendix S3: Additional DateChapter 5 203
211

234

237

239

243

List of Tables







CHAPTE®Rorktbd t he study

Part of this chapter iadapted from the pogirint of the following article:
Di Menno Di Bucchianico, D.; Wang, Y.; Buvat;Q.; Pan, Y.; Casson Moreno, V.; Leveneur, S. Production of
Levulinic Acid and Alkyl Levulinates: A Process Insight. Green Chem., 2022,24644.4

Further permission for extracted material should be addresg&tyal Society of Chemistry 2023

1.1 Introduction

The energyindustryis the largest source of emissions worldwide, followedHymicalindustry and

transport, and therefaraolds the key role in responding to th@rentglobal climate changéJp-to-

date statistics for global primary energy production estimate it dES70'J) [1] in 2019 with global
energyrelated C@-emissions reaéhg 33.3 metric gigatons (Gt) per yedwn 2022, globhemissionsn

the energy sectoreached a new high of 36.8 G{3], although the strong expansion of renewable
energies partially mitigated thamissiongrowth rateThe share of fossil fuels in the glolalergymix

was more than 80 per cent2019(26.8 % of coal, 30.9 % of oil, and 23.2 % from natural ,gasdlit

continues to be stubbornly higlventoday, as shown irfrig. 1: (a)Global primary energy consumption

[4]; (b) Global energy investment in cleand fossikenergy, 201820235](a) [3,4]. As reported by IEA

in the World Energy Outlook 2022, #AGlIlobal fossil
of the Industrial Revolution in the 18th century: reversing this increase by continuing to expand the
global economy will be acrudia moment i n t h §3].lh 2082 emissionsogfowtlewas r gy 0
lower than global GDP growth (+3.2%), returning to a dectmiegtrend of decoupling emissions from
economic growth, which was interrupted in 20&though investments in renewalsdad clearenergy

(USD 1.7 Trillion in 2023,Fig. 1. (a)Global primary energy consumpti¢d]; (b) Global energy
investment in cleaand fossilenergy, 20120235](b)[5]), policy and technological changes since the
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Fig. 1: (a)Global primary energy consumpti¢d]; (b) Global energy investment in cleand fossilkenergy, 201520235]



2015 Paris Agreement, have reduced the expected temperature rise, there are still many steps to reach
the targetof climate neutrality by 2050 (NZE205@nd limitthe global warmingincreasebelow 1.5

°C[3,6].

The exploitation of renewable energy resourcghéereforethe only way, together with the use of £O
mitigation and capture (CCS) techniques, to reduce emissions; among the renewable resousises such
wind and solar energy, the lignocellulosic biomass (LCB) is the only cdikiog renewable resource,

being generated from carbon dioxide and watepughphotosynthesisThis renewable and abundant
resource is a valuable source of-biwergy, whichs the largest source of renewable energy, accounting

for 55% of renewable energy and over 6%haftotal energy supply, constiting anessentiapillar of
decarborgation in the energy transition as a rearo emission power sourfg.

Its potential lies in the flexibility of uses and sectors of this resource; from solid bioenergy and biogas
burned for energy and heat, to liquid biofuels and additives used iimdiin&try,transport and aviation
sectorg[7]. The high-potentialof biomassis due to itscellular structure, consisting of bipolymers
(cellulose hemicellulose, and lignjn which is particularly rich in hexose and pentose sugar
monosaccharidesyhose conversigrthrough different chemical pathwayeads to the production of
valueadded molecules, exploitable in hdodabate industrial sectors, such as chemical and
petrochemical industry, as fuels, fuel additives, solvents, and polymers, replacing current chemical
compounds of fossil origifi] [8,9].

Analogous to a refinery, whigbroduces different fuels and products from oil, a biorefinery is a plant
(or network of plants) that integrates biomass conversion processes and equipment to produce biofuels
for transport, energy and chemicals from biomd€k 12]. Unlike traditional refineries, which are
usuallyrepresented bharge plantswherefossil feedstocks are entiretpnverted in a single sitmjany

plants of different sizesggenerally characterize a biorefining systemnd often the economies of
different biorefineries are combined in orderfudly exploit all components of the biomas®., the
production residue of one plant may be the feedstock of another, thus defining integraeduhduip
systemq10]. The energy demand in a biorediy plant can be met entirely or partly by biomass or
process residues, although in some gdbesntegration of different renewable energies can result in a
more stable andosteffectivesystem[10,13] In fact, compared to a singtenewablesource system,
integrating multiple renewablesourcesallows to compensatdhe intermittency effects typical of
renewables, avoiding interruption in the supply of energy to the pr¢tgksAlthough biomass is
considered one of the most stable renewable energies, being less susceptible to meteorological
conditions, it can be integrated within a edinery usingsolar and wind energji3]. Due to their
fluctuating nature, &ey aspect in the production of energy from renewablései€nergystorage;
besides the use of batterigghich havea limited storingtime, storage can also take place ugimgre
stableenergy carriers, among which hydrogen is gaining more and more interest and a growing market
[14,15] In fact,Hydrogenbased energy storage systems (HydESS) are gaining great interest as a cost

effective solution for storing large amounts of energy in the form of hydrogen, which can be stored,
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transported and utded efficiently [16]. Accounted asi key pillar in the targets of NZE2050 scenario

by IEA [7], hydrogen is leading the way towards a fully renewable energy economy, called the
fihydrogen econoni16]. In the field of biomass conversion, hydrogen is also a valuable reagent for
converting and upgrading biomass and its derivatives into a wide range ofatigtadded products

(i.e. hydrogenation of sugar monoshagdesto polyols[17], hydrogenation diurfural (Fur) tofurfuryl

alcohol (FAI18], hydrogenation ofevulinic acid andalkyl levulinates tm-valerolactone (GVLUL9],

GVL hydrogenation to Valeric acid (VA)-&ethyltetrahydrofuran (RMTHF) [20], etc.).

In this context, the hydrogen economy can thus be integrated, together with the use of hybrid renewable
energy systemso the conversion of biomass biorefineries for the production of energy and high
valueadded chemicals; expanding the green economy with economically, environmentally and socially
sustainable industrial initiatives line with the Sustainable Development Goals (SD@sfined by the

ONU [21,22]

1.2 Lignocellulosic biomass (LCB)valorization

With a global annual production of 181.5 billion tons, the lignocellulosic biomass rmost abundant
renewable resource of biogenic carbon anddpiergy[23]. Forestry is the main source of 2nd
generation biomass for energy (logging residues, wood processing residues, firewood, etc.) and bio
conversion, followed by LCB wastes froagriculture, industry, and municipal sector or by biomass
from specific crop$24]; currently about 0.2% of the world's total land (~25 million hectares) is used to
cultivate bioenergjeedstock$25]. In contrast to firsgeneration biomass, which may face competition
with the ffoodbwbrsus @ t d e[B6}§ IfiGB)is an abundant, carbdixing and cost
effective alternative feedstock for the production offbiels and biechemicals.

The main structural elements of LCB are: celluloseF25t%) a linear, highly crystalline bigolymer
consisting of only glucose units, hemicellulose-8IBwWt%) an amorphous oligomer consisting of bonds
between CEC6 monosaccharides, and lignin {39 wt%) a highly crosdinked polymer consisting of
substituted phenols. Thus, the biomass will mainly consist of carbohydrates, subdivided into storage
polysaccharides (e.g. starch and inulin), disaccharides, such as sucrose, and structural polysaccharides
seh as cellulose and hemicellulose. Other components of the biomass composition are triglycerides,
proteins, terpenic hydrocarbons, waxes, tannins and other inorganic eldbegeatsding on the type of
biomass, whether it is agricultural waste such as corn stover, cereals and straw, grass silage and bagasse,
or forestry residue such as pine waste, short rotation crops such as switahgeasthus, aquatic

plants or paper waste or other industrial and municipal waste, the composition in terms of thexsis elem
can vary considerabll] . Pentose and hexose sugar monomers are fully exploitable considering two
main conversion processes: therofemical and chemidhio-chemical[27].

The first category of conversion processes, such as pyrolysis and gasification, considers the
simultaneous conversion of all sugars from the biomass feedstock, resulting in a process that is

operationally simpler but less flexible than {gionversion proceses, which instead involve the
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Fig. 2: Lignocellulosic biomass bioomponents and conversion pathways.

fractionation of cellulose and hemicellulose and could consider a different valorization route for each
fraction, offering a wide range of biproductq28].

Regardless of the type of conversion process, the LCB must keegred in order to open up its
structure, remove the lignin in a reusable form¢destallize the cellulose filis, and reduce the possible
resistance to the mass transfer to allow the efficient use of a chemical or biological catalyst in the
subsequent monosaccharide extraction §2§is31]. Pretreatment can be categmd as mechanical

(e.g, milling, chipping, milling, etc.), chemical (e,qacids, alkaline, organic solvents, ionic liquids),
physical and/or physicochemical (steam explosion, wet air, oxidation, ammonia fiber explosion, etc.),
or biological (e.g. by enzymeg$32]. The choice of préreatment method is crucial not only for
production efficiency and yield but also for the economic feasibility of the process, as in some cases
pretreatment costs can exceed 40% of the total[88%tTherefore it is necessary to consider methods
whose cost does not affect downstream processing steps and must balance thi¢ Witklethe
conver si oapergtianal, capitlsardd biomass cq8&34]

After fractionation of the twamnain bio-polymers, chemical methods take into account the different
reactivities of C5and Césugars, such as the conversion of C5 sudaosighfurfural-pathway and

the conversion of C6 sugars to levulinic acid and formic acid and ptheucts[28,29] In fact,
although there are many pathways for the conversion of sugars, including fermentatiorpatdmgial
conversion pathway focus@n solvolysis under acidic conditions and the production of furan and
levulinic acid from hemicellulose and cellulosemong the highvalue platform moleculesf this
pathway both5-hydroxymethylfurfural $-HMF) and levulinic acidLA) have been identified by the

US Department of Energy as top 10 platform chemicals on which to focus research for biorefining
processesDue to its reactivityLA can react with numerous functional groups to produce various
chemicals relevant to different market sect@2]. Among LA derivatives, levuliniesters or alkyl
levulinate(ALs), such as methyl levulinate, ethyl levulinate and butyl levulinate, have high potential as

bio-fuels and additives for conventional fualsd arethereforethe subject of numerous investigations



[35]. Furthermore, such platform molecules can be transformed by hydrogenatiavaltyolactone
(GVL), which has been identified by Hath et al[36] as a versatile molecule for the production of

fuels and chemicals.

1.3 Levulinic acid and Alkyl levulinates: Synthesis and applications

Giventhe high versatility ofevulinic acid and its derivative in different industrial sectors, the market
demand has shown rapid growth in the last decades awitstimated global LA market of US$21.7
million in 2020 and a perspective thawill reach US$30.8 milliorby 2027 The considerable interest

in the market is due the levulinatespplications that extend to various sectors of the industrial market:
pharmaceutical and cosmetics industry, agriculture and food industry, chemical industry, polymers and
fuels. The akyl levulinates have distinctive physicochemical properties, similar to fatty acid methyl
esters, which make them suitable for use in traditional chemical and process industry applications, as
solvents and crude oil additives, flavorings, fragrance agardslasticizers. In addition, they are
characteded by high stability and lubricity, characteristics that indicate the high potential as oxygenate
additivesfor conventional diesel, gasoline fuels, (Fisehespsch) gas oibased fuels, and biodiesels
[37141]. For fuel applications, long alkyl chain levulinates are more suitable due tohigéer
solubility in the hydrocarbon fraction in conjunction with lower solubility in water; thus, most of the
studies are mainly focus on ethyl levulingte.) and butyl levulinatgBL). Several investigatian
showed that the presence of these oxygenated compounds leads to cleaner comibiinsfiewer

smoke or NOx (nitrogen oxides) emissions, to improve cold flow properties, conductivity, and lubricity
of diesel fuel andeduce its vapor pressure. Compared to ethyl levulinate, BL was found tanbasre
benefits, suclas higher cetane number and calorific value (LHV), to remain in solution with diesel up

to thecloudpoint, and to be more compatible with elastomers, being less corf42j4&).

1.3.1Production from hexoses and pentoses sugar monomers

Depending on the content of hexoses and/or pentoses in the initial biomass substrate, levulinate
syntheses can take place via thedD§ar or C5ugar chemical pathway, as illustratedHFig. 2:
Lignocellulosic biomass bioomponents and conversion pathways.

Although LA and its esters can be produced from platform molecsied as SHMF and Furfural,

direct production from monosaccharides is more-effsctive due to the lower cost compared to furan

intermediatef28]. Among these, hexose sugarsthezmost abundant monosaccharides, mainly glucose
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Fig. 3: Conversion pathway via hexose sugars solvolysis 5-(Alk-OXYMETHYL)FURFURAL
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Fig. 4: Pentose sugars pathway to alkyl levulinates and levulinic acid
and fructose. Being the main building block of cellulose and hemicellulose, glucose is preferred over

fructose due to its greater abundance in ng@2k However, the conversion of fructose under acidic
conditions gives a higher yield in levulinate products than glucose, due to its greater molecular
instability, which leads to an easier opening of the ring structure. In general, the glucose conversion
medanism considers an isongiion step to fructose, prior to the formation of the furan intermediate
5-HMF (Fig. 3: Conversion pathway via hexose sugars solvolyditile the production of LA, together

with the secondary product formic acid (FA), is obtained by rehydratiorHMB, the mechanism of
synthesis of alkyl levulinates considers the presence of an additional intermediatdurethier
determined by thetkerification of 5SHMF in the presence of alkyl groups, typically determined by the
presence of alcohols as solvents (i. eEthoxymethyl)furfural in the presence of ethanol, 5
(ButoxymethyDfurfural corresponding butyl grodigr butanol solvent From the conversion of this
furan intermediate and, in parallel, the esterification of LA and FA, the corresponding levulinic and
formic esters arsynthesizeptypically, in anequimolar ratid32,35]

The pentose sugar route (mainly xylose), on the other hand, considers furfural as Hudvbigsis
intermediate corresponding to thédB1F of the hexose rout@-ig. 4: Pentose sugars pathway to alkyl
levulinates and levulinic acjdthis intermediate is hydrogenated to furfuryl alcohol, which can be
hydrolyzed to LA or converted by solvolysis to the corresponding alkyl levulinate. Compared to the
hexose route, which only involves solvolysis steps, the need for catalysts for hydrogenation,-the high
pressure conditions and the use of hydrogen stite route both costly and unfavorablegarding
process safetp] [18,35]

For the production of LA and ALs, various solverssch as water and organic solvemisre tested.
Sugars exhibit a high reactivity in water, which results in a good solvation environment, asiwell as
allows a high dissociation of acid catalysts and a high solubility of sugars.

Conversely, the high reactivity and instability exhibited by monomers in agueous systems favors the
occurrencef sidedegradation reactions humins[44].

Humins areby-product of the degradation of sugars and the intermediatéM¥b; an inevitable
drawback in biomass conversidrhey are carbonaceous, heterogeneous, polydisperse materials with
an complexmolecular structurg45], mainly consisting of furan rings and aldehydes, ketones and
hydroxyls as the main functional groug$]. Produced in insoluble or partially soluble forms, humins

are responsible for lower yields biomass conversiodue to the consumption of reagents and fouling
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of the reactor and catalyst, wlpoisoning effect for heterogeneous catalyistthis respect, the solvent
system plays an important role and canubedto mitigate thedegradation to humingn levulinate
solvolysis, sveral studies have shown that the use of alsqpobtic polar solventas solvenfavors
greater control ofugarconversion stepsigheryield and selectivity of LA, and notably that of alkyl
levulinate, whereby the kinetics of solvolysis is favored in excess of the correspomdingl alhich

is also the solvolysis reageht.addition, studies have also investigated the role of polar aprotic solvents,
such as dimethylsulfoxide (DMSO), methylisobutylketone (MIBK), tetrahydrofuran (THF), carbon
tetrachloride, ethyl acetate and GVL; They presenstabilizing effect on positively charged
intermediates, with a reducing effect on secondary degradation reactions, notably such as the production
of humirs, andsolubilizing effects on complex biomass matrices, making them available fdytaata
activity, and of humiaitself by reducing fouling phenomena for heterogeneous catalysts; for these
reasons, they are certainly an interesting target for research.

1.3.2Homogeneous and heterogeneous catalysts in the solvolysis of sugar

monomers

The conversion of biomass derivatives to levulinic acid and alkyl levulinate is naitdlyzedby
Bransted aciddhomogeneouand heterogeneougraditionally, theuseof homogeneous acithtalysts

such as 50y, HCI, HNG; and HPQ,, is widespreadn biomass valorizatigrdue mainly to the eag

and highcontact with the substrate, combined with low cost, goat production yields. The use of
H.SQu is widespreadverhexose sugars, such as glucf#sge48]and fructosg49], achieving excellent

LA yields, althoughassociatedvith corrosion effects andost and energyddemand postreatment
phasesSulfuric acid was also used by Rackemann et al. for the conversion of xylose to LA, obtaining
a yield of 64.4 mol% and 61.6 mol% by using a mixture of xylose and glucose at high temperature and
under a short reaction tinfig0]. Other homogeneous acids, such as HCI, trifluoroacetic acid (TFA) and
PTSA, have also been tested for LA production. Heeres #tvalstigatedylucose conversionsing

TFA, with LA final yield of 35% and 45% from fructo$&1]; Brasholz et al. tested HGbtaining72

% of LA yield from fructose[52]. Some investigations have increased the yield from glucose by
combining BenstedandLewis acidssinceLewis acidstypically, catalyze the isomerization of glucose

to fructose in the conversion pathwag in the work oPenget al. in which transition metal chlorides,

in particular Crd, were coupled with mineral acidenhancing the final yield from glucofe3,54]

For the alkyl levulinates production catalyzed by homogeneous acids; Balakrishnan et al. reported the
use of suiuric acid for the conversion of fructose to ethyl levulinate with a yield of 56 mol% and a

higher production yield for butyl levulinate of 64 mo[%5]; Peng et al. showed instead the production

of met hyl l evulinate from gl ucose H)yobtasingmg extr

production yield of 50 mol%b6].



By operating in excess of alcohol in solvoly$ismogeneous catalysts also favor the dehydration of the
alcohol itself, with the formation of the correspondingliiyl-ether; this byproduct can complicate the
separation and isolatictownstreansteps of the product, and can be suppressed or limited by the use
of much more selective heterogeneous catal]gats7]

Although homogeneous catalysts are still widely used today, they have many disadvantages, such as the
difficulty in recovery and recyclingequipmentcorrosion and environmental pollution caused by
hazardous acids. In addition, corrosive conditions re@peeific materials forthe equipmentthus
increasingthe capitalinvestment and operating costs. This prompts research to ameshvestigate
heterogeneous solid or metal catalyttatare easier to recover and more environmentally friej@®)y
Heterogeneous catalysts such as zed#8f acidic resins and polymefs9i 61], metal oxideg62],
heteropolycids[63], have been tested, obtaining LA yields to70 mol%. These same classes of acid
catalysts have also been studiedproducealkyl levulinate from C6 monosaccharides, the reaction
mechanism being similar to that of its acid precursor.

Typical Brgnstedacid solidsweredeeply investigatedXu et al.[64] reportedthe production of ethyl
levulinate from glucose via zeolit€uo et al[65], the synthesis of methyl levulinate via titanium oxide
nanoparticlesOn the other hand, several researchers have investigated the synergistic combination of
Lewis and Brgnsted catalystBideed, starting from glucosésomerizationto fructose has been
identified as a limiting step in the kinetics lsbmassconversion to levulinage Using dualactivity
catalyst[66] or coupling of a Lewis acid catalyst, which @onh the isomerization with a Brgnsted
catalyst, which is responsible for solvolysis, favors selectivity towards alkyl levuliviatal salts have

been thoroughly investigated as they act as Lewis catalysts and are commonly stable, recyclable and
inexpensive. Zhou et dl66] studied the use of ASQy); as a singleatalyst in the methanolysis of
glucose. Achieving an ML vyield of 64% at 160 °C, this catalyst was shown to provide Lewis and
Brgnsted sites via Alions[66]. Thision wasalso studied by Liu et §7], coupled to montmorillonite
catalysts resultingin a ML yield of 60%, with the possibility of recycling up to 5 tinjég]. Metal

oxides also exhibit Lewis acid activity; Heda et@mbined the action of zeolite-HSY and metal

oxides such as Ti@ Zr0O; and SnQ, to synthesizeEL from glucosd68]. They achieved an EL vyield

of 81 mol% using Sngincreasing thésomerizatiorandglucosesolubility ratein ethanol68].

More control over kinetics and reaction rates allows higher monosaccharide concentrations to be
handled, increasing the final concentration of leatiproductg68]. In "high-gravity' processeghe
increae in initial monosaccharide and feedstock concentrafiororder to increase the final product
concentrationis relatedio an increasalsoin possible undesirable reactions, such as the production of
the byproducs humirs [69].

Higher yields of LA and alkyl levulinate are obtained from the solvolysis of fructose. Liu[€0al.
reported a maximum yield of 84 mol% of ethyl levulinate, obtained by carbon nantinbgsnalized

with sulfonic acid thatatalyzethe dehydration of fructose to ethyl levulin§f€]. Metal oxides have

shown high catalytic activity and good thermal stability; Oprescu [@tlfltudied the production of
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methy! levulinate from fructoseatalyzedoy mixed TiQ-La,Oz oxides on solieFe;0s nanoparticles.
Conversion of fructose was completeith a ML yield of 95%, anccatalyst reusability showed a
decrease of almost 10% after five cycles without any regenefdtipnXu et al. instead studied ML
synthesis by sthted montmorillonite (S&/MMT), reporting a 65% yieldout a 36% reduction in yield

after the third cycle without regeneration, demonstratinfatd solid catalysts suffer from reduced
activity due to the easy loss of fatk group$72]. Acid ion exchange resins were also found to be very
active, but catalyst regeneration is necessary to preserve their activityp&ealind macroreticular PS

DVB sulfonic resins were tested by Ramirez €78l in the butanolysis of fructose, achieving good
yields under moderate temperature conditimesnpared to other catalysts. @gbe resins were the

most effective in terms of yield at BL (73.4 %), due to their higher swelling capacity and density of acid
sites. The yield decreased by 22% after 3 cycles, due to both the loss of active siteslapdditien

of polymer byproducts (solid humins) during the react[@83].

Few data are reported in the literature for the conversion of pesugses such as xylose, and on the
application of solid catalysts; due to the more complex route involving the hydrogenation of the furan
intermediate.

As with glucose, some studies have tested metal satth asnetal chloridesparticulaty FeCk, with
excellent results itonvertingxylose. Wang et al. reported a maximum LA yield of 68 mal&ing

FeCk together with NaCl, and lower yields with the catalytic action of QUAICI; and CrCi [74].
Zeolites have also been used as heterogeneous catalysts in xylose dehydration with an LA yield of 31
mol% [75]. To increase the yield to levulinic acid, new strategies involve the use of biphasic systems
using alkylphenolic solvents. This strategy has prdeeneefficient, as the organic solveoan play

the role ottheelectrophile, transforming furfural inteBMF by electrophilic substitution, avoiding the
hydrogenation step to furfurgicohol. Hu and cevorkers investigated the production of levulinic acid,
methyl levulinate and ethyl levulinate via biphasystemdimethoxymethane DMMvater and DMM
alcoholsystems, reporting levulinate yields of up to 50 per cent using xylose as a starting Jutt§trate
Other commercial catalystsuch as zeolites and i@mxchange resinshave been tested but with
significantly lower yields than hexose sugars; Hu di7él tested the use of Amberlyg0 and reported
yields for ML of 41.6 mol% and for EL of 21.8 mol%.



Tablel: Production of levulinic acid from sugar monomers using various cataystemsAdapted from [I].

Feedstock Catalyst Temperature Time Yield Ref.
140 °C 2h 38% [77]
Mineral acids H,SO,
170 °C 2h 34% [47]
Organic acid TFA 180 °C 1h 35% [51]
Mineral acid CrCls,HCI 140 °C 6h 46 % [54]
Glucose CrCls, HY 145.2 °C 2.45h 55.2 % [78]
Zeolite
Cr/HZSM-5 180 °C 3h 64.4 % [58]
Graphene GO-SOH 200 °C 2h 74 % [79]
oxide
lon exchange Amberlyst36TM 140 °C 3h 52.3 % [59]
resins o
Sn-Beta,Amberlystl5 140 °C 12h 45 % [60]
TFA 180 °C 1h 45 % [51]
Organic acid
PTSA 88 °C 8.33h 16 % [48]
HCI W tlj'& ; | 1.33h 2% [52]
Fructose Mineral acid ater/iMethano
NacCl, HCI 88 °C 8.33h 34 % [48]
lon exchange Amberlyst XN 100 °C 9h 16 % [61]
resins
Zeolite LZY 140 °C 15h 432 % [80]
Mineral acid H.SO, 200 °C 0.13h 64.4 % [50]
. . Methanesulfonic acid
° 0
Organic acid (MSA) 180 °C 0.25h 64.7 % [50]
FeCl FeCk+NaCl 180 °C 2h 48.5/68 % [81]
Xylose
CuCh-2H,0 180 °C 2h 34 % [81]
Metal salts
CrCly-6H,0 180 °C 2h 25 % [81]
AICI3-6H,0 180 °C 2h 26 % [81]
Zeolite AZY0.25 170 °C 3h 30.4 % [75]
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Table2: Production of levulinate esters from sugar monomers using various catalytic sy&tpted from [1].

Feedstock Catalyst Tempeture? Time Yield P Cat. reuse Ref.
Alumini
:::'f';'t:m Al(SO)s 160 °C 25h 64% (ML)  ~64 %-5 runs [66]
Sulfated P 0 33.2% 0
metal oxides SO~ITIO, 200 °C 2h (ML) 20 %- 7 runs [53]
SO2 IMMT 200 °C 4h 48 % (ML - 72
Montmorillon o 6 (ML) [72]
ites
AR MMT 220 °C 6h 60 % (ML)  ~60 %- 5 runs [67]
Glucose SnAl-b 160 °C 5h 43 % (ML) 39 %- 5 runs [74]
Zeolite usy 180 °C 3h 45% (EL)  ~35 %- 6 runs [64]
H-USY, SnQ 180 °C 3h 81 % (EL) - [68]
lonic liquids NEt:B-SO;H 140 °C 24 h 6 % (EL) - [82]
Nanoparticles NanoTiO; 175°C 9h 61 % (ML) - [65]
Mineral acid H,SO, 120 °C 30h 56 % (EL) - [55]
160 °C 20 h 51% (ML) 45 %-5 runs [83]
Zeolite H-USY
160 °C 20 h 40 % (EL)  ~40 %- 5 runs [83]
Sulfonic acid R o o 0
func. SBA1S SOHT S BIA 140 °C 24 h 57% (EL) 57 %- 3 runs [84]
Supported 431 %
hosphotung. HPW/H-ZSM-5 160°C 2h 25 %- 4 runs [85]
phosp g (EL)
acid
Aluminium
° 0, -
sulfated Al(SQy)s 160 °C 25h 49 % (ML) [66]
SO2 IMMT 200 °C 4h 65 % (ML) - [72]
Sulfated SO2/TIO, 200 °C 2h 59% (ML) 20 %- 7 runs [53]
metal oxides  gn27i0,.7/0, 200 °C 1h 71% (ML) 30 %-5 runs [86]
Fructose SQOZ/TiOxLa0s 160 °C 3h 95 % (ML) 86 %- 5 runs [71]
120 °C 24 h 69 % (ML) - [70]
Grafted 120 °C 24 h 84 % (EL) 69 %- 5runs [70]
carbon CNT-PSSA
nanotubes 120 °C 24 h 86 % (PL) - [70]
120 °C 24 h 87 % (BL) - [70]
120 °C 24 h 73 % (EL) - [70]
| h Amberlyst15
on exchange 120 °C 24h 89 % (BL) - [70]
resins
0,
Dowex 50Wx2 120 °C 8h 7(:;1)& 51 %- 3 runs [73]
Silicotung. SnSiW423 150 °C 2h 70 % (EL)  ~70 %- 7 runs [87]
based SnSiW423 150 °C 2h 66 % (BL) - 87]
Nanoparticles NancTiO, 175°C 1lh 80 % (ML) 40 %- 5 runs [65]

11




0,
lon exchange 150*C 6h 4(1/.I(I5_)AJ i [76]
resins ’ Amberlyst 70 21.8 %
. 0
160 °C 2h - 76
EL) [76]
Xylose M(.asopc.)rous 87.7 %
zirconium KITZ20 200 °C 5h BL) 79.8 %- 4 runs [88]
silicate
160 °C 50.4 %
. _— e
Zeolite Modified- H b 1.3 5trioxane 18 h ML) 50 %- 5 runs [89]
2using water as solveninless otherwise specifiéddethyl (ML), ethyl (EL), propyl (PL), butyl (BL) levulinateyield after N reuse cycles tested.

1.3.3Direct production of Levulinatesfrom cellulose, hemicellulose and

biomass

Compared to the use of pure monomers, such as fructose, glucose and xylose, and other precursors such
as furfural and 81MF, the use ofraw lignocellulosic substrates can provide an economical and
promising alternative for the sustainability lefrulinatesproduction onan industrial scale, reducing

waste disposaland enhancingthe valorization of local resources, increasing the development of
economic initiatives in rural sectoddoweverto date, the processing simplemonosaccharides offers

highe product yield490].

The complexity of the conversion process is often due to the variable composition of the raw material,
which often results in mixtures dhe simplestsugars (both hexoses and pentoses).-tost raw
lignocellulosic sourceshould be privilegedsuch agastgrowing grasses and trees: switchgrass, giant
reed, miscanthus, poplar; but also t@alue municipal and industrial wastes: wheat straw, sugarcane
bagasse, rice husk, corn stover, sawdust, pulp sludge, olive tree pruning, fruifopeeR. The
complexity and heterogeneity of these substrates requirggatenent steps to improve subsequent
yields and reaction rates.

Mineral acids have been used extensively and are still used aodlagth a laboratory and industrial
scale(see Biofing[93], GFBiochemical§94,95] Segetig§96,97], etc.)in the production of levulinic

acid and esters from crude biomass, due to their high efficiency and low cost. The most commonly used
mineral acid catalysts are;8Q; and HCI. The reactivity of the catalyst is strongly correlated to the
nature and concentration of the initial raw materiar example, HCI is particularly suitable for
converting biomass with a high calcium content, such as paper and tobacco, due to the tendency of
H,SQu to form precipitant CaS©Owhich can lead to reactor cloggifgs].

Significant yields of levulinic acid have been obtained from the use of these acids in various
lignocellulosic raw materials: piteeated rice husks were used by Bevilaqua ¢98].at 170 °C for 1

h, achieving LA yields of 59.4 and 45.7 wt% for HCI angSB, respectively[100]; paper sludge
resulted in LAyields of 31.4 wt% and 15.4 wt% at 200 °C for 1 h under the action of dilute HCI| and
concentrated F8Q; in studies by Raspolli Galletti et 4B8]; wheat straw is another promising raw

material,analyzedoy Chang et dl100] who reported yields around 20 wt% at 200 °C for both catalysts
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[100]; the liquefaction of bagasse and paddy rice straw was tested with HCI at 220 °C by Yan et al. who
reported LA vyields of 22.8 and 23.7 wii01]; and fastgrowing plants such as giant reed producing

an LA yield of 24 wt% at 190 °C for 1[&02)].

Polar aprotic solvents, such as tetrahydrofuran (THR)alerolactone (GVL), dimethyl sidxide
(DMSO), are able tostabilize reactive intermediates. Wettstein et[H)3] investigated the
deconstruction of cellulose in a biphasic system (watamlerolactone) using HCl and NaCl, obtaining

a yield of 51.6% H103]. Theyemphasize@GVL's ability tosolubilizethe components resulting from
biomass deconstructiofl03]. The effect of GVL was also investigated in the conversion of
hemicellulose in the presence offsmic acid by Mellmer et a[44], in which they obtained an increase

in reaction rates and product selectivity in presence of {3¥L

In the production of alkyl levulinate, ngral acids have been used extensivélgng et aJ104]
investigated the methanolysistwb-renewableaw materials, such as bamboo and maize starch, in the
presence of sturic acid in subcritical methanol, reporting a methyl levulinate (ML) yield of 27.7 wt%

at 200 °C for 1 h. Methyl levulinate was alynthesizedising wood waste, bagasse and wheat straw,

as well as waste sources such as paper sludge; the latter substrate resulted in an overall ML yield of 27.7
wt% under mineral acid conditions at 220[5B].

Sulfuric acid was also very active in the degradation of cellulose and more complex biomass matrices
in the presence of ethanol, giving molar yields of ethyl levulinate up to 60 6% Chang et al.

[106] valorizedwheat straw, a cheap and widely available cellulagesubstrate, efficiently converted

to ethyl levulinate under the action of furic acid with a yield of 17.9 wt%d06]. Paper pulp, wood
shavings and field grass produced comparable EL results, with 25.9, 16.6 and 13)8eldto
respectivelyf107]. Considering higher alkyl groups, such as the butyl group; Démolismiedtigated

the buanolysis of cellulose yielding 50 mol% with $utic acid[35]. While yields of up to 40 mol%

were obtained using Eucalyptus wdé8] and rice stravj108].

Compared to homogeneous catalysis, yields tend to be lower when introducing solid ¢cttadysts

be attributed to a more difficult soteblid interaction between catalyst and substrate and potential
deactivationissuesdue to the deposition of solid {products such as humins and ligniterived
residueg90,92].

Commercially available heterogeneous catalysts tested in the production of levulinic acid and esters
include zeolites, sthted metal oxides, metal oxidd99], solidsuperacid110]and ion exchange resins

[111].

Peng et aJ112] studied the conversion of cellulose to levulinic acid, caeyby different metal
chlorides, as metal saltshowing high catalytic activity and both types of acidiynong them CrCk

was quite effective with an LA yield of 67% in J112]. CrCk was also tested with43Qx to produce
levulinic acid from potato peel waste, reporting an LA vyield of 4A%3]. Aluminum phosphate
(Alx(SQy)3) was also tested, yielding a high production of alkyl levulinate: 52 wt% ML yield at 200 °C
for 6 h using conifer bark as substrfité1], EL 36.4wt% yield using cassava for 6 h at 200[2¢4].
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Zeolites can also potentially be udecconvertcellulose andaw lignocellulosiddiomassFor instance,

the hierarchical zeolite Mordenite {MOR) wassynthesizedand tested by Velaga and-ewmrkers,

yielding promising results in the production of levulinic acid: 56% yield for 3 h using cellulosanand
improved yield of 61% using bamboo sawdust as a starting suldttafe Zeolite HY was selected,

due to its high catalytic reactivity as adBsted acid and with the addition of CsQb obtain a hybrid
catalyst ando catalyzethe production of levulinic acid from empty fruit bunches and kenaf with a yield

of 29.2 and 22.7 wt%, respectivdly8]. The zirconiazeolite hybrid (ZrY6), bifunctionalzed with
zirconia, showed high efficiency in the production of methyl levulinate, leading to ML molar yields of
53% from starch and 27% from cellulose at 18(Q1°15]. Research has investigated the acidic solvolysis

of lignocellulosic biomasgatalyzedby ion exchange resins, such as Dowex and Ambeflysse
insoluble polymers can exchange specific ions in the reaction mixture to convert the initial substrates.
Alonso et a[117] reported the conversion of cellulose to levulinic acid on Amberlyst 70, achieving a
high yield of 69%[117]; while Amberlyst 36 was tested in production from sugar beet molasses,
achieving an LA yield of 78 mol%&9].

Due to steric problems in the interaction between catalyst particles and biomass and resistance to
material transfer, resulting in low yields, there are not many studies on their use in the conversion of
biomass to levud esters, whereas they have been extensively tested in the solvolysis of simple sugars
[73]. Heterogeneous catalysts can provide an efficient and sustainable route; moreover, the possibility
of fine-tuning andfunctionalizing them improves process versatility and efficiency, especially in

biomass cascade processes.

Table3: Production of levulinate esters from cellulose and raw biomass using various catalytic syatapted from [I].

Catalyst Substrate Temperature? Time Yield® Cre;ti);st Ref.
Pretreated rice husks 170 °C 1lh 59.4 % (LA) - [99]

Paper sludge 200 °C 1lh 31.4 % (LA) - [98]

Wheat straw 200 °C 1h 20 % (LA) - [100]

Bagasse 220 °C 0.75h 22.8 % (LA) - [101]

HCl Paddy straw 220 °C 0.75h 23.7 % (LA) - [101]
Giant reed 190 °C 1lh 24 % (LA) - [102]

Poplar sawdust 200 °C 1lh 21.3 % (LA) - [98]

Olive tree pruning 200 °C 1lh 18.6 % (LA) - [98]

Cellulose G\}fi/\;e(l:ter 15h 51.6 % (LA) - [103]

Pretreated rice husks 170 °C 1lh 45.7 % (LA) - [99]

Paper sludge 200 °C 1lh 15.4 % (LA) - [98]

H,SO Wheat straw 200 °C 1h 20 % (LA) - [100]
Cellulose 150 °C 2h 43 % (LA) - [77]

Liquified bamboo 200 °C 1lh 27.7 % (ML) - [104]
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Corn starch 180 °C 2h 48.7 % (ML) - [104]
Cellulose 200 °C 2h 23.9 % (ML) - [106]
Wheat straw 183 °C 0.6 h 17.9 % (EL) - [106]
Paper pulp 190 °C 1.7h 25.9 %(EL) - [107]
Wood chips 190 °C 1.7h 16.6 % (EL) - [107]
Switch grass 190 °C 1.7h 13.8 % (EL) - [107]
Bamboo 180 °C 3h 53.7 % (EL) - [105]
Cellulose 200 °C 05h 50 % (BL) - [118]
H,SO, + CrCh Potato peel 180 °C 0.25h 49 % (LA) 42 %- 3 runs [113]
HsPO, Cigarette butts 200 °C 6h 49.6 % (LA) - [119]
Softwood bark 200 °C 6h 62 % (ML) 10 %- 3 runs [111]
200 °C
0, 0 -
Cassava Ethanol/Water 6h 47.05 % (EL) 5 %- 2 runs [114]
Bagasse 180 °C 0.6 h 65.1 % (ML) - [120]
Poplar powder 180 °C 0.6h 62.7 % (ML) - [120]
Al(SOy)s Bamboo powder 180 °C 0.7h 64.2 % (ML) - [120]
180 °C 0.7h 70.6 % (ML)  65.3 %-5 runs [120]
180 °C 09h 70.1 % (EL) - [120]
Cellulose
180 °C 1.25h 53.7 % (iPL) - [120]
180 °C 1.25h 63.1 % (BL) - [120]
Fe(SO)s Cellulose 220 °C 3h 30.5 % (BL) - [121]
Cellulose 180 °C 25h 56 % (LA) - [115]
H-MOR
Bamboo sawdust 180 °C 4h 61 % (LA) - [115]
Empty fruit bunch 145.2 °C 2h 29.2 % (LA) - [78]
HY+ CrCly Kenaf 145.2 °C 2h 22.7 % (LA) - [78]
Starch 180 °C 3h 53 % (ML) - [122]
Micro-meso acidic
Wheat straw 200 °C 12 h 24.5 % (EL) - [123]
H-USY
ZrO, Cellulose 180 °C 3h 53.9% (LA) ~53 %-3runs [124]
SBA-SO:H Cotton straw 180 °C 6h 18 % (LA) - [125]
Amberlyst 70 Cellulose 160 °C 16 h 69 % (LA) 28 %- 4 runs [117]
4 GVL/Water ’ ’
Amberlyst 36 Beet molasses 140 °C 3h 78 % (LA) 18 %- 5runs [59]
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1.49-Valerolactone: Synthesis and applications

In addition to theabovementionedapplications, alkyl levulinates and levulinic acid are platform
molecules for chemical transformatiordmong the most investigategeactionsin the literature
invol ving al kyl | e v wlalerolaatongGVL)sThis rhotecule  a gyelic esteron t o
with a high boilingD207°C) and a | ow me[l26]iThegefore,atiambient candtitns, A C)
it is a liquid, which is colorless and of low viscodit26].

The high polarity of GVL ensures its total miscibility with water. It has a low volatility, which allows

its flammability risk to be neglected under normal conditions. However, singgibspressure, which

is about 32 Paaf 20 °C), slightly exceeds the threshold of 10 Pa, it is classified as a volatile organic
compound (VOC]127]. In addition, it is highly stable, as it does not decompose up to 150 °C in the
absence of watg28], andit hydrolyses slightly at acid pH valug6,126,128]

These properties, together with its relatively leaporpressure, even at high temperatures (3.5 kPa at
80 °C)[36], make it a relatively safe and promising solvent biortess/ed for largescale uses, and
several studies have praised its characterifitig]. In the field of GVL conversion, several studies, as
mentioned above, consider its use to facilitatesthiebilizationof intermediates and components of
lignocellulosic biomass, such ssgar monomers arimins[44,117] As aprotic polar solvent, its use
increases levulinic acid and alkyl levulinate yields by stabilizing reaction intermediates and reducing
side degradation reactidn homogeneous and heterogeneous catalyigid29] Horvath proposed

GVL as a solvent for the production of GVL itself from fructfs@0]. Capecci et al131] investigated

its use as solverior the hydrogenation dbutyl levulinate. The major advantage lies in the fact that
separation of the product from the solvent, GVL, is not required.

In addition, its properties have been candidate by several studies as a potential fuel additive,
demonstrating properties similar to ethaf®6,127] which is widely used in the fuel sector today
precursors of other valeedded chemicals as methylatydrofuran (MeTHFaNd bicbuteng28], and

its characteristic sweetish odor also determines its current main application as an ingredient for perfumes
or food additivg126,127]

0
1t step: 204 step: MTHF Q/
o

Hydrogenation Cyclization
)‘W OR L._b OR Tb \Oqo F - Al
5 R-OH PN
[o]

- ) B o o Butene
R=H: Levulinic acid R=H: 4-hydroxypentanoic acid y-\’alerolactone
R = alkyl: Alkyl levulinates R = alkyl: Alkyl 4-hydroxypentanoate Polymers
precursor

Fig. 5: Main pathway for GVL production by hydrogenation and its potential applications
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The main route for the synthesis of GVL is by hydrogewgevulinic acid or alkyl levulinate on a
metal catalystthe mechanism occurs consideringwso-stegs reaction as shown irFig. 5: Main
pathway for GVL production by hydrogenation and its potential applicafianssly, the carbonyl group

of AL or LA is hydrogenated. During the second step, the hydroxyl group of the intermediate (4
hydroxypentanoic acid for LA and alkgthydroxypentanoate for alkyl levulinates) reacts with the ester
group leading to a cyclization. Theaim route of hydrogenation presented in literature consilifexct
hydrogenation through the use of moleculagids; hydrogen transfer liry situdecompaosition of acids

such as formic acid; catalytic transfer hydrogenatiamsing alcohol as in the
Meer wei n1 Pon({MB\Y redciioNI®f | ey

The production of GVL from levulinic acid has been extensively studied in the literature, however,
several studies have focusedentlyon the synthesis from alkyl levulinaf@and this is due to a number

of advantagesFor exampleusing ester would limit metal leaching from the catalyst caused by the
carboxylic function of levulinic acifB5]. Among the metal catalysts investigated, noble metals were
found to be the most efficient in hydrogen transfer. In particular, ruthenium is the metal that has shown
the highest selectivity, antherefore the most studieth terms of Rucatalyst suppossuch as carbon,
TiO,, zeolites, etcCatalysis using other metals, suclpaadium or platinum, was found to have lower
selectivity and also resulted in undesirablepbyducts[132,133] Although there are some examples
with homogeneous catalygts34,135] most studies concern solid catalysts.

Among the different production routegyrventional hydrogenation with external molecular hydrogen

is the most efficient and common route to reduce alkyl levulinate to GVL, in terms of yield and atomic
economy, without the necessary production ofpbyducts. Some research has pointed out some
disadvantages of this roufd5,136,137] such as the safety concern due to the use ofprgsure
hydrogen, and the negative environmental imp#at¢he use of hydrogembtained mainly from fossil
sources; however, the current expansion of green hydrogen, with very low,iotgatted through the

use of renewable energy sources, allows the emission effects to be neglected.

Hydrogenation by catalytic transfer due to thesitut decomposition of formic acid is particularly
appropriate where levulinic acid is considered as a reagent, obtained from kitemeatvesand thus
produced in an equimolar ratio with FA. However, in addition to the high acidity effect that can lead to
leaching of the metal catalyst, the utilization of FA entails some drawjmaaits as the requirement of
precious metal catalysts, homogeneous catalysts, and/or harsh reaction conditions such as high
temperaturd138,139] Other hydrogen donors are alcohols through the use of the MPV reaction; the
main advantage is the use of Aooble metalcatalysts However, they require higtemperature
conditions, and the reactipnoduceghe corresponding alkyketone as byproduct together with GVL,
increasing theomplexity ofseparation and purification stejad.,140]

In terms of kinetics, the hydrogenation step can be modelled using Largimsiirelwoodmodelwith
competitive adsorption of LA/ALs and GVL on the metal site of catalyst; the seconuf stggization

can bewvas modelled as an equilibrium reaction that occurs in the bulk Jicaialyzed by protons, and
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it represents the rate determination step and controls the overall reactifiidtdo enhance the
kinetics, Delgado et al. proposéalcombinethe use of Ru/C tacatalyzethe hydrogenation through
molecular hydrogen of butyl levulinate, together with AmberlitelBl® to enhance the kinetics of

cyclization[141].

Table4: Production of GVL from levulinic acid and alkyl levulinates using various catalytic systems

Catalyst T (f: c%n/dgi(()gar) Reagent Solvent Tég;e (r::i;!;]) Ref.
- Molecular hydrogen-gas

Ni/HAP 70 °C /5 bar LA Water 4 65 [142]
Pt/HAP 70 °C /5 bar LA Water 4 88 [142]
Ru/HAP 70 °C /5 bar LA Water 4 99 [142]
Ru/C 130 °C /12 bar LA Methanol 24 84.4 [133]
Ru/C 130 °C /12 bar BL Methanol 24 75.1 [133]
Ru/C 100 °C/ 20 bar BL GVL 20 87 [141]
Ru/TiOz 200 °C / 40 bar LA Dioxane 4 92 [143]
Ru/ZSM5 200 °C /40 bar LA Dioxane 4 50 [143]
Cu/Zr&, 200 °C/ 35 bar LA Water 5 100 [132]
Ni-MoOx/C 140 °C/ 8 bar LA - 5 97 [144]
- Formic acid as Hdonator

Ru/C + Pd/C 150 °C / 35 bar BL Water 2 89 [145]
Ru-P/SIQ 150 °C LA Water 12 96 [146]
Cu/Zr&, 200 °C LA Water 5 100 [147]
Rus(CO)2 130 °C LA Water 24 100 [148]
Ag-Ni/ZrO2 220 °C LA Water 5 99 [132]
Au/ZrOz-VS 150°C LA Water 6 99 [149]
- Alcohol as Hdonator

ZrO 150 °C/ 21 bar BL 2-Butanol 16 85 [140]
ZrO2 150 °C/ 21 bar LA 2-Butanol 16 22 [140]
Al20s- ZrOz 220 °C EL 2-Propanol 4 83 [150]
Zr-HBA 150 °C EL 2-Butanol 4 96 [151]
ZrO2/SBA-15 150 °C ML 2-Propanol 3 91 [139]
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1.5Integration of renewable energy sourcefRESS)

1.5.1 Wind and solar energy

As mentioned above, the contribution to energy demand from renewable sources is growing rapidly,
although still under the shadow of the fossil faehtribution Renewablesourcessuch as sunlight,

wind, ocean tides, waves, biomass and geothermal ermangype naturally replenished and directly or
indirectly generate energy that can be used for power and heat prodius#dr53] Among the various
renewable energy sources, wind and solar power generation plants are increasingly attracting investment
as theycanprovide substantial amounts of energy, thanks to increasingly efficient systems, and are cost
competitive[154].

According to the International Energy Agency, global additions of renewable energy capacity are
expected to increase by otferd in 2023 in terms of solaand wind power, as growing political
momentum, rising fossil fuel prices and energy security concerns drive their depl¢dbdebhb5] This
increase in capacity is notably driven by the growing installed capacity ofgudéovoltaics(PV)
systems, both larggcale utilities and smaller distribution systems, which account for abotthinle

of the expected increase in global renewable capfliy]. In particular, photovoltaic solar power
generation recorded a record growth of +26 % (270 TWh) in 2022, for a total of 130Q158jh
recording the highest generation growth in absolute terms and surpassing wind power for the first time
in RES history. The high rate of installation of PV technologies is also due to the growth of distributed
solar photovoltaics, such as use on the roéfsuildings, which allows the production of renewable
energy with easy installation even in urban settings. Among the PV technologies on the market,
crystalline polysilicon remains the dominant technology for photovoltaic modules, with a market share
of more than 9P6 [155,156] Different types of wafers and cells can be used, varying the efficiency of
the panel. Although research has made considerable pragréisese technologiemost commercial
panels have an efficiency of between%:nd 20% [156,157]

Compared to solar technologies, wind potential conversion technglsgasas wind turbingdVTs),

have much higher efficiency values, betweem30% for onshore wind power plants and around 50%

for off-shore plantayhere efficiency is expressed in terms afegacity factorthat indicate#s average

power output divided by its maximumower capability this makes wind energy one of the most
efficient forms of renewable electricity productidrb8i 160].

WTstechnologies convert the kinetic energy of moving air into electricity. In modern wind turbines, the
wind rotates the rotor blades, which convert kinetic energy into rotational energy, which is then
transferred from a shatft to the generator, thus produsectricity, with average hub heights of 100 m

for on-shore turbines and over 150 m for-effore systemd 61].

In 2022, electricity production from wind power increased by61(265 TWh) to over 2100 TWH62].

Wind power generation is driven by -shore plants, which account for 98 of globally installed
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capacity, and is estimated at 900 GW in 2{8&2]. Onshore wind is a mature and proven technology
with a large global supply chain. In recent years, onshore wind has evolvexitnizethe electricity
produced per megawatt of installed capacity by increasing the size of the devices. In fact, wind turbines
have become larger, with greater hub heights and larger rotor diafdé@rdHowever, the maximum

height of onshore wind turbines is often limited for environmental and public acceptance reasons, thus
limiting their capacity163]. Offshore wind also has a high potential (capacity in 2022 of 66 GW), and

is expected to grow in the coming years; in fact, the installation of turbines at sea allows stronger winds
to be exploited, and unlike eshore devices, without restrictions onbime size, but with higher
installation and maintenance cogt62].

Wind turbines are devices that generate electricity with a negligible impact compared to fossil energy
sources, considering that the carbimotprint of a turbine in its lifecycle time is around 10 g
CO.eq/kWh (that of solar panels is 5 times higher, around-&0,eq/kWh)[164,165] In addition,
innovation in turbine technology has progressed together with innovation in terms of turbine recycling,
and it is now possible to consider a high rate of recycling of decommissioned devices, up to 90%,
considering their use in different mag sectord166].

The main disadvantage associated with renewable energies is their inherent variability, which therefore
makes them unsteady energy sources and subject to fluctufioastrategy to address this problem

is the use of electrical energy storaystemgo buffer energy demand and availabili@n the other

hand, aother strategy considers the combination of two or more power systefimedhybrid power
systems (HPS). HPSs can meet the growing demand for energy by exploiting the complementarity of
differert sources, while reducing greenhouse gas (GHG) emissions in the case of fossil systems coupled
with renewables. In addition to grid applications, HPSs can also help meet the energy demand of remote
or isolated locations, where operating costs are toodighto the installation of londistance plants
[152,167,168]

On the other hand, ielectrical energgystems, a buffer storage system is required to store energy for a
medium/long duration artd give quick responsdo power fluctuations. Among the main systamed

are conventional batteries, such as lithilam and leaehcid batteries, and flow batteries, which have

high efficiencies of up to 95 per cent, with short response times, in the order of milliseconds, but limited
storage timeganging from minutes to houf$4,169] The main disadvantage of using such a storage
system coupled with renewable energy sourdesprecisely the storage duration, where the seasonal
availability of the renewable resource is limited for an extended period. Systems that allow a longer
duration, in the order of even weeks, are chemical storage systeaitging the production of chemical
energy carriersin so-called Powetto-X system[169]. Among these, hydrogen is one of the most
promising energy carriers, as it is a flexible vector that enablestdhege angbroduction of energy,

with little or no environmental impact, for many sectors that currently use energy from fossil fuels.
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1.52 Hydrogen

Hydrogen is currently considered the most promisingdavbon energy carrier and fuel; a key player
in the green transitionrhis molecule is used for many applications, such as electricity generation and
storage, transport, space heating, heavy industrial processes, and chemicals/fuels pfa88ttion
fact, asdescribedchbove, hydrogen is an essential reagent in the conversion of lignocellulosic hiomass
such as in the production of levulinic acid and alkyl levulinates from pentose sugars, and subsequent
hydrogenation to GVL[36]. Neverthelessmore than ashemical reagent, hydrogesnableswide
utilization and full market penetration of renewable energy sources, constituting a key complement to
electricity for storing intermittent renewablfib], which is a major step towards greening of energy
systemsin this context, some of the roles of hydrogen[468,170]

9 Integration of largescale renewable energy into existing energy infrastructure

9 Accessible, reliable, safe, clean and affordable energy for different sectors and geographical
areas.
Highly resilient energy systems
Integration with multigeneration systems to offer many valuable produittsminimal losses
Cleaner transport thanks to fuel cells and hydrggamered internal combustion engines

Cleaner energy source for industry, residential applications, buildings, etc.

= =4 =4 4 =4

Cleaner industrial raw material

The carbon footprint associated with hydrogen use comes from the raw material and production process
(Fig. 6) [171]. Today, fossil fuels remain dominant in global hydrogen supply because production costs
are strongly correlated tossil fuel prices, which are still acceptalded costeffective[16]. Of the

various technologies, steam reforming of natural gas is the most widely used, along with coal
gasification, both of which lead to the production ofcatled 'grey' hydrogefil71]. Currently, the
hydrogen market is still 92% fosdihsed and therefore produces grey hydrogen, with.eeGvalent

release between 114491 Mt, corresponding to a range betweerl35 kg CQeq. per kghydrogen
produced172]. With a market increasing demand for hydrogen by 3% in 202Pan expectation of

an increase of more than 60% in 20802], different alternatives are needed in the hydrogen economy

to reduce emissionamong them: lowcarbon 'blue' hydrogen, obtained by steam reforrofratural

gas and/or coal gasificatiplbutintegratingthe production process with capture techniques and storage

of the CQ produced (CCS systems); and above all 'green’' hydrogen, which is the cleanest alternative

with negligible emissions and is obtained by electrolysis of water fed by renewable energy[$@lices
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Fig. 6: Hydrogen colours based on process and raw materials

Several studies hawanalyzeddlue and greeh y d r o @prapetiiveeness and complementarity. While
Ueckerdtet al.[173] first showed that for green hydrogen to become competitive with blue hydrogen, a
large share of loveost renewable electricity is required to power the eledeadyon the other hand,
Durakovic et a[174] showed that the competitiveness of the blue alternative is strongly sensitive to the
cost of natural gas. In particular, the price of natural gas in Europe increased considerably in 2022, with
prices around 100 4/ MWh i ferintheeecdnd ma daf thenyadr.if the f 2 O
price reached turn out to be firmly representative of future gas prices in Europe, blue hydrogen will
probably not be an economical way to produce large quantities of hyddatEn

Consequently, although blue hydrogen may be more easily implemented as a first approach, the green
alternative must be preferred in view of Europe's complete energy emancipation from the import of
fossil fuels, as well aof the completadecarbonizatiorof the hardto-abatesectorswhich use large

guantity of hydrogen such as the refining sector, and metall8r4¥].

Hydrogen production by electrolysis of water is among the least emissansive production routes,

as long as electricity from lowmission sources is considered

The electrolysis of water is an electrochemical water splitting technique, in which one mole of water is
split, using electricity, into one mole of hydrogen and half a mole of molecular oxygen. The basic
reaction of water electrolysis is as follogEy. 1.1):

POl VA QOO ICRFODNE & 'OQODHQM € a © pO gis Eq. 1.1

Although in itself the production of hydrogen by electrolysis is emisem the impact in terms of
emissions differs depending on the nature of the electricity involved in the piid@&gds Green
hydrogen has a negligible emission index due to the use of energy from renewable sources; in other
cases, hydrogen can still be obtained by hydrolysis but have an emission impact due to the primary
energy source (e gossil or nucleaelectricity) [171].

The electrolysis of water is currently a wkown and widely used technology in various industrial

sectors and a continuous subject of research and develgmstating from the first generation of
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electrolytic cells continuous evolutions to maxamiits energy efficiency, miniree its costs, up to
today's industriafiation of largescale applications with capacities in the order of 100 [GY8i 177].

Four types of water electrolysis technologies have been introduced, differing based on the electrolyte
solution, operating conditions and ionic agents (®f O,), such as Alkaline water electrolysis (AEL),
Proton exchange membrane (PEM), Anion exchange membrane water electrolysis (AEM), and solid
oxide electrolysis cell (SOE()75,178]

Among these technologieAEL and PEM are already commercially available. Alkaktectrolyzers

hasa more mature technology with a long history of use in the -ckadi industry. However, for
dedicated hydrogen production, both technologies are at the same level of technological readiness (TRL
9)[175,178,179]

Alkaline water electrolysis is the most established technology for the industrial production of hydrogen
up to multimegawatts in commercial applications worldwide. It is applicable for Jsrgke
applications, with low investment costs aligh system lifetime (around 90,000 hoJtsj0].

In the alkaline cell, the main components are the electrodes, diaphragms/separators, current collectors,
separation plates (bipolar plates) and end plates, respectively. In general, the electrodes (cathode and
anode) are coated with nmoble metals suchsanicke| perforated stainlessteel diaphragms are coated

with asbestos/zircon/nickel and used as separatdheistackNickel-coated stainlessteel separator

plates are used as bipolar and end pl§t@5,178,181] In the cell during the process of alkaline
electrolysis, two moles of alkaline solution are reduced at the cathode to produce one mole of hydrogen
(H2) and two moles of hydroxyl ions (Otthe H produced can be discharged from the cathode surface
while the remaining hydroxyl ions (OHare transferred under the influence of the eleatdacuit
between anode and cathoderough the porous separator to the anode side. Then at the anode, the
hydroxyl ions (OH) are discharged to produce 1/2 molecule of oxygeh #8d 1 molecule of water

(H20) [175].

The main challenges associated with alkaline water electrolysis are the limited current density, typically
due to the moderate mobility of Oléns, and the use of corrosive electrolytes (KOH). In addition, the
diaphragms do not completely prevent #ressover of the gasesesulting ina lower purity of
hydrogen(99.9%)[180].

The PEM cell is designed to overcome the disadvantages associated with alkaline electrolysis. In this
type of cell, itis the s@ibnated polymer membrane that is used as the electrolyte; the ionic charge carriers
are H+ and watepermeating through the prot@onducting membrane, provid) the functionality of

the electrochemical reactigh81,182] In the PB cell, water molecules are initially decomposed on

the anodic side to generate oxygen)(@nd protons (B and electrons (g The oxygen produced is
released from the anode side and the remaining protons move through thesgobimnge membrane

to the cathode sid@vhile the electrons travel to the cathode throagbuter circuit. At the cathode, the
protons and electrons recombine to produggd$.The main components of the PEM cell, besides the

gas diffusion layer, separator plates (bgpgolates) and terminal plates, include the electrodes and
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membrane. Among the bdatiown membranes is Nafinwhich has high proton conductivity, current
density, mechanical strengdmd chemical stability. Noble metals suclpidinum 1) andiridium (Ir)

are used for the anode and cathode electrodes, and together with other specific contpisnematses

thecell cost quite high182,183]

Compared to alkaline electrolysis, PEM water electrolysis has faster kinetics due to the highly active
metal surface area of the electrodes and the lower pH of the electrolyte. In addition, the PEM cell is
safer due to the absence of caustic electrolytdsta smaller footprintOn the other handt has lower
stability (around 60,000 houdd lifetime)[180], andthe main obstacle is associated with the high cost

of the components, i.e. the electrode materials, current collectors and bipolaflplates

Although for both types of electratgrs, further innovations have reduced their investment cost, the cost
disparity in favor of the alkaline electralgr means that it is currently favored for laigmle
applications; nevertheless, there are projects in the future investment outlook of several countries
considering both typg480].

Table5: Main advantages and disadvantages of alkaline electeolgnd PEM systems

Electrolyzer Advantages Disadvantages

Proven technology

Marketed for industrial o _
o Limited current density
applications _
_ Highly concentrated
Alkaline electrolyer 1 Noble metalfree o
electrolyte liquid
electrocatalysts
1 Gas crossover

1 Relatively low cost

1 Longterm stability

1 Commercialked technology

1 Rapid response 1 Cost of cell

1 Operates at higher current components

PEM electrolyer N

densities 1 Noble-Metal
High gas purity Electrocatalysts

Compact system layout

In spite of promisingylobalproject announcements, the increase in installed capacity is slowly coming

to 130 MW in 2022, with a total installed capacity of about 690 MVW®]. Based on the prospectus of
projects under development and expected commissioning dates, the world's electrolysis capacity could
reach almost 3 GW by the end of 20Rf®reasingotal capacity by more than four times compared to
2022. Furthermore, if all projects currently in the pipeline wesedized global electrolysis capacity

could reach 17365 GW by 2030. In this panorama, Eurapeuld bein the lead with almost half of

the total capacity179].
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In the growing market of renewable energy sources, green hydrogen production systems by means of
water electrolysis are positioned as integrative systems that allow optimal management of the
notoriously fluctuating power trends from renewable sourceslexgrolysiscell modules can be
combined to handle high power peaks, thus making the power supply from RES to the grid/end user
more flexible. In this way, the integrated systeamprovide constant poweo the final useras it is

able to absorb excesewer by converting it into hydrogen via the electrelys, and to provide power

in phases of negative fluctuations singthe stored hydrogen carrier.

In this sense, powdb-hydrogen systems withydrogen electrical energyosage HydEES) can be

combined with hydrogeto-power systemgL84].

Hydrogen can be converted into electricity and heat through the use of fuel cell (FC) systems. A fuel
cell is a device for converting the energy of a chemical reaction into electricity, in thjsgdsagen
combustiorusing oxygen/air as an oxidgii84].

The most common type of fuel cell is the proton exchange membrane cell (PEMFC), also known as the
polymer electrolyte membrane cell, and whose principle of operation is similar to that of the PEM
electrolysiscell by using a solid polymer electrolyte membrane to separate the anode from the cathode
the difference being that in this case hydrogen and oxygen react to produce electricity afitBdjter

Of the different technologies currently available, the FEM/as the most installed worldwide in 2021,
followed by the solidoxide fuel cell SOFQ technology[184]. Compared to traditional power
generation technologies, fuel cells have several advantages such as high efficiency, in some cases up to
60 percent, no emissions during operation, very quiet and no moving parts, making them ideal for use
in vehicles, buildings and other applications where low noise and small footprint are r¢fj@fied

187]

In addition, the rapid response and starttime makes PENC technologies widely deployed from
smaller scales such as automotive to hydrogen vehicle operation, to larger scale systems where hydrogen
can provide power from 1 MW to 10 GWhanls also to their modularity and ability to provide highly
reliable powef15].

In the context of the production and use of hydrogen for energy produtigostorage system is a key
element for a reliable and rapid supply of hydrogeriutd cell systemand a connecting element
between the latteand the upstream powts-hydrogen systepras shown iffrig. 7. At present, the main
hydrogen storage technologies include physical storage, as compressed gas or cryogenic liquid; or
chemical storage through metal hydri@ven its technological maturity, high reliability, acceptable
efficiency and coseffectiveness, hydrogestoragen the form of compressed gas is the most popular
form for both automotive and largeale storag§l88]. Depending on the end application, the most
appropriate storage conditions may vary. Metal pressure storage vessels can be dividdithdrtoal

pressure vesselBy/pe |, andType Il which involves reinforcement with a resin fiber composiigen
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there are the pressure vessels based on fully composite materials and these are the Type Ill and Type IV
[188].

In contrast to the automotive sector where high storage pressures of around 70 MPa are required (only
possible with type Ill and IV tank§l89,190), for largescale stationary storage and industrial
applications, hydrogen is typically not stored for pressures above 20MiBaesults in large storage
volumes and thus higtosts, but lower operating costs when compressing large quantities of hydrogen.
Under such operating conditions, type | metal cylinders are preferable as they have a low mass storage

efficiency (about 1 wt% of hydrogen stored) but lower cf29)].
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Fig. 7: Figurative representation of a hydrogen energy storage sy$tigaESS).

Numerous hydrogen energy storage projects have been initiated worldwide, demonstrating the potential
of its wide industrial use. For exampMorsk Hydro and Enercon on the Norwegian island of Utsira
installed a system to supply energy to the arid residential areasonsisting of a 600 kW Enercon

wind turbine, an alkaline electragr with a production rate of 10 Nfh at 12 bar, a hydrogen
compressofor hydrogernup to 200 bar, and a proton exchange membrane (PEM) fug¢leéill

Another example is Hawaii's Hydrogen Power Park (HPP) in Kahua Ranch. The plant uses wind turbines
and a photovoltaisystem to produce wind and solar energy, which is partly converted into hydrogen
by means of a PEM electrolysis cell and converted back into electrical power by means of a fuel cell in
the lowpower phasgl92]. In Germany, lte poweito-gas (PtG) plant 'Energiepark Mainz' was built to
support the local power grid and to carry out lesgele research of PEM electrodys.

The plant is connected to an 8 MW wind farm and uses excess wind energy to produce hydrogen gas.
Three PEM electrolers are installed, with a peak output of 6 MW, and a hydrogen production of 1000
Nm?h, which is then compressed to 225 (&3]

The plantuse hydrogemsadditive in the natural gas grid, as a reagent in the chemical industry or sold

to hydrogen filling stationsand noto produce electricity in a fuel c¢l193].
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Other projects use hydrogen as an energy carrier to solve the problem of mismatching between demand
and system load; for instance, in data management infrastructures such as the DatazejtOgioject
Overall, based on data reported by the European Clean Hydrogen Alliabtanore than 840 projects
involving hydrogersystemsare active and many will be operational by the end of 2025, encompassing

all stages of the hydrogen value chain, including hydrogen production, transmission and distribution,

industrial applications in sectors such as chemicals, refining, steel or ntdiSBd

1.6 ProcessDesignand Sustainable Development

When designing a new process, the flow of resetinicking-action considers essential steps such as:
problem definition, solution synthesis and subsequent solution andl96isin terms of the life cycle

of a chemical process, these steps are reflectadiist essentiaphase knownasthe synthesis of the
chemical routeor process synthesiand corresponding tdhe development othe optimalchemical
pathwayfor the processrThis first stage ishenfollowed bythe conceptual process desigtep where
heuristic selection of unit operations and recycling structures are gppitthe process development

step in whiclreaction kinetics, physical data, and properties are used to evaluate the performance of the
schemd196,197] Although differentiated, these steps are sometimes performed simultaniedisly

design of a new process

The objective of process synthesis should be to find the best processing path, among numerous
alternatives. Process synthesis is usually performed thrdiffginent classes of methodsule-based
heuristic methods, which are defined based on process knowledge anéhdwpwathematical
programmingbased methods, in which the best flow alternative is determined by optimizing the
superstructur@etwork or hybrid methods using process insights, kimw, rules and mathematical
programming197]. To design a sustainable process, the evaluation of potential solintibresearly
process desigrstage must be performed under a multicriteria metric thatconsidersdifferent
perspectives of sustainabiljtye., designing with sustainability goals and constrditi§,197] In this

context, the concept dprocess intensificatianis often applied when, by definition, new equipment
developments and techniques @mplemented andcompared to those commonly useley are
expected tdeadimprovements in the process, substantially reducing the ratio of equipment size to
production capacity, energy consumption or waste generation and, leading to more economical and
sustainable technologi¢l98].

Among the firstconstraintsapplied in process design for sustainable developntéeteis the
environmental sustainabilifyerspectivethrough the application of green chemistry principleshis

case, the ternecodesign (ecological design, also called green design or environmentally conscious
design)is oftenused[199]. By applying thesg@rinciples, the process synthesis and conceptual design
phases are directed towards more environmentally conscious £haseeof renewable feedstock;

benign solvents; design for energy efficiency,[2Q0][I]
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In the field ofecodesignprocesgor theexploitationof renewable raw materials, such as lignocellulosic
biomass, several investigations on process design and intensification have been presented in the
literature, showing a wide range of alternative technologies for the production efdligiadded
molecues[201 203]. For the production of the alkyl levulinates, the technolitgsature applieds not

fully explored and there is a lack of Hdepth studies on the conceptual design of processes for the
production of such molecules from precursor molecules such as sugars, and from raw biomass;
especially for major alkyl groups such as butyl levulinate.

From an energy perspective, thgimizationof sustainable process schemes, such as potential biomass
biorefinery systems, can be further developed through the integration of renewable energy sources, such
as wind and solar energy, and through the use of chemical storage systems, such as(yESEN

Studies in the literature on the application of HydESS systems showpitiiraizationof design and
operation is crucial for the efficient and economical ushede system204].

Several studies, including in the field of hybrid renewable energy systems, define mathematical
optimization methods, mainly based on mixed integer linear programming (MILP), atfeat
deterministic in nature and can effectively capture the characteristics of a system with reasonable
computational complexitj204]. An example is the work of Gabrielli et[2005,206]in which a MILP

system is used to optim@ batteries and hydrogen storage systems considering a time horizon of one
year with hourly resolution. Other investigations have instead considered the use of heuristic
optimization methods in the design and operational contrelesftrical storage systens reduce the

cost of renewablelectricity storagesuch as mininzing the daily operating cost, net present cost,
levelized cost of energy and total cost of operafi@d7i 210]. Typically, optimization analyses, in
addition to economic objectives, may also include other technological objectives, such as improving the
efficiency and reliability ofthe storage systemand environmental objectives such as reducing
emissions, often expressed in terms of their potential effect on global wdg@#jg

Minimization objective functions are therefore defined by potentially considering one to several
objectives, and above all by considering realistic constraints related to the various technologies adopted
in the system. Design constraints for hydrogen systemsdsbonsiderealistic operational constraints
related to hydrogen production and storage, eleaeolyand fuel cell capacities with respect to
maximum achievable hydrogen charge and discharge rates, and storage size.

Furthermore, as renewable energy sources arssgific, the size and type of technologies installed

has to respond to restrictions related to the availability of local resources and their seasonal effects; this
is also one of the main reasons why irigggions on the optimation of electricalstoragesystems

based on renewable energy sources are typically linked to case studies with territorial specificities.
Process design defines a mudlijective problem and its optimization aims at finding a set of possible

solutions for that given input systengnsideringspecific restrictions
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Including the design of the energy system, the preliminary process design will define a set of different
alternatives for the overall configuration. Based on specific perspectives and constraints, the evaluation

of the optimal configuration can be perfowirterough the use of various sustainability assessment tools

1.61 Sustainability assessment

The system ofalternativesolutionsfor the process design of a proceas beanalyed by means of a
sustainability assessmemnsideringthe various possible drivers associated with the system under
study, and then define an optimal solution that best meets the various criteria under consideration. In
this sense, the optimal design phas& procesgonstitutes a necessary initial step in evaluating the
possible technological alternatives for a given system, which can then be assessed from different
sustainability perspectivg211].

Accordingto NessetdR12,A The purpose of sustainabi-indkdrsy asse:
with an evaluation of global to local integrated nataoeiety systems irshort and longterm
perspectives in order to assist them to determine which actions should or should not be taken in an
attempt t o mak e.Sssminabiléytisya bread appraachnthatiidkes the-iatationship

between social science, environmental science and technological innovation, throegbnbmic,
environmental, and sociglllars[213]. A two-step approach to measuring sustainability was proposed

by Warhurstet al. [214], considering the assessment of sustainable development indicators (SDIs)
individually for each of the areas assessed and the assessment of the overall improvement achieved
toward sustainable development by aggregating the individual areas againssfiegitive dimensions.

Over the years, different indicators have been proposed for each of the pillars as a result of the various
sustainability methodologies and perspectives defined, such ascykife assessment (LCA),
Socioeconomic impact assessmentatggic environmental assessment, @astefit analysis, etc.

[213]. From the individual indices considered and evaluated, it is then possible to aediggregated

index; the weighting system and the method used in aggregating the component scores plays a
predominant role in the development of theegratedindex. Depending on various approaches, it is
possible to define weights for each index and once the weights have been assigned to each indicator and
transformed into component scores, these scores are aggregated into a congeositde various

choices of the nthod used for weighting and aggregation depend on the objective, nature, scope, type
of indicators, etc[215]. Sustainability assessment is very often associated and integrateldwitith

Criteria Decision Analysis (MCDA) method216]. MCDA methods make it possible to evaluate
alternatives according to different criteria and perspectives and to obtain a final ranking of alternatives
[217]. These methods can lmassified as conventional and fuzayhereas conventional MCD

methods do not deal with uncertainty, fuzzy ME&Bnhethods deal with uncertaingndsubjectivity of
decisionmakers or domain experBBepending othe approachsedthe most commonly applied fuzzy

MCDA methods are the Analytical Hierarchy Process (AHP), a pairwise comparison fdi8pand
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the PROMETHEE technique (Preference Ranking Organisation METHod for Enrichment Evaluations),
an outranking methof@19].

Conceptualiing sustainable development as a decisimking strategy makes it possible to actually
'use' it, turning sustainability and its power as a 'guide to action' into an-getienating' conce216].

On the implementation ofsustainable process development anmgdrogen systes) several
investigations on the sustainability assessment of different technologies have been carried out,
considering the use of specific indices, and in some cases the assessmeaggoégateihdex based

on different decisiommaking perspectivgd 70,211,220223].
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1.7 Objectives and Outline of the thesis

The literature surveyed and ttesearch context presented agree on the view of lignocellulosic biomass
as a valuable renewable resource, which, together with other forms of renewable energy, can be
exploited to reduce the impact of anthropogenic activities as a sourceazfrbiam forthe production

of high addedralue molecules, applicable in various industrial sectors, and as a sourceenétuy.
Although scientific research is continuously focused on progress in integrating renewable sources into
today's industrial economy thatssll heavily dependent on fossil sources, nadshe promising results

are still limited to academic studies, without bridging the gap between the academic and industrial
scales, due to issues related to process efficiency, process economics and more generally related to
process sustainabilitynot merely technological and economic, but also environmental and social
sustainability The key question in evaluafi a new process, and currently in evalugtof new
processes using renewable energy souragsreterials, is: Is the process sustainable?

This question is also the thread running through the research of this thesis, which focuses on evaluating
a sustainable way of exploiting secegeheration biomass towards promising molecules, integrating

the use of other renewable energy sources.

In the wide panorama of possible {p@tform molecules derived from lignocellulosic biomass,
particular attention has been paid to alkyl levulinate, esters of levulinic acid, praised in the literature for
their potential as biadditives for traditionalifels and as bifuels Among these, butyl levulinate has
shown exceptional properties and benefits in improving combustion efficiency and reducing emissions,
applied as a biadditive.
Compared to its minor ester counterpastech as methyl and ethyl levulinate, the literature on butyl
levulinate is less extensive, and mainly focused on the evaluation of the catalyst, while other key aspects
in the production of this molecule have not been investigated in depth, such dsdhefd¢he solvent,
which in the context of the conversion of biomass and its precursors, such as monosaccharides, plays an
essential role in controlling and limiting the onset of degradation reactions. The choatalyst and
solvent system has an important effect on the reaction mechanism and kinetics, and although some
kinetic models have been proposed for conversion from precursor molecules, the current literature is
lacking in kinetic modeling in the produmh of butyl levulinate from primary complex molecules, such
as biomasslerived monosaccharides.
For these reasons, the first part of this thesis is devoted to the experimental investigation of two key
perspectives in butyl levulinate productigia acidsolvolysis analyed in Chapters & and 4:

1 In Chapter 2, the evaluation of the optimal process conditionfavtor its production,

specifically investigating the efficiency in the choice of heterogeneous catalyst and solvent

system
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1 In Chapters 3 and 4, the kinetic modelingtfog productionof BL from the 5SHMF precursor,
and the fructose platform molecule, including essential aspects such as degradationgo humin
and the dissolution kinetics of fructose, which plays a limiting role especially in the application

of High-Gravity conversions.

Through the literature presented in Chapter 1, the possibility of transforming butyl levulinate, by means
of hydrogen integration, to-valerolactone (GVL) was also highlightediscribingthe considerable
implications this molecule may have for highly impactful industries such as solvents, additives, fine
chemicals, and heavy aviation fudbging a precursor for the production of 4 fuel. Furthermore,
produced bythe hydrogenation of butyl levulinat the production of this molecule also opens up an
outlet for integratig green hydrogen, the primary player in the green transition, into the lignocellulosic
biomass biorefinery system.

Having thus defined the optimal process conditions and kinetic modeling of BL production from
fructose, which are fundamental building blocks for the evaluation of a possible process scheme, Chapter
5 extends the exploitation of fructose from biomass tdude the step of hydrogenation of butyl
levulinate to GVL and answer the sustainability analysis of this process
This more methodological chapter consists of several parts:
9 Afirst section aimed at evaluatingeference process scheme for the production of GVL from
fructose, by production and hydrogenation of BL
1 A second section aimed at evaluating a systemic methodology for assessing the sustainability
of the process, and applied more pragmatically to a case study in Normandy
The analysis aims to assess the sustainability, from an economic, environmental, and social perspective,
and by means of a methodology base#@nperformance indicator&Pls), of different scenarios that
consider the optimal design of a system that integrates, at different levels, renewable energy sources for
the production of energy and hydrogen in thd_Groductionprocess. Sitspecificity with a case study
in Normandy was included by anailyg the actual availability on the territory of the potenté

renewable sources.

Finally, Chapter 6 presents the conclusions that can be drawn from the research activities carried out

and the results obtained, together with final recommendations and fetspectives.

32



CHAPTZERBpti miofatpirmmcess condi

t

solvolysis of fructose to buty

sol vent

Part of this chapter is adapted from the go#tt of the following article:

Di Menno Di Bucchianico, D.; Buvat,-L.; Mignot, M.; Casson Moreno, V.; Leveneur, S. Leveneur, Role of
solvent in enhancing the production of butyl levulinate from fructose, E02R,318 123703

Further permissions related to the material excerpted should be directed to the ScienceDirect. Copyright © 2023

Elsevier B.V. or its licensors or contributors. ScienceDirect® is a registered trademark of Elsevier B.V
2.1Introduction

In the context of the conversion of lignocellulosic biomass derivatives, such as hexose monosaccharides,
the experimental work of this thesismsfocus on the production of butyl levulingL); in particular,
focusing on the reactivity of fructose under acidic conditions, which, due to its higher molecular
reactivity, results in higher conversion rates with promising yields in alkyl levulinate, compared to other
monosaccharides such as glucadthough, it is less abundant in nat{lfe

The interestn this molecule isdue to its promising properties as oxygenated additive for blending
gasoline and diesel, and fuel quality enhancer. Furthermore, compared to the more common ethyl ester,
BL was found to have a higher cetane numberlaweér calorific value (LHV), to remain in solution

with diesel up to the point of fuel cloymint, and to be more compatible with elastomers, being less
corrosive[42]. As explained in the introductory chapter, BL production oacur via solvolysis of

hexose sugar monomecsitalyzedmainly by Brgnsted acidy . Of these, traditional mineral acids are

now gradually being replaced by heterogeneous acid catalysts,stuedarawbacksuch as corrosion

of equipment, separation and neuaiion costs and ecotoxic effects. Among solid catalysts, zeolites,
ion exchange resins, metal oxides, nanomatesal$ numerous other solid catalysts have been tested

to producébutyl levulinate from biomassderived carbohydratdy .

An et al[224] studied the production of BL from the alcoholysis of various carbohydratakyzedoy

ferric sufate, and obtained a yield of 62.8 % for a reaction temperature of 190°C

Higher yields of alkyl levulinate from fructose were also confirmed by Liu gt0lusing carbon
materialsfunctionalizedwith suffonic acid. BL was produced with a yield of 78 mol% after 12 h and
complete conversion of fructose.

Ramirez et al. evaluated the use of ion exchange resins for the direct conversion of fructose to BL by
alcoholysis[73], emphasizinghe catalytic efficiency of the resins for moderate temperatures, lower
than those required by other catalysts.

In the solvolysis kinetics of monosaccharides, in addition to the catalyst, the solvent also plays a key

role. To the best of our knowledge, thererenot many studies on the crucial role of the solvent, which
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can influence reaction kineticand product selectivity, sugar dissolutiomolymerization and
degradation. Sun et al. reported that the conversion of sugars and furans, particularly fructese and 5
(hydroxymethyDfurfural, changes in different solvents, depending on their polarity and protic or aprotic
nature[225]. In particular, the solvent influences proton transfer in the reaction medium, which is a key
point in the mechanism of alcoholy§&26]. Water is one of the main solvents used in theng@ment
and conversion of lignocellulosic biomass derivatives, and monosaccharides have a high reactivity in
water, which provides a good solvation environment, enabling high dissociation of Brgiidseainac
high solubility of sugar§227]. On the other hand, high reactivity in aqueous systems results in higher
instability of sugars and furan intermediates, making them more prone to secondary reactions, such as
degradation to humin225,228,229] Greater control over the reactivity of the reaction system can be
achieved through the use of polar organic solvents, including ald@28=229] In fact, some studies
have reported promising yields of alkyl levulinates by operating in excess of alcohol; Ramifg3kt al.
obtained a 73.4n01% yield of butyl levulinate, Sun et §225] a 51.6mol% vyield in ethyl levulinate,
both catalyzedoy ion-exchange resingnd in excess of alcohdExcessalcohol results in an important
control of the conversion steps, proton transfer and limitation gfdlyenerizatiorof sugars and furans
[225,227] Further benefits can be obtained from the use of aprotic petigents to reduce unwanted
degradation reactions of intermedigi$4,129] A mo n g-valetolactoree,(GVh) can be a valuable
co-solvent in fructosesolvolysis Several patents propose GVL as a green alternative to classical
hazardous solvents, as it can be produced from biomass via the hydrogenation of levulinic acid and alkyl
levulinate[230]. Mellmer et al[44] demonstrated the advantages of using polar aprotic solvents, such
as GVL, for acidcatalyzed reactions. Capecci et dll31] reported the synthesis of GVL by
hydrogenation of butyl levulinate, identifying an excess of GVL as the best solvent system. The effect
of such a solvent on the solvolysis kinetics of monosaccharides such as fructpsmltmingalkyl
levulinate has not yet beexploredin the literatureTherefore, in this study, an-olepth investigation
was conducted into the effect of the solyguatrticularly of water and GVL as esolvents in butanel
in-excessAmong heterogeneous acid catalysts, ion exchangesresrefavoredin this investigation;
specifically, geltype resins are identified in the literature as efficient catalysts at lower temperatures
than solid inorganic catalysts such as zeolites. Among these, Ambefli#g0liRas chosen for its good
stability, high prota capacity, accessibility and recyclability without a significant decreaaetiity
[231i 233]. To the best of our knowledge the solvolysis of fructose to butyl levulivedeaot reported
over Amberlite IR120. Therefore, this investigation is devoted also to filling this gap
The experimental investigation of the solvolysis of fructose to butyl levulinate:

1 Optimizationof heterogeneous catalysis kinetics of Amberlitel® by evaluating external

and internal mss transfer resistances; investigating the effect of mixing rotation speed and
catalyst particle size distribution;
9 Studying the effect of the solvent butanol anesotvents water and GVL, considering:

- The swelling of the catalyst in the solvents studied
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- The kinetics of conversion of fructose to BL, including degradation reactions togjumin
- The dissolution kinetics of fructose in solvent systems in the absence of water
With the aim of defining the optimal reaction conditionsmaximizethe productivity of BL from

biomassderived fructose.

2.2 Experimental and Analytical set up

2.2.1 Chemicals

Fruct ose ( O-(hyddoxympthyhfurfaral §HMF,D9%purity), 5-(ethoxymethyl)furfural %-

EMF, 97% puvalkegnolaancd oo e (O 99% puri-Algrigh. wer e
1But anol ( BuOH, O 99,5 % purity), butyl l evul i naeg
purity), butyl formate (BF, )@ondViVRchemicals.tAberlitea nd ac
IR120 (H form, ionrexchange resin) commercial catalyst provided by Acros Organics. Nitrogen gas

(N2 purity > 99,999 vol%) from Linde. All chemicals were employed without further putiifica

2.2.2 Analytical methods

Reaction samples wemmnalyzedby combining gas and liquid chromatography. HPLC Agilent 1100
Series was employed to quantified fructose, equipped with a SUPELCOSNH2Zolumn (250 mm

X 4.6 mm x 5 ym), a UV detector set at 191 nm, and by using a mixture of acetonitrile and ultrapure
wate (90:10 v/v %) as mobile phase, with a flow rate of 1 mL/min and constant column temperature of
30 °C. Reaction products, 8HMF, BL, 5-(butoxymethylfurfural $-BMF),LA, and BF, and solvent
systems were detected by BenkScion 4565C, equipped with a VE701ms Agilent column (60.0 m

x 250 um x 0.25 pum) and a flame ionization detector (FID). The injector and detector temperature were
250 °C and the oven temperature was programmed from 40 °C to 250 °C with 20 °C/mip oate.

All experimental quantifications were based on daily calibration curves with standard solutions of pure
commercially available chemicals-EMF was used as reference for B88MF calibration curve due

to its commercial unavailability. Each expagntal sample waanalyzedthree times to estimate the
error in the analytical methotkgardingstandard deviation.

Fructose conversion, butyl levulinate yield and catalyst loading were defined as follows:

C OBADI DAAGOE G || I AEOOADECRBAAAQET I Eq. 2.1
P ET EOERMEOBA BT OR ™1
L. LT NTAEAEDEBAAADET I
" T i K Eqg. 2.2
UEAR A ET1 EIOIEIRAEOOA oi:pon/&TT
i AOGGEAOAT UOO
# A O Al TUOKE | gg Eq. 2.3

, 1 ERDEIAST A
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2.2.3 Experimental setup

The solvolysis reactions were performed in a 300 mL stainless steel batch reactor (Parr Company) under
isothermal and isobaric conditioffSg. 8: Setup of the autoclave for solvolysis experimehhe reactor

was equipped with an electric heating jaclketooling coil,anda thermocouple capable of detecting

the reactor temperature and communicating with the temperature controller to ensure that the
temperature remains constant at the set point. Constant pressure is ensured by the supply of inert gas
(nitrogen) to the reaot. The inert gas is fed to an intermediate buffer twokn an external tankand

through a pressure gaygdlee pressure of the gas entering the reactor is regulated. Equipped with a gas
entrainment impeller (diameter 2.5 cm) withalbw shatft, it ensures gas entry and uniform mixing of

the reactant mixture.

sure Fegulator v Monitor
: A T.PT: Temap. and Press. transmitter parameters
B 5o Temp. indicator controller

[

Fig. 8: Setup of the autoclave for solvolysis experiment
For each experiment, the reactor was loaded with 1.6 g fructose, 35 g/L catalyst.@d catalyst)

and a constant volume of solvent. The systampressurizedvith nitrogen at 20 barto limit the gas

liquid partition of the liquid phas&Vith the temperature and stirring set, the first sanm@staken

when the set temperatuveasreached (time zeroBubsequent samplegeretaken at 5 minutes, 30
minutes and then every hour up to 7 hours. In the investigation, the reaction temperature was set at 110
°C as the maximum temperature riaximize catalytic activity while operating below the catalyst
degradation temperature. Indeed, théanit groups, i.e. the active sites, of Amberlitell® can leach

when the temperature is above 120 °C.

Table6: Properties of Amberlite IR.20 according to the manufacturer (Acros Oganics).

AMBERLITE IR-120(H-form)
Supplier Acros Organics
Structure Styrenedivinylbenzene
Resin type Gektype
Crosslinking (DVB%) 8
Moisture content (% mass) 48-58
Capacity by dry weight (med/g) 4.4
Native particle sizerange (um)) O 94 % (300 <
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Amberlite IR120 is a cation exchange resin composed of a stylemg/lbenzene sdibnate (PSDVB)

matrix with sufonic acid functional groups. The catalyst is atgpk resin with pearshaped particles,

in which the PSDVB copolymers result in a set of entangled chains with no spaces between them in the

dry state. The degree of crdgking (DVB%), related to theelvel of divinylbenzene, represents the

tightness of the resif.able6 shows the properties of Amberlite-lRR0as purchased from the supplier.

Amberlite IR120 was prdreatedbeforeits use, as described by Leveneur ef283]. The catalyst was

washed through several cycles in distilled water and a final one in the main reaction solvent, butanol.

After being filtered, the resin was dried in an atmospheric oven at 90 °C for 5 hours.

2.2.3.1 Mass transfemresistance investigation

The influences of external and internal mass transfer were studied, considering the effect of the rotational

speed of the mechanical stirrer for the extetraaisfer, and the catalyst particle size for the internal one

[234]. To investigate the presence of internalsstmansfer limitations, the particle size distribution

(PSD)wasanalyzedisingastandard sieve analysiividing the particles intéhigh-PDS)
with diameter higher than 500m, fin@PDS)

PDSo

for

wi t h

for

parti

di ame-60®em, b eat nwdéinefinv e3r Oy0
part i cdmemor eacmBSbategory ah éxperime® @& performed in the

typical reacting conditions described ab@rel setting the stirring speed to the optimum, determined

from the extrnal mastransfer limitationsanalysis Indeed, influences on external ss&ransfer were

investigated by considering the effect of the rotational speed of the mechanical stirrer, which varied
between 500 and 1000 rpm, as showmable7.

Table7: Experimental matrix for external and internal mass transfer experiments

2.2.3.2 Experimental investigation on the solvent effect

= PSD Stirrer  Fructose Butanol  Water ¥ cAT T time e g
(rpm) @) (Wt%) (wt%)  (glL)  (°C) (h)
= IMT Fine 500 1.6 83 17 35 110 7 N2 (20 bar)
% 2MT Fine 800 1.6 83 17 35 110 7 N2 (20 bar)
5 3MT Fine 1000 1.6 83 17 35 110 7 N2 (20 bar)
_ AMT Fine 800 1.6 83 17 35 110 7 N2 (20 bar)
g 5MT High 800 1.6 83 17 35 110 7 N2 (20 bar)
= 6MT  Nativeé 800 1.6 83 17 35 110 7 N2 (20 bar)
*indichdtved tahse ilPSD of the catalyst as such by the supplier

The solvent effect on the fructose solvolysis to butyl levulinate was investigated by considering three

main solvent system, with all the other reaction parameters equal (temperature, initial fructose

concentration and catalyst loadin@plvolysis experiments were performed in the presence of excess

butanol, and considering the effects of water and GVL asobents. As showrTable 8, the
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experiments considered the solvent systems: pure butanol, buiates] butaneivaterGVL, and

butanolGVL.

Beingcharacterizetdy a crosdinked styrenalivinylbenzene structure, the particles of Amberlite IR120

are subject to swelling, depending on the solvent. The swelling effect can affect reaction kinitics,

was evaluated. Based on the procedure of Bodamer and R&1ir235] the degree of swelling was

evaluated in each solvent systemalyzed in order to observe thbehaviorof the catalyst. The

procedure consideexidinga 20 mL volume of dry catalyst to a 100 mL graduated cyliradeteading

the initial volume to the nearest 0.5 mL. Then, the solvent was poueth@cylinder, up tdull

volume without shaking or tapping. After 120 hours, the volume was read and the swelling percentage

expresseas follows:

AEOAT 06 A ET EQEIADG A
ET EQEIADE A

b37 PpIM Eq. 2.4

Table8: Experimental matriXor fructose solvolysis in different solvent systelnuganol, water and GN).

= T Stirrer time Fructose  Butanol  Water GVL ¥ CAT Inert gas
C)  (rpm) (h) (9 (wt%)  (wt%)  (Wt%)  (g/L)

1 110 800 7 1.6 83 17 0 35 N2 (20 bar)
5| 2 110 800 7 1.6 91.5 8.5 0 35 N2 (20 bar)
; 3 110 800 7 1.6 96 4 0 35 N2 (20 bar)

4 110 800 7 1.6 100 0 0 35 N2 (20 bar)

5 110 800 7 1.6 25 8.5 89 35 N2 (20 bar)
. 6 110 800 7 1.6 60.5 8.5 30 35 N2 (20 bar)
o 7 110 800 7 1.6 76.5 8.5 15 35  N2(20 bar)

8 110 800 7 1.6 70 0 30 35 N2 (20 bar)

2.2.3.3 Fructose dissolution investigation

A further aspect related to the effect of the solvent system is the dissolution rate of fructose. While
fructose is highly soluble in water, it is rast soluble in alcohols such as butanol; therefibre effect

of GVL as cesolvent was evaluated with respect to the dissolution kinetics of fructose, in comparison
to the pure butanol solvent. A modifiedperimentaimethod was applie@36]; in this case, the known

and constant mass quantity of fructose in the analysistkieespecific fructose concentration of 11 g/L
used in the solvolysis experiments) was added to a constant volume of soltrenteactor system

mixed at the optimum rate, and at constant temperature and prefs2Qriearfor a sufficient period of

time to determine the equilibrium of the system. In the literature, Engasse28?jaanalyzedthe
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dissolution kinetics of monosaccharides and observed a rapid initial phase, in which approximately
40/50% of the maximum concentration was reached in less than 5 minutes. Therefore, a time interval of
30 minutes was conservatively assumed in this study as sufficient time to reach equilibrium at the set
temperature. The system was tested under different tatnpe conditions, measuring the fructose
concentration at each temperature. In particular, the dissolution kinetics of fructose was studied in pure
butanol and in the butan@VL 70/30 wt% mixture.
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2.3 Experimental results and discussion

Humins

/ S{HYDROXYMETHYLJFURFURAL FORMIC ACID LEVULINIC ACID

T 1 R s T

FA LA
5-HMF _________________________________________D_____________
FRUCTOSE BuOH BulH BuOH
H H*
B
H.O H.O H.O
0 BulH o
HO i
Bu . G
= \ / : L»—b HJ\]—EU = ©—Bu
BL
5-BMF = =}
J{BUTOXYMETHYL)FURFUFRAL BUTYL FORMATE BUTYL LEVULINATE

Fig. 9: Reaction steps for the fructose alcoholysis in a@thlyzed system

According to several articles, the reaction mechanism of the alcoholysis of fructose by butanol occurs
according td=ig. 9[1] [35,73,214,215]In the presence of acid catalyst, fructose is dehydratetid&

the first reaction intermediate. In the predominantly alcoholic medium, in this case consisting of butanol,
the 5HMF can be rehydrated to levulinic acid and formic acid, then estetdibdtyl levulinate and

butyl formate or undeventan etherification reaction teBBMF, and then converted to BL and BF. Butyl
formate is produced in an equimolar ratio and with similar kinetics to BL. Experimentally, levulinic acid
was detected but always in very low concentrations, suggesting thétehiéiaation step of 5HMF to

5-BMF is favoredover rehydration to LA and subsequent esterification. This is due to the low water
concentration in the liquid phase, whichimsufficient to favor5-HMF rehydration rather than its
etherification with butaal [I]. For this reason, the LA concentration trend was not considered in the
subsequent discussion of the results. Furthermore, the reaction scheme also includes the inevitable
production of humins from the secondailymerizatiorand condensation reactions of fructose and the
furan intermediate BIMF. Some studies suggest a tendency f&VE not to undergo degradation

[238].

2.3.1 Mass transfer limitations effect

The influence of stirring speed on external matter transfer was evaluated in experiments 1MT, 2MT, and
3MT in Table7 by varying the stirring speed from 500 to 1000 rpig. 10 shows the effect of stirring
speed on the conversion kinetics of fructose, the intermedidd&5and 5BMF, and the final product

BL. The concentration profiles show an increase in kinetics by increasing the speed from 500 rpm to
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800 rpm. The kinetics of consumption of the intermediakéV-, and production of BMF and BL

are increased, as well as the conversion of fructose. By further increasing the rotation to 1000 rpm, the
kinetics are reduced, probably due to the occurrensertéx effects that limit the transfer of matter;

both the kinetics of fructose conversion and those of the intermediates and BL. It can therefore be

concluded from the experiments that the optimum rotational speed that reduces the effect of resistance
to external mass transfer is 800 rpm; consequently, it represents the rate set in all other solvolysis

experiments in this system.

The external transfer resistance phenomeeie evaluatedconservatively considering the use of fine

PSD, i.e, for the smallest catalyst particles.
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Fig. 10: Effect of the stirring rate on the concentrations (noraealiwith respect to the fructose concentration at time z
(A) fructose, (Bb-HMF, (C) BMF, and (D) BL.

The particle size distribution wamalyzedusing sieve analysis, showing a high percentage (around
84%) of particles with diameters greater than 500 um (Hi§D) and the remaining particles with
diameters between 300 and 500 um (FRED). The effect of the different particles size distribution o
kinetics was investigated in experimeAMT, 5MT, and 6MT of Table7, in which the two PSD were

compared to the ANativeo PSD of the commerci al
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The comparison of the concentration profile§ig. 11 shows that the effect of the PSD of the catalyst

on the sololysis of fructose is negligible. In fact, it can be seen that under the operating conditions of

this study, the PSD of the catalyst has a very negligible effect on the trend of fructose consiiigption (
11A), 5-HMF production Fig. 11B), 5-BMF production Fig. 11C) and BL productionKig. 11D).

Therefore, it can be assumed that the internal mass transfer resistances are nddjayisfiere the

native distributiorwasconsidered for th&urtherinvestigatiors on solvent effect.
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Fig. 11: Effect of catalyst PSD on the concentrations (norzadliwith respect to the fructose concentration at time zerc

fructose, (BB-HMF, (C)5-BMF, and (D) BL

2.3.2 Solvent effect: kinetics and swelling effect

The effect of the solvent on the solvolysis of fructose to butyl levulinate was investigadedlyzing

the influence on the reaction kinetics of the solvent system consisting of pure butanol, and the presence

of water and/or GVL as esolvents. The different solvent systems consider@able8 are:

1 Pure butanolExp.4)

1 ButanolWater, with water content between 47 wt% (Exp.1-2-3);
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I ButanotWaterGVL, with water content fixed at 8.5 wt% and GVL between-180 wt%
(Exp.56-7);
1 ButanolGVL, with GVL content at 30 Wt%EXp. 8)

2.3.2.1 Swelling effect

For all groups of solvent mixturemalyzedn this work, the swelling effect of the catalyst was evaluated
and expressed in terms of the average percentage variation in the volume of oataipsact with the
solvent.

Table9 shows that the swelling index of Amberlite IR120 exhibited sinbiktiaviorin the different
solvents and mixtures tested: pure butanol, pure GVL, pure water, BUOH/GVL/water, BUuOH/GVL and
BuOH/water.In agreement with the literature d4&¥], water and butanol showed similahaviorin

terms of swelling index, exceeding 19®of the variation; on the other hand, GVL showed a slightly
lower index(around 95 %)mainly due to its different solvent characteristics. Comparing the different

mixtures, the swelling index is constant, all betingmayjority alcoholaqueous phase.

Table9: Results from swelling study of Amberlite1R0 at room temperature.

Solvent Vo (mL)  Viin (mL) %SW

BuOH - 20 42 11045

GVL - 20 39 9545
Water - 20 42 1105
BuOH/GVL/Water 53/30/17 %wt 20 42 110+5
BuOH/GVL 70/30 %wt 20 42 110+5
BuOH/Water 83/17 Y%wt 20 41 1055

The results in pure water and in the binary alcetaier mixture are in line to those obtained in the
literature (approximately 100 % in water and 110 % in the ethaatdr mixture)[231,235] The

swelling effect in pure butanol is higher than that reported in the literature for ethanol (40 % obtained
by Bodamer and Kunif235], 70 % by Russo et gR31]) and comparable to that obtained by Pérez
Macia et al.[240] for 1-butanol, for which they reported a SW% index value greater than 85 % for
alcohol contents above 50 v/v%dding GVL to the alcoholwater mixture does not affect the swelling
capacity of the resin. Since the swelling parameter is therefore unchanged between the different solvent
systems, it can be assumed thatdffect of solvents on thkineticscatalyzedoy Amberlite IR120 is
independentby the swelling factar furthermore,the analyses of the mstransfer resistances,
preliminarily evaluated irthe butanclWwater solvent, and the results in terms of the optimum rotation

speed and PSD are also valid in the other sobysiemsconsidered.
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2.3.2.2 Co-solvent effect: Water

The effect of water, as a esolvent with butanol, on the fructose solvolysis kinetics was studied by
considering the variation in water content (from 17 wt% to O vitexp.1, 2, 3, and 4 of able8.

Fig. 12showsthe concentration profitof the different species over timfeructose irFig. 12A, 5-HMF

in Fig. 12B, 5-BMF in Fig. 12C, and BL inFig. 12D, normalizedon the fructose initial loading

Thevariationin water content influences the conversion kinetics of fructose butstiesolution; the
conversion kinetics of fructosesultsfasteras the water content decreases, considering a complete
conversion in the first 3im theabsence of wateEkp. 4, while for the other experiments starting at 4h

and increasing as the water content increases. On the other hand, however, the water content affects the
dissolution of fructose, which can no longer be considered instantaneous for water ¢owetsan

4%. For experiments 3 and 4, thermalizedfructose concentration at time zero is nog due to the
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Fig. 12 Effect of water concentration on the concentrations (nomedliwith respect to the fructose concentration at
zero): (A) fructose, (B3-HMF, (C) 5-BMF, and (D) BL

slower dissolution of fructose in the solvéigtiid-phaseFurthermoresecondary degradation reactions

to huminsalso complicate fructose kinetjand water might hawe crucialinfluence on this aspect.

A clearerpictureof thewater conteneffectcan be observed in the trend of theermediates-HMF in

Fig. 12B. The kinetics ob-HMF production and consumption is faster in the absence of water (Run 4,

Fig. 12B). In the presence of highwater content, B5HMF selectivity tends to increase as legtvater
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concentrations are reached, and the conversion kinetiellbff5to subsequent intermediates is slawer

In fact, BHMF is still present after 7 houfsr water content of 17 wt%@ hese effects are also reflected

in the concentration trend of BMF; by reducing the water concentration, the formation kinetics of this
intermediate becomes faster, leading to a greater accumulation of the intermediate; this can be seen by
comparing experiments 1, 2, 3, where the concentration profileB¥5 reaches its mximum
concentration for the lower water content of 4 wt%. The kinetics csandgbe absence of water; in
fact,in this case, in addition to the production kinetics, the conversion kinetiecBMf5is also faster,
resulting in less accumulation, and more conversion to BL, visitH&irl2D.

The production of BL is faster aridgheras the water content decreases, corresponding todjo
conversion of the intermediate BBVIF, with an increased yield of 27.5% by reducing the water
concentration from 17 wt% to zero.

In addition to slower kinetics, the lower yield of BL in the presence of water can be explained by
highlighting the role of water in the degradation of fructose akdM® to humins. On the basis of the
overall masbalance, the water content is directly related to the moles of fructose unconverted in the
main reaction species, and potentially degraded to humins, which amounts to approximately 22 mol%
with the highest water content and decreases tm@l% in the absence of water.

These results confirm the role of wateaifectingthe stability of fructose iacidic conditionpromoting
secondary reactions witbrmation ofby-productashumins[225,227,229]In addition to the increased

loss of fructose moles, the limited production of BL may also be influenced by the partial inhibition of
the catalytic activity of exchange resins in the presence of water, as suggested by some research
[241,242]

2.3.2.3 Cosolvents effect: GVL in presence of Water

The addition of GVL as cgolvent was evaluated in the butam@ter mixture, considering a fixed
average water content of 8.5 wt% and a GVL content betweeBAd%t% in Exp. 5,6 and 7, thus also
considering the kinetic excesf GVL. The water content of 8.5 wit¥as consideretb ensurea

faster dissolution of fructos@eglecing its dissolution kinetics. IrFig. 13A, the fructose kinetics is
affected by the presence of GVL;dpstems witlexcess of butangExp. 6 and 7)theincrease in GVL
content from 15 wt% to 30 wt% results in a slightly faster fructose conversion kinetics, comparable with
the concentration profile in absence of GVL (Exp. 2). Howeakhough the fructose conversion is

comparable with Exp.2, the selectivity to the intermediates is not equivalent. Indeed, the GVL content
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Fig. 13: Effect of GVL concentration on the concentrations (norzedliwith respect to the fructose concentration at
zero): (A) fructose, (B3-HMF, (C) 5-BMF, and (D) BL.

in Exp. 6 and 7 reveals a higher selectivitwaods 5-HMF (Fig. 13B), for which the maximum
concentration increases by increasing the GVL content, but also for the intermesilEe(ig. 13C),

and consequently enhancing the yield to the target producEiBL13D). The increase in yield of the

final product, with simultaneously high concentrations of the intermediates and the same conversion of
the main reagent, can be explained by considering an inhibition of secondary degradation reactions by
GVL resulting in fru¢ose being more available for conversion to Bhis effect is clearly more visible

by increasing the GVL content, kilie kinetics vary considerablgr high concentrations of GVL as in

Exp. 5. In this case, the selectivity t&HB/F is maximizedand the reduced butanol concentration leads

to favor the rehydration step oftBMIF to LA over the conversion toBMF. The result is a reduced 5

BMF concentratiorand a higher LA concentration in the reaction mixtugy showing slower BL
production kinetics witta low yield for the same reaction time, it suggests that the esterification of LA

is kinetically slower than the conversion eBMF. The beneficial role of GVL in inhibiting secondary
reactions angtabilizingreaction species can also be observed by evaluatimgabghalance in terms

of fructose moles, where the addition of GVL can result in up to 5% less fructose lost, compared to the
butanotwater solventln terms of BL production and loss of fructose motésg, addition of 30 wt%

GVL results amptimal.
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2.3.2.4 Co-solvents effect: GVL in Butanol

Previous results showed that water does not improve butyl levulinate production, but rather plays a role
in the degradation of fructose and potentiatlyhe inhibition of the resiactivity. For this reason, the

effect of GVL was investigated in the absence of watdExperiment 8 offable 8, considering the
promising content of 30 wt%-ig. 14A shows that the addition of GVL in 30 wt% results in a slower
consumption of fructose than pure butanol. This may be due to GVL's ability to limit unwanted
degradation reactions towards humins, resultingigier selectivity towards reaction intermediates
such as 8HMF and 5BMF. In fact, the production of these intermediates is greater in the b@&iol

system Fig. 14B and C).n patrticular, the high production ofBMF means that the intermediate is not

fully converted after 7 hours, whereas in pure butanol it quickly reaches complete conversion. As with
fructose, this is determined by GVL's role stabilizing the 5-HMF intermediate by preventing its
degradation. This is also reflected in the reduction of the moles of fructose lost on the basis of the mass
balance, which are approximately zero in the presence of GVL and moreni@® in pure alcohol.

This observation ig line with Fig. 14D, where the BlLfinal yield increasesn the presence of GVL,

rather than irthepresence of pure butandlithough the increase in BL yield is about 3%, from 57.5%

in pure butanol to 60.4% in butar@VL, the presence of GVL could result in higher yields even
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Fig. 14: Effect of BUOH/GVL concentration on the concentrations (nomedlwith respect to the fructose concentratic
time zero): (A) fructose, (B-HMF, (C) BMF, and (D) BL
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considering longer reaction times, considering the high residual concentrations of the intermediates
under the reaction conditioasalyzed Furthermore, the presence of GVL also brings benefits in terms

of fructose dissolution, as shown in the following section.

2.3.2.5 Dissolution kinetics investigation

In the presence of water, even at low concentrations, fructose exhibits high solubility and the dissolution
kinetics can be considered instantaneous. In the absence of water, dissolution is much slower due to the
low solubility in the alcohol environmenfigr this reason, the dissolution of fructose \aaglyzedn

pure butanol anah the solvent BUOH/GVL 70/30 wt%, according to the procedure described above.

In Fig. 15, dissolution of fructose imorerapid in the 70/30 wt% BuOH/GVL solvent at temperatures
below 100°C. Both solvents result in complete dissolution at 100°C, but the dissolution kinetics in
butanol are slowerThe effect of the BUOH/GVL solution in promoting dissolution of fructose at
temperatures below 100°C could be advantageous for catalysts suffering from thermal instability and
for systems with high initial fructose concentration where the dissolutieti¢srare not negligiblg-ig.

15).
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Fig. 15: Fructose dissolution in pure butanol and GVL/BuOH (30/70 wt%) solvents versus temperature

2.3.3 Comparison with literature

The results of this investigation are compared with some literature data on the solvolysis of fructose to
butanol on different solid acid cataly$#able10). With the same degree of crdaking (DVB%=8),
since it has a direct effect on catalytic actijii\g], the catalytic activity of Amberlite IR120 in this

study was compared with some results obtained with Amberlyst 39 and Dowex 50Wx8. In the presence
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of water, the BL yield obtained with Amberlite IR120 is slightly higher than the corresponding one
obtained with Dowex 50Wx8 and Amberlyst 39, considering a higher catalyst loading but lower
temperature and lower catalyst acid capacity (d4gnversus 4.83 gyg of Dowex 50Wx8 and 4.82

Medg of Amberlyst 39, respectivelyr3]). The absence of water from the solvent system drastically
affects BL production, increasing the yield to 57.5 % in pure butanol, compare&dindBe presence

of 17 wt% water. This is due to the role of water in promoting secondary reactions of fructose and,
secondly, its possible deactivation effect on the resin. The productivity obtained with Amberlite,
expressed in terms of BL yield, is coanpble with results in the literature for other solid acid catalysts.
An et al.[224] obtaired a BL yield of 62.8 % in the presence offE); at 190 °C; Kuo et a[65]

report a BL yield of 6®%6 using TiO2 nanoparticles at 150 °C; Balakrishnan gb8l.report lower

yields, out of the average trend, using Dowex 50Wx8 resin, probably due to the high catalyst
concentration.

By introducing GVL as c@olventat 30 wt%with butanol, BL production was further improved with a
yield of 60.4%. The presence of GVL also led to an increaSeHMF and5-BMF selectivity and a
drastic reduction in th&uctosemoleslost. GVL prevents the consumption of fructose &dMF by
secondary reactions, such as degradation to humins, and even higher BL yields could be achieved by
increasing theeactiontime. The use of GVL in the alcoholic medium also results in a faster dissolution
of fructose

Tablel0: Comparison with literature data on fructose solvolysis to butyl levulinate

S T t Fructose WCAT § fruct YsL -
atalys Solvent (wt% €l.
0 M L @y (wte) % %

110 7 11 35 BUOH/GVL  70/30 100  60.4
Amberlite This
110 7 11 35 BuOH ; 100 575
IR120 study
110 7 11 35 BuOH/Water  83/17 100 30.0
Dowex 110 30 72 260 BuOH ] 97 140 [55]
50Wx8 120 6 21 143  BuOH/Water 83/17 >995 242
[73]
Amberlyst 155 6 21 143  BuOH/Water 83/17 >995 253
39
FeSOs)s 190 3 25 5 BUOH ; >99  62.8 [224]
TiO> 150 1 20 5 BUOH - 100  67.0 [65]
CNT-PSSA 120 12 125 5 BUOH - 99 780 [70]
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2.4 Conclusiorms

In this chapter, the solvolysis of fructose to butyl levulinate, on a commerciekasrange resin, such

as Amberlite IR120, was studied, investigating the optimal process conditions, in terms of material
transfer resistances and the effect of the sol\@raluating the use of water and GVL assobvents
together with butanol. The evaluation of external and internal matter transfer resistances showed that
using a rotational speed of 800 rpm and the catalyst's native particle size distributiesplitlidass
transfer resistances can be excluitethe reacting system considered in this investigation.

In the subject of the solvent effect, the swellbehaviorof the catalyst was studied and found to be
independent of the nature of the solvents tested. The influence of water anetheeod GVL (polar
aprotic) was studied on the kinetics of fructds&iMF, 5-BMF and BL. The addition of water did not
improve the kinetics of BL production, althoughatoredthe rapid dissolution of fructose even at low
temperaturedn addition, water was found to play a role in the kinetics of the secondary reactien to by
products such as humins, obtained from the degadafi fructose and-6IMF andfavoredby high

water contents in the systeBy reducing the water content, the yield of BL increased from 30 mol%
with 17 wt% of water to 57.5 mol% without water. Finally, the yield was further increased to 60.4 mol%
with the addition of 30 wt% GVL in butanol. Furthermore, the BUOH/GVL mixture3(r&/t%) was

found to increase the dissolution of fructose, compared to pure butanol.

In general, the experimental investigation showed good performance of Hexcioenge resin
(Amberlite IR-120) selected toatalyzethe solvolysis of fructose to butyl levulinate, with a promising
final BL yield, comparable to literature data, but under more moderate temperature conditions,
significant in terms of energy savingsVL in a content of 30 wt% was found to be a beneficial co
solvent with butanol, which is in excess, to enhance the fructose dissolution, inhibition of secondary
degradation reaicin, and the final yield to BLThese benefits make GVL also suitable as-aaleent

for high fructose systemfgvoringfaster dissolution and conversion kinetics.

This solvent system will therefore be employed for further kinetic studies, presented in the following

chapters.
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CHAPTEXRol volysis of t-he pl at

Hydr oxymet hRyNMF)f utrd ubrwatly I( 51 ev ul |
model |l ing and model assessment

Part of this chapter is adapted from the go#tt of thefollowing article:

Di Menno Di Bucchianico, D.; Cipolla, A.; BuvatQ.; Mignot, M.; Casson Moreno, V.; Leveneur, S. Kinetic study and model
assessment for thebaityl levulinate production from the alcoholysis dflBIF over Amberlite IR1L20. Ind. Eng. Chem. Res.
2022, 6130, 1081810836 Further permissions related to the material excerpted should be directed to the ACS
Publications. Copyright © 2023 American Chemical Society.

3.1Introduction

In the literature, the development of kinetic models for the alcoholysis of sugars to alkyl levulinate is
still a matter of debate and development mainly due to the complexity of the reaction system and the
effect of engineering parameters such as theesblsystem; catalysteaction conditiornisetc. on the

kinetics and thermodynamics of the system. Indeed, in addition to the primary reaction steps, the
occurrence of secondary and degradation reactions leading to the production of humins is a major and
inevitable drawback of this conversion pathway, anddhaationmechanism of this bproduct is still

under studyMost studies consider the rate of hugformation in a simplified manner as the difference

between the rate of substrate decomposition and the

rate of formation of the main products, withol KINETIC EXPERIMENT
investigating in depth its kinetic rate of formatiol Reaction parameters

» Initial 3-HMF cone.

which influences the process as a whole and

industrial applicability [243]. 5-Hydroxymethyt

furfural (5HMF) is one of the main direct precursc

molecules in the formation of humins, as well .

being a central intermediate in the solvolys

pathway of monosaccharides to alkyl levulinate

such as butyl levulinate. Starting wiRHMF, it is : .
CROSS-VALIDATION R

possible to investigate the effect of kinet [ Kfld |
parameters on the production of butyl levulinate a . ktldmetod ¥ '

» CV index evaluation

simultaneously on the degradation to humins

Although some studies have investigated t

solvolysis of BHMF in the presence of methanol ar '
MODEL ASSESSMENT

ethanol for the production of methyland ethy

levulinate [2441 249], no experimental and kineticFig. 16: Methodology adopted in Chapter 3
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investigationwere developed for the production of butyl levulinate frorHBIF on a heterogeneous

catalyst, and including the kinetics of humins formation.

To attain this objective, thesearclwas orgarded involving the following stepas inFig. 16.

1 Experimental investigation of the solvolysis eHBIF in butanolGVL as solvent and catalgd by
Amberlite IR-120; evaluating the effects of reaction parameters such as temperature, catalyst
loading, and initial concentration oft3MF.

1 Kinetic modellingstep,involving:

- the evaluation of different kinetic models including possible alternative reaction mechanisms
and kinetics of humins formation
- regression phase using the dataset obtained through the kinetic experiments to estimate the
kinetic parameters of the different models.
- Evaluation of the Akaike information criterioAlC) index.
9 Validation stage:
- Crossvalidation through the Kold method and evaluation of ti&/ indicator.
1 Model assessment stage:
- Based on thdifferent indicators evaluated (AIC, CV, etc.) the best performing model is identified.
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3.2 Experimental and Analytical set up

3.2.1 Chemicals

5-(hydroxymethyl)furfural (SHMF, 99% purity), 5(ethoxymethyl)furfural (EMF, 97% purity),

l evulinic acid (LA, O 97% pur ivtay)e,r ofl arcrhiom ea o iOGd 9(
were purchased from Sigafddrich. -But anol (BuOH,y)Q DU.t5 1% | pwruil i nat
purity), butyl formate (BF, O 97% purity) and ac
IR120 H form (ion-exchange resin, harmonic mean size: 0.620 to 0.830 mm) commercial catalyst was
provided by Acros Orgaos. Nitrogen gas (Nourity > 99.999 vol%) came from Linde. All chemicals

were employed without further purification.

3.2.2 Analytical methods

In the investigation of solvolysis byFMF, the analytical method presentegattion2.2.2 Analytical
methodscan be reduced to the use of the gas chromatography apparatus aldmemalhl speciesf

the system being compatible with a gédmse analysis.

Therefore, diluted in acetone by a factor of 10, the samplesnatgzedn the Bruker Scion 456C

gas chromatograph, equipped with an AgilentM®1ms column and a flanmnizationdetector (FID),

with the same characteristics, also in terms of programming the heating ramp, as described above. As
previously mentioned, the analysis involves daily calibration curves using standard solutions of pure
chemicals, and the correspondingyettther SEMF was used as the standard for the calibratiors of 5
BMF. Each sample waanalyzedhree times.

3.2.3 Kinetic experiments setup

As shown inFig. 8. Setup of the autoclave for solvolysis experimdim¢ kinetic experiments were
conducted in a 300 mL stainless steel Parr batch reactor equipped with an electric heating system and a
central impeller to ensure uniform mixing of the reaction mixture. The system is suppligttroigen

to pressurizéo 20 bar and limit the gdiuid partition of the liquid phase. As shownTiablell, the
experiments were conducted considering an initial mass loadBgibfF ranging from 1.6 to 7 g, and
catalyst up to 15.3 g, with a fixed volume of buta@dL solvent phase at a ratio of 70:30 wt%. In
addition to the solvolysis experiments oHBIF, many experiments Experiments froml0 to 16

outlined inTable11), on the esterification of levulinic acid and the levulinic gaidnic acid mixture

(initial concentration range 0.0%.5 mol/L) were carried out in the same reaction system. As previously
shown by the studies on limiting phenomena to the transferatlemwith the catalytic system in

guestion, althoughnalyzedor the case of fructose solvation, the rotation speed was set at 800 rpm, to
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limit the limiting phenomena to external and internal mass transfer, using the particle size distribution
of the native catalyst. Amberlite IR120 was+meated as described above and fresh catalyst was used
for each kinetic experimenfable11). The reusability of the catalyst was also tested by treating the
used catalyst again, as described above, before reusing it in a second run. In the kinetic runs, the
temperature parameter was set between 80 and 115 °C, without exceeding 120 °Clfasithacive

sites of Amberlite IRL20 can leach at highegmperatures. In all experiments, the initial load-6f\8F

(or LA, LA-FA mixture) is initially solubilzed in the solvent phase and an initial sample taken at this
stage to test the initial concentration then added to the reactor. Once thewaactmrged, the heating

ramp of the systerwasrecorded and several intermediate samples taken during this phase to monitor
the catalytic action before the set point temperaasreached. Once the set point temperawas
reached to study the kinetisothemally, one sample is taken and subsequent samples at 5 minutes, 30
minutes and then hourly up to 7 hours.

Tablell: Experimental matrix

Exp. T%Igp. 5-Hn|;]/IFo mIéAo mI;Ao mBL;]OHo mG(;/Lo Hl\[/lsl;]_ri n&lz)?]qu n[gﬁ_?l %Lﬂ? [I?T]L:)?E_]lo ";de;'ted

g mol.L g
1 110 1.6 0.00 0.0 85.2 365 | 008 000 000 240 757 4.9
2 100 1.6 0.00 0.0 85.2 365 | 008 000 00 240 757 4.9
3 90 1.6 0.00 0.0 85.2 365 | 008 000 000 240 757 4.9
4 110 7.0 0.00 0.0 85.2 365 | 031 000 000 231  7.27 8.0
5 100 3.0 0.00 0.0 85.2 365 | 016 000 000 238  7.49 9.2
6 100 3.0 0.00 0.0 85.2 365 | 015 000 000 238  7.49 4.9
7 80 3.0 0.00 0.0 85.2 365 | 015 000 000 238  7.49 4.9
8 85 7.0 0.00 0.0 85.2 365 | 032 000 000 231  7.27 8.0
9 105 3.0 0.00 0.0 85.2 35 | 014 00 000 238 749 | 100
10 80 0.0 813 0.0 80.9 347 | 000 051 000 228 717 4.0
11 95 0.0 813 0.0 80.9 347 | 000 051 000 228 717 4.0
12 110 0.0 813 0.0 80.9 347 | 000 051 000 228 717 3.0
13 80 0.0 1.64  0.63 84.0 360 | 000 010 009 239  7.53 2.0
14 110 0.0 1.63  0.64 84.0 360 | 000 010 009 239  7.53 2.0
15 95 0.0 1.00  0.40 84.5 363 | 000 006 006 240 757 6.0
16 100 0.0 1.63  0.64 84.0 360 | 000 012 009 239  7.53 8.0
17 100 5.0 0.00 0.0 85.2 365 | 028 000 000 234 737 | 153
18 115 3.0 0.00 0.0 85.2 365 | 017 000 000 237 749 | 100
19 100 3.0 0.00 0.0 85.2 365 | 017 000 000 237  7.49 1.0
20 100 3.0 0.00 0.0 85.2 365 | 017 000 000 237  7.49 0.0

3.3 Experimental results and discussion

The solvolysis of BHMF to nbutyl levulinate was investigated over a wide range of reaction
parameters: temperature, catalyst loading, and initial furan concentrations. The effects of these
parameters weranalyzedy comparing the experimental results of several experiments as shown in the

following figures. The concentration profile of the different main species ovemterefollowed, with
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the exception of formic acid (FA) normalized to the initial BIMF concentration,

h h h h

3.3.1 Effect of temperature

The effect of temperature on kinetics was investigated by comparing experiments 1, 2 and 3, in which
the reaction temperature was varied from 90 to 110 °C under the same processing conditidfigl. From

17, it is evident that the kinetics depend on the reaction temperature. As the temperature increases, the
kinetics are faster, increasi®BMF production and consumption in BL and BF, which exhibit very
similar kinetics(Fig. 17D-E). On the other hand, the production of the LA intermediate occurs at very
low concentration values$-ig. 17B), due to the absence or reduced presence of water in the reaction
medium, which thereforgisfavorsthe hydration step of-6IMF compared to the etherification reaction
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Fig. 17: Effect of temperature on the kineticssefIMF solvolysis: (A) BHMF, (B) LA,(C) 5-BMF, (D) BL, (E) BE
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Fig. 17: Effect of temperature on the kineticsbefiMF solvolysis (A) 5-HMF, (B) LA, (C) 5-BMF, (D) BL, (E) BF.
with butanol.Regardingdegradation, the mass balance on the irBtidMF concentration shows a loss
in moles of5-HMF presumably at humins, which varies from 15 to 20% and is favored at higher

temperatures.

3.3.2 Effect of catalyst loading

The effect of catalyst loading was evaluated by considering experiments 5, 6, 19 and ZBigFt&m

it can be seen that the increase up to 4.9 grams in catalyst loading results in an increase in the reaction
kinetics in terms of #IMF conversion and BL production. The further increase in mass to Bazmp
significant effect on the kinetics of the components.

Blank experiment 20 in the absence of catalyst show&tHMF undergoes nenatalyzeddegradation

kinetics in the first hour of the reaction and then slows down. These two kinetic regimes could be linked
to the production of humins aretBMF, which is detected albeit in reduced concentrations. This
production could be initiated by a small amount of protons or by the production of LA, which although
low is present in the initial phase of the reactiéig. 18 shows thaprotons catalyzeach step of the
reaction.Catalyst loading does not affect the equimglarductionof the BL and BF-as shown irFig.

18(F).
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Fig. 18 Effect ofcatalyst loadingon the kinetics d8-HMF solvolysis: (A) BHMF, (B) LA, (C) 5BMF, (D) BL, (E) BF
3.3.3 Effect of 5-HMF loading

The effect o5-HMF loading was evaluated by comparing experiments 2, 5 andHAig. 19. In these

experiments, the initial loading of-BMF was increased with the same temperature and catalytic
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activity, expressed asiro/NH+ molar ratio.Fig. 19A shows that the kinetics ofBMF consumption is
slightly faster for higtb-HMF loading, i.e. experiment 17. Interestingly, this higher amountHdii/s-

leads to digher production of LAKig. 19B), which is usually low; this result in terms of LA production
can also be related to the reduced linearity/parity between BL and BF concentraB&pstimentl7

(Fig. 19). Given the stoichiometry, at higher LA concentrations should correspond higher FA
concentrations, but the volatility of the latter is higher than LA. Therefore, the lower concentration of
FA in the liquid phase limits the esterification to BF, compaodaiLt from LA. The increase in-BIMF
loading also leads to an increase HBMF concentrationand consequently to an increase in BL
production.as in experiment 17Also, for these experiments, the mass balance on the inithB

concentration shows a loss in moles of reactant, potentially due to a secondary degradation reaction at
humins.
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Fig. 19: Effect of5-HMF loadingon the kinetics afolvolysis (A) 5-HMF, (B) LA, (C) 5-BMF, (D) BL, (E) BF
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Fig. 19: Effect of5-HMF loadingon the kinetics afolvolysis (A) 5-HMF, (B) LA, (C) 5-BMF, (D) BL, (E) BF.

3.34 LA and FA esterification results

From the hydrolysis step of BMF, LA and FA intermediates are produced. As shown by the analysis

of the concentrations resulting from the previous experiments, the concentrations of these two species
are very low and difficult to trace. To gain furthesight into the esterification step, some independent
esterification experiments were carried out from LA and FA or mixture of the two in the b@$hol

solvent system. The esterification step was then evaluated as the reaction parametersloiégged

20, the concentration trends abBown with varying temperature, and it can be seen that under these
conditions the esterification reactions can be considered irreversible, with complete or nearly complete
conversion of the initial reactants. The kinetics of FA esterification is fastertiiat of LA and under

these operating conditions, increasing the temperature does not significantly affect the rate of FA
esterificationwhile it has a more noticeable effect on that of LA.
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Fig. 20: Effect of temperature doA and FAesterification kinetics
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3.3.5 Deactivation catalyst effect

The effect of possible catalyst deactivation was investigated by repeating an experiment under the same
conditions but reusing the same catalyst. The catalyst used in experiment 6 was recovered by filtration
from the reaction medium and retreated accortintpe catalyst treatment procedure described in the
experimental setip sectionFig. S1.1 showsthe kinetic profiles for each species in the two experiments.

The evolutios of thenormalizedconcentrations are very similar between the two experiments-The

BMF generation kinetics are slightly affectad, terms ofmaximum concentration. However, the
production profile of the final BL product is similar for both experiments; thuthafirst approach,

catalyst deactivation can be considered negligible.

3.3.6 Repeatability of kinetic experiments

To test the reliability of the experimental data, some experiments were repeated, such as experiments 1
and 6.For both experiments, it wabserved that the concentration profiles are similar, with identical
kinetics of reagent consumption and product productienshown irFFig. S1.2-3. The results thus
demonstrate that the experimental procedure used in this study is reliable and repeatable, which is

essential for estimating kinetic constants from experimental data.

3.4Kinetic Modelling

The main mechanism of solvolysis ofHMF to levulinic acid and alkyllevulinate and of
monosaccharides in genera still debated The complexity of the investigation is increased by the
presence of secondary degradation reactiofgimins production, in which the hydroxyl group of 5

HMF plays an important rol3,250,251] The solvent, especially GVL as an aprotic polasolvent,

Humins
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Fig. 21: Simplified 6step reaction mechanism for the butanolysis-bi\NgF.
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interferes with the kinetics and thermodynamics of this reaction system, and also with the physical
effects of solubility of BHMF and monosaccharides as shown in the previous study, but also of humins
which can therefore be solubilized in the reactioniomad252]. Online-analysis to trace the different
intermediates of this reaction system is cumbersome, so some research groups have used DFT
calculations to unravel some elementary steps and propose some reaction me¢Ragiabs).

In the work of Wang et 4253], the mechanism of ethyl levulinate production was investigated in detail,
outlining the potential presence of a kinetically limiting reaction intermediate on the alkyl levulinate
production pathway from the BMF ether intermediate; a similar analysis taconsidered in parallel

for the production of levulinic acid as also indicated\liibin et al.[254]. Based orthis, with respect

the simplified reaction pathway shown Fig. 21, we proposed another reaction scheme, illustrated in
Fig. 22, in which the presence of an intermediatanjedintl) is assumed with a ratketermining step

prior to the production of LA and Blresulting from the release of formic acid and butyl formed and
rearrangement of the cyclic structure of the furan molecul¢s!b and 5SBMF, respectively

Experimental analysis of the results shows that the esterification steps are irreversible, which is
attributable to the reduced concentration of water in the reaction system. Likewise, the trend of almost
complete consumption ofAMF and the absence of @tibrium states in the production oftBBMF
suggest that the etherification reaction is assumed to be irreversible.

Another possible secondary reaction suggested in the literature is the etherification of butanol to dibutyl
ether in an acidic environmef#56]; the low concentrations of this component, which is detected only

in traces, allow this secondary reaction to be neglected.

For the production of humins fromtBMF, some studies have expressed the reaction speed as a first
order function of the HIMF concentration. As the structure is complex, the production of humins is
often indicated by polymerizatiorreaction systeprand therefore the assumption of fister kinetics

may be incorrect. Consequently, secamder kinetics were also evaluated in this work.
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Fig. 22: 8-step reaction mechanism for the butanolysis-biNeF with Int1
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All reaction steps were considered todagalyzedoy Amberlite IR120and the role of the protons of

the resins was defined using a psehdmogeneous approgdh agreement with other kinetic studies
that have shown good agreement with experimental data for ion exchangd2®&&i269]. In other
words, the protons of the $ahic groups are considered to have a high degree of freedom. The
adsorption and desorption phases on thisid groups were not considered in the models developed.
The acidcatalytic effect due to LA was considered negligible due to the low concentration of LA. The
proton concentration was calculated based on the acid capacity of Ambed2 [B60].

4 B O G Taé"é(,"QG i €0¢¢ -

w

0i 80

The Vkeacionvolume was evaluated by considering the total mass and the mixture density approximated
by that of butanol at the corresponding temperdf26t], and the effect of sampling was also taken into

account.

34.1 Models

Based on the assumptions considered and the two reaction pathways proposed: the simplified pathway
in Fig. 21 and the one with Intl ifrig. 22, four models were developed based on the schemes and

considering firstand seconarder for the production rate of humins froatHMF.
34.1.1Model 1

The first model considers the simplified route showhi 21; the reaction rates of the individual steps
are expressealsdependent on the first order of the concentrationldMg=, intermediates and butanol,
and the production of humins is also expressed dependent on the first order. The reaction rates are

indicated as follows:

Y QOu 000001 806 Eq. 3.2
Y TQOu 0000660001 80 Eq. 3.3
Y QOuv 600660001 80 Eq. 3.4
Y Q20602660001 80 Eq. 3.5
Y Q0060660001 80 Eq. 3.6
Y TQO2Ou 0000 80 Eq. 3.7

The waterconcentration was not included directly in the expressions due to low concentrations and
difficulties in quantification, which is why it was incorporated into the rate constant.
The batch reactor was assumed to be jdwal therefore the material balances can be expressed as

follows:
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34.1.2 Model 2

Eq. 3.8

Eq. 3.9

Eq. 3.10

Eq. 3.11

Eq. 3.12

Eq. 3.13

Eq. 3.14

Eq. 3.15

In model 2, humins formation was expressed with a seocdel relation to the concentration of 5
HMF; compared to model 1, it differs only in the expressioRspaind the material balance fot-F

is modified as follows:

Y QOu O0 0201 80 Eq. 3.16

Qu 00O

- Y 'Y Y Eq. 3.17
Q0 69 a

34.1.3 Model 3

In model 3, the more complex scheme consider&agir22 is assumed; includinignt-1, each phase has

been considered as elementary, so the reaction rates can be expressed as follows:

Y TQOJu 00 "CDOi 80 Eq. 3.18
Y QO00pYI01 80 Eq. 3.19
Y QOu O0 D660 001 80 Eq. 3.20
Y QOuv 60 CD6O6U0O01 80 Eq. 3.21
Y QO06pYD6606 001 80 Eq. 3.22
Y Q2060660001 80 Eqg. 3.23
Y Q02060660001 80 Eq. 3.24
Y TQOu 00 '00i 806 Eq. 3.25
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The degradation &d-HMF into humins was assumed to be of first order.

Material balances can be derived as

Qv _OL© VRN Eq. 3.26
Qo
Qv 000 Eq. 3.27
Q0
QouvpY YooY Y Eq. 3.28
Q0
Q0 0
‘ Y Eq. 3.29
05 q
Q06 0
- Y Y Eqg. 3.30
o q
Q6600
Y Y Y Y Eq. 3.31
Q0
2 0o Eq. 3.32
Qo
Q60
: Y Eq. 3.33
05 q
©00 a e, Eq. 3.34
Q0
34.1.4 Model 4

With respect to Model 3ylodel 4 considers the R8 reaction to produce humins as secdadwith

respect to the concentration o6HMF and material balance forlBMF can be expressed as follows:

Y TQOu 'O00201 8o Eq. 3.35

Qu 00 O

- " Y 'Y Y Eq. 3.36
Qo 9 a

3.5Modelling results and discussion

3.5.1 Regression methasland strategy

The simulation and parameter estimation steps of the considered models were performed with the
commercial software Athena Visual Stui262,263]

The parameter estimation in the regression step was performed using the experimental concentrations
of 5-HMF, LA, 5-BMF, BF and BL as observables, and a Bayesian framework approach was used,

which is more suitable than the ntimear leastsquares method for multesponse systems of this type
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[264,265] The approach considered requires the determination of the determinant criterion for the
minimizationof the objective functiof265].
The ordinary differential equations (ODEs) from the material balances were integrated by the
DDAPLUS solver, which is included in the software, based on a modified Newton alg{2&bin
The minimization of the objective function (OF), determination of the credibility intervals for each
estimated parameter and calculation of tlmemalizedcovariance of the parameters were instead
performed by the GREGPLUS subroutine, which uses successive quadratic progranmiitignize
OF, defined inEq. 3. 37[263,264]

00 & o p Jngs Eq. 3.37

wher e, b is the number of responses, a i s the

response covariance matrix. Each element of the covariance matrix is defined as:
T 0 0 060 o Eqg. 3.38

with Ci, the experimental concentration amd the estimated value for responsand evenu; 6 the
experimental concentration afid the estimated value for resporjsnd event.

The interval estimates for each parameter is calculated from the final quadratic expansion afrile OF

the uncertainty of the estimated parameters was evaluated by the maximum marginal posterior density
(HPD) calculated by the GREGPLUS pack§2gs].

A modified Arrhenius equation was applied to express the temperature dependence of rate constants.
The strong correlation between the -psgonential factor and activation energy in the Arrhenius
equation can increase the confidence intervals, and thusnttetainty. To reduce this effect, the
linearization of the Arrhenius equation should be applied as indicated by Berzaris et al[267] and

used as follows to express rate constants:

. . Y
QY Qo QY 2p — Eq. 3.39

YJY

where Teris the reference temperature, which was the median of the different reaction temperatures.
Estimated the parameters of each modelaradyzedhe fit of the models to the experimental data by
comparing the sum of the squanesiduals(SSR and the parity plotdeterminantoefficient(R?) for

each species patrticipating in the reaction, the evaluation of the models was expanded by introducing a

further criterionThe Akaike information criterion¥|C) [268,269] this parameter is defined as follows:

0 00 UJ¢ "WE AOY Qmaﬁ‘]é WE F0H 0

s 5GPV R 0EPGI GG RO QI Eq.3.40
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This criterion not only depends on SSR and the number of independent events (i.e. experimental
concentration data) but also takes into account the number of parameters estimated by the model. The
lower the AIC value, the higher the quality and robustness of the model.

In the modelling strategy, the kinetic results obtained experimentally from the experimEaldahl

were therefore used in the regression step to estimate the kinetic parameters, also including the
esterification experiments of LA and FA, carried out under the same operating conditions as the
solvation experiments ofBMF, given the low concentratioms the two acids and in order to estimate

the esterification steps more accurately, as estimating their rate constants only from BL and BF could
lead to some estimation bias.

Preliminarily, it was observed thexperimentd9 and 2qTable11) could notbe modelled correctly as

they are carried out in the absence and reduced concentration of cegajysttively. The presence of

a reduced number of active sites results in a modified mechanism, so the two experiments were discarded

at the modelling stage.

3.5.2 Regression models results

In Table12, the results of the assessment among the different considered models are summarized by
considering the SSR, AIC index and frarameter

Tablel2: Summary of modelling results of SSR and determinant coefficient

Model 1 Model 2 Model 3 Model 4
Number of
Parameters = 12 - He
SSR5-HMF 0.11 0.12 0.11 0.12
SSR5-BMF 0.08 0.09 0.08 0.09
SSRLA 0.09 0.10 0.08 0.08
SSRBL 0.21 0.20 0.21 0.20
SSRBF 0.03 0.03 0.03 0.03
SSRoverall 0.52 0.54 0.51 0.53
AIC -23435 -23312 -23495 -23378
R%. HvE 0.97 0.96 0.97 0.96
R% gume 0.89 0.89 0.90 0.89
R2A 0.99 0.99 0.99 0.99
R%.L 0.97 0.97 0.97 0.97
R%sr 0.98 0.98 0.98 0.98

All the models showed a good fitting of the experimental data with comparable results in terms of SRR
for each compound considereanong them, Model 3 shows a better overall fit to the experimental data
with the lowest SSR value. Even by comparing the values of the AIC index, Model 3 shows the lowest

value indicating the model's greater robustness compared to the others.
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Finally, comparing the values of the parity plot coefficients for each compound, it is observed that Model
3 has the highestverall coefficients for all specie@-ig. S1.4). In general, coefficient values greater

than 0.95 are observed for almost all compounds, with a slightly lower coefficienBfdF5

Tablel3shows the values of the estimated constants and credibility intervals for Model 3, while for the
other models they are givenTiable S11-2.

Furthermore,n Table S13, the estimated activation energies evenpared with some corresponding

data from the literature. Although a rigorous comparison is not possible, as the estimation is strongly
influenced by the proposed model and the reaction conditions gelgent system and catalyst), the
activation energies obtained from some of the proposed models are compared with the corresponding
energies determined from kinetic investigations in the presencefofiswdcid or iorexchange resins

as the acid catalyst.

For models 1 and 2, the credibility intervals evaluated have low values, indicating that the values were
well estimated. The credibility intervals are slightly wider for the kinetic constants estimated for the
hydrolysis reaction of HIMF and the esterifation of FA, which can be attributed to the low
concentration of LA and the impossibility of monitoring the FA com@ion. Similarly for models 3

and 4, the credibility intervals are wider for conversion steps of Intl to LA and FA and to BL and BF.
These wider credibility intervals are related to the fact that the concentration of Intl was not monitored.

Tablel3: Summary of kinetic constants and activation energies for each reaction step

. K

FRDREle RIS ((Lzmiﬁ)/molz) (L min)/moly HPD% (kJI/EnEwloI) HPD%
R 5-HME A Intl + FA i 0.006 142 | 2029 366
R INtLA LA : 0.008 628 | 609  >100
R, LA A BL 0.001 : 081 | 856 667
Re FAA BF 0.003 : 047 | 234  11.14
Rs 5-HMF A 5-BMF 0.028 : 123 | 538 813
R 5BMF A Intl + BF i 0.022 136 | 719  64.29
Rs Int1 A BL 0.006 . 031 | 3314 455
Re 5-HMF A Humins i 0.006 157 | 17.93  41.23

Theplots ofresidua for each compound and mod#iowedvalues randomly distributed with respect

to the experimental and estimated concentratjbits S1.5-6), indicating that the rate equations were

well identified.Analyzing the correlation matrices for the estimated parameters in the different models,
the binary correlation coefficients are less than 0.95, indicating that the parameters are not correlated
with each othe(Table S14 for Model 3)

Below are some examples of comparisons between experimental data and simulation profiles of Model
3 (Fig. 23-Fig. 26). In general, Model 3 offers a reliable simulation of the system under varying process
parametersfor high initial concentration as ExperimentR8d. 23), andlow initial concentration of 5

HMF in Experiment 3Fig. 24), the model presents a good fit of the experimental data for each species
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in the system, and especially for the product of interestedrBiEig. 24, the model also describes the
system under low temperature conditions (90°C) and on the other hand also under the highest
temperature conditions Hig. 25, where furthermore the fast kinetics allow a high conversion rate of

the 5BMF intermediate as well, in addition to the complete conversion of the reagent..
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Fig. 23: Fit of Model 3 to experimental concentrations (Experiment 8);(AYE, 5BMF; (B) LA,BF; (C) BL
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Fig. 24: Fit of Model 3 to experimental concentrations (Experimen{&)5-HMF, 5-BMF; (B) LA,BF; (C) BL

About the esterification reactions, the model has a slight uncertainty in estimating the concentration
profile of BL, as in the simulation of Experiment Hd. 26), where the model slightly underestimates
the experimental concentrations of BL and BF. Nevertheless, the esterification step is not the main route

of BL production and LA is generally present in very low concentrations
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Fig. 25Fit of Model 3 to experimental concentrations (Experiment ((®@p-HMF, 5-BMF; (B) LA, BF; (C) BL
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Fig. 26: Fit of Model 3 to experimentaloncentrations (Experiment 14)
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3.5.3 CrossValidation method and results

To finalize the evaluation of the different kinetic models, a validation phase is carried out, specifically
a crossvalidation by applying the K-fold method[270,271] On the basis of this method, the 18
experiments used in the kinetic parameter estimation phase are randomly divided equally into 6 folds;
in this case, the distribution is controlled to ensure that each fold contains at least one LA and FA
esterificatiorexperiment, but no more than twérom the folds defined, the evaluation of 6 sets of folds

is considered in whiclthe training phasd.e., regression is carried out on 5 folds and the test i.e.
validation by means of the remaining foid the remainnfold changes, there are thus 6 different sets

as shown inrable14A-B.

Table14: Distribution of experiments in 6 folds and evaluation of training and testing set of experiments

Fold Experiment |(A)
12
Fold 1 11
5
6
Fold 2 3
10
7
Fold 3 14
8
16
Fold 4 4
17
1
Fold 5 9
13
15
Fold 6 18
2

(B)

Set Training Testing

Set 1 Folds 12-3-4-5 Fold 6

Set 2 Folds 61-2-3-4 Fold 5

Set 3 Folds 56-1-2-3 Fold 4

Set 4 Folds 45-6-1-2 Fold 3

Set 5 Folds 34-5-6-1 Fold 2

Set 6 Folds 23-4-5-6 Fold 1

For each set, the training folds were used to estimate the kinetic constants ostith #s ando—,

for each model, and the remaining fold used for ‘oaltivalidation.
The prediction capability of each model is assessed through theGWexpressed as followWg71]:

0w +O O Eq. 3.41

In this caseK=6 and for each moddhe square of the difference between the simulated value and the

experimentally observed value of the validation experiment is evaluated for all fold sets, then summed
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up and divided by the number of folds, thus giving an average representation of the system hy the sets

The lower the value of this index, the greater the model's prediction capability.

Tablel5: Results ofZV index forcrossvalidation

Model 1 Model 2 Model 3 Model 4
0w 0.130 0.144 0.126 0.248

Thevalidation stage through the application of théokd method and the evaluation of the predictive
capability index indicated Models 1 and 3 with the lowest index \adshown ifTablel5; both models

in which the degradation reaction oHMF to humins is expressed through fiestler kinetics with
respect to the concentration oHBAF. Furthermore Model 3 in which the kinetics consider more
complex reaction pathway witimt1, obtainedthe highest predictive capabiljtie, the lowest index
value.

In general, models in which the humins formation step is expressed through-seden&inetics
(Model 2 and 4) show high values of the comparison indices; h&BRBin the regression step, higher
AIC index, and higheCV, indicating a lower ability to describe and predict the reaction system
behavior as shown irFig. 27 where each index has been internaltyrmalizedwith respect to the
maximum valueOn the other hand, models 1 and 3 show lower index values; specifically, model 3 is

the optimal model in terms of the indicators used in the assessment.

~—@— Model 1
~@— Model 2

Model 3
~—&— Model 4

Fig. 27: overall graph of the 4 models against the 3 indi@ealyzedn the evaluation

3.6 Conclusiors

In this chapter, theolvolysisreaction of SHMF to butyl levulinate was investigated in the organic
phase with butanol as the main solvent and GVL asobeent, present at 30 wt%, acatalyzedoy an

ion exchange resin, Amberlite IR120. Preliminary observations showed experimentally that increasing
the reaction temperature and catalyst loading increases the kinetics of all reaction steps. The intermediate

esterification reactions of LA and FA veeirreversible, as was the reaction of etherification-biViF
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to 5BMF. In addition, the mass balance analysis revealed andesms of5-HMF moles which can

be attributed to the presence of secondary degradation reactions leading to the formation of humins.
The kinetics of the reaction system wasalyzed developing 4 different models, based on two main
reaction paths: a more simplified one with 6 reaction steps; a second more complex one with the presence
of an additional intermediate and 8 reaction steps. The models then consider two different orders to
express the kinetics of secondary product formation, humins.

The proposed models were developed by estimating kinetic parameters and evaluated on the basis of
probabilistic output and other determining criteria, such as the AIC criterion, anevatioksdion steps

using the Kfold method.

The evaluation showed that the system is best represented by models describing the formation of humins
through a firstorder reaction, and particularly among these, modéh 3vhich 8 reaction steps are
considered was found to be the best performing model in terms of adherence to experimental data and
predictive capacity of the reaction system. Model 3 is able to simulate the alcoholysidvii for
experiments with a-6IMF load of 9.7 to 43.7 g/L, a dried Amberlite-IR0 load of 29.1 to 93.8 g/L

and a eaction temperature of 80 to 115°C.

The developed and validated model constitutes a figépth analysis of the kinetics of asidlvolysis

to alkyl levulinates, using platform molecules such d$\BF, and the starting point for extending the
kinetic analysis to primary molecules such as saganosaccharides and specifically to fructose as the
starting molecule in this investigation for the gwotion of butyl levulinate.
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4.1 Introduction

The kinetic modelling of the solvolysis ofEBMF to butyl levulinatewas a first step towards a
comprehensive kinetic analysis of the production of butyl levuliff@® more complex biomass
derived platform molecules, such as monosaccharileeng these, this analysfecusal on the
reactivity of fructose under acidic conditions, which due to its greater molecular instability, compared
to other hexose monosaccharides such as glucose, results in higher conversion rates with promising
yields to alkyl levulhate although this molecule is less abundant in nature.

The solvolysis of fructose to levulinic acid and alkyl levulinates has been investigated experimentally
by several studig$5,66,70,72,73,887,272,273]butnot as many investigations in the literature have
explored the kinetics of the reaction system and defined suitablestmdellndeed mostof thekinetic
investigationshave reported the conversion of fructose on homogeneous catahS&,(HCI, etc.)
[238,274,275] and only a few have considered the use of heterogeneous cd@ifigt€ach case
focusing on the kinetics of substitution of alkyl groups with reduced carbon number, such as methyl
for the production of methyl levulinate or ethjbr EL, while therewereno kinetic studies on major

alkyl levulinates such as butyl levulinate.

Despite numerous advances in processes fovdhwizationof biomass and its derivatives such as
monosaccharides, most of them are still limited to the academic level, without bridging the gap between
laboratory and industrial scales, due to issues related to process efficiency, energyinuastation

and product recoverjp9]. New processptimizationstrategies should be implemented to reduce this
gap; some of them point at increasing the concentration 6htig@roduct, as in the case of high gravity
(HG) technologie§s9,277,278]In the high gravity approach, the initial load of feedstockasimized
considering high initial substrate concentrations, to make the upgrading process industrially
advantageous in terms of process economy and energy efficiency in the separatig@pRaseIn

fact, operating under high gravity conditions would result in higher concentrations of target products
and thus lower separation costs and chemical consumption in the processingietepser, higher
concentrations can promote side reactions and the formation of undesirgitedbygts as humings

reducing target product yields and causing possible fouling and catalyst deac{@@bpri-or these
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reasonspptimizationof other process parametesgssential for high target product selectivity; such as
the solvent system, as it can strongly influence the catalytic activity and selectivity of a target or
intermediate product by protecting reactive functional groups fpossible degradation reactions
[44,129,228,281]

The solvent system defined so far in this study has st@nefits by usingxcess of butanol and the
presence of GVL as esolvent (30wt%)in terms of degradation of fructose to humins being reduced,
potential effects of humgdissolution, increased selectivity towards BL, as well as faster dissolution of
fructose in the alcoholic medium due to the presence of the gremtemt GVL[ll] . Consequentlyit

could play a key role irhigh-concentratedsystems for the dissolution of fructose and other
monosccharides that generally exhibit reduced solubility in alcoholic solM@i{237]. In the
literature, a small number of studies haralyzedhe dissolution kinetics of monosaccharides under
dilution conditiors [237], none of them integratintiis kineticsinto a scheme for the conversion of
monosaccharides to high adeealue molecules and especially under high concentration conditions.
Based on this overview, it can be concluded that the literature still lacks a detailed kinetic investigation
of the conversion of fructose to butyl levulinate including the dissolution kinetics of the monosaccharide
and the effect of high concentrationggtdonditions) of the latter on solvolysis kinetics.

The analysis developed in this chapter involves an experimental investigation of the solvolysis of
fructose to butyl levulinate on Amberlite IR120 and in the but&WL solvent system (70/30 wt%)
considering high initial concentrations of fructose. Iniaod, the study involves the experimental
analysis of the solubility of fructose in this specific solvent system so that in the second phase of the
work an appropriate modelling of the solvolysis kinetics of fructose can be defined, including the
dissoluton kinetics of fructose and its degradation rates to humins.

Analyzing possible variations in the fructose conversion mechangeveral models are defined,
developed in theegression phase for parameter estimation and subsequently validated usingu hold
validation approachin modelling, 80% of the experiments were used for regression and parameter
estimation, and the remaining 20% in the validation pHBased then on the statistical output and the
evaluation of the AIC index in the regression and validation phdse most appropriate model is
identifiedas shown irfig. 28.

KINETIC EXPERIMENTS L—

KINETIC MODELING

Hold-out VAL TDATION

. )SE conc
. M on
. Cs on
- B - - e = ge oo
25E entz = « SSR
N =:.:

Fig. 28 Methodology approach used in Chapter 4

MODEL ASSESSMENT
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This analysis represents a deeper understanding of the kinetics of the fructose pathway to butyl
levulinate, a promising biofuel and fuel additive, and thus a further step towards intensifying the

conversion of sugar carbohydrates into kigllue moleculeand its scalability on a large scale.
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4.2 Experimental and Analytical set up

42.1 Chemicals

Fruct ose ( O-(gddoympthybfirftirgl (BHMF,®9% purity), 5(ethoxymethyl)furfural (5

EMF, 97% puval gnolancd oo e (O 99% puri-Algrigh. wer e
1-But anol (BuOH, O 99,5 % puridy)ackbubonitrebval ( AS
purity), butyl formate (BF, O 97% purity) and ac
IR120 (H form, ionrexchange resin) commercial catalyst provided by Acros Organics. Nitrogen gas

(N2 purity > 99,999 vol%) from Linde. All chemicals were employed without further purification.

4.2.2 Analytical methods

Extending the kinetic analysis on solvolysis to butyl levulinate from fructose, the analytical method
applied follows that described in secti®2.2 Analytical methods
All reaction samples weranalyzedby a combination of gas and liquid chromatography. The
concentration of fructose was measured using an Agilent 1100 series HPLC equipped with a
SUPELCOSIL LGNH2 column, while the concentrations of reaction products, suchHdF LA, 5-
(butoxymethyDhfufural (5-BMF), BL, BF and solvent systems (butanol and GVL) waaralyzedwith
Bruker Scion 4585C, equipped with an Agilent VE701ms column Daily calibration curves were
defined with standard solutions of pure commerciamicals;Three injections were repeated for
samples of each experiment in order to estimate the uncertainty, measured by the standard deviation, in
the analytical measurement. The standard deviation resulted lower than 0.001 mol/L for each
concentration determined.
Fructose conversion, products yieldere defined as follows:

i T1TAEOOAAEORBAAAQET 1

S — Eq. 41
b ET EOERMEOGADT OR ™™
AETAT®EQ "h (-& "-BKBHR &
R —— Eq. 42
ET EOERMEOOAOT OA P

4.2.3 Kinetic experimentssetup

The solvolysis gperiments were performed the same apparatus, described previoudiygn3: Setup

of the autoclave for solvolysis experimewitith a volume of300 mL, thestainlesssteel batch reactor
(Parr companyyvas used operatingnder isothermal and isobaric conditipasing ritrogen as inert gas
to reach 20 bars, limiting the gaguid partition of the liquid volumeThe presence of a gas entrainment

impeller (diameter 2.5 cm) with a hollow shaft provided a uniform mixing of the mixture. As shown in
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Table16, the reactor was loaded with initial fructose mass varying between 1.6 and 28 g, catalyst mass

up to 18.2g. Thesolvent volume of butangbVL was kept constant among the experiments and by

considering a fixedatio of 70:30 wt%. The rotation speed was set to 800 rpm, since previous

investigation®on fructosesolvolysisu s i n g

%, parti

cl e

di ameters

t he

bet ween

nat.i

ve parti

300

cl e si

and 1180

external and internal mass transfer limitations. Amberlite IR120 wasgated as escribedabove.ln

Z e

e m)

kinetic experimentsthe temperature wasried between 80 and 115 °C, without exceeding 120 °C.

Indeed, active sulfonic sited the resingan leachand degradéor temperatures higher than 120°C.

di

During the heating phase, the temperature ramp of the system was recorded for each experiment and

some samples were collected to monitor the kinetic reaction. Once the set temperature was reached, a

sample was taken aride next ones at 5 min, 30 min, and then every hour for aprtaximum of 9.

Tablel16 shows the different initial conditions in the experiments to estimate the kinetic constants from

different models, i.e. during the regression phase. To assess the reliability of the developed kinetic

models, the modeisere validatedising the holebut method. The experiments showTable17were

performed under average conditions, similar to tho3able 16, for the validation phase.

Tablel6: Experimental matrix for kinetic solvolyssperiment from fructose to BLRegression phase

Exp. | Temp. | FRUCTo |[FRUCT]o|[FRUCT]o [BuOH]o [GVL]o [LA]o  [FAJo | maried Cat.
°C g g/L mol/L g
1 110 14 100 0.56 6.9 2.2 - - 11.8
2 90 21 150 0.83 6.5 21 - - 13.2
3 100 14 100 0.56 6.9 2.2 - - 11.8
4 110 28 200 1.11 6.2 2.0 - - 11.8
5 110 21 150 0.83 6.5 2.1 - - 8.9
6 110 14 100 0.56 6.9 2.2 - - 5.9
7 115 14 100 0.56 6.9 2.2 - - 11.8
8 110 14 100 0.56 6.9 2.2 - - 17
9 105 21 150 0.83 6.5 2.1 - - 13.2
10 110 1.6 11 0.06 7.6 24 - - 4.9
11 100 1.6 11 0.06 7.6 24 - - 4.9
12 90 1.6 11 0.06 7.6 24 - - 4.9
13 110 4.5 32 0.18 7.4 2.3 - - 13.7
14 110 15 107 0.59 6.8 2.2 = = 13.7
15 80 28 200 1.11 6.2 2.0 - - 17.3
16 95 17.5 125 0.69 6.7 2.1 - - 9.8
17 95 17.5 125 0.69 6.7 2.1 0.29 = 9.8
18 95 17.5 125 0.69 6.7 2.1 - 0.25 9.8
19 105 24.5 175 0.97 6.7 2.1 - - 18.2
20 105 24.5 175 0.97 6.4 2.0 0.22 0.24 18.2
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Tablel17: Experimental matrix for kinetic solvolysis experiment from fructose tb Bdlidation phase

Exp. | Temp. | FRUCTo |[FRUCT]o|[FRUCT]o [BuOH]o [GVL]o [LAlJo [FAJo | Maried cat.
°C g g/L mol/L g
V1 100 28 200 1.11 6.5 21 - - 17.3
V2 100 g 20 0.12 6.5 2.1 - - 4.9
V3 100 14 100 0.56 6.5 2.1 - - 17
V4 85 17.5 125 0.69 6.8 2.2 - - 14.7
V5 105 245 175 0.97 6.3 2.0 0.5 0.5 18.2

4.2 4 Solubility measurement

In order to investigate the kinetics of fructakigsolution in the selected solvent system. The solubility

of fructose was measuredsothermally in the solvent butanol/GVL (70/30 wt%), at different
temperature values: 20, 40, 60, 80, 90, and 100 °C.

The measuring apparatpsoposecdconsists of a glas®undbottomed flasksample(volume capacity

of 250 ml) immersed in a silicone oil bath. The system is placed on a heating plate, equipped with a
magnetic stirrer to ensure stirring of the bath and the fructose solution; a small magnetic stirring bar
coated with polytetrafluoroethylene (PTFE) was irextihto the bath and the glass ampoule to ensure
uniform temperatureln each measurement, the sample consists of an excess of fructose (200 g/L)
suspended in the solvent at a fixed voduaf 50 mL. The fructose was added to the solution once the
system steadily reached the-petnt temperature.

The flask was sealed with a silicone plug, which had two openings allowing the insertion of a
temperature gauge and a sampling t@mdubility measurements were carried out for more than 9 hours,
sufficient to reach equilibrium and saturation of the solytol during the measurement some samples
were taken andnalyzedatfter filtration.Each measurement was repeated three times, as was the sample

analysis A schematic illustration of the proposed solubility measurement apparatus is sHegir2m

Temperature Sampling
— gauge ) L tube

Silicone Oil
Bath

- wrhs—

Supporter

Magnetic-stirrer Hot-plate

Fig. 29: Schematic illustration of an apparatus for solubility.
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4.3 Experimental results and discussion

The solvolysis of fructose to-loutyl levulinate was studied in the butat@V/L solvent system over a

wide range of variation of reaction parameters: temperature, initial fructose concentrations and catalyst
loading. The effect of these parameters amalyzedy comparing the experimental results of several
experiments as shown in the following figuré€be concentratioprofile of each main speci€gig. 9)

over timewere followed, with the exception of formic acid (FAprmalized to the initial fructose

concentration, h h h h h

4.3.1Temperature effect

The effect of temperature on solvolysis kinetics was studied by comparing Experiments 1, i8 and 7
which the temperature has been varied for the same initial load of fructose and ¢kigly30).
Temperature influences the dissolution and conversion kinetics of fructose, increasing the conversion to
intermediates and final products, BL and BF. The formation kinetics of butyl levulinate and formed
butyl are very similar. Frorhig. 30C it can be seen that the concentration of LA is an order of magnitude
lower than that of the other intermediates; this result is also in line with the concentration trends obtained
in the kinetic experiments of solvolysis 6HBVIF, suggesting the preferential pathway dfiBIF to the

5-BMF intermediate in the presence of excess butanol. Above 100 °C, the kinetics are particularly rapid
and consider total consumption of fructose and almost-f8M%, moderate levulinic acid production

and conversion kinetics ofFBMF to BL. The increase in temperature affaut$ onlythe conversion
kinetics, but also the kinetics of degradation to humins, which in terms of loss of fructose moles,
increases from 3.4% at 100°C to 5% at 115°C.
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Fig. 30. Effect of temperature on normalized compounds trends on fructose initial concenfraticiose (A), BHMF (B),
LA (C), 5BMF (D), BL (E), BF (F).
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4.3.2 Catalyst loading

The effect of catalyst loading was assessed by comparing the results of experiments 1 Figa8d) 8 (

All other reaction conditions being equal, doubling the catalyst mass from 5.9 g to 11.8 g and then
increasing it to 17 g results in a faster conversion of fructose; a lower maximum fructose concentration
peak achieved in the higher catalyst loadinthesefore observed due to the rapid conversion kinetics

of fructose to BHMF. The formation and consumption kinetics of the intermediatétyib and 5

BMF, are also affected. For levulinic acid, although at lower concentrations, there is a distincéincreas
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Fig. 31 Effect of catalyst loadings on normalized compounds trends on fructose initial concenEatxiose (A), SHMF
(B), LA (C), 5BMF (D), BL (E), BF (F)

82



in concentration for higher catalyst loadings. With similar kinetafiles the production of BL and BF

were enhanced, considering an increase in the finalsyfrelch 26-27 up to 4345 mol%.

4.3.3 Deactivation catalyst effect

Some investigations were carried out to highlighdgsible deactivation effects of the catalyst; therefore,
experiment V4 was repeated, reusing the catalyst use@revious run. The catalyst from Experiment

V4 was recovered from the reaction medium by filtration and was retreated according to the catalyst
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Fig. 32. Effect of catalyst deactivation on normalized compounds trends on fructose initial concenfratbbose (A), 5
HMF (B), LA (C), 5BMF (D), BL (E), BF (F)
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preparation procedure. As showrFig. 32, the catalyst exhibits virtually unchanged activity, although

it has changed in colour and morphology. The time course of the concentration of the end products, BL
and BF, remained unchanged from Experiment V4, as did the fructose consumption kineties. Fo
intermediates, the concentration profiles varied slightly; the consumption kinetiddMF5s slightly

faster in the repeated experiment, resulting in a slightly higher productieBMf5 LA and a higher
degradation to humins, considering the snésss of fructose from the total mass balance, which
increases by 3% with the reused catalje increase in humins production is also in line with the study

by Ramirez et dI73] which shows an increase in humins degradation in the first reuse cycle. However,
the unaltered kinetics of BL production allows the catalyst deactivation in the first approach to be

considered negligible.
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4 3.4 Fructose initial loading

0.3 - 0.25 -
Exp4_FRUCTO(L.11 molilL)  (A) Exp4_FRUCTO(1.11 mol/L)(B)
025 ® Exp5_FRUCTO(0.83 mol/L) Exp5_FRUCTO(0.83 mol/L)
: ©Exp6_FRUCTO(0.56 mol/L) 0.2 ' @Exp6_FRUCTO(0.56 mol/L)
= ° =
O 021 5 o °
z PY 2 0.151
[T
= 0.154{® L °
= ° T pat
(j) S 01
x 014 T
[y ° w0, ® °
0.05 ° 0.051 ®
¥ 2 }
0 T T T T e T ._I_._I_._| 0 ‘ T T T T T T T 1
0 60 120 180 240 300 360 420 480 0 60 120 180 240 300 360 420 480
TIME (min) TIME (min)
0.5 - (C) 0.04, (D)
o ® o o
0.4 1
o ® 0.03
E‘ o
D 0.3 ‘5
F ° 2
E i 0.02 A ° P ® )
S 024 ? P
m 1
S ) = )
= o1 Exp4_FRUCTO(1.11 mol/L) 0.01 1 Exp4_FRUCTO(1.11 mol/L)
' ® Exp5_FRUCTO0(0.83 mol/L) ® Exp5_FRUCT0(0.83 mol/L)
PY ®Exp6_FRUCTO0(0.56 mol/L) b ® Exp6_FRUCTO0(0.56 mol/L)
0 el — T T T T T T ) 0 J T T T T T T T )
0 60 120 180 240 300 360 420 480 0 60 120 180 240 300 360 420 480
TIME (min) TIME (min)
03 (E) 0.3 (F)
L]
0.25 - M 0.25 -
P ®
= 021 = 0.2 ®
&) o 8)
Z =
E 0.15 - ° g 0.15 - )
3 L .
Q0.1 PY M 0.1
Exp4_FRUCTO(1.11 mol/L) Exp4_FRUCTO(1.11 mol/L)
0.05 4 ° Exp5_FRUCTO0(0.83 mol/L) 0.05 o Exp5_FRUCTO0(0.83 mol/L)
[ ® Exp6_FRUCTO0(0.56 mol/L) ® ® Exp6_FRUCTO(0.56 mol/L)
o - .—
0 60 120 180 240 300 360 420 480 0 60 120 180 240 300 360 420 480
TIME (min) TIME (min)

Fig. 33. Effect of fructose initial loadings on normalized compounds trends on fructose initial concenfratictose (A), 5
HMF (B), 5BMF (C), LA (D),BL (E), BF (F)
In experiments 4, 5, and 6, the effect of the initial fructose concentration was compared with different

initial fructose loadings (0.56, 0.83 and 1.11 mol/L), at the same temperature (110 °€taiptc
activity, expressed in terms of the molar ratio between the equivalent molésaofiHructose (ratio
0.3). As shown inFig. 33, increasing the initial fructose concentraticlearly affectsthe second
intermediates: LA and-BMF. The production of LA is higher in Experiment 4 than in the other

experiments, mainly due to the higher concentration of viatiere reaction mediupproduced by the
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fructose dehydration step and which becomes available to the rehydratichiMF.5This then
influences the profileof 5-BMF, which exhibit similar formation kinetics in the first 3 hours, then the
trend for Experiment 4 presents a slower consumption and conversion step to BL and BF, for which
Experiment 4 appears to achieve lower final yieldge lower selectivity at Blcan be attributed tthe

higher degradation to humins as a direct consequence of the increase in fructose concentration. Although
Experiments 5 and 6 areharacterizedy a similar loss in terms of moles of fructose, 13% and 11%
respectively, this value increases to 20.6% in Experiment 4. Therefore, higher concentrations of fructose
must also be managed by carefully tuning the other reaction parameters in ardrintizeselectivity

towards BL.

4.3.5 Solubility measurement

Solubility concentration profiles are shown kig. 34 at 20 °C, 40 °C, 60 °C, 80 °C and 90 °C. In
agreement with our previous results on the instantaneous dissolution of f(&o%6), the dissolution

kinetics show a first phase of rapid dissolution, lasting between 10 and 30 minutes, in which more than
50 % of the maximum fructose solubility is reached, depending on the temperature. Then, a second,
considerably slower phase in whichtwated concentration is reached. The kinetics are strongly
influenced by temperature in both phases. The effects of thermal degradation are more predominant
from 100 °C. The values of the saturated fructose concentrations are used in the kineticgrsidpllin

to consider the dissolution kineticBaple18).
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Fig. 34. Variation of dissolved fructose concentration over time during the dissolution of solid fructose in butanol/G
different temperatures, and for an initial solid fructose content of 200 g/L.

Table18: Saturation molar concentration of fructose in isothermal conditions at diffézemeratures.

Temperature (°C)
20 40 60 80 90

[FRUCT] sat (mol/L) 0.018:0.001 0.043:0.001 0.09£0.001  0.2150.002 0.23G:0.001
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4.3.6 Repeatability

In order to assess the repeatability of the experimental procedure used and the accuracy of the
experimental data to be used in the kinetic modelling, some experiments were rdpgagedhents 4

and 5. In both experimen{Big. 35, Fig. 36), considering an average standard deviation of the order of
102 mol/L, the concentration trends in the repeated experiments are very similar to those in the original

experiments, demonstrating the repeatability of the experimental data.
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Fig. 35: Repeating experiment Bructose (A), HMF (B), 5BMF (C), LA(D),BL (E), BF (F)
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4.4 Kinetic Modelling

Based on the kinetic modelling of the solvolysis @fildF previously developed, the main reaction
scheme from Fructossolvolysis mayinclude, together with the intermediates and products already
indicated, an additional reaction intermediate, named Intl, in the conversion efitiE 5o LA and
in the corresponding BL production fromBMF (Fig. 22). In this case, the complexity of the reaction
scheme furtheincreased by the degradation of fructose addME- to humins, by the dissolution
kinetics of fructose in higlgravity condition, and the possible presence of intermediatelea¢emining
steps in the fructose dehydration to thElMF. In order to includehe fructose dissolution kinetics, a
macroscopic dissolution approach, as described in the article of Joing28Ralwas applied, where
the dissolution rate is considered proportional to the difference between the saturated solute
concentration and its concentration in the bulk liquid phase. Thus, the rate of dissolution was expressed
as follows:

i QO 0l o @O OO it 6 oy Eq. 4.3
where, k is the macroscopic rate of dissolutiofQi 6 @ 0 is the saturation concentration of
fructose at the temperature T ari®i 6 @ dis the fructose concentration in the bulk liquid phase.
Besides the dissolution kinetics, a deeper investigation on fructose dehydration step should be
consideredpy the fact Dfructose can undergto partial isomerizationfroma mi xt u4de of U/
fruct opyr abfoustefuranoseo Sorinvestigations[238,283,284]have pointed to the
structure of fructofuranose as the main tautomer responsible for the formatigdMiF 5n aqueous
systemsOn the other hand,different mechanism migldccur in organienediainvolving thefructose
alkylation inpresence of alcohol solvef85,285] Severaktudies[35,70,286]have demonstrated the
formation of alkylructosides as alkylation products of fructageder aciecondition and then the
possibility for the latter to be dehydratiedhe corresponding-BIMF-ether (in this case-BMF) [238].
In this investigation, working in a butar@VL solvent system, the formation of tiemerization
intermediate Efructofuranose and the alkylation product btftyictoside were considered in the
reaction mechanism as alternative routes in the transformation of frudsbown inFig. 37, the
overall mechanism considers the inclusion in the initial reaction scheme of the additional alternative
transformation pathways of the primary reagent Fretsinglestep dehydration to -BIMF;
isomerizationto D-Fructofuranose and dehydration teHMF; alkylation to Butytfructosde and
dehydration to BMF-.
The kinetic modeling did not include thgossible secondary reaction of butadehydrationto di-
butylether under acidic conditions, since no considerable concentrations of the species were found. On
the other hand, an intermediate derived from the opening of the cyclic structure of GVL has been

identified as buty¥-hydroxyvalerate (BHP), andsiformation has been considered as an equiliBrium
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catalyzed reaction. Based on the experimental results, the esterification steps and the etherification of 5
HMF to 5BMF are assumed as irreversible.

Humins Humins

fRi

Q

..ww‘“'[i/ § \ / : )J\ Intl La
: i = 5. HM]:‘ " oH BuCH
Fructose -, B Ry
(D-fructopyr: anose) A e R o R 5o
. Ko

D

Intl

o
w
HO H BuOH R, BHP
chtoss,:w[i/ W \ / GVL 5
3H0

Butyl-Fructoside
HE H

Fig. 37. Main reaction mechanism for Fructose solvolysis to butyl levulinate, including the intermediate species Intl
focus on the dehydration step of fructose

To express the catalytic activity of the resinggseudehomogeneous (PH) approach was used, i.e.,
protons hae been consideredith a high degree of freedom in the reaction medamd without
consideringcatalytic phenomena @bsorption and desorption on tbatalyst surfaceSeveral kinetic
investigationg257,2871 291] have shown good agreement with experimental data using PH models for
reactionatalyzedy ion-exchange resins, especially in a highly polar medashutanol/GVL in this

work [259,291] In the investigation, the proton concentration exgzressethased on the acid capacity
of the resimas inEq. 4.4.

. e e e O
. ~a :bwnwwaﬁe—ea— Eq. 4.4
i 80 ;
(]
The reaction volumeof ) was evaluated based on the total mass ratio to the butanol density at

the corresponding temperatyi@61], andthe volume was assumed constant, as the volume taken
through the samples results in a variation of less than 10 %henefore negligible

The eaction rates are supposed to be first order with respect to the concentrations of fructose, fructose
derived species, butanol, and acidic protons; while they are independent of water concentrations. The
guantification of water was not possible due to its low amount in the reaction méditihermore, the

humins production rates are also expressed as first order with respect to the concentration of fructose
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and 5HMF, as shown in the previous study for solvolysis-#1MF and also assumed in this case for

fructose Reaction ratesereexpressed as follows:

Y Q00 6006eDIA 80 Eqg. 4.5
Y Q200 '™ii 806 Eqg. 4.6
Y QO06gYD01 80 Eq. 4.7
Y Q000606060001 806 Eqg. 4.8
Y Q2062660001 80 Eqg. 4.9
Y QOO0 6606001 80 Eqg. 4.10
Y QO60CW660 001 80 Eq. 4.11
Y TQO06FYI6060 001 806 Eg. 4.12
Y QO0i 86 0008 6 b "ooﬂoé "00 Eq. 4.13
Y Q 20 6006:DIA 86 Eq. 4.14
Y Q 200 "0 i 806 Eq. 4.15
Y Q00 66oéDIA 80O Eqg. 4.16
Y  Q 20YY6YQbi 80 Eq. 4.17
Y QO0i 860l 600 EDED [ "ooi:)c’s 60 Ma0OYYE Y Eq. 4.18
Y Q0660 ma0DlD &O Eqg. 4.19

44.1 Models

In this section, the different reaction pathways assumed in the investigation are described by considering
three different modeds shown irfFig. 38; in addition to thesingle step dehydratioof fructose (R), the

D-Fructofuranose
oH o
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Refumins FRUCT", H* " ﬁ_\ " H ,l Rettumins 1F
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' Ryp B
o i R e
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Fig. 38: Focus on fructose conversion step: singiep fructose dehydration Model % isomerization to fructofuranose Mode
2; alkylation to butylfructoside in Model 3
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presence otheisomerizationintermediateandthe alkylation intermediat@roductare also considered

The reactor is assumed as an ideal batch reactor.

44.1.1 Model 1

Model 1 considers the fructose dehydration steplidvl- as a single step. It includes the reaction steps

with reaction rate% o and the degradaticsieps'Y Y
.Q“O\ I3 TN I3 ’ (Q “O‘ Ja TN ’ ’ (m d au)
l,O‘(.A)OEI VRV | i f)wo 55 i Eq. 4.20
Qo w
Q00 'O 00 " o 3 D
N 2 L 0,0 2 Eq.4.21
Qo w
(?l)‘ O v Yy 0’U Oou) i Eq. 4.22
Qo ()
'Q,O ‘6 v oy EO ® CJ" 0) Eq. 4.23
Qo ®
Qou v oy gow fJ” D Eq. 4.24
Qo ®
Q6 0 | . 60w 3 D Eq. 4.25
— ; o} m
Qo ®
Q6 00 | 600 _w A D Eq. 4.26
— Y —O m
Qo ®
Q0B 058 o A D
: ‘O v oy ’Ooom i Eq. 4.27
Qo
o’ o‘u (0] N oY Y Y Y o’o 0 800 i Eg. 4.28
Qo w
’O(‘] Q¢ I,Y v O? a Qsom i Eqg. 4.29
Qo w
Q068 O6EY & A B
’U‘PY VIRV (?UDYOCO i Eq. 4.30
Qo w
QOowd | Owi_w 3 D Eq. 4.31
P~ — 3 .
Qo w
(0o}
e o 2 D Eq. 4.32
Qo
(0o}
— © 3 D Eq. 4.33
Qo
4.4.1.2 Model 2

Model 2 includesn the reaction pathway thigsomerizatiorstepto D-fructofuranose @Y "Y6 Yy '@addi
its dehydration to HIMF. Reaction rates ar&¥ (Eq. 4.34),°Y (Eq. 4.35) for the isomerization step,
Y (Eqg. 4.36) for dehydrationThe introduction of thesomerizatiorstep changes the material balances

of fructose and HIMF compared to model 1. The other material balances remain unchanged.
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QO 6 WoEi Q O 6ot i@ A D
— e Y - 3 ;

oY) Y Y 1 5 Eq. 4.37
Q00 O | ) o IO w A D
— Y Y Y Y'Y —90 . Eq. 4.38
Qo w
QOYTYS "YQa.1 | "OYYS Y Qan A
) Y Y 5 0 m Eq. 4.39
Qo w
44.1.3 Model 3

Model 3, on the other hand, considers the substitution of the butyl functional group for fructose, resulting
in Butyl-fructoside 6 6 6"@Y"Y 6, Which is then dehydrated teBMF. Considering the reaction rates

Ro (EQ. 4.40), Ri1 (Eq. 4.41), andRy2 (Eq. 4.42), material balances of fructoseBMF and butanol
changed as follows:

QO 6noEi Q. . Ol 6oQoéid® A D
- Y Y Y i : o) . Eq. 4.43
Qo W

Q600 | o 600w A D
o Y Yy — m Eq. 4.44
Q0 w

Q66060 . 6o000Qm A D
— Y Y Y Y Y Y — 3 . Eq. 4.45
Qo W

Q6606 wa 0OYTYS Y 600 waOYd Y D

- Y Y : o) . Eq. 4.46

Qo w

4.5Modelling results and discussion

45.1Training phase

As with the previous modelling, the commercial software Athena Visual Studio was used to estimate
model parameters via regress[@62,263] A Bayesian framework was used for the regression, which

is more suitable for the estimation of multjpksponse parameters, as in the case of this system
[264,292]

The DDAPLUS solver implemented in the Athena software allows the integration of ODEs derived
from mass balances, using a modified Newton algorifpé6]. In the estimation, the experimental
concentrations of fructose;F9MF, LA, 5-BMF, BL, BF and BHP were used as observable data. The
temperature dependence of rate constants is expressed by a modified Arrhenius [@@Tation

The GREGPLUS subroutine of the softwar@sused taminimizethe objective function, determine the
credibility intervals for each estimated parameter and obtaindhmalizedcovariance matrix of the
parametersGREGPLUS package defines the uncertainty of the estimated parameters evaluated by the
95% marginal highest posterior density (HPD).

Also, in this case, the selection of the best model was guided not only by the evaluation of the SSRs but

also by Akaike's information criterion parameter (AIC); depending on the (SSR)_Reg and the number
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of estimated parameters, the lower is the AIC, the higher is the reliability and stability of the model.
According to the AICthe most suitable model can explain most of the variation using the smallest

possible number of independent variapg9].

4 5.2 Model estimation results

Once the parameters of the considered models have been estitmatedmparison of the modéks

shown inTable19on the basis of the sum of square residuals (@g&)d Akaike Information Criterion

(AIC)reg According to the resultdlodel 1 presents the lowest AM@lug i.e.the most reliable model,

as a direct consequence of the minor number of parameteas aveérallSSR comparable to the other
models.In terms of each specigglodel 1 shows the best fitting on the experimental &at&8L and

BF, with the lowest value of SSR for both compouristhe other hand ylincreasing the complexity

of reaction stepsith Model 2 and Model 3, theegression shows a betféting for theintermediates

such as 8HMF, LA and 5BMF. However, the AIC index for models 2 aBds lower than for model 1,
indicating that the increase in complexity of models 2 and 3, i.e. number of parameters, does not coincide
with a significant increase in model robustness. The analysis indicates model 1 as the best to represent

the solvolysisf high fructose in BL
Tablel19: Regression results for Model 1, Model 2, and Model 3

MODEL 1 MODEL 2 MODEL 3
Number of parameters 23 27 28
Independent events (IE) 266 266 266
SSRFRUCT 0.068 0.0672 0.0667
SSR5-HMF 0.326 0.2010 0.1991
SSR5-BMF 0.6868 0.96® 0.6470
SSRLA 0.0075 0.1036 0.0074
SSRBL 0.1934 0.25@8 0.2428
SSRBF 0.3360 0.44% 0.4235
SSRBHP 2.5709 2.501 2.5811
SSR_all 4.19%6 4.5310 4.157
AlC -1060.9 -1029.3 -1049.5

All three models gave a comparable response for fructose in terms of B&PRarity diagrams of the
models show for fructose a value of the coefficient of determination around 0.9, as shagurSi21,

which is lower than the other species for which it is higher than(@88&L around0.97).

Furthermore, plotting the residuals against the experimental and estimated concentragidB22(

Fig. S23) the absence of correlations and a random distribution indicate that the rate equations are well
identified.
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Table20: Estimated parameters at Tref =368 K and statistical data for Model 1

. K
FosElon s ((L2miﬁ)/molz) (L min)/moly HPD% (kJI/EmaoI) HPD%
Ro FRUCTA 5-HMF i 0.1219 0.0 46.07  2.96
R 5HMF A Intl + FA i 0.0118 071 | 6538 40
R IntLA LA i 17.310 93.33 | 43.46 :
Rs LA A BL 0.0012 . 136 | 3.06 :
R. FAA BF 4.2000 . 388 | 8268  7.06
Rs 5-HMF A 5-BMF 0.0100 : 045 | 5824  3.73
Re 5BMF A Intl + BF : 0.0004 119 | 6529  10.24
R; IntL A BL 18.250 . 9152 | 6073 461
Rs GVL A BHP 0.0007 . 0.8 17.32  29.23
Riumins- FRUCTA Humins i 0.0141 254 | 4053  24.06
Ruumins-5-HMF 5-HMF A Humins - 0.0000 - 24.44 -

Examining the parameters estimated for Model 1 and shoWalile20, the parameters were estimated

with a low HPD and the activation energy values are comparable to those found in the literature,
although slightly lower in some cases. For the fesiction step, the dehydration of fructose 4dNdF

(Ro), Qi et al.[293] reported a value of 60.4 kJ/mol using an-exthange resin in acetone/DMSO
solvent (70/30 w/w); while Carniti et f294] 65.8 kJ/mol in aqueous solution. In this case, the lower
value obtained in Model 1 can be attributed to the effect of GVL as an aprotic solvent; in fact, as
demonstrated by Ma et al. for the corresponding dehydration of gl{e@sk the presence of GVL

tends to reduce the activation energy of the dehydration reaction.

For the subsequent rehydration efiMF (Ri), the average value in the literature attests the activation
energy to over 90 kJ/m¢§R96] in aqueous solution and considering the use of a homogeneous acid
catalyst. On the other hand, in the presence of polar apresicleents and heterogeneous catalyst, the
value is reduced to 64 kJ/mol as indicated by the work of MoreauZt&jland close to the value
estimated in this workf 65.4 kJ/mol. For the conversion teBBMF by etherification, the activation
energy value obtained is in line with that estimated in the modelling proceeding {riviFSvith a

value of 53.8 kJ/mdlll] . Complexities were encountered in the evaluation of the kinetic parameters of
levulinic acid esterification due to low concentrations and reduced kinetics, and in the estimation of the
kinetic parameters for the degradation d@fiBIF to humins, which was cumbeame in each model,
probably due to the predominant contribution of fructose to the formatibaneihs compared to the
corresponding furan intermediate. The formationhomins from fructose was estimated with an
activation energy in line with average values in the literaturé&gLI8)/mol)[243], which is lower when
compared to some work in the aqueous pf258], due to the presence of GVL.

Comparing the performance of the model with experimental concentration data, it can be observed that
it is able to estimate the concentration trends of intermediates, final products and the kinetics of
simultaneous dissolution and solvolysis of fructoser@wide range of initial fructose concentrations.

Fig. 39 andFig. 40 show the fit of Model 1 to Experiments 1, 13, 14 andTable 16). In Fig. 39, the
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experimental concentrations of Exp. 1 are compared with Model 1, which shows trends that adhere to

the experimental results. Evperturbingthe initial fructose load from a concentration of 0.18 mol/L to

a high concentration of 0.59 mol/L, in Exp. 13 and 14, as showami0. In general, a better fit is

observed for all species, particularly at high concentrations. The model was also compared with the

results of Experiment 17 where the effect due to the addition of levulinic acid in the reaction system is

considered. The reks show slow esterification kinetics, hence the limitation in the determination of its

kinetic parameters; the-BMF conversion pathway prevails in the butyl levulinate formation

mechanism.
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Fig. 39. Fit of model 1 to experimental concentration of Exp. 1, Fructose (A); BL{BMB,5-BMF (C); LA, BF (D).
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Fig. 40. Fit of model 1 to the experimental concentration of fructose and BL in Exp. 13, and Bxpictdse, BL (AB);
LA,BF (GD); 5-HMF,5-BMF (E-F).

4 5.3 Models validation results

The robustness of the developed models was assessed by means oebat kaldiation method,
comparing the models with the independent experimeritabiel17, i.e, not included in the regression

step. Using the Athena software, the models were simulated under the same experimental conditions as
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the V1-V5 experimentsTablel17), and compared in terms of the SSBnd AlG.a parameters, as shown
in the table. From the values obtained, Model 1 is globally the most robust in terms of.(8684R)
AICVal.

Table21: Summary of validation stage resul&SRVal and AlCval

MODEL 1 MODEL 2 MODEL 3
Independent events (IE) 60 60 60

SSR_FRUCT 0.153 0.156 0.158
SSR_5HMF 0.488 0.353 0.372
SSR_5BMF 0.848 0.938 1.041
SSR_LA 0.003 0.003 0.004
SSR_BL 0.152 0.174 0.159
SSR_BF 0.262 0.294 0.273
SSR_all 1.907 1.919 2.006

AIC val -161.0 -152.6 -147.9

As shown inFig. 41, overall in terms of SSR, model 1 results in the best modeling for the end products
BL, BF, and the intermediatesB8MH and LA, while the SSR value forlBMF is slightly higher than

that of the other two models in both regression and validation. The gorall diveéo the experimental

data results in a higher value of the AIC parameter for this model in both regression and validation

phases.
Regression indexes Validation indexes
MODEL 3 | J [___ISSR-FRUCT | MODEL 3 | | J - [__IssrR-FRUCT

[ SSR-5HMF SSR-5HMF

I C—1sSR-5BMF [ ISSR-5BMF
MODEL 2 - B sSR-LA MODEL 2 - { I B <R
"""" [ ssR-BL SSR-BL
woe. o [N N == . T ==
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MODEL 3 - MODEL 3 [

MODEL 2 |- MODEL 2

MODEL 1 - MODEL 1 [

-1200 -1000 -800 -600 -400 -200 0 -180 -160 -140 -120 -100 -80 -60 40 -20 0
AlC-regression AlC-validation

Fig. 41 Overall assessment among models respect with SSR and AIC indexes in regression and validation phases

454 Tuning of process conditiors

Validated over a wide range of process parameters: temperatwELF8EC), initial fructose
concentration (1:200 g/L) and catalyst loading (330 g/L), the developed model can simulate
controlled process parameters to achieve optimal BL product Vielde 22 shows examples of the
simulation of the reaction system with Model 1 under varying reaction parameters with respect to the
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conditions of Experiments 1, 8, 9, 13 and 19. In general, by increasing the reaction time and catalyst
loading, the concentrations of the species are simulated until a final BL yield of 70.8% is obtained for
an initial fructose concentration of 30 g/L. Fagher initial concentrations, the final yield of the product

of interest tends to decrease but cambg&imized as in experiment 8 to 64.8%, considering an optimum
between the process parameters also based on technomic analysefig. 42 shows the simulation

of the concentration profiles of experiment 1 with a reaction time of 24 h.

Table22: Simulation through Model 1 of the solvolysis system at different conditions.

. [FRUCT]o [FRUCT]o T Cat. timereac § Fruct YINTER YeL
Experiment (/L) (moll)  (°C) (gll) ()  (mol%) (mol%) (mol%)
110 84.3 9 100 286 420 | Exp.
110 84.3 24 100 11.1  58.1 | Sim.
1 100 0.56
115 84.3 9 100 229  46.0 | Sim.
110 130 9 100 19.4  49.6 | Sim.
110 121 8 100 259 465 | Exp.
8 100 0.56 115 121 8 100 19.7  49.1 | Sim.
110 121 24 100 5.5 64.8 | Sim.
115 94.3 8 100 26.8  36.2 | Exp.
9 150 0.83 115 130 8 100 21.4 440 | Sim
115 94.3 24 100 8.8 56.9 | Sim
110 97.8 7 100 11.3 555 | Exp.
13 30 0.17 115 97.8 7 100 11.3  55.1 | Sim.
110 97.8 24 100 3.2 709 | Sim.
105 130 8 100 33.7 31.2 Exp.
19 175 0.97 115 130 8 100 23.3 405 | Sim.
105 130 24 100 13.1  52.3 | Sim.
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Fig. 42. Simulation of the reaction conditions of experiment 1 with a reaction time of 24h. Simulation of fructose cor
BL (B); 5-HMF, 5-BMF (C); LA, BF(D).
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4.6 Conclusiors

In this chapter, the solvolysis of fructose to butyl levulinate, a promising biofuel aradithitive, was
investigated in depth, experimentally and in terms of kinetic modelling, under the previously defined
process conditions; i,aising the solvent butanol/GVL and on solid acid cataBstberlite IR120 ion
exchange resin was identified as an efficient catalyst in the acid solvolysis of fructose under a wide
range of experimental conditions and at high initial fructose concentrations (up to 200 lgwintp

the high gravity approach. The use of high initial concentrations of fructose in the HG approach and the
effects of these concentrations on the kinetics of fructose degradation and dissolution were studied and
included in the global kinetic modeily of solvolysis, for which three different kinetic models were
proposed, including possible intermediates of fructe@merizatiorand alkylation. The assessment of

the models indicated model 1 as the most reliable model, in which the fructose dehydration step was
expressed as a single ratetermining step, excluding possible intermediates. The model was validated
by holdout methodusing an 80/20% ratio of kinetic experiments for the regression and validation step)
and is able to reliably simulate the kinetics of simultaneous fructose dissolution and conversion kinetics
to butyl levulinate over a wide range of initial fructose camiions, from 11 to 200 g/L, reaction
temperature (8215 °C) and dry catalyst loading (380 g/L), with final BL yields exceeding 70%.

This investigation provides a reliable model to describe and predict the kinetics of solvolysis with initial
substra¢ concentrations on a larger scale, closer to industrial scale, opening a reliable route for the
conversion of highly concentrated biomasived sugars into oxygenated liquid fuels and versatile

chemicals.
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CHAPTERS5 - Sustainablilityassessmemf o-
valerolactone production from fructose

5.11ntroduction

In the development of a chemical process, kirsatidt thermodynamiknowledgeplays a key role in the
optimizationof process parameters that make the process economically, environmentally and socially
sustainable.

Devdoped arobust and reliabl&inetic model for the fructose solvolysis tebatyl levulinatein High-

Gravity conditiors and defined the optimal process condisionterms of solvent and catalyst system,
these tools can be applied to develop and simulate a process scheme for the BL production from the
biomassderived fructose, and the further transformatiorotalerolactone (GVL)y usng kinetic
modelsreportedn theliterature[141].

Although known for several decades as an excellent solvent and precursor to numerous products in
various sectorgbiofuels, pharmaceuticals, food ingredief#8)127,297] and praised by numerous
articles as very environmentally friendly and versatile, GVL has never reached the level ofsaddege
industrial producf127]. One main reason can be found in the high production costs, which have recently
diminished thanks to improvements in the production of levulinic acid and its derivid®ebut also

on the other hand, the lack of regulated data on its toxicity and biodegradadslityit edits diffusion

[127].

Many of the recent investigations into the GVL production process in terms of process simulation and
sustainability analysis considtre direct production from platform molecules as levulinic §248],

or ethyl levulinatd297], without including the production steps of the latter or where these are taken
into account the sustainability analysis is limited to the economic pillar without considering the further
environmental and safefynpacts of the proced299,300] Moreover, none of them considers the
possibility of integrating the exploitation of renewable energy sources into the GVL biorefinery for the
production of energgndhydrogen. In fact, GVL production through the use of molecular hydrogen is
still the common productiomoute in terms of atom econonip. the view of Europe's targets of carbon
neutrality, reduction of emissions from hdodabate sectors, and dependence on fossil energy sources
[301], the integration of alternative and renewable energy sources is a key step to reduce the impact of
chemical processes, even those conceived as 'green’' due to the use of renewable raw materials such as
biomass, and can also induce market diversificatidheahdustrialinitiative through the production of
electricity and valuadded products such as grdgmrogen produced from water electrolysiShe
greenhydrogen market has seen rapid growth in recent years due to reduced investment costs and
increasd efficiency of electrolysis cell technologje®gether with the rise in its market drivers in

chemical and energy sectors as chemical reagent and energy vector for transportation, energy storage
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and backup systenj180]. Indeed, EU policy strongly supports the implementation of a hydrbgsed

energy system as one of the key instrumentsdtizethe European Green Deal. Furthermore, it aims

to limit European dependence on hydrocarbons and contribute to the EU's economic growth as a leader
in renewable technologies and the hydrogen mBk&.

In this context, the main aim of the analysis presented in this chapter is to develop a process scheme for
the production of GVL via the pathway of hydrogenation of butyl levulinate by fructose solvolysis, still
unexplored in the literatur@nd to assess the procbssed orthe pillars of sustainability: economic,
environmental, and inherent safetJhe investigationalso consides the potential integration of
renewable sources for energy and hydrogen production-gf&bém presented in sectiot.52

Hydrogen that are sitespecific, strongly dependent on the territory and its resourceghis reason,

the analysis is applied to a real case study in the Normandy region to assess the potential of its renewable
resources.

The main purposes can emmarizedn the following orde(Fig. 43):

1 Development of th@rocess scheme for the production of GVL from fructasdine with the
principl e hefmi $grAemigecdnomy, Design Safer Chemicals, Benign
Solvents & Auxiliaries, Design for Energy Efficiency; Catalysis; etc.

1 Development of renewable energ

system integration for power an

hydrogen production.

INTENSIFIED PROCESS
SCHEME

FRUCTOSE-to-GVL

- Evaluation of sitespecific

renewable resource potential wit

case study in Normandy. ‘ RES-integration for POWER

& HYDROGEN generation
ECONOMIC
ANALYSIS

ENVIRONMENTAL ‘ ‘

1 Sustainability assessment of possikt

integrated bierefinery configurations

based on the pillars:

- Economic
IMPACT ANALYSIS

- Environmental

- Social (Inherent safety)

INHERENT SAFETY
ANALYSIS

Fig. 43: Main aspects of the investigation in Chapter 5
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5.2 Methodology

As shown irFig. 44, The methodology introduced and applied for the sustainability analysis of the GVL
production process integrated with renewable energy sources can be schematized through the following
steps:

- PHASE-1: the availability of sitespecific renewable resources is assessed, with specific reference

to the Normandy region as a case study. This section then defines the regional and local renewable

resource potential, focusing on the availability of unexploitedteviignocellulosic biomass and

wind energy:

I The availability of LCB is assessed on the basis of literature data, regional and national reports
on the annual census of this resource and its possible future potential.

1 The availability of wind energy is assessed through the analysis of wind data at the defined
location using databases and forecast data reanalysis systems. The potential of the wind resource
is then complemented by the evaluation of the most suitable rsimvelevice to convert wind
energy into electricity, i.e. the most suitable wind turbine in terms of capacity and performance

characteristics is evaluated.

- PHASE-2: In this phase, the technological design oflitmmass valorization process

T An essenti al first step is the conceptual
valerolactone from biomasterived fructose via butyl levulinate. In this step, the overall design
involves the use of solvolysis technology, under the optimal pramewiitions and kinetic
modeling defined by the previous results described in this thesis, integrated with the
hydrogenation reaction step based on literature research, in terms of catalyst, process conditions
and kinetics.

1 Thefollowing step involves process simulation, through the usesifhulation software and
the evaluation of a thermodynamic model to descrimcting species andixture properties;
and subsequemptimizationto define an intensified process scheifieis phaséanvolves the
evaluation and implementation of material recovery,(selvent recovery) and heat/power
stagesn the system

1 From theoptimized process scheme, the process energy analysis is defined, evaluating the

energy demands in terms of electrical/heat power.

- PHASE-3: In this phase, the energy system integrated with the process scheme is evaluated. Starting
from a conventional configuration in which energy/hydrogen demands are provided by the
grid/supplier, different energy configurations were defined with or withoetintegration of
renewable resources into the system; if the system is integrated with renewable energy sources, three

main systems were evaluated: exclusive use of wind energy for the fully electrified configuration;
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use of wind energy faelectrical powedemand and use of biomass for thermal energy generation

only use of biomass for thermal power generation.

1 For each scenario, the configuration design is defined by evaluating the appropriate
technological elements required. For systems involving the generation of renewable electricity
from wind, an optimal desigprocedureof the wind farm and hydrogen production and storage

system has been defined autimized based on specific design elements.

PHASE-4: Finally, for each scenario defined on the basis of the energy system, the sustainability
analysis includes the evaluation of the configuration performance on the bkeyspErformance
indices (KPIs), with respect to the economic, environmental and social perspective. The individual
subindices aranalyzedand aggregated, according to specific methods, in order to define an overall
aggregate sustainability index for each sceramith compare them.
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5.2.1 Assesing site-specificrenewableenergysources

5.2.1.1:Lignocellulosic biomass availability

With 70% of the territory covered by agricultural land and 14% by forests, the Normandy region shows
a high potential for lignocellulosic biomass resounegardingwastes and specific crops, generally
classified in three categorieagricultural biomass forestry biomass and municipal wastedn the
agricultural sector, besides tfand crops such as cereals and oilseeds, part of the regional territory is
dedicated to the cultivation diber flax, of which the region is the leading producer nationaflg &

Europe with a production of 470200 tons in 2020 (63% of the national produ¢868). From the

fiber productionprocessflax shivesare the mainly residue wastibst cause of quality defects in the
fibertransformation processasd represerground 50 % in weight of retted flax stef@864]. The high
cellulosecontent,approximately65-85% of the compositionmakethe flax shivesa promisingand
abundantaw materiatandidatdor the valorization to valuadded chemicals as G\JB04,305] From

the forestry sector, thmain wood products andastesby-products come from oak and beech trees
[306], which are the most abundant species and both have a cellulose and hemicellulose content around
22-50% and 1730%, respectively{307,308] In addition the interestn specificrapid-growingcrops is
increasingat regional and nati@hlevels as formiscanthusandhemp with a constant growth raie
cultivation of around 10% per yeand with production volumesver 50,000 60,000tons in 2019

[309]; besidesto the content in cellulose and hemicellulof®ese species shows alsapacity of
phytoremediation, improving the physicochemical properties of the soil and poevehsoilerosion,
together with a raplicultivation [310,311] Besides specific cropgCB wastesand residuefrom the

r e g iagricutgal, industrial and municipal sectmmstitute an abundant and great resource of sugar
monomers, currently undexploited. Nowadays, only the 10% of hi@stes arevalorizedin France

by methanation and composting, then 60% of wastes are landfilled with a cost areurfi®0 U/t and
the remaining 30% are burnedth a costof 7L 20 G/ t ; costs are expect e
[312,313]

At theregional level, the amount of collected lignocellulosic biomass wastes is over 4@0nstor
year,with 133 kg per capita per year whereas the national average is 79dapjiaty [314]. The rate
observed for material recovery in Normandy is around 46%, which remains below the targets set by the
French Law orEnergy and Greefiransition(LTECV), and thereforefurther exploitabld314]. The

high availability of resources makes Normandy a promising candidate for further developmentinto bio
chemicalsanda potential location for the process site can be selected in theNb&iitiene department

in fact, this department holds the highest percentage of lignocellulosic biomass waste (34% of the
regional total[315]) thanks also to an extensive and advanced agricultural network; in fact; Seine

Maritime also holds 50% of the regional surface area cultivated with flax (42519 ha out of 85256
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regional ha). In addition to the departmental biomass availability, which reduces the time and logistical
costs of biomass supply, the department has a strong industrial profile with high investment in wind
energy, a symptom of its wind potential and, rdlse in green hydrogen production development
[316,317] Excluding areas of the department near natural parks and protected areas typically
concentrated along the course of the Seine RB48], the choice for a potential industrial site fell on
thefAlabasterC o a sah areaear the Normandy coasith particular industrial potential and included

in the 124 national high industrial development zones by the French govefBaf#nThe location of

the site selected in this study is indicated by the area indicakeg. 5.

The average Yields literaturefor the production of sugar monomers such as glucose and fgdose
biomassare around 25 wt%320,321] around 1-15 wt% for fructosethroughglucose isomerization

and up to24 wt%for high-concentrated fructose syrup from waste bionjagg,323] Considering a
biomass cellulose content around 50 wii&, potential production of fructose from the amount of waste
biomassot exploitedn Normang is over 30 ktly, fulfilling the demand for different production sizes

of GVL. The production size of 2 kt/y of GVL is considered a reference production size, as it is defined
on the basis of the production size of levulinic acid by GFBiochemicals, the only company currently
producing levulinic acid and derivatives such as alkyllieate directly from biomass on a commercial
scale[324].

Normandy Region: o /" £
* 446 ktly of lignocellulosic wastes ‘
produced . 3 X

Average: Kg/hab_( 133 \79' ‘ ] 7 V

\ - s, Roven e
A ) ) \ £ v

Nt T

* 85000 ha flax crops 8¢ T WP P 2
(over 42000 ha in Seine-Maritime dep.) S ek 3 b 2 2

* Over 20000 ha short rotation crops ‘
(Miscanthus, Hemp)

* Installed wind power 979 MW
(526 MW in Seine-Maritime dep.)

Fig. 45: Potential site location in the SeiMaritime department (Normandy) and summarized potential biomfssnd winc
exploitationin the region.
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5.2.1.2:Wind data analysis and characteristic parameters

With an installed capacity of 526 MWind farmsout of a total of 979 MW in the region by 20[&25],
theDepartment of SeinMaritime has a higkxploitablewind potential Once the location site has been
selected, the wind potential of the site can be assessedabyzingwind speed trends and seasonal
effects; this can be done by using climate forecasting tools that allawatgz the wind data in a
specific site and for different time periods. Among them, the European ER&tBolimplemented by
ECMWEF (European Centre for MediRange Weather Forecastad available fronthe Copernicus
Climate Change Servic826]; it provides hourlydata of several terrestrial angdeastate weather
variables from 1979 to-2 months before the preseanh regular latituddongitude grid€.25° x 0.25?
Horizontal and verticalvind speedan be evaluated houréf a height 0fL0-100min the location site

andfor longerperiods in orderto assess possible seasonal effects and the characteristic parameters of
the wind potentialln literature the wind speed distribution is traditionathgscribedoy the Weibull
distribution characterized bgiimensionlesshape parameté&r(dimensionlessand the scale parameter

cin m/s and several parameters can be empirically evaluated, based on the distribution characteristics,
in order to evaluate the wind energy potential and the specificity of the lof2@6r831].

. Qv .. 0 . .
"QU - = Qwn = 0 Tw T Eg.5.1
0 &)

In case of values of k smaller than 1.5, the wind is variable and gustysitghhen it is moderate and
steady for values higher than[232]. Knowing the distribution parameters, the wind power density
(WPD) can be evaluated &sy parameter that reflects how energetic the wiashisdefined as follows
[330]:

Eq. 5.2
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Wherey is the density of the ambient air, generally estimated at 1.225 kgy/th °C

The analysis of the wind speed distribution is fundamentahfoosinghe most adaptable wind turbine
technology Among the parameters specific to each turbley, characteristics of the selected turbine
are:the wind cutin 0  which represents theind speedin m/s)at which the turbine blades begin to

turn, generating energwind cutoff 0 the maximunwind speedin m/s)at which the turbines stop

for safety reasonsgind rated wind speed thewind speed corresponding to reaching the turbine's
rated powerThe analysis of the specific characteristics of turbines can be combined with the evaluation
of empirical parameters that guide the choice of device, such as the most probable wind speed
andthe wind speed carrying the maximum enerngy ; as the first is close to the mean value of

the distribution and the second should be closely related to the rated wind speed of the selected wind

turbine in order to have an efficient systgB8@7].
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Once a device has been selected on the basis of its operating specifications, adapted to the wind
distribution and territorythe capacity factorGF) andthe probability of sitespecific operationK) of
the wind farmcan be assessggl7,330] The capacity factor represents the ratio between actual energy

production and the maximum possiblehile the second parameter indicates the probability that the
turbine is in operation at the location considered

Q6N %—) Q6N %5 b
00 - - Qwuwn —= Eq. 5.4
V) U w
—= —a
W W
0 Q¢ 0 Qor 0 Eq. 5.5
U U U U w — w — .o,
n i n G q

5.2.1.3: Wind potential assessment

In this investigation, the wind data analysis in the selected site was carried out by considering a period
of 10 years (201:2021)in order to assess the potentiality and seasonal effects of the wind and at a
height of 100m, assuming it as a typical fhdight for an orshore wind deviceComparing the
distribution of data during this decade, 2018 was chosen as the reference year, as in terms of average
speeds and power density it is the closest to the annual and seasonal median values over the entire decad
(power density (W/rf) in 2018 of 254.2 in Spring, 145.6 in Summer, 299.7 in Autumn, 556.8 in Winter,

314 in the yearcomparable with average valued-ig. 46 and data iable S32) [333].
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Fig. 46: Box plots of the annual and seasonal availakiled powerdensity in the location sitgyears2011 2021).
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Knowing the reaforecastwind data, the maximuniikelihood method (MLM]}329] was used to

estimate thedistribution parameters and k, from real datdfitting, using the Weibull distribution
( \WeibullDistributiord
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Fig. 47: (A) Punctual values of wind speed data at the selecteths@18; (B)Wind data according to Weibull distribution

Table23: Characteristic data of wind distribution and power at the site considered

The wind analysis in this site shows a k value of 2.16, corresponding steady and moderate wind type,

Wind distribution characteristics

k 2.16
c (m/s) 8.75
Vmean(M/S) 7.75
Vuax (M/s) 23.7
Vimp(M/S) 6.56
Vemax(M/s) 11.85
WPD (W/m?) 506.23

and a scale c value of 8.75 m/s. In termme&n wind speef.75 m/syand mosiprobable value (6.56

m/s) at 100 mthe windsite can bexploitedby usinga turbineof the class IEC 11[336].

Based on these parameters, government guidelines and the average power of turbines installed in the

region[325,337] the selected turbine is V100 MW from Vesta$338], with a cutin of 3 m/s, cut
off of 20 m/s and a rated wind speed of 11.5 /satedwind speed close tome allows nominal

energy production to bmaximizedwith this device Other properties of the wind turbine are reported

in Table24.
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Table24: Characteristics of the selected wind turbine V210 MW Vestas

V110-2.0 Vestaq338]

Operating Data

Rated power 2000 kW
Ratedwind speed 11.5m/s
Cutin wind speed 3m/s
Cutout wind speed 21 m/s
Wind Class IEC 1A
Rotor

Diameter 110 m
Swept area 9503 n?
Tower

Hub height 95 m

0.12

QAT

0.08 -

Frequency
o
o
(=)

0.04

0.02

Wind speed distribution and V110-2MW power curve

Power (MW)

10.5

0 5 10 15 20 25
Wind speed (m/s)

Fig. 48 Overlay between wind speed frequency data and turbine desveer

curve

The capacity factor of turbine technuiuyy i uns 1wcauun 1s 45.2 vo, 1 represeits uie rauu vl preuicted

actual energy output to the maximum possible and it is in line with the averad@@feported in the

literature foronshore wind turbine technology in 20239]. The probability of operativity of the turbine

with the wind distribution is over 90% nowi ng t he WTO6s char &Fgt4®,r i st i c:¢

the wind potentiality can be coupled with the devaevaluae the hourly-power producedrl'he size of

the wind farm, in terms of the number of wind turbine units, is then evaluated according to the demand

for electricity from the process.
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5.2.2 Conceptual design of thechemicalprocess

Theconceptuaprocess schen@esented in this worgonsists in a combination ofo process step in
seriesin which the production of GVL is obtained by hydrogenation of butyl levulinate as precursor,
and the production of the latter via acid solvolysibioimassderivedfructose The scheme does not
include preliminary biomass ptecatment stages for the fructose production, consid¢nmfgedng

of biomassderived fructosdo the process as raw matenmbvided offsite. The first reaction stage
corsiders the solvolysis of fructose tebntyl levulinate on the basis of the optimal reaction conditions
determined experimentally and discussed in the previous chapters; the reaction is then catalyzed by the
acid ion exchange resin, Amberlite IR120, arel shlvent system defined is buta@VL (70/30 wt%

ratio). The experimental results presented in the previous chapters showed the high efficiency of this
solid acid catalyst under moderate temperature conditions and the advantages of using GVA as a co
solvent in terms of dissolving fructose and inhibiting the degradation of sugar and intermediates into
humins. Furthermore, a robust kinetic modeling was presented in the previous chapter, coniselering
effect of high fructose concentratiofhe model in particular was used to simulate potential process
conditions; in this case, conditions of 110 °C, 20 bar, feeding an initial fructose concentration of 100
g/L, and with a catalyst loading of 130 g/L were considered in the process deglggse conditions,

the model considers a molar yield in BL & %, for a residence time of 24 \ith a remaining share

of convertible intermediate$ complete conversion of the intermediateddF, and 5BMF to BL is
considered, while LA and FA are not fully converted due to slower kinBycsonsidering the reaction
kinetics, he mixture of products exiting the reactor consists of the main product, butyl levulinate, as
well as secondary products, such as butyl formate and watdgentof intermediates, such as levulinic

acid and formic acid, together with solvents and the degradation product, humins.

Consequently, the reaction stage is followed by a separation isdtdateand convey butyl levulinate,
levulinic acid and GVLlto the second reaction stage: hydrogenation.

The GVL productionis carried outby hydrogenatig butyl levulinate and levulinic acidin minor
concentrationwith H-gasover heterogeneous catalyst. Even though the production of GVL can occur
also by using a hydrogesonator as alcohols alegradedacidsas formic acid, the use of molecular
hydrogen is still the most common roireterm ofatom economy. Delgado et f257] elucidated the
kinetics of hydrogenation of butyl levulinate over ruthenium on activated céfg)and in GVL-

solvent systemThe reaction pathonsidergheinitial hydrogenation step tine intermediateBHP for

butyl levulinate and HPA for levulinic aci@nd the subsequent cyclization of thderto GVL. The
kinetics of this system show the complete conversion of the butyl levylieatdinic acidand for the
instable intermediate HRAut not that oBHP, whose cyclization kinetics reach the equilibrium and
consequentlyt is present in thgroductsstream An 8% conversion of BHP to GVL was considered

in the design, based on the average reaction conditions of 150 °C, 20 bar given in the literature,
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considering a catalyst load of 1.7 ¢/131,141] After the reaction step, tain of separation unit is
therefore necessary to remove thepbgducts, such as water and butanol, and isolate the reaction
intermediateBHP that can be recycled back to the reaatwdafurther unit may be needed to obtain the
market purity specifications for GVLCP9% wt) [299]. Given the difference in boiling point
temperatures and the high degradation tempesdturéhese components, distillation results a suitable

unit operationThe final stream of GVL product at the desired concentration is then partially recycled
into thesolvolysis reaction block, as part of the solvent system.

The fraction of light components, resulting from the separation steps of each reaction block, consists
mainly of butanol, water, butyl formate and some traces of formic @bl resulting stream is sent to
further separation stages to first remove the water content and then the traces of butyl formed are treated.
Separation of butyl formate from butanol by distillation would require a column train and expenditure
of energy, de to the reduced driving force in terms of similar relative volatility betwee=odmponents.

For this reason, a separation by reaction decomposition of BF into butanol and carbon monoxide over a
metal oxide catalyst was considered on the basis of established patented techi3diogiés] and the
regenerated butanol solvent sent back to the solvolysis processdsatiown irrig. 49.

Water
co FA

t t

‘ Butano-RECOVERY unit ‘

BuOH, BHP
Water ¢ ‘ BuOH,

FA,BF Water

BuOH 4
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Fig. 49: Block diagram of the conceptual design of the GVL production process from fructose.
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5.2.3 Process modellindor an intensified process flowsheet

Defined the basis of the conceptual process schproegss units were simulategt using a process
simulator: Aspen Hysys from Aspen Technold@42]. The sequential modular approach is uted
build the flowsheet by linking multiple process units, auxiliary units, components, stream and selecting
the suitable thermodynamic methods and units of measurebefined an initial reference process
schemethe intensified process schematisnevaluated at the steadyate conditionoptimizing and
integratingthe process terms of material recovery (i.e. recycling reactamd solvent$o the reaction
units and purgingundesirable compounds) and/or heat and power recovery (i.etemyerature
streams may besed to heand/or vaporize cold streams in the pro@sdvice versq The simulation
considers a final production size of GVL of 2 kujth a purity >99.9%with on overall fructoseo-
GVL yield of 50.5 wt%then further production sizegreimplementedFor the thermodynamic model
choice, the equation of state BeneditbbRubinLee-Startlingwasselectedn the simulation for the
component properties estin@tiand phases equilibrium dagzarticularly suitable for the simulation of
the hydrogenation stef299,343]and for the description of this component syst@amparticular in
presence of butyl levulinate, butanol and G¥& shown by the work of Ariba et.4R61]. The
physicochemical propertiesf most componentare present in Aspen Hysys databasecept for
fructose, butyl levulinateBHP and humins. For these components, literature data for properties were
implemented in the simulatigad3,127] A preliminary process flow diagram for the production of GVL
from fructose is shown iRig. 50.

Besidethe process unitghe utility units were simulated; steam generation at high preg46réar,
250°C)is supplied by boilers powered by electricity or by fuel combustion (naturadrgai®masy
depending on the different energy scenarimsler efficiency (LHV1 lower heating valué basis) is
87.7% for natural gasuser 89.9 % for biomasaisersystem and 100 % for the electrical o@eoling
water is supplied to the system at 3@l returns to the cooling tower at 4@%{h the air flow demand
determined by simulatioim order to cooled down the wat&rhile energy demanis based on literature
datafrom datasheets on commercially available technold@i44]; chilled water is provided at 5°C,

through a propane refrigeration loop

114



'aéte @ @

526

524@;525
; v-101 E-104 N
825 "

c%ime "S36°
ﬁ;si%;:issz DR
V102 E-106 T102
53 CRV-102 PR
E-105
V103 [ S%Ssi—ss-‘ waz@
EA07 sze—g
P-102 E-103
Cond-100
CRV-100 ¥ Hz ﬂmmﬂm @0-103
] S‘l E-102 ’ E-108
S14f e a— }— B
e MG E-100 TA01 @'
P-100 5128 >
510 jo) T-103
E-101 P-101 =t
V-100 Reb-100 1.1
% % Reb-103
Reb-101 520
|
Fig. 50: Preliminary Process Flow Diagrarior GVL-production from fructose
Table25: Equipment flowsheet legend
Equipment legend:
Reactor CRV: CRV-100; CR\*101; CR\*102 Heat&Exchanger E: E-100-108 Pumps P. P-100; R101; R102

Separator V: V-100; V-101; V-102; V-103

Col. Condenser Cond. Cond100; Cond101; Cond103

Distillation columns T: T-100; T-101; T-102; T-103

Col. Reboiler Reb: Reb100; Reb101; Reb103
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5.2.3.1Solvolysis Fructose to routyl levulinate

In the solvolysis section, as showHig. 51, apre-mixed stream of fructose and butan@smixedwith

a stream opure GVL in order to achieve the request solvent ratio 30/70 wt% of GVL/butanol and a
fructose concentration of 100 g/L. The strearsent to a volumetric pump and a heater exchange to
conditioned to the specific reaction condition of pressure 20 bar and temperdiiCe The reactor
(CRV-100)was simulated based on the kmokinetics mentioned abowand final yieldscatalyzed by
Amberlite IR120 (catalyst loadind30 g/L); considering the full conversion of fructose, and
intermediates HIMF and 5BMF. The presence of degradation besides reactions leads to the presence
of humins typically in insoluble or partial soluble for(with a maximum yield to it of 1@01%), and
contentof levulinic and formic acids in the final product stream are present due to the slower
esterification kinetics compared to the conversion -&8MF. The virtual process operator, named
fisplitterd i n t h wassised td sinalatestgeparatiorof humins from the product stream, usually
obtainedby filtration in cae of solid byproducts.Before being treated in a distillation column, the
stream is fed to a separator-{@0) for the removal o$olubilized CO during the butanol solvent
regeneratiomphase The productstreamwith a canpositionin butyl levulinate ofL1.8 wfa, is sent to a
distillation column(T-100). In this separation unithe heavier components are isolated in the bottom
stream with a composition around 77 wt% of GVL, 22 wt% of BL and >1 wt% of levulinic acid, and

then conveyed to the hydrogenation stage.

V102
== CRV-102
v1usD<

E 107

=s
g

P-102 l E-103
Cond-100

f Cond-103
E-108

....... s-s-—’@’H.:_‘@

—

Reb-101

HYDROGENATION SECTION

Fig. 51 Preliminary process flow diagram for the production of GVL from fructose highlighting the differam@sssection:
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5.2.3.2 Hydrogenation of nbutyl levulinate to o-valerolactone

The stream resulting from the solvolysis block is fed to the hydrogenation ré@gar101), in the
process specification abQ °C and 20 baffFig. 51). A stream of hydrogen gas is fed to the reactor with

a molarflow to ensure complete stoichiometric conversion to the hydrogenation intermediaenBHP
HPA, corresponding to 5 kg/h for the considered production size of 2 kt/y of GWEen the kinetics

of the cyclisation §p, the conversion of BHP to GVL is not complete (aroun%B&o the output
streamto the reactor will see a BHP content?6 wt% andaround 77 wt% of GVL, together with
butanol and water as secondary produthe reactor is followed by a train of two distillation columns:
T-101 separates thHight phase consisting of butanol and water, obtained as head products and sent to
the butanol purification block, from the bottom products such as GVL and BHP. The bottom stream is
used as hot stream for heat recovery in tHEEheat exchangestream temperature 236 S@efore

being sent to the second colum#l03. In the second column, trstream is processed to achieve the
required purity specifications for GVL, obtained as a top product with a purity >99.9 wt% while the
bottom stream with a content >99.4 wt% in BHP is recycled to the redtiifinal stream of GVL is
cooled down and partially recycled to the solvolydick.

5.2.3.3Water separation and hutyl formate decomposition

Butanol, butyl formate and water form a minimimwiling heterogeneous ternary azeotrope, thus
separation by distillation is carried out producing anhydrous butarngl formate mixture aabottom
product with a content in butyl formate less than 10 wt%, and bubartglformatewater azeotrope as

top stream product. After condensation, the azeotropic distillate is sent to a dé¢at@gy in which
agueousorganic phase are separated. While the agueous phase (water content over 93 wt%) is sent to
wastewder treatment, the organic phase is fed back to the column. For the binary mixture-B&anol
separation by distillation would be particularly cost and enaérggnsive due to the reduced driving
force (reduced relative volatility); thus, the stream iscpnditioned and fed to a catalytic reactor to
decompose the butyl formate over heterogeneous catalyst. Metal oxides are particularly efficient in
decomposing formic esters into carbon monoxide and alcohol as shown from some[péfeBd |
considering a fixedbed reactor with DHHA/Alumina (over 50 wt% and specific process condition

(190 °C and 20 bar) butyl formate gonverted in C&@as and butanakith a full conversionin the
process simulation, the reactor was considered as a conversion iBactooling down the gas product
stream, part ofaporizedbutanolis condensateand conveyed to the liquid product stredmotigh a
gasliquid separatarThe final butanol stream (>99.5 wt%)dsoled down and therecycled as feed
solventto the solvolysis blockThe CO gas streams from the reactor and the separators are apndvey
sent to flame. A backip butanol stream is consideredoirder to adjust the concentration specs at the

reactor feed.
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5.2.4 Energy analysis

Based on &VL production of 2 ktly, the electrical and thermal power requirenvesitsevaluated on

the basis of heat and power streams. Considering the electrical items, such as the process pumps, the
propane circuit compressfar chilled waterand the cooling tower fans, the electrical power required is
1.38 MW, to which is added the thermal power required by the boiler for steam generation, amounting
to 1.89 MW For higher production capacities, the estimated electricity and heat demands are h85 MW
and 3.99 MWh for 4 kt/y of GVL, and 3.84 and 9.65 MWfor 10 kt/y, respectivelyThe demand for

heat for steam production can be achieved by combustion of fuel (mainly natural gas), biomass not
intended for chemical valorization and other wasteptmducts(as solid humins)or by electricity,
defining diffarent energy scenarioBeside thenatural gasthe usdignocellulosic biomasas bioenergy

source was evaluated this contexin terms of availability and heat capacity. Considering an average
higher heating value (HHV) of 19 MJ/K[845] and the efficiency of the boiler (89.9%ihe energy
demand can be covered by 3.4 kt/y of wasted bionthesamount of biomass destined to the energy
production can be further reducearound 3 ktincluding the byproduct humins aenergy source

since it presents a valuable heating value estimated around 19.5 [4d6{g~or a production size of

4 ktly, the amount of biomass required, net of the amount of humins, is 5.@/kil it is 10.4 kt/y for

a GVL production size of 10 kt/yThe biomass demand tfe largesplant, includingchemicaland
heatingvalorization, starts to be burdensgragen still within the limits of availability in the region.

For this reasorto consider a seustained regional scheme for biomass supply, further analyses focus
on the small and mediusized production size of GVILe. 2 and &tly.

Besidesaturatgas and biomassystem, lhe comparison with a potential fully electrified configuration,

i.e. with an electric boiler for steam production, wasludedin the further analysedue to the
specificities of the French electricity grid, which through an energy contribution from nuclear power of
over 40% in 2022, is able to provide electricity with costs and CO2eq. emissions below the European
average and in competition with othereegy source$2,347] For electrical supply to the plant, the
supply of electricity from the grid was compared to thesid@ production of electricity from renewable

energy sources, specifically wind power.

5.2.5 Integrating renewable energies into the GVL biorefinery

Having defined the process scheme for the production of GVL from fructose derived from LCB biomass
and considered its energy requirements, the other main objective of this work is to also consider the
integration of renewable wind energy into the GVL biorefy in terms of electricity but also hydrogen
supply In fact, wind energy can be further exploited to integrate in the GVL process 4ige on
production of green hydrogen for the hydrogenation step via water electrdlzgisntegration of

renewablesnergyin the continuous production flowsheet requires the installation oflyacystem in
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order todeal withthe positive and negativituctuation of the energy source; thus, the integratgttme

considers also the presence of a hydrogerdeltlbackup battery system and hydrogen buffer storage.

5.2.5.1 Alkaline electrolyzer (AEL)

Of the currently available technologies, the alkaline electenlgAEL) is the most mature (TRL 9) and
widely used technology in the industf¥79,348] accounting for almost twthirds of the world's
electrolyzer production capacity, and followed by the proton exchange membrane eksct(6lizM)

for onefifth of capacity[179,348] Like the alkaline electroker, PEMis already commercial, with a

TRL of 9, while other technologies suchsadid oxide electrolger cell GSOEQ andanion exchange
membraneAEM) are still under development with TRLsd&nd 6, respectivellt 79]. Although PEM
technology has higher efficiency, current density and output pressure, the main disadvantages limiting
its largescale application useomparedwith AEL is the high cost of componentddfion membrane,
titanium bipolar plates and metal catalysésd shorter lifetimg349,350] The AEL technology
considerghe water electrolysis into hydrogen and oxygea stackoperatingat approximately 7®0

°C and at a maximum of 30 hawith an alkaline electrolyte (NaOH or KOH) in concentration4D

wt% [351]. The main elements of the stack are the membrane for the transportioh§teparation

of product gasses gHand Q) and electrical insulation of electrodes; electrodes (cathode and anode)
coated with nomoble metaldike Nickel; gaskets and seals to prevent possible gas laakidipolar

plates to separate each cell in a stack but providing electrical conduction betweE88]eim addition

to the stack, the electragr module has other elements required to achieve the requested hydrogen
purity, as shown irFig. 52. The two gaseous product streamssamet separately to a gas separator to
recover and recirculate the lye solution to the cell hlaftkr being cooledlhe hydrogen stream is then
conveyed into a scrubber before being stored in a buffer tank to remove residual traces of electrolyte,
cool the hydrogen and feed make water for the alkaline solution. From the buffer tank, the hydrogen
produced is compress$é¢o the desired pressure and treated in a deoxidizer to reduce its oxygen content
(O 0.2%) by a catalytic r eac t[348].Mlkadine tichmologiesaral e si ¢ ¢
widely implemented in industry for larggeale hydrogen production with possible energy capacity of

0z
Buffer

more than 100 MW by coupling different alkaline modulgssed on commercial data sheets, alkaline
tank H2

Deoxidizer
Water
Scrubber L
Buffer

tank Dryer STORAGE
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Fig. 52 Typical system design and balance of plant for an alkaline electrolyzer
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electrolyer modules can provide production rates from 4.5 to 45 kg/h with a DC power consumption
of between 42.2 anfll kWh/kg of hydrogen[351]. Table 26 reports the specification used in this
investigation for singlainit and AELsmodule productionkor large stacks (>1MW), the capital cost is
estimated to $270/kW and to 50000$/kW for the entire system, includitig balance of stacks, power
plant rectifiers, the hydrogen purification system, water supply and purification, cooling and
commissioningcosts forcapacity higher than 10 MW, with an operating lifetime of 60,8000 h
[180,352] Depending on the size of the wind farm, related to the renewable energy demand for the
plant, theelectrolyzercell modules are sized to absorb the maximum energy peaks in the favorable
seasons and convert it into hydrogen, the capacity of the AEL modules ranges from 0.5 to 70 MW in
this investigation, considering an average investment cost of $750/kW, and atingpeost of 2% of
capital cosf180]. Considering atacklifetime of 75000 h (corresponding to 9 years for a phasrking

at 95%/annualthe stack replacement cost considered is $34(88&]. Gaps in cost and performance

are expected to drop over time, considering a predicted total cost of the AEL system at less than $200/kW
in 2050[180].

Table26: Datasheet specification Alkaline electrzdy

Alkaline Electroly zer (AEL)

Capacity Range per Unit 457 43.5 kg/h
Efficiency 42.27 48.9 kWh/Kg
Operating Temperature 80 °C
Operating Pressar 30 bar
Hydrogen purity 99.9999.999%
O.-content O2 ppm vol.

Electrolyte sol.

Water Consumption

AQ.-KOH (25 wt%)
7.8 kg-|20/kg|-|2

Dim. Footprint 150-225 nt
Lifetime stack < 90,000 h
Lifetime AEL systen 207 30y

5.2.5.2 Hydrogen Storage

The storage system is a crucial parinitegratingthe renewable hydrogen in the production p&ante

it is generally design in order to balance the demand of it as reagent for the process and its use for backup
purpose. In this case, given the large volumes and the demand for hydrogen in the gas phase for the
hydrogenation step, storage of hydrogethe compressed gas phase is the most su[tet9¢ Beside

the possible storage in underground salt cavities, the most promising option fesdalgstationary

storage is the storage bulléBype 1), in which hydrogen can be stored with maximum pressure of
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approximately 15€00 bar(corresponding to 345 kg/n¥) [189,353] Type | is an almetal tank,

usually made of steel, capable of storing only about 1 % hydrogen by weight and, therefore, only used
for stationary use. As gas compressed, hydrogen can be stored also in racks of vertical bottles (or
horizontal tubes) up toeseral tons of hydrogen and under higher pressure3@00bar; the main
problematic aspect of this type of configuration is its large footprint on the ground and the potential for
domino effects in case of accidd@54]. Given their greater technological maturity and the possibility

of mitigating the domino effect by burying them, bullet tanks are considered for storing hydtagén

barin gascompressed form in this investigatidn.addition to the type of storage, the compression of
hydrogen in this case from 30 bar (output pressure at the eleetdig200bar is achieved by using a
multi-stagecompressor (reciprocating or rotary compressor can be used for statipdargerstorage)

[355]. Literature datastimate the energy consumption t@ RWh/kg of hydrogen for compression to

high pressure (35800 bar) depending on the type of compressor, considering that the theoretical energy
required to compress hydrogen isothermally from 20 bar to 350 bar igWKg and 1.35 kWh/kg

for 700 baf356]; by working in a range of pressure 1800 bar we assumed an average consumption

of 1.5kWh/kg (considering an adiabatic efficiency for the compressor é8(%0)in this work.Data

for compressor cost are scares in litergtangrice of$M 0.086 USD/ton is reported based on the work

of Wang et al[167,357] The capital investment for stationary storage tanks, operating in a pressure
range of 50 to 200 bar, ranges from $800 to $850/kg of hydrogen, costs referred to 2014, down to
$700/kg, as indicated by the Department of Energy (DOE) and with further potestiaitions
[187,357] In this analysis, a capital cost of $786/kg was considered for the storage unit, which includes
the tank and compressor, plus the operating and maintenance costs of the hydrogen storage and

compression plant

5.2.5.3 Hydrogen Fuel Cell

The presence of a fuel cell as a backup system is essentigdingen energy storage systems
(HydESS), as the fuel cell can supply the energy demand of the process during periods of low wind
potential by burning the excess hydrogen produced by wind energy peaks, rendering the system
energetically selgufficient Similarly, to an electrolger, the main fuel cell element is a stack with
electrodes in which hydrogen is fed to the anode where the ionization occurs realizing mm$ H
oxygen (generally air) is supplied at the cathode producing negativahengaction generates water

and electricity and it is generally facilitated by using catalyst as carbon material coated with platinum
[358,359] Depending on the electrolyte atite catalyst, different type of fuel cell technologies can be
considered; among thertihe Proton Exchange Membrane fuel cell (PEMFC) is the mdshsively

used technology, employdd numerous fields, as backup power, portable power and distribution
generation for both stationary and automotive [U86,358] Compared to other type of cell, PEM

technologypresents higipower density, rapid staup, and high efficiency (5®0 %) at low operating

121



temperature, typically 8200 °C while the main challenge remains related to the high cost of the catalyst
[186,358] Depending on the end use, i.e. power demand, different sized stationary fuel cells are used,
and the investment cost for largeale installations (0-:30 MW) is between 200 and 00 EUR/KW,

with target pricegxpectedo dropto 1,200-1,750 EUR/KW in 203(358,360] Depending on the size

of GVL plant considered and the electricity demand (i.e. type of boiler installed for steam generation),
this study considers fuel cell modules with power capacities between 1.7 to 6.@pé¥ating lifetime

of 40,000 h[358], andan average capital cost of, 320/kW. Operating cost are estimatearound 1.5%

of the Capex investmeaind with stack replacement costs of1fD-1,200/kW (i.e. about 50% of the
capital cost]361,362] Average data specificatidor PEMFC, reported iffable27.

Table27: Average data specification of PEMFC from literature

Polymer Electrolyte Membrane (PEMFC)

Efficiency 457 60 %
Operating Temperature 70 °C
Operating Pressure 3-4 bar
Lifetime stack <50,000 h
Lifetime FC systen 20y

5.2.6 Description of the scenariosnalyzed

Once the flowsheet of the process for the production of GVL from bicoesged fructose has been
defined, different scenarios can be distinguished on the basis of energy and hyidmged and the

in-site or offsite supply of it to the plant, through the integration of renewable energy sources.
Represented ifrig. 53, a baseline scenario (Scenario 1) was definedsidering for the two GVL
production sizes under examination (2 and 4 kt/y) thaitéfsupply in terms of electricity demand from

the grid, natural gas demand to the boiler for steam generation, and hydrogen from an external supplier;
Scenario 2 considers the heat demand at the boiler provided by biomass, instead of natural gas as in
Scenario 1, and the supply of electricity and hydrogessitdf Scenario 3 involves the effite supply

of natural gas for the boiler's heat and electricity needs, part of the electricity is however used in this
case for the ogite production of hydrogen; Scenario 4 considleesoftsite supply of biomass to the

boiler and of electricity, with the production-gite of hydrogen; Scenario 5 similar to tirevious two
considers irsite hydrogen production but a fully electrified configuration (equipped with electrical
boiler), with oftgrid electricity supplyScenario 6 considers a fully electrified configuration in which
electricity is produced from wind power, by means efite wind turbines, and used to also produee in

site hydrogen for hydrogenation and as an energy carrier in fuel celupagkstemsfinally, Scenario

7 still considers the integration of wind energy for electricity and hydrogetuption insite but it
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considers also the use of supplied biomass feeb&rgy in the boileileach scenario includes a specific
hydrogen storage system, both for hydrogen supplieditgffand for hydrogen produced-site, as
indicated inTable28; in cases where hydrogen is used only as a chemical reagent (Scenarios from 1 to
5), the storage system is sized to handle the required flow of hydrogen for 24 hours in the case of on
site production or for 7 days for hydrogen suppliedsitif. For scerréos 6 and 7, the storage is
specifically sized and described later.

Clearly enough, the differences in terms of power source, power to the boiler and hydrogen supply to
the system affect the economics, environmental impact and safety aspect associated with the entire

biomassto-GVL process system.

Table28: Summary of scenarios defined according to electrical, thepmakrand hydrogersupply

ELECTRICAL power HEAT power HYDROGEN
SCENARIO 1 POWER GRID Natural gasBOILER SUPPLIED(off-site)
SCENARIO 2 POWER GRID BiomassBOILER SUPPLIED (offsite)
SCENARIO 3 POWER GRID Natural gasBOILER Water ELECTROLYSIS
SCENARIO 4 POWER GRID BiomassBOILER Water ELECTROLYSIS
SCENARIO 5 POWER GRID ElectricBOILER Water ELECTROLYSIS
SCENARIO 6 WIND TURBINES ElectricBOILER Water ELECTROLYSIS
SCENARIO 7 WIND TURBINES BiomassBOILER Water ELECTROLYSIS
Stream: ——e—m —_—
Hydrogen Electricity LC-Biomass Natural Gas
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Fig. 53: Figurative representation of scenarios including procssstionsand energyand materialsupplystreams
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5.2.7 Conceptual design of the integration system for electricity and

hydrogen from RES

For the scenarios in which the wind potential, through the use of wind turbines, is exploited in order to
integrate the production of renewable electricity and hydrogamgthodology was developéd order
to design theoptimal energyhydrogensystem in terms of the size of the wind farm, electrolysis
modules, fuel cells and hydrogen storage to sustain the demand of electricity and hydrogen of the
biorefinery process to GVIDefined the process to be integrated, its energy demands and the potentiality
of RES in the site, together with the optimal renewadiergy converter technologyg,, WT), the
design of the RESystem is strongly dependent on the number of WTs, directly related to the power
generation, and the size of the hydrogen storage, related to the hydrogem lsyskemDue to the
seasonality of wind potential, the storage system must be dimensioned to stack enough hydrogen as
reserve energy carrier to cover the hydrogen demand for the process and the negative net power phases
The optimal system design is evaluated by defining an objective function dependent on the number of
WTs and the hydrogen storage inventory, and which has as its output variable to beedinina
technology variable indicating the percentage of the required electricity supplied from th€herid
variable will have a nozero value if the designed configuration, in terms of wind farm and hydrogen
storagesystem is unable to meet the energy demand of the prpceshe system is not energetically
selfsufficient and must therefore draw from the gfitlis variable can also be expressed in terms of
the time interval over the annual working hours, net of plant shutdown hours, in which hydrogen storage
does not satisfy energy demamad shown in the expressi(iqg. 5.6):

Bobdowag m 0 7

o) b "TQ - P 1 Eq.56
o 7

Where the variabl® o 6y indicates the hourly value of hydrogen accumulation in the storage system,
and depending on the productidamand flovg of hydrogen during the operati of the plant

Assuming that shutdown and maintenance times are scheduled during the negative power phases, the
objective function determines for each storage size the minimum number of turbines that results in a
value of the variable less than or equal to zero, i.¢ hidminsufficient hydrogen storage for a number

of annual hours less than or equal to the number of plant shutdown hours

As shown inFig. 54, in the design of the integrated systdime storage and wind plasizesare
iteratively varied in order to find the best combination that minimize the objective furibgfined a
suitable range of variation ftine storage size, accounted from 2000 tons up to 15000 tons of hydrogen;
for each storagsize, the number of Wslcanrangefrom O, extreme condition in which the plant is grid
dependentto 35 maximum number of devicemnsideringa landconstrain.The maximum number of

WTs was evaluated by consideriageasonable area for wind faimstallationof 5 kn? andthe main
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inter distance between devices of 5 times the rotor dianteteptimize the placement of WTS863].

Fixed the storage size, for each number of WTs the power output is evaluated based on the power curve
of the WT and the number of devices, and deducted from the power demand which is hourly constant.
Consequently, in case of positive net power, the surplaatpfitpower isfedto the AEL modules and
converted infipositiv®d ma s s hiydrogen(H28 by using a linear correlation based on the
specificationcapacityof the AEL module (i.e. efficiency ratgnd assuming a production capacity
dynamic rangeof 100 % of the flow rangeon the other hand, for negative net power this value is
converted negativet emanss off | diw 2)obasedhon itk ldVgaadithe Effitiency of

the PEMFCBased on the hydrogen mass flow, the variable accumulation is dbfirted sum of the

positive and negative hydrogen flows. Given the wind potential seasonality, wind data analysis for
power generation are considered starting from the winter season (Dedezbbeary)n which higher

wind speeds determine higheovger surpluppr odu c t positved hydr oden mass fl o
increasing average trend of the accumulation variable. The level of hydrogen storage therefore fluctuates
to the extent of the positive and negative hydrogen flows, but the maximum storage value is given by
the set storage @zTherefore, once the maximum storage capacity has been reached, the additional
positive hydrogen flows are accounted for as outflows from the storage system and as a potential market
product that together with the G\dontributes to the initiative's incom@onsequentlythe capacity for

For each Storage size

for STORAGE =
[2000,...,15000]

i
‘ for n = [0:35] I
v

Ppet (t)= Pprﬂd(n,PC (v)) - Pgenlt)

considered

N° of WT is varied
between 0 and 35

Net power evaluation

l

Positive Net-power
residue is converted e Ho—
te hydregen through

AEL

Negative Net-power is
expressed as hydrogen-
flow consumed in the
FEMFC

Hy = fpm1 (Ppet (t)) ‘ Hy = fprmrc (Pnet (t)) ‘

v

Evaluation of hydrogen

storage and its market
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AccH, (k) = AccH, (k-1) +H, (k) | AccH, (k)= AccH, (k-1)
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It(AccH, (k) ) <360h

v

Target variable for

self-sustaining |
configuration

Yes

%Energy-GRID —» 0 |

Fig. 54: Flow chart of the optimal design algorithm for the wind famgdrogen energy storage configuration, minimising
objective function represented by the parameter %EnRegrigly
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the AELs modules is designed by considering the maximum stopipsit power absorbed, plus the

power demand for hydrogeeagent productigrand for the FCs modules by considering the power
demand of the process.

For each storage size considered, the objective function iterates on the number of WTs up to find the
minimum one which mininzeto zeratheshare of power needed from the gadeach hydrogen storage

size and determine the size capacity of AEL and FC modules.

For each process size (2 and 4 kt/y), the combinations of storage and wind plant size are then assessed
through the sustainability indicators, primarily through the economic ones to highlight the effects of the
system sizes on the profitability of the iattve.
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5.2.8 Sustainability Assessmenand Key Performance Indicators (KPIs)

Once theoptimized process scheme and the different scenarios considered have been defined, the
sustainability assessment is carried out by meanPRis representing scenarios economics,

environmental impacts and process safety.

5.2.8.1 EconomicKPI s

The economic analysis of the scenarios was based omavseconomicKPls: the levelized cost of
product {COP) and the NePresen¥alue NPV). The Levelrzed cost of product represents the averaged
production cost of the produper unitover the lifetime of the production scheme and it is defined as

follows:
o 6800® —g “io‘”
000 u— Eq. 5.7
v Q B V)

Where CAPEX and OPEX atthe capital investment and annual operating costs, discounted by the
discount rate referred to the #th year N is the lifetime of the plan®;is the annual production of the
product ith in term kg/y While, given the definition of LCOP, the most profitable scenarios consider
lower production costs per unit of output, the NPV indicator allows us to define the profit value
generated by an initiative over its lifetime and, therefore, the objective amtider the scenario that
maximizest. By definition, NPV is expressed as follows:
0
p
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WhereFis the cash flow /) generated by the scheme ktimyear discounted with the rate while

| ( uig the initial capital investmenT.he Cash Flow 4th is calculated on the basis of the net profit
before taxation, given by-th revenue reduced by annual operating expenses (OPEX) and depreciation,
which multiplied by the taxation rate generates the net profit after taxation irthityear, and to which

is added back the share of depreciatidre depreciation is a narash charge reported as an expense in
order to reduce income for taxation purposes; in this case, the depreciation is evaluated by the straight
line method and annuallyxed to 4% of the fixed capital investment (F{3%4]. The discount rate is
assumed to be 8 %, aseragevalue forbiomassapplication processes and new energy installations
[365,366] The value of discount rates for new technologies is subject to a certain degree of uncertainty
due to the perception of risk associated with the investment and dependent on the level of maturity of
the technologyWhile the perceived risk associated withahrore wind energy is generally low, making

the discount rate between 7 and 10réferred ta2011data[367], and between 5.506. 75 % in 2018

[368], that associated with the use of biomass bio-energyuse3 and hydrogen technologies is
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relatively higherwith a range of 913 %for biomas4367]. Based on that, several techagalysis and

economic reports considers a value of 8 % as a real good compromise value of discount rate for new
technologieg180,365,366,369,370he Internal Rate of Return (IRR) is also evaluated to determine

the attractiveness of the investment; the IRR is the value of the discount rate corresporading to
cumulativeNPV-zero at the end of the plant's life, therefore it represents the highadat that justifies

the investment.

The economic analysis is conducted considering a plant lifetime of 25 wéthra construction period

of 2-years, assuming the FCI spent over the construction periodB®#thand 20%first (year 1) and
secondyear (year 0), respectively. The plant opesatecontinuous for 8400/yconsidering two weeks

per year of annual shutdown and maintenambe. fixed capital investmefiibr the GVL-production

unit operationsas described in the intensified flowshdetestimated by the use of Aspen Process
Econonic Analyzer(APEA) [371]. After a preliminary design, the software is dise determine the
equipment and installation cost for each process equipment (heat exchangers, columns, agitated
reacbrs, separators, etcgxcluding equipment for utility fluidior which costsarebasedon supplier

or literature dataCo st a d | ussdwere petfosmed by codsiderirmgirrencyconversion rates

CEPCI valuegCEPCho2,816.5[372]) and Location factor (). of 1.13for Francesite, considering the

baseline reference location in US, Gulf Coast ref#6d]. The capital cost is determidécluding the

Direct Costs: equipment and setting, piping, civil and structural cost, instrumentation and controls,
electrical equipment and materials, insulation, paint; Indirect Field Costs: engineering and supervision,
commissioning,construction expensesfringe benefits, burdens, insurance, scaffolding, equipment
rental, field services, temporary constructions, etc.; Indirect-leldl Costs: taxes and permits,
engineering, contingency, general and administrative esgs¢873,374] Depending on the type of
scenario, the fixed costs are also added to the costs of purchasing and installing wind turbines,
electrolysis cells, fuel cells and hydrogen storage.

The Total Capital Investment (TCI) is defined symming to the fixed capital investment (FCI), the
Working capital (WC), which represents the additional expenditure required to start up the plant and run

it until it starts producing income, generally estimated as two months of operatinfg6d$tand Start

up Capital(STC) assumed as 8 % of FCI (typical rang&080) and it considers modifications and
changes frequently made after the construction plant in ordeax@nizethe operativity of the plant

[375]. In some scenarios, the total capital invested is reduced through the application of special state
incentives as part of tlteecarbonizatioplan for industry and investment in renewable energy and green
hydrogen i mplemented by the chkranceli80 Fneeshmgoti er
[376]. In thedocument on project calls for investments in the renewable energy sector, state incentives
are presented and can be granted on new investments to integrate the use of renewable energies (use of
wind turbines, bi orramace 20301 AR Br &g &, AetLd.I)NVESBTI SSE
LOOFFRE | NDUSTRI ELLE DES E NE®G|speSficaRy: tNeOedpérisesABL ES

eligible for incentives are those related to investment in new equipment, and are setfat B&iostry
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with annualbusiness turnovdower thanl0 M G per yar, 25 % under50 M G per year and 15 % for

over businessTherefore, the analysis for Scenario 6 and 7 includes also the incentives, evaluated on the
basis of the installation cost of the equipment.

The annual operating cost (OPEX) is defined by the sum of the variable opergtengses (VOE),

fixed operating expenses (FOE) and general operating expenses (&ME3l variable quote of
expenses accounts the cost of raw materials, uti(hiesting and cooling systemsgtalysts makeup,
wastewater treatments and waste disposal. Fixed expenses ctresidenual cost of operatitapor,

estimated consideringl operators per shift, one for each process section (solvolysis section;
hydrogenation seittn; solvent regeneration section; hydrogen production sectoshifts,and with
remuneration of3 2 Ber hour referred to Francéabor cost in 2022[378]; maintenancegenerally
considered as 3% FCI except for some specific equignopetating supplies; patents and royalties;
overheads (plant and payroll); local taxes; insurance. Then, the general exqgiemadd the cost of
administrationgdistribution and selling.

In the raw material cost evaluation, the cost of fructose supply is considered by reporting the literature
cost for fructose derived from waste biomass; with a view to considering a continuous value chain from
raw biomass to GVL, even though the fructosedpction step was not included in this technology
designIn the absence of data from the literature on costs related to the production of pure fructose from
LCB biomass, a cost of US$747/ton was assumed from the work of Kwaifi3eBhtelated to the
production of a high concentration fructose syrup obtained from waste biohsscost item is,
however, indirectly discounted by the avoided cost of disposal of biomass needed to produce fructose,
which averages 76.5 Uu/ton (consi dertheagoidediost pos al
of disposal index is shown with a negative digthe cost item related to waste dispoBalk. the price

of hydrogen and GVL, a market range, updated to 2022, was reported so as to laxte evarket
consistent minimum sales prices in the analygiecifically, for GVL, the most ufp-date price range

in the literature considers a price between $1.25 and $3.88/kg carried forward to 2019; this range was
updated by changing the upper price limit through CER£tesulting in an increase to $5.25/kgpr
hydrogen, on the other hand, t he cost of8kpr oduct
reported in 2020; the rise in the cost of natural gas in-2022 led to a hike in theost of hydrogen
production to u4.8/ kg at the end of 2021. Consi
distribution, such as through fueling stations, the final cost may rise further-69%0For these

reasons, the cost of hydrogenisinthege of 4.87 . 6 5 G/ kg jasshowmidableadn al ysi s
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Table29: Cost assumptions fapecificprocess items
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Cost item in FCI Ref.
Wind Turbine
1 Installed equip. cost $1500/kW [379]
1 Operating cost $43/KWA
Alkaline Electrolyzer (AEL)
1 Installed equip. cost $750/kW
_ _ [180,3%2]
1 Operating cost $15/kWAl (2% of Equip. cost)
9 Stack replacement cost $340/kW
PEM Fuel Cell (PEMFC)
1 Installed equip. cost $2200/kW
1 Operating and maintenance cost $33/kWA (1.5% ofEquip. Cost) [358]
9 Stack replacement cost $1100/kW
Storage and Compression Hydrogen systen
71 Installed equip. cost $786/kgh [167,357]
§ Operating cost $24/kgHA
Standby Battery
1 Installed equip. cost $1200kW [380]
9 Operating cost 3% of capital equip. investment
Table30: Cost assumptions fahemicals, catalysts, and utility.
Cost raw materials and catalyst Ref.
Chemicals
1 Fructose $7471t [323]
1 Butanol $1205/t [381]
1 GVL $1.255.25/kg [382]
1 Hydrogen $5.058.05/kg [383,384]
Catalyst:
1 Amberlite IR120 (Hform) $63/kg [385,386]
1 Ru/C $5.7/g [387]
1 Alumina $25/kg [388]
1 DHT-4A $8/kg [389]
Utilities:
1 Electricity 0.127 04/ kWh [390]
1 Natural-gas 0.073 0/ kWh [391]




1 Biomass 0.027 0/ kWh [392]
Other utilities

{1 Chilled water $0.08/n?

1 Cooling water (Tower water) $0.03/n¢ [364]

1 Steam $0.0145/kg

1 Refrigerant fluid (Propane) 1%-Capex Refr.system

Table31: Assumptions employed in economic indicators analysis.

Evaluation year 2022 Ref.
Plant lifetime 25 years [393]
Construction period 3 years [393]
Working capital 7/8 weeks of operating costs [364]
Startup capital 8% of fixed capital investment [375]
Discount rate 8% [365,366]
Taxation 20% [299]
Operating Expenses
Waste disposal $1.5/ton [364]
N° operator/shift 4 operators per shift [393]
Labor cost 32 (hi 2080 hly [378]
Maintenance 3% of FCI [375]
Operating supplies 15 % of maintenance cost [375]
Patents and Royalties 1 % of total operating expenses [375]
Overheads 10 % of sum of labor and maintenance cc  [364]
Local taxes 1 % of FCI [375]
Insurance 1 % of FCI [375]
Administration 25 % of labor cost [375]
Distribution and Selling 5 % of operating expenses [375]

5.2.8.2 Environmental impact KPIs

Currently, thedecarbonizationof hardto-abate industrial sectors and the reduction of the fossil
contribution in the energy mix is high on the agenda of the investment plan in France, and in Europe in
general, in view of the carbereutrality targets and because the most criticairenmental concern
identified for these sectors is their contribution to global warming from greenhouse gas (GHG)

emissions.In this context, the sustainable exploitation of renewable resources and the market

132




introduction of biorefineries and integrated bioenergy systems represent the main challenge and,
although they are perceived as having a positive effect on the environment, the assessment of other
parameters, besides greenhouse gas emissions, such aserespletion, ecotoxicity, and land use, is
necessarjl2,394] However, these effects are less critical since the biomass resource considered in this
study for bieconversion and bienergy is residual waste and difficult to evaluate at the current level of
analysis[365]. On the other hand, the environmental impact analysis that is carried out in this
investigation is a comparative assessment among the scenarios considered, i.e. related to the integration
of fossil and/or renewable resources for energy and hydrogen padircthe GVL process, of which

the impact of the biomass conversion process itself is constant among all scenarios and therefore not
considered in the analysis. Furthermore, as indicates in the works of Steinmanh38bjaand
Huijbregts et aJ396], fossil greenhouse gas indicators also provide insight into other environmental
impact categoriege.g. resource depletion, acidificatiosjpcethey are all roughly proportional to the
energy demand of the systefhe effect of greenhouse gas emissions is based on the global warming
potential (GWP) and quantified in terms of tons of @&Quivalents. The levelized greenhouse gas
emission (GHG) was adopted as key environmental indicator and defined as follows:

T -
b ‘oo 2 Yh 070 Or Eq. 5.9

(0} L
"000; 000 ; 000 Q00 0 J0 Eq.5.10

This indicator represents the emissio,eq per unit of product, throudh that indicates the hourly
production of the-th product, expressed in tons/h. At the numerer sum othe emissions of the

units, expressed as sum of the fossil and biogearizoncontributions. Each contribution is estimated

by an emission factdr representing the G@quivalents emitted per unit product, and the quantity of
productF. The biogenic carbon contribution is accounted, separately from the fossil one, in order to
guantified the effect of combustion or decomposition of biologidadlyed material, i.e. LCB biomass,

in the scenarios in which it is used as-bitergy sourceBiomass is generally indicated as a carbon
neutral sourcedue to the fact that the amount of carbon emission during its combustion is almost
compensated by the same amount of carbon fixed through photosynthesis during the its growing phase;
in this case, n&€O, compensation effect is considered since the biomass, during its growth phase, is
outside the system boundaries of the analysis. All emission factors are repoitablar32. The
electricity emission index is based on the emissions of the French electricity grid if3B20R2as it

directly depends on the country's energy mix, while for the other factors, databases, commercial
documents and data from literature are u$éeé.biogenic carbon footprint of biomass for energy use is
derived from the work of Cherubini et[897]in which a range of-20 gCO2eq/MJ of greenhouse gas
emissions from biomass for heat generation is gividme v al ue of 0.18 GWP,
tonCO2eq/kWh, is used considering the effect of a biomass wittyag8@rop cycle rotatiof398,399]
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The carbon footprint of equipment and systems that differ between scenarios were taken into account;
the carbon footprintof turbinesfor kWh of renewable electricityproducedis derived from the
manufacturer's own turbine ldgycle analysig400], while the effect of AEL and FC from literature
data[401,402] For hydrogen storage, the effect of carbon expressed ge2 lggored is derived from

the work of Bhandari et §851] and accounts for 18% of the GWP of wind electrolysis.

Table32 Emission factor foenvironmental impact analysis

Emission factor
Source Ref.
ton-COeq/kWh ton-CO.eq/kgH:2
Electricity 8.4040° 1.6840° [347]
Natural gas (Fuel) 1.8140* 3.6240° [403]
Biomass (Fuel) 341A0° 6.6040° [397]
Hydrogen 4.9540* 9.8940° [404]
wind turbine 7.0040°6 1.4040* [400]
Alkaline electrolyer 2.0040°6 4.0040° [401]
Fuel cell 1.72A0° 3.44A0* [402]
Storage tank 1.9840° 3.9540° [351]
Grid Elect. il;]]]]ifd Ji: I:Te‘;z'
Life cycle emission Grid Elect. )
for kWh prodge. [

WTs section

Fig. 55: System boundary for emission contributions for each process section.

The calculation of the defined index was evaluated by allocating the emission contributions for each
product of the different sections of the configuration: GVL, hydrogen and elect(figy 55).
Depending on the scenario assessed, different contributions to emissions are accounted for, depending
on whether the product is supplied externally or producesitenWhen comparing scenarios;ite
production of electricity and/or hydrogen atsansiderghe contribution given by the life cycle of the
equipment involvedAs the process scheme for producing GVL from fructose is common to all

scenarios, its contribution is not accounted for in the comparative analysis.
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5.2.8.3 Inherent SafetyKPls

The sustainability assessment cannot disregard the safety analysis as social pillar of sustainability and
related also to the societal acceptability of new process technolBgpesfining processes involving
biomass or renewable energy resources gamerally perceived as safer, or even riske, than
traditional processes involving oil derivatives, although they present specific criticaitason

Moreno et a[405] highlighted the increase in the number of serious accidents in the bioenergy sector
and in the feedstock supply chagmphasizinghe importance of increasing risk awareness in the
bioenergy and biorefinery sect¢405,406] In this context, iherentsafety (IS) is becoming a
widespread tool in process risk managenf@mew technologiesespecially for risk assessment in early
process and plant design stadscent works apply IS principles to new-ézhnologies such as biogas
production [407], bio-diesel production[223], and hybridenergy system with renewable energy
integration presenting assessment tools based inherent safety dfikersoncept of the inherent safety
consists in reduce, or possibly eliminate, the hazard associated to a specific process during its design
and operation, by minimizing the quantities of hazardous chemicals, or substituting them with less
hazardous onedyy mitigating the process conditions and simplifying the process design reducing
possibilities of failuresTo assure systemic tools fassessing the inherent safety of new technologies,
specific metrics based on Key Performance Indicators (KPIs) have been developed, such as the one
proposed by Tugnoli et g408], initially conceived for the hydrogeenergy system and then further
developed as in the work of Scarponi et al. where the set of KPIs was extended to include hazard
specificity in terms of flammability and toxicity for biogas production inherent spf6f]. Thebased
methodology ISKPlIs is thereforea generally valid andpplicablemetric for evaluating the inherent

safety ofanytechnological processes and comparing thenmpaglaminary design stage.

The set of KPIs proposed by Scarponi etf@é7] are applied in this investigation to evaluated the
inherent safety of the production process of GVL from fructose, including the hyebaged and wind

energy integrated system.

Defined the reference process scheme as preliminary §8iJeP 0) the ISKPIs methodology
considers the identification of the critical operation units (RS3EP 1) i.e major hazard equipment
(MHE). For each PU, a set of credible loss of containment (LOCS) is assigned (STEP 2) based on the
process unit inventory (PUI), expressed ihand the maximum flow rate@ (m®/s) of the ith inlet or

outletstream to the unit considered.
0 Y'O& dw P Yim Eq. 5.11

In case the expressiqkqg. 5.11) is verified, the PU inventory is identified as the most critical hazard
factor and Type 1, 2 and 3 LOCs are assigned. On the contrary, if the maximum volumetric flow rate at
the unit for a time of 3 minutes is greater, the criticality is associated witthoth rates and not with

the inventory, and LOC Type 4 and 5 are assighesk of Containment are defined according to Purple
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Book [409] as follows: LOC1: small leak, continuous release from a 10 mm equivalent diameter hole;
LOC2: catastrophic rupture, release of the entire inventory in 600 s; LOCS3: catastrophic rupture,
instantaneous release of the entire inventory; LOC4: pipe leaknaons release from a hole having

10% of pipe diameter; LOCS5: pipe rupture, continuous release from tHmofellpipe A credit factor

(Cy) is assigned to each type of LOGTEP 3) representativef the expected probability of occurrence

and expressed agarly frequencies. Frequencies are derived from literdfifarple Book) [409]

based on baseline values for equipment fasluF®r each LOCs, a set of reference scenario are
considered by means of event tree (SAERonsidering the approach proposed in the Methodology for

the Identification of Major Accident Hazar@#10]. The methodology considers then the estimation of
damage distancé®; (DDs) for each referendeh scenarios identifiedreferred to the-jh LOCs and

for the kth PU(STEP5)based on t he mo ¥eldwdook[élp]dDanmageddistannest he A
represent the maximum distance at which the effect of the considered scenario corresponds to a specific
threshold value, reported rable 33, which is specific for each dangerous consequence (i.e. exposure

to irradiation, overpressure, toxic concentration) considering human t34§512108] and target

equipment, specifically atmospheric gmessurized

Table33: Threshold Values assumed for the evaluation of damage distances

Dangerous Phenomena Threshold value for Threshold value for
human target Equipment (Domino effect)
Poolire 7 kWiny 15- 50 kW/n?
Jetfire 7 kWiny 15- 50 kW/m?
Fireball 7 kWiny n.a.
Flashfire Y LFL n.a.
Physical explosion 14 kPa 16- 22 kPa
Vapor cloud explosion 14 kPa 16- 22 kPa
Toxic exposure IDLH n.a.

Based on the DD calculated, the set 6KI® is determined considering differéntlexes as reported

in Table34. Where the'YO {Onit Potential hazard indeéx m? represents the maximum impact area
considering the worstase scenarios associated to ttieRU, since it is defined as the maximum among
the squaresf the damage distanc&;; for the LOCs assigned for the¢hi PU. The indeXY O"QJnit
Inherent hazard indeixm?/y) accounts also the probability of the scenarios, considering the sum of the
squares of the damage distances, each multiplied bgpiefic credit factorln order toaccount
separately toxicand flammabilityhazard, the unit flammability hazard ind&&O"0&nd the unit toxic
hazard indexXY"Y'O#Pe defined; by consideririg the first one only damage distané@s; from fire

and explosion scenarios, and in the second one the damage distgnéestoxic cloud scenarios. In

case, the inherent safety analysis is extended to the overall process scheme, e@&ialiniay be
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evaluated by considerindor all the process units of the scherttee sum of Y0 "@r the Overall
Potential Hazard Index ()Qthe sum of "Y'O'@r the Overall Inherent Hazard Indé®©{Qthe sum of
"y O'Of@r the Overall Flammability Inherent Hazard Ind&'Qy/@nd the sum ofY"Y'Of@ the Overall

Toxicity InherentHazard Index"(Y’'O0
Table34: InherentSafety Key Performance Indicators (KPIs)

Indicators

"Y0 "OUnit potential hazard index @n YO 0 & OO, Eq. 5.12
"Y"O'©Unit inherent hazard index fy) Y00 0 i O Eq. 5.13
"Y"O'Q"@nit flammable inherent hazard index¥y) Y000 6 f OQ Eq. 5.14
Y“Y'Q"Onit toxic inherent hazard index &) Y'YOO 6 fp Dj Eq. 5.15
0 "DOverall potential hazard index gn 00 YOO Eq. 5.16
"O"0 Overall inherent hazard index {y) ‘00 Y'0'0 Eq. 5.17
"O"0"0Overallflammable inherent hazard index¥) 000 Y000 Eq. 5.18
"Y"O"OO0veralltoxic inherent hazard index {fy) YOO TY'YOO Eg. 5.19

On the basis of the indices presented, the different scenarios were conservatively evaluated by
considering the reference process scheme with the largest production size (4 kt/y of GVL), given the
largest inventory of substances compared with the smpleséss size at equal process condstitm
particular, the inherent safety analysis is carried out by segmenting the overall process in the GVL
production section, common to all the scenarios, and the plant section dedicated to the production,
managing ad storage of hydrogen that is the diversifying element among the scenarios considered. In
terms of potential hazardous substances, butanol, GVL, and hydaogehe substances present in
larger inventories in both process sections; the presence of hydrogen in thgr@Niction section is

mainly limited to the hydrogenation reactélthough preregistered since 2010, GVL is missing
REACH registration[127], and flammability and toxi@ata still unknown or insufficieh making
unfeasible the application of the methodology to assess the damage distances for this coRgronent.
this reason, certain assumptions have been made for the sake of simplicity, given in some scenarios
more conservative resultsutanolis assumeas reference substanicethe inventory of process units,
considering thenly inventory of butandlor the calculation of damage distances from flammability and
toxicity scenarios for procesaits where butanol is the only component or in mixture with-non
hazardous componenisstead for process units in which butanol is in mixture with athbstances

with unknown hazard properties lpgtentially flammableas GVL, BL, and BRhe overall inventory
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is used for flammabilinderived scenario, assuming the flammability properties of butanol for the
overall mixture, andhe inventory otbutanolonly is used to evaluated toxitamagedistancesSince

butanol is therefore considered the reference component in the analysis, process units without butanol
are not classifieds major hazard equipgent and not accounted in the methodoldgstead, the analysis

refers to the hydrogen inventory for the process units used to produce and handle it and the
hydrogendbn reactor in which the hydrogen occupies the gas volume and is partially solubilized in the
liquid phaseFig. 56 shows the main process units considered in the analysis, whose hazard is associated
with butanol (except for the CRM.01 reactor whose criticality is associated with the presence of

hydrogen in the reactor gas phase

‘ Reb-101

Fig. 56: The critical PusMHE highlighted in the simplified diagram of the GVL production process.

In the hydrogen production and management section, the criticality due to the hazardous nature of
hydrogen is mainly highlighted in the alkaline stack and the associated buffer tank, the fuel cell stack,
and the compression system and storage tanks, eoingjcthe different storage sizes per type of

scenario.
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5.2.8.40verall Sustainability Index: Normalization, Weighting and Aggregation

The sustainability analysis, through the indices defined above according to the pillars: economic,
environmental, social, can be further developed by means of aanitdtia decision analysis (MCDA),

which on the basis of a decisiomaking process allows the evaluation of weighting factors specific to
each index and necessary for aggregation intovamath index, allowing a clearer reading of the
assessment.

The index weighting and aggregation phases are preceded by a normalization step. In fact, the
normalization of sustainability indices is a necessary precursor stage ircritetia decision analysis,

as showrin Fig. 57. The normalization phase allows a sustainability indicator to be transformed into a
nortdimensional value between zero and one through comparison with a sustainable reference level
[4127414]. Among the different normalization methods, such as ratio normalizatiesgor2
normalization, unit equivalence normalization, and target normalization to the intervdéfih}]]an

internal normalizatiorwas performed in this analysis by considering for each type of index the
maximum among the compared scenarios as the reference targgétélue

The nondimensional sulindicators () of sustainability for the three perspectives, ranging between
zero and one, are determined by comparing the absoist@inability subindicators (YY) with the target

values (Y ) that correspond to the maximum values of theisdizators between scenarios. A Ron
dimensional sutindicator is calculated, as follows:

wv > 4 A¥a)
OF R 0@ B G O® Eq. 5.20
WhR
STEP 1
Normalization
STEP 2
- Ratio normalization Weighting
- Targetscaling STEP 3
- Equal Weighting .
- Individualist Aggregation
: Elgalltarljlgrl - Weighted arithmetic
ierarchis mean (WAM)
- Weighted geometric
mean (WGM)

Aggregated Sustainability Index (ASI) ‘

Fig. 57: lllustration of the different stages of the sustainability indealysis
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Following normalisation is the weighting phates weighting is typicallperformed using the Analytic

Hierarchy Process methddHP) [218]. Given a set of alternatives to compare, the AHP uses pairwise

comparisons to evaluate the performance of the alternatives on the indicators (scoring) and between the

indicators themselves (weighting). The evaluation of the weights is carried out asth@bpriority

coefficients, with respect to tirpacereceptor dimensions, and for different profilesdafcision

makers or stakeholdej218,220] To consider potentially different priorities, three different theoretical

stakeholder profiles, as defined by Cultural Theory (Cafg usually consideredin practical

applicationsIndividualist, Hierarchist, and Egalitarig221,412,417,418]

In the CT, the different stakeholder profiles are identified through two different positions (high or low

priority) on the ¢rid' scale in one dimension and on theoup scale in the other dimensioalso

interpretable as "ecosystem" receptor the first and "humans" the second. In fact, the grid dimension

represents the structures of society, such as legislation, rules and regulations, while the other dimension

represents the emphasis on relationshiipis otherg[417].

The individualist perspective is oriented towards -selking and is not interested in intend

intragenerational equity. Therefore, indicators are evaluated from a local andesmoperspective.

The individualist view of nature is one of resiliemdaabundant nature, which results in a concern for

human over ecosystem receptfats7,418]

In contrast, the egalitarian perspective is concerned with enterintragenerational equity, showing a

long-term and global perspective. The egalitarian view of nature as fragile leads to concern for

ecosystem receptof417,418]

More moderate, and preferable, is the hierarchical perspective that believes nature and natural resources

can be managed within certain limits. It considers both the ecosystem and human receptor and leads to

a balanced approach to decisioaking, based onegotiation and compromi$417,418]

Based on the definitions of each of the three stakeholder profiles, they can be considered to have
More focus on Grid/Ecosystem different priorities with respect to the dimensions of

sustainability, as shown ifable35 andFig. 58, and it

is therefore possible to assign a specific weight value

E Egualitarian hErai)] 15_1 to the sustainability dimension according to the priority
5':; é considered by the social profile. As suggested by
é: W:ic;:iiln - § Ekener et aJ417], applied to a sustainability analysis
§ -%f for bio-fuels production, aveighting factorof 0.6 for

;% individualist g the F' dimension prioritized, 0.28 for thé%bne, and

0.12 for the 3, respectively, can be assigned to the

economic, environmental, and social dimension

wa3sAs033/pIIn UO SNI0J 5587

depending on the social profiles considgrEiR,417]
Fig. 58 Profile schematisatioof stakeholders in CT
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Table 35: Description of the different stakeholder profiles and corresponding priority among the sustainability perspectives
used in this study.

Individualist Egalitarian Hierarchist
Group (Human) Weak Strong Strong
Grid (Ecosystem) Strong Weak Strong
Receptor Human Ecosystem Human/Ecosystem
Nature view Stable and strong Fragile and unstable In equilibrium
Priority 1 Social Environmental Environmental
Priority 2 Economic Economic EconomicSocial
Priority 3 Environmental Social -

With respect to the indices presented in this analysisustainability perspectives on GVL production

are thus represented by the LCOP index for the economic pillar, LGHG for the environmental pillar,
and HI for the social pillaras shown inrable36. Theprioritization for the economic, environmental

and social perspectives was defined by asserting the environmental perspective in the ecosystem
dimension/receptor, while the econorsiacial perspectives related to the human dimension/receptor;

for this reason, in the "ldrarchical” profile where the receptors are both the ecosystem and hthmans,
weight was not assigned with the three factors indicated above but half was given to the environmental

index and the other half equally divided between the economic and inherent safety index.

Table36: Weighting coefficients for the different stakeholder profiles considered.

Individualist Egalitarian Hierarchist Equal Weighting
LCOP 0.28 0.28 0.25 0.33
LGHG 0.12 0.60 0.50 0.33
HI 0.60 0.12 0.25 0.33

In addition to these profiles, there is also the egueaghting method, in which weighting factors are
assigned equally among the indices. In some analysgsiet method is also added, in which a panel
of experts and stakeholders is consulted to assign and distribute the weighting22dta&2]

Comprehensive sustainability is assessed throudgtygregated Sustainabilityndex(ASI) determined
by aggregating the category indicators and their respective weights using linear or geometric aggregation

techniques. This leads to

5°YO OrD E1 O 0@ QU p Eq. 5.21
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wheren represents the number of categories in an evaluationvarggpresents the weight associated
with categoryj. The sum of the intecategory weights is equal to one regardless of the aggregation
procedure With the linear aggregation method, there is perfect substitutability and compensability
between all sulindices. This means that in the aggregation, low values of somdiabs are
compensated by high values of other-gutices. The arithmetic method is indgglent of extreme
differences between thalues of two sutindices, so if the distance between pairs of indices is different
but the mean value of the range is the same, the values of the aggregated indices of the two pairs are
equal.Unlike the arithmetic method, the geometric method does not create perfect compensability
between the values of the sintalices of the indicators; a low value of one-gndbex is not compensated

by that of other high suimdices in a linear manner, andglé because the geometric method considers
the differencedvaweenvalues of the suindices when aggregating the indicators. Therefore, if the
difference in subndex values is important, the geometric metbad bemore appropriatft13,414]
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5.3Resultsand discussion

5.3.1 Results ofthe conceptualdesign ofthe process andRES sysem

For Scenarios 6 and 7, in which the generation of electricity and hydrogen takes ptateevinth the
integration of renewable wind potential, the methodology for conceptual deSIBES systermis

applied to determine the size of wind turbjplant hydrogen storage, and consequerthctrolyzes
modulesand fuel cells, optimal for the plant's staaidne operation, i.e. with zero electricity demand to

the grid.

Matlab-R20234[335] was used teystematically solve the objective function by iteratively varying the

size for hydrogen storage and the number of wind devices in specific rangesiniize the variable

% energygrid; the conceptual design was performedooth productiorplant size considerednd for

both scenarios.

In addition to the wind power potential assessed through forecast data at the selected location and
coupkdwith the power curve of the selected converter, the pdeiandor each plant size considered

is a keyinput parameter in the methodology, as it is necessary for the evaluation of the wind turbine
numberand backup systemsize For the production size of 2 kt/ly of GVL, thenergy demand
considering the contribution of electrical demand and the energy demand from theysteaation

boiler separaly, are 1.7 and 1.89 MWh, respectively. Bmergy demantb the boiler is then converted

in full electricity in the scenarios in which an electrical boiler is employed (Scenario 6).

Fig. 59 shows the trends in the variation of the %Ene@&gid variable with increasing number of
turbines in each storage size categtng; smallest storage size is unable to independently manage the
backup of the system with a number of turbines below 35, for which number of devices still requires
3.99 % energy from the gridhe minimum number dlrbinesfor this sizeis 63, thus not fulfilling the

land constraint considered in the analyB@ larger storage sizes, the objective function is able to find

a first minimum of the output variable for turbine number values below the maximum exti@nia,

12, and 11 are the minimum number of WTs for sustaining the energy demand in Scenario 6 for storage
size categories of 5, 7.5, 10, and 15 tons pfrébpectively(Fig. 59-Table37). The trends show that as

the storage size increases, the minimum number of turbines decteaseshe greater storage capacity

and thus the better response to the hydrogen flows produced and the hydrogen flows required for the
backup system in the low wind phasésr each combination of storage and wind farm size, the size of
AEL-cell-modules and PEMuel-cell-modules are designed. Whereas the FCs sizes depends only on
the maximum power demand of the process and, therefore, independent from the number of WTs and
storage sizethe capacity of AELs is defined by the maximum power absorbed dpasigve wind

power phases and therefore the size of these modules increases as the number of wind devices installed

increases and decreases as the storage size increases.
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Fig. 59: Optimal configuration design Scenarie 8kty (A) variation of6EnergyGrid parameter as theumber of WTs vari

for different storage sizes (B) minimum number of WTs minimising the target term for each storage size

Table37: Equipment Design Configuration for Scenarid Broduction size 2 kt/y

Scenario 6i Production GVL size 2 ktly

Storage Capacity (t) 2 5 7.5 10 15
N° WTmin 63* 19 13 12 11
AEL (MW) 123 35 23 21 19
FC (MW) 36 3.6 36 36 36

Compared tdhe results of Scenarig the decrease in total electricity demand from 3.6 MW to 1.89
MW in the Scenario,7due to the production of heat for steam production from biomass consumed,
results in a clear reduction in the minimum number of WT for the storage ca(EBgp§0). In fact, for

this scenario, the smallest capacity sizediasadya lower minimum number of turbines than the upper
limit, specifically 11 devices are sufficient for sslistainability of the system with a storage capacity

of 2 tons of hydrogemas shown inTable 38. Increasing the storage capacity, the number of required
WTs decreases, up to a minimum number of 4 turbines for the biggest hydrogen cRpalciting the
potential of number of wind devices directly affects the capacities of the AEL system, which are lower

in this case due to the reduction of power surplus phases, from a capacity rangE28fM®V in
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Scenario 6 to 6:20.9 MW in Scenario 7; while the size of FC modules is reduced as result of the

reduced demand of power by the process scheme.

Table38: Equipment Design Configuration for Scenari® Production size 2 kt/y

Scenario 7i Production GVL size 2 ktly
Storage Capacity (t) 2 5 7.5 10 15
N° WTuin 11 6 5 5 4
AEL (MW) 20.9 10.9 8.9 8.9 6.9
FC (MW) 1.7 1.7 1.7 1.7 1.7
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Fig. 60: Optimal configuration design Scenaiie 2kty (A) variation ofcEnergyGrid parameter as theumber of WTs vari
for different storage sizes (B) minimum number of WTs minimising the target term for each storage size

The conceptual design of the integrated RES system has been performedpofodti®ionsize of 4

kt'y as well. Given the higher capacity of the plant, and consequently the higher energy demand
estimated at 6.73 MWh for Scenario 6 and 2.73 MWh for Scenario 7, where the energy to the boiler is
3.99 MWh obtained using biomaghke results of the methodology in terms of number of wind turbine
revealed mincreased range of variations for the minimum number of WT for the same storage capacities
consideredFor Scenario 6, storage capacities of less than 10t are not suitable to support the energy

demand with a wind farm with less than 35 WT; specifically, a minimum number of turbines of 73, 71,
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and 44 were obtained for 2, 5, and Tbs capacity, while the system can operate within the land
restrictions forl0- and 15tons storage(Fig. 61A,B-Table 39). Reducing the power demand as in
Scenario 7, the number of requested WTs drasticalllydbwn, considering already with the littlest
storage size a suitable number of 23 wind turbines, as well as, the capacities of AEL mbithlese
size up to 140 MW for Scenario 6 and ranged between 12 and 44 for Sce(f@go6lA 6 ,-TRlde

39).
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Fig. 61: Optimal configuration design Scenaricafd 7- 4kty (A-A Pvariation of%EnergyGrid parameter as the number of WTs varies for different storage siz@$Enimum number
WTs minimising the target term for each storage size

Table39: Equipment Design Configuration for Scenario 6 aridRroduction size 4 ktly

Storage Capacity (t)

N° WTwuin

AEL (MW)

FC (MW)

Scenario 6i Production GVL size 4 ktly Scenario 7i Production GVL size 4 ktly
10 15 2 5 7.5 10 15
34 24 23 9 8 8 7
62 41.9 44.2 16.2 14.2 14.2 12.2
6.73 6.73 2.73 2.73 2.73 2.73 2.73
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The methodology applied fahe conceptual design of integrated systems evaluated the optimal size
configurations for the different equipment in Scenarios 6 and 7. Specifically, the methodology has
indicated the need for a minimum storage of 5 tons with at least 19 turbines for thpr@¥ks size

of 2 ktly, and 10 tons as minimum storage needed with 34 turbines for the 4 kt/y scheme size for Scenario
6. In evaluating the configurations for Scenario 7, the methodology evidenced the suitability for process
energy seklsustainment purposdsr both process sizes of the smallest storage capacity among those
considered in the analysis: 2 tons, coupled with 11 and 23 turbines, respectively.

For the purpose of the conceptual design, the criterion of eneregusédiin was primarily considered:;

the evaluation of the optimal configurations and the effect of key system elements, such as storage size
and number of turbines, will be furthanalyzedby evaluating the other indices in this analysis, and

especially in light of the economic indicators.

5.3.2 Results ofthe economic analysis

The economic analysis was carried out on the scenarios described and based on the indicators presented
above. Specifically, the LCOP indicator was used to contpareost investment for usiproduced of

GVL and, secondary of +and electricity among the scenanmisen they are producen-site The cost

items for the individual equipment in terms of capital and related operating costs have been allocated
appropriately to the different plant sectidios the evaluation of the different levelized costeegy
production section, when it is producedste from wind energy, in which installation costs and O&M

costs of wind turbines are allocated; hydrogen production sectionnstdlation and operatingpsts

of AELs module and the storage quotdated to the excess of hydrogen sold as market protluet
remaining quota of storage capacity, i.e. the cost of the storagedtated to hydrogen stored as a
reagent and baelp fuel,is charged to GVL's investment, together with the capital and operating
investment of the plant, and the costs related to the-iyadkiel cell.On the other handhé indicator

NPV was employednsteadasa metric indicatorto assess and compare the economic profitability of

the different cases over a tirperiodof 10 years, i.econsidering the value of NPV to Y@arsof plant
operationasareference yedi365].

Besides the technological efficiency parameter, expressed in terms of percentage of energy from the
grid, the conceptual design of the optimal configuration for Scenarios 6 and 7 can be further developed

considering the effect of variation in storage size and number of turbines on the economic indices.

5.3.2.1 Results ofpreliminary design andcost estimation of GVL-process scheme

The preliminary design and capital cost estimation for all the process units were performed by Aspen
Process Econominalyser (APEA)371]for both production plant sizes; default design procedures are

implemented in the software in order to define a preliminary design for all the equipment in the process
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scheme, such as heat exchangers, distillation columns, condensers, reboilers, pumps, separation vessels
and reactors. For utilitpquipment, the sizing and cestaluation was based on commercial datasheets

and literature data.

Table40:Preliminary results economic evaluation: capital cost of the GVL scheme for production sizes 2 and 4 kt/y

SIZE-2ktly SIZE-4ktly
Equip. Cost Install. Cost Equip. Cost Install. Cost
($2019 ($2019 ($2019) ($2019)

Reactors 1.81A0° 6. 203 A 2. 305 A 6. 901 A
Heat Exchangers 9.954 (¢ 6.11A0° 1. 400 A 74340
Dist. Columns 7.44A0° 2.27A0° 1.2840° 29940
Separatvessels 7.2240 4.5340° 7.4840 4.57A0°
Pumps 1.0440° 1.97AC¢° 1.0640° 2.0%40°
Total Equip. Cost 1.2040° 4.1640P 1.8340° 5.0840°

Including:
1 Instrumentation (zB%-TCC)
Piping (320%TCC)
Electrical system (10%TCC)
Building (3-18% TCC)
Yard improv. (25%)
Services (0% TCC)
Land (£2%-TCC)
Engineering (£1%TCC)
Construction (4.6%TCC)
Contract 6€%0CC) f €
1 Contingency (5L15%TCC)
Total Capital CosTCC 10.640° 12A(0°
Total Capital CosTCC ( 2022) 15.540° 17.4A0°

=A =4 =4 =4 4 -4 4 -4 -4

In addition to the purchase and installation cost of the equipment, the software includesdiaabus
and indirect cost item3he overall value of the total capital invested is consistent with the percentage
ranges of the individual cost items in relation to the total cost reported by Petef8&i]al.

Increasing production capacity from 2 to 4 kt/y results in an increase of less tharc2dtgarinvested

capital, while raw material and catalyst expenses tend to double, as shbamea0 andTable41.

149



Table4l: Preliminary results economic evaluation: partial OPEX cost of the GVL scheme for production sizes 2 and 4 kt/y

SIZE-2ktly SIZE-4ktly
Raw Materials (u0u/ly)
Fructose 2.9640° 5. 806 A
Butanol 2.50A0° 5. 907 A
GVL 1.5040° 3.0040°
Catalyst (uly)
Amberlite IR120 4.8640° 9.2840°
Ru/C 4. 38 A 8. ®06 A
Alumina/DHT-4A 6.11AC° 1.0640°
Total 3.37AC° 6.7840°

At steadystate, the cost of solvents and reagentsafeatecycled in the process scheme, such as butanol,

is defined by considering the malkp cost and a staup cost corresponding to the nominal flow rate

for a 48hours duration time, the same for evaluating an initial cost for GVL as a solvent to the system.
For the catalyst, on the other hand, 10% of the catalyst is renewed every 6 months at a cost equivalent
to 20% of its original valug299]. Hydrogen will be considered in the raw material evaluation later as

its cost item depends on-gitu production or external supply and thus on the different configurations
considered in the analysis. Depending on the different scenarios considered|yhis af fixed capital

investment will include different cost elements due to the different configurations.
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5.3.2.2 Effect of parameters: wind farm size and storage system on economic indicators

Among all the optimal configurations defined in the conceptual design phase for Scenarios férand 7,
each plant size, the use of different wiadn and storage sizes has effects on the unit cost of the product
and the profitability of the initiative. For Scenario 6 considering the Z&W/\. size, the LCOP was
evaluated for different hydrogen storage capacities, excluding the 2t storage sizerr@sponds to a
high number of WTTable42):
1 The increase in storage capaditym 5 to 15 tonswith the corresponding reduction in terms of
minimum wind turbinesequired results in thencreaseof the levelized costs d¢fydrogen and
GVL; with range of variation of levelized cost from 3.68 to 4107 kogGVL and from 3.72
to 4.800 / forghydrogenThis is the result of a reduction in the flow of hydrogen sales and an
increase in invested capifalr higherstoragesizes
1 Considering the maximum land ushetincrease in the number of Wmtil the maximum
limit of 35, positively affectsthe levelized costs of the products for the same size of storage.
The maximization of the number of wind devices, and the subsequemidwghr production in
the power surplus phases, results in overproduction of hydrogen and a reduction in its unit
productioncost, which consequently affects the production cost of GVL.

Table42: LCOP values for Scenarioi62 kt/y GVL production size.

Scenario 6i 2kt/y %E-Grid = 0 LCOP ( 0/ MaxLlLand LCOP (ul
Storage Capacity (t) WT GVL H> WT GVL H>
2 >35 - - 35 - -
5 19 3.68 3.72 35 3.59 3.51
7.5 13 3.83 4.14 35 3.61 3.56
10 12 3.91 4.36 35 3.61 3.62
15 11 4.07 4.80 35 3.63 3.73

The effects on production costs resulting from variations of these technological parameter directly affect
the profitability of the initiative, which is determined partly by the costs incurred but mainly by the
revenue of the initiative-or this reasonhe economic indicator NPV at 10 years (indicated as NPV10)
wasconsideredor each configuration. Assuming thialue of NPV10 greater or equal to zero as if the
payback time of the initiative is at most 10 years for it to be-effsttive the minimum sdihg price

(SPwin) for GVL and B were evaluated and compdwith the actual market selling price.

Affected by LCOPsthe minimum selling prices are subject to increase as storage capacities increase
For the storage sizes of 7.5, 10 and 15 tom$thar respectiveminimumturbines, SR~ for GVL and

hydrogenare out of the market range, makithg capacity of5 tonsthe only suitable storage size
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terms of profitabilitywi t h a mi ni mum selling price of 4. 19
respectively Increasing the number of wind devices for each storage size, the trend of minimum prices
sees a lowering, especially for G\ls shown iTable43. This is closely linked to the maxigaation of
hydrogen production in configurations with a high number of turbines, and the shifting of the revenue
picture from GVL to hydrogeas main market product of the initiatives shown inFig. 62a andFig.

62b in which the values of NPV10 are displayed by varying the two selling prices for the configuration
5t-18WT and 5t35WT, the green area indicating the positive values of the indicator tends to widen as
the number of turbines increases, while when compaitbd-ig. 62c andrFig. 62d corresponding to the
7.5t13WT and 7.585WT configurations, the effect of increasing the storage size causes the area of

positivity of the index to regress.
Table43: SPninvalues for Scenario 62 kt/y GVL production size.

Scenario 6i 2ktly %E-Grid =0 SPun ( U/ k ¢ MaxLand SPRun ( U/ kg
Storage Capacity (t) WT GVL H> WT GVL H>
2 >35 - - 35 - -
5 19 4.19 6.95 35 2.39 6.55
7.5 13 >4.99 >7.65 35 249 6.65
10 12 >4.99 >7.65 35 2.79 6.75
15 11 >4.99 >7.65 35 3.19 6.95

The same trend in the variation of tbt@OPindicatorcan also be seen f8cenario Awith values of the

index clearly lower than irbcenario6 as shown inrable44. In this case, the smallest storage size is

also applicable to the system operation and with lower unit production cost values than for larger storage
capacities; furthermore, the increase in the number of wind devices also leads to a reduction in the
indicator for both GVL and hydrogeifhis effect is particularly visible when comparicgnfigurations

with minimum number of turbined-ig. 62a - Fig. 62c).

Scenario 6: 5t -18WT Scenario 6: 5t -35WT

(@ (b)

Fig. 62: NPV10 index value Scenario §expressed by colour) varying the price oflGAhd hydrogen(a) 5t18WT,(b) 5t-
35WT, (c) 7.543WT (d) 7.585WT.

152




















































































































































































































































































