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Biopaliva II. generace pro pohon spalovacich motori

Souhrn

Vyuzivani vysokoprocentnich smési alkoholt v zazehovych motorech ma pozitivni vliv
na celkové emise, ale zvySuje se spotieba paliva. Vyuzitim vysSich alkoholl se spotieba tolik
nezvysi a zaroveil je také dosazeno snizeni emisi. Misto bioethanolu se ukazuje vhodnéjsi
pouzit biobutanol, jelikoz ma vys§i vyhfevnost, je mozné ho za soucasné legislativy vice
pfimichavat do benzinu a je =zhlediska manipulace bezpecn€jsi. Vyroba alkohola
pfimichavanych do paliv se v souCasné dobé provadi kvaSenim jednoduchych cukria z
potravinaiské biomasy, ale vhodné&jsi variantou se ukazuje vyuziti lignocelul 6zového materialu,

pfip. odpadud. Tato technologie je narocnéjsi, nicméné do budoucna vhodnéjsi volbou.

Klic¢ova slova: paliva, bioethanol, biobutanol, odpady, benzin, spalovaci motor.



Biofuels II. generation for using in combustion engines

Summary

The use of high-percentage alcohol mixtures in petrol engines has a positive effect on
overall emissions, but fuel consumption increases. The use of higher alcohols does not increase
consumption that much and at the same time reduces emissions as well. Instead of bioethanol,
it turns out to be more suitable to use biobutanol, as it has a higher calorific value, it is possible
to mix it more into gasoline under current legislation and it is safer to handle. The production
of alcohols mixed into fuels is currently carried out by fermentation of simple sugars from food
biomass, but a more suitable variant is the use of lignocellulosic material, or waste. This

technology is a more demanding, but more suitable choice in the future.

Keywords: fuels, bioethanol, biobutanol, waste, gasoline, internal combustion engine.
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Uvod

Soucasna globalni situace vede k celospoleCenskému pfijimani faktu, ze je nutné
modernizovat zpusob ziskavani energie. Klimatické zmény a energeticka bezpecnost jsou
v poptedi zajmu jednotlivych narodl, coz ovliviluje socialni, ekonomicka i1 politicka
rozhodnuti. Proto je nutné se vice zaméfit na vyzkum a vyvoj inovativnich energetickych
alternativ, které maji potencial zabranit problémam s globalnimi zménami a energetickou
bezpecnosti.

Od prumyslové revoluce byly energetické pozadavky svéta napliiovany predevsim
spalovanim fosilnich paliv. V dasledku toho dochézelo k postupnému zvySovani emisi
sklenikovych plynt, coz mélo za nasledek fadu problému souvisejicich se zménou klimatu.
Prikladem muze byt naruSeni meteorologickych systémd, zvysSenych hladin mofi
a pobfeznich zaplav, ztraty biologické rozmanitosti a dopadi na lidské zdravi. Ve spojeni
s otazkami tykajicimi se zmény klimatu byla vénovana pozornost také Setfeni aktualniho
stavu tradi¢nich energetickych zasob a ukazuje se, ze i ty se postupné vycerpavaji. Rostouci
ceny fosilnich paliv a rostouci mezinarodni tlak na zmirfiovani zmén klimatu zdtraznily
nutnost hledani obnovitelného zdroje energie. Na zakladé teoretickych znalosti a praktickych
dikazti o dusledcich ziskaly obnovitelné energie v poslednim desetileti vyznamnou
pozornost.

Evropska unie ma uz mnoho let za cil vyuzivani alternativnich zdroji a snizovani emisi.
Jsou podporovany razné dotace a dariové podpory pro tyto iniciativy s cilem snizit zavislost
na neobnovitelnych zdrojich energie, at’ uz jde o vystavbu vétrnych nebo fotovoltaickych
elektraren, tak o vyuzivani alternativnich paliv v dopravé.

Pro pohon vozidel jsou v soucasnosti rozsifena predevsim biopaliva prvni generace, tj.
bioetanol a bionafta vyrabéna z potravinaiskych zdroji. U nich proto existuje konkurencni
vyuziti, které v dlouhodobém horizontu nemuze byt udrzitelné. Na rozdil od biomasy
specificky péstované pro energetické ucely lze vyuzit odpadni biomasy, nepotravinaiské
biomasy a odpadt dostupnych jako vedlejsi produkt jinych procest. Z téchto odpadu
a zbytkl lze stale vytvorit znacné mnozstvi obnovitelné energie. Zpracovanim lze ziskat
bioplyn, bionaftu a bioalkoholy ve stejné kvalité, ale s fadové mensimi emisemi. Zaroveri se
tim podporuje cirkularni ekonomika, snizuje se zavislost na cizich zdrojich a pfirozené se

snizuje skladkovani odpadu.



1. Soucasny stav reSené problematiky

1.1. Ropa, paliva a pohonné hmoty

Ropa je kapalna smés uhlovodiki fosilniho pivodu. Jde o surovinu tézenou
z podzemnich nalezi§t vrtd. Surova ropa sestava z uhlovodiki a smési heterocyklickych
slouCenin obsahujicich v molekule kyslik, siru nebo dusik, které jsou za normélnich
podminek (teplota, tlak) v plynném, kapalném nebo pevném stavu v zavislosti na typu
slouCeniny. Je to olejovita kapalina vétSinou Cerné, vyjimecné zlutohnédé barvy. Pevné latky
obsazené v rop¢ jsou tuhé uhlovodiky jako napt. parafiny, cereziny a latky asfaltické povahy.
Plyny rozpusténé v rop€ jsou piedevsim propan, butan, oxid uhli€ity, sirovodik, methan,
ethan apod. Sira a sirné slouCeniny se vyskytuji nejcastéji ve formé sulfanu, merkaptand,
thiofent, disulfidi, ale vyjimecné i kyslikatych sloucenin siry (sulfonové kyseliny)
a elementarni siry. Nerozpusténé plyny pfitomné spolecné s ropou se souhrnné nazyva
zemni plyn. Nachazi se v hloubkach az nékolik stovek metri obvykle mezi dvéma
nerozpustnymi vrstvami okolnich hornin.

Existuji dvé skupiny teorii o ptivodu ropy. Prvni kategorie zahrnuje teorie tvrdici, ze
ropa ma organicky pavod. Druha, Ze ropa ma anorganicky ptvod. Podle anorganickych
teorii, které maji dnes jen historicky vyznam, pochazi ropa z ethynu (acetylen), ktery vznikl
v diky reakci horké vody a zfedénych kyselin ptisobicich na karbidy. V pfitomnosti latek
pusobicich jako katalyzatory, byl ethyn vazan za vysokych teplot a tlakii na uhlovodiky,
z nichz se sklada ropa.

Podle organické teorie ropa pochazi ze zbytkt zivych organismu, tj. rostlin a Zivocicha.
Zivé organismy, z nichz ropa pochéazi, zily v mofich a jezerech. Byly to fasy, plankton
a zbytky zvitat. Odumfelé organismy se hromadili na dné mofi a jezer. Reky, které do nich
tekly, pfinesly blato a pisek, ktery se usadil na mrtvych organismech. Jak rostla tloustka
nanosu bahna a pisku, tlak se zvySoval. Bez pfitomnosti kysliku neprobihal aerobni rozklad
mrtvych organisml, dochazelo pouze k anaerobnim reakcim vlivem bakterii. Organicky
material se postupné rozpadal na jednodus$i organické slouCeniny, ¢imz byla
vyprodukovéna ropa a zemni plyn.

Lokality dnesnich lozisek ropy a zemniho plynu Ize nalézt na mnoha mistech po celém
svete. NaleziSte jsou v kontinentalnich oblastech (Texas, Sibif, planina Panonie atd.), na
zaplavenych castech kontinenti podél pobfezi moti (Mexiko, Venezuela, Alzirsko, Libye,
Iran, Irdk, Kuvajt, Spojené arabské emiraty, Satdska Arabie, Nigérie atd.) nebo v mofich
(Severni more, Kaspické more, Atlantsky ocean a Tichy ocean) (Ceripc 2012).

Rafinace ropy probiha v rafinériich, na které mohou navazovat petrochemické zavody.
Ropa se nejdiive odsoluje a poté se atmosférickou a vakuovou destilaci rozdestiluje na

nekolik uzsich frakei, které se nasledné zpracovavaji oddélené. Zakladem zpracovani ropy



je frakeni destilace, pfi niz jsou oddé€leny jednotlivé slozky uhlovodiki podle jejich bodu

varu (oEnergetice.cz 2015).

1.2 Biomasa

Vyroba energie z obnovitelnych zdroja je zaloZzena na zachycovani energie ptichazejici
piimo nebo neptfimo ze slunce, jako v pfipadé vyroby energie fotovoltaickymi, solarnimi,
vétrnymi nebo biomasovymi technologiemi. Podminkou pro vyrobu energie z biomasy je
definice biomasy, jak je vyrabéna a kde je ziskavana (Bonechi et al. 2017).

Termin "biomasa" oznaCuje organickou hmotu rostlinného nebo zivocisného pavodu,
pfirozenou nebo péstovanou lidmi, pozemniho i moiského ptivodu, produkovanou piimo
nebo nepiimo procesem fotosyntézy zahrnujicim chlorofyl. Obecné lze biomasu definovat
jako cokoli, co mé organickou matici. Termin biomasa tedy identifikuje velké mnozstvi
heterogennich material(i a matric. Abychom omezili rozsah této definice, bereme v Givahu
pouze biomasu rostlinného pivodu a konkrétné zemeéde€lské a agroprimyslové zbytky
a odpady, energetické plodiny a lesni zbytky. Koncept energie z biomasy skute¢né povazuje
biomasu za obnovitelny energeticky produkt ziskany jako vedlej§i produkt primarniho
produktu, napfiiklad profezavani ovocnych stromid nebo slama jako vedlejsi produkt pfi
vyrobé obilovin. Samotna potencialni celosvétova dostupnost nevyuzité biomasy by mohla
poskytnout 10 az 20 % primarni energetické potieby planety (Bonechi et al. 2017).

Biomasa je vSeobecné dostupna, a proto je strategickym zdrojem v pripadé nedostatku
tradi¢nich energetickych zdroju. Tato energie by také mohla pomoci snizit celkové naklady
na energii a poptavku po energii z fosilnich zdrojii. Dal§im pozitivnim pfinosem by mohlo
byt snizeni emisi sklenikovych plynt do atmosféry, jelikoz kompletni cyklus vyroby,
zpracovani a vyuziti této latky ma teoreticky nulovou bilanci oxidu uhlic¢itého. I pfestoze je
biomasa prvnim palivem lidstva a byla spalovana po tisicileti, stale nebyla vyvinuta metoda
pro jeji spravné vyuziti modernimi technologiemi. To proto, ze biomasa je zbytkova Cast
raznych plodin a tyto zbytky se vyrazné lisi makroskopicky i na molekularni irovni. Musime
také zvazit, ze kromé strukturalnich slozek obsahuji zbytky z plodin a potravinatského
prumyslu ¢asto bioaktivni latky, jako jsou antioxidanty, flavonoidy, lignany a karotenoidy,
které by mohly byt extrahovany. Tato moznost by zavisela na ekonomické a environmentalni
udrzitelnosti Cisténi a opétovného vyuziti t€chto zdroji (Bonechi et al. 2017).

Vyznam energie z obnovitelnych zdroju stale vzrusta. Biomasa je pfitom nejdilezité]si
forma, nebot’ se odhaduje, ze zaujima v ramci vSech obnovitelnych zdroja (jako je voda, vitr,
slunce apod.) kolem 75 %. V soucasné dobé se biomasa vyuziva piredevsim pro vyrobu tepla.
Zdrojem jsou nyni hlavné vedlejsi nebo odpadni hmoty, jako napt. slama obilnin a fepky,
nebo drevni Stépka z lesnich nebo dfevozpracujicich podniki. S predpokladanym
perspektivnim rozvojem oboru fytoenergetiky ale bude nutné zajistit dostatek rostlinné
hmoty z cilené péstovanych tzv. energetickych rostlin (Petiikova 2000).


http://oEnergetice.cz

1.2.1 Biomasa zamérné péstovana

Pro technické plodiny, které se péstuji za ucelem ziskani energie, se vzil nazev
energetické plodiny. V soucasné dobé nadprodukci potravin a vyrazné potieby ,,zezelenéni®
prumyslu a zemédélské vyroby vyznamné vzrostla tloha technickych a energetickych
plodin, coz naslo odezvu v rozsahlé podpoie jejich p&stovani ve statech EU (Sedivy 2008).

Nejrozsitenéjsi zpusob ziskavani fytomasy z cilené péstovanych rostlin k pfimému
spalovani, je zakladani plantazi rychle rostoucich dfevin, jako jsou topoly a vrby, pfip. 1 dalsi
dfeviny. Plantaze energetickych dfevin jsou vyhodné z hlediska zpracovani pro nasledné
vyuziti, protoze je drivi soustfedéno na jednom misté, ¢imz se usnadni jeho zpracovani.
Nejcastéjsim zpusobem zpracovani je Stépkovani na Sté€pku urcité délky (Celjak & Bohac
2008).

Drevni hmota vSech stromt ma pfi shodném obsahu vody piiblizné stejnou vyhievnost
(tab. 1.1.). Protoze jsou ale objemové hmotnosti dieva riznych stromt rozdilné, je také

rozdilné mnozstvi tepelné energie, kterou 1ze uvolnit ze stejného objemu dievni hmoty.

Tabulka 1.1. Energeticky obsah vybranych dfevin (Jandacka & Malcho 2007).

Druh paliva Vyhrevnost paliva v suchém stavu [MJ/kg]
Smrk 18,8
Buk 18,4
Topol 18,5
Vrba 18,4

Pro topol se v literatufe uvadi objemova hmotnost suSiny kmenové dievni hmoty
400 kg/m? a vyhtevnost pii 25% obsahu vody 12,3 MJ/kg. Objemova hmotnost jiné formy
produkce, naptiklad Stépky je rozdilna. Naptiklad pfi obsahu vody 25 % je uvadéna
objemova hmotnost dfevni hmoty topolu 530 kg/m?>. Borovice ma objemovou hmotnost
510 kg/m?, vyhtevnost pti 25% obsahu vody 13,6 MJ/kg. Buk ma objemovou hmotnost
sudiny 650 kg/m>, vyhievnost pii 25% obsahu vody 12,5 MJ/kg. Cerstvé vytézené topolové
dievo obsahuje podle druhu, lokality a stafi stromu mezi 50 az 98 % vody. Se stoupajicim
obsahem vody v dievni hmoté klesa jeji vyhfevnost, protoze stoupa mnozstvi tepla
potfebného k odpareni obsazené vody.

Vysouseni dfeva jsou v podstaté dva fyzikalni procesy. Prvni je pronikani vody zevniti
na povrch dieva, druhym je odpafovani par z povrchu dieva. Tyto procesy zavisi na vlhkosti
okolniho vzduchu. To znamena, ze vypafovani probiha tak dlouho, dokud neni dosazeno
rovnovahy mezi vlhkosti difeva a vlhkosti okoli. Vliv maji také hodnoty okolni teploty
a vlhkosti vzduchu a také proudéni vzduchu a velikost plochy dieva, ze které dochazi
k odpafovani (SMA CR 2014).

Dalsi rozsifeny zpisob je péstovani nedfevni hmoty, tj. rostlin bylinného charakteru
k zamérmému vyuzivani pro energetické ucely. Z dosud provozné ovérenych energetickych
plodin se nejlépe osvedcily viceleté a vytrvalé druhy, které jsou rovnéz vhodné pro omezeni
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eroze. Proto se pfimo nabizi péstovani téchto plodin, nebot maji obdobné ti¢inky jako travni
porosty, ale na rozdil od nich jsou efektivné vyuzivany jako obnovitelny zdroj energie.
Nékteré z téchto plodin jsou v zeleném ¢i silazovaném stavu rovnéz kvalitni picniny, které
by do urcité miry mohly nahradit na svazitych pozemcich napf. 1 kukufici, nebo jeji produkci
doplnit. Jedna se predevsSim o krmny Stovik (Rumex OK 2) a nékteré vytrvalé vysoce
produk¢ni travy, napt. lesknici (chrastici) rakosovitou nebo svefep bezbranny (Petfikova
2009).

Krmny $tovik je statna vytrvala rostlina, dosahujici vysky 1,5 az 2,5 m, ktera muze od
2. roku po zaloZeni dosahnout primérného vynosu celé rostliny v plné zralosti 6,5 t/ha,
v optimalnich podminkach ptes 10 t/ha. Pii dodrzeni spravnych péstitelskych postupt zajisti
tato plodina dostatek fytomasy jako vhodného paliva po nékolik po sobé& nasledujicich let,
a to hned od 2. roku po zaseti, aniz by musel byt porost znovu zakladan. Krmny stovik lze
sklizet 1 na zelenou hmotu pro krmné ucely nebo 1 jako piidavek do fermentoru pfi vyrobé
bioplynu a to opakovanég, 2-3x do roka. Energetické byliny (i ve smeési se slamou a jinymi
druhy rostlin) 1ze Gispésné lisovat do tvarovanych fytopaliv, jako jsou pelety nebo brikety,
v zeleném stavu je vhodny pro vyrobu bioplynu (Biom 2011).

Pro kvalitu fytopaliva je vyznamné ziskani informaci o energetické charakteristice
jednotlivych druht rostlin. Jako piiklad jsou zde uvedeny nékteré druhy rostlin, u nichz bylo
stanoveno spalné teplo a na zakladé praimérnych vynosu byl pak stanoven energeticky obsah.
Tento prehled je uveden v tab. 1.2. (Pettikova 2000).

Tabulka 1.2. Energeticka charakteristika fytomasy (Petiikova 2000).

Plodina Spalné teplo [MJ.kg ]
Svétlice barvirska 17,8
Repka (slama) 17,484
Lnicka 18,840
Cirok Hyso 17,657
Konopi seté 18,06
Komonice bila 19,892
Stovik krmny 17,751
Muzék prorostly 17,941
Bélotrn kulatohlavy 19,610
Boryt barvitsky 18,500
Topolovka rizova 17,581
Kiidlatka 19,444

Plodiny ale nemusi byt vyuZity jen jako palivo do kotld. Naopak jsou ve velké mife
vyuzivané jako zdroj oleju nebo sacharidd, které se biologicky, pfip. chemicky transformuji
na paliva. V soucasné dobé¢ se pro tyto davody vyuziva cukernych, resp. Skrobnatych plodin
(obili, cukrové fepy, cukrové trtiny nebo brambor), resp. fepkového oleje, piip. také

palmového, slunecnicového ¢i sojového. Z téchto plodin se nésledné vyrabi prevazné



bioethanol a methylestery mastnych kyselin. Tato paliva a jejich zpracovani je podrobné

rozebrano v dalsich kapitolach.

1.2.2 Biomasa odpadni

Globaln¢ se ze zemédélstvi kazdoroné vyprodukuje 140 miliard metrickych tun
biomasy. Béhem této produkce vznika odpad, ktery mize byt vyuzity jako zdroj pro dalsi
zpracovani. Hlavni zdroje odpadu z biomasy jsou zeméd€lské a agroprimyslové odpady,
odpady z chovu zvifat, odpady ze zpracovani potravin, lesni zbytky, komunalni odpad,
odpady z motského zpracovani a odpady z biotechnologického primyslu.

Tento vysoky objem biomasy muze byt pfeménén na obrovské mnozstvi energie
a surovin. Biomasa zemédélského odpadu pfeménéna na energii mize podstatné vytlacit
fosilni paliva na bazi neobnovitelnych zdroja, snizit emise sklenikovych plynt a poskytnout
obnovitelnou energii. Biomasa je obnovitelny zdroj, ktery ma stabilni a hojné zasoby,
zejména ty zdroje biomasy, které jsou vedlejSimi produkty zemedélské ¢innosti. S rostoucim
celosvétovym bojem proti zméné klimatu zemé& nyni hledaji alternativni zdroje energie, které
by minimalizovaly emise sklenikovych plynt. Kromé toho, Ze je biomasa uhlikové neutralni,
vyuzivani biomasy pro energii snizuje zavislost na spotiebé fosilnich paliv, a tim pfispiva
k energetické bezpecnosti a zmirfiovani zmeény klimatu.

Prestoze existuje rostouci trend ve vyuzivani biomasy pro energii a dal§i praimyslové
vyrobky, biomasa je stale do znaéné miry nedostateén& vyuzivana. Ukolem je proto pfeménit
biomasu na zdroj energie a dal§i vyuzitelné produkty (Brar et al. 2014).

1.3 Biopaliva

1.3.1 Historie

Prvni motory pro pohon automobilti prekvapiveé nebyly benzinové nebo dieselové, ale
byly zkonstruovany pro pohon na biopaliva. Rudolf Diesel predstavil v roce 1898 v Paftizi
motor na olej z burskych ofiskil a na rostlinny olej se jezdilo az do roku 1920. Henry Ford
zase sestavil motor na ethanol z kukufice.

V Ceskoslovensku se za¢al lih pouZivat k pohonu zdzehovych motord ve formé
dynalkolu uz v roce 1922. Dynalkol byla smés 50 % kvasného lihu, 30 % benzenu a 20 %
benzinu. K cenénym vlastnostem dynalkolu patfila vysoka stalost, dobra startovatelnost
a pomérné tichy béh motoru. Nevznikaly potize s koufivosti nebo nadmérnou tvorbou sazi,
palivova smé&s tuhnula pod -20 °C (Vacek 2009 p. 85). Dobré zkusenosti s provozem motort
pohanénych dynalkolem a vysoka uroveri zemédé€lstvi s jistou mirou nadprodukce pak
umoznila vznik zdkona o povinném miseni lihu s pohonnymi latkami, €. 85 Sb. ze dne 7. 6.
1932 a vladniho nafizeni ¢. 127 Sb. ze dne 22. 7. 1932. Tento zakon stanovil povinnost
pfimichavat do veskerého klasického benzinu 20 % lihu. Jiné podobné smési pouzivané ve
dvacatych a tficatych letech jsou: Etol, smés 50 % lihu, 25 % petroleje a 25 % etyléteru.



Natalit, smés 55 % lihu, 44,9 % etyléteru a 0,1 % amoniaku. Carburant national (francouzsky
ptipravek), smés 50 % lihu, 49,9 % benzénu nebo benzinu a 0,1 % amoniaku.
Reichskraftstoff (némecky piipravek) 50 % lihu, 30 % benzénu nebo benzinu a 20 %
acetonu, ptipadne 50 % lihu a 50 % acetonu (Kara 2001). Pouzivani lihobenzinovych smési
u nas zaniklo az v roce 1950, kdy byl zdkonem ¢. 63/1950 zru$en lihovy monopol a vznikla
rada vyhlasek a norem, které upravovaly oblast vyroby a ob&hu lihu (Trnka 2014).

Po druhé svétové valce ustoupil lih do pozadi a nastoupil rozmach tézby ropy, ktery
trval az do sedmdesatych let, kdy pfisly dvé ropné krize. Od té doby zacal vyzkum v oblasti
bionafty a bioetanolu. V Ceské republice zagal projekt podpory bioetanolu v roce 1996,
nicméngé realné se piistoupilo k realizaci az se vstupem do EU. Naopak metylester frepkového
oleje byl staitem podporovan a od roku 1997 se zacala vyrabét dotovana 30% smeésna
motorova nafta (SMN). Vzhledem k cené, ktera byla vyrazné niz§i nez standardni motorova
nafta vyrobena z ropy, §la velmi dobfe na odbyt a bioslozka v tu dobu pfedstavovala podil
cca 1,4 % spotiebovanych pohonnych hmot. Vstupem CR do EU a zruSenim dotaci na
MERO se podminky na trhu zhorsily a SMN se piestala prodavat. AZ v roce 2008 byl
zménén zakon o spotiebni dani, kde podpora znovu zavedena. Realn¢ ale nastala nejvetsi
zména piijetim evropské Smérnice o povinném piimichavani bioslozky do paliv (Trnka
2014).

1.3.2 Klasifikace biopaliv

Biopaliva jsou definovana jako paliva vyrobena z zivych rostlinnych produkti nebo
vedlejsich produkti zemédelské produkce. Biopaliva lze rozdélit do nékolika skupin na
zakladeg jejich technologii, procest a surovin.

Technologii biopaliv 1ze definovat jako sekvenci procestu vedoucich k produkci riznych
typu biopaliv. Procesy vyroby biopaliv jsou na pfirodni nebo chemické bazi, v primyslové
nebo pilotniho fazi projektu, vedouci ke konecné vyrobé biopaliv. Biopalivové suroviny jsou
vSechny rostlinné materialy vhodné pro zpracovani a pfeménu na biopaliva pomoci riznych
procesu.

Z pohledu pramyslového rozvoje a pfitomnosti na trhu lze suroviny, procesy
a technologie biopaliv klasifikovat jako ,,rozvinuté” (s dobfe zavedenymi trhy), ,,rozvijejici
se“ (s narustajicimi podily na trhu) nebo ,,vyzkumné” (pilotni projekty nebo potencialniho
budouci vyvoj). Vzhledem k vysoké variabilité vstupnich surovin dostupnych pro vyrobu
biopaliv se stavajici technologie a procesy biopaliv v priabéhu ¢asu rozsifily, ¢imz se v této
oblasti vytvorila §iroka sit’ vyrobnich pfilezitosti a inovacniho potencialu.

Obecné lze technologie biopaliv rozdélit na ,,konvencni® a ,,pokrocila“ biopaliva (obr.
1.1.). Konvenc¢ni biopaliva (nazyvana také , biopaliva prvni generace™) oznacuji bioetanol a
bionaftu generovanou z potravinarskych plodin. Pokrocila biopaliva (zahrnujici druhou, tieti

a cCtvrtou generaci biopaliv) jsou definovana jako paliva z nepotravinaiskych/



nekonzumovanych udrzitelné€ péstovanych surovin a zemédé€lskych (komunalnich) odpada.
Potieba pokrocilych biopaliv vychazela z obavy o konkurenci mezi ptirodnimi zdroji (napft.
vodou, energii, pidou) mezi vyrobou paliv a potravin (Rathmann et al. 2010; Harvey &
Pilgrim 2011; Ajanovic 2011). Pokrocila biopaliva tedy nemohou vytvaret zadnou
konkurenci s produkci potravinaiskych plodin, zatimco musi splilovat vyssi pozadavky na
udrzitelnost, napf. pfispivat ke snizeni emisi sklenikovych plyni vétSim procentem nez
konvencni biopaliva (Ziolkowska 2020).

Obrazek 1.1. Technologie biopaliv s odpovidajicimi fazemi vyvoje (Ziolkowska 2020).

Biofuels technologies

(industrial development as of 2018)
[biofuels generations]

Conventional biofuels

Advanced biofuels
(developed)

. ! (developing)
[first generation]
. . Genetically engineered/
dCelllulus;l_:d bmlma-“ (dev ]fj\lgail;mn:asfl fion) nanotech algae biomass
(developed/deve opmg} eveloping/demonstration) (developing/demonstration)
[second generation] [third generation]

[fourth generation]

Oznacovani ,,generaci® biopaliv je piimo spojeno se specifickou technologii a surovinou
pouzivanou pro vyrobu biopaliv. Tyka se to také Casovych vyvojovych trendu v prubéhu let
a slozitosti trhu s biopalivy s rostoucim poctem potencialnich surovin, které maji byt pouzity
pro vyrobu biopaliv.

Biopaliva prvni generace se vyrabéji z potravinarskych plodin:

e Bionafta extrahovana z olejnin/rostlinnych materiald (v chemickém procesu
transesterifikace a esterifikace) a
e Bioetanol extrahovany z rostlin/rostlinnych materialti obsahujicich cukr a pfeménény na

palivo v procesu fermentace.

Biopaliva druhé generace se vyrab&ji z nepotravinafskych plodin (napf. rostlinného
odpadu, dfeva, energetickych plodin vysazenych specialné pro vyrobu biopaliv) nebo
odpadi (pouzité oleje, odpady z domacnosti, zbytky ze zemédé€lské vyroby) (Karmee 2016).

Biopaliva treti generace jsou zalozZena na zlepSeni produkce biomasy, pfiCemz fasy jsou
hlavni surovinou, ktera tuto skupinu predstavuje dodnes.

Cilem biopaliv Ctvrté generace je poskytnout udrzitelnéj§i vyrobni moznosti

kombinovanim vyroby biopaliv se zachycenim a uchovavanim CO: s procesem spalovani



kyslikovych paliv nebo pouzitim genetického inzenyrstvi nebo nanotechnologii (Ziolkowska

2020). Souhrnné jsou procesy vyroby biopaliv v tab. 1.3.

Tabulka 1.3. Piehled procesi vyroby biopaliv (Demirbas 2009; Liew et al. 2014).

Vstupni surovina Produk¢ni proces Ziskané biopalivo
Potravinafsky olej Transesterifikace Bionafta
Nepotrav1-narsky Transesterifikace Bionafta
olej
Kukufice, cukrova
tftina, pSenice, Kvaseni Bioetanol

jeCmen atd.
Tekuty hnijj nebo

jina stravena Anaerobni fermentace Biomethan
surovina
Fyzikalni konverze
Drevéné materialy Tuhé palivo
Vlakno plantaze Tuhé palivo
Termochemicka
konverze
Zkapalnéni Kapalné palivo (tézky olej)
Pyrolyza Bio-olej
. F-T nafta, benzin, petrolej, biovodik,
Zplytiovani ; .
. , , biomethan, bioetanol
Lignocelul6zové T T : ;
., Ptimé spalovani Biovodik, teplo
materialy : IS
Biologické preména
Anaerobni fermentace Biovodik, biomethan
. Bioetanol, proteinova chemicka latka
Kvaseni . .
(aminokyselina)
Hydrolyza Cukr
EXtrfl lsce Priméarni a sekundarni metabolity
rozpoustédlem
Superkriticka Celul6za, hemiceluloza, lignin
konverze
Pot‘r avinova Kvaseni Bioetanol
biomasa
Rasy a mikrobialni Zisk olgg a Bionafia
druhy transesterifikace

1.3.3 Konven¢ni paliva a biopaliva

Konvencni paliva jsou fosilni paliva vyrabéna z ropy a patfi mezi né benzin a nafta.
Konvencéni biopaliva jsou vyrabéna z potravinafskych plodin, jako je cukr nebo Skrob
a z rostlinnych oleji. Vyrab€ji se ze vstupnich plodin, které vyuzivaji pidu a lze je pouzivat

pro potraviny a krmiva (Evropsky parlament a Evropska rada 2009a).



1.3.3.1 Nafta a bionafta

Motorova nafta je nejpouzivandj§im motorovym palivem v Ceské republice. SloZeni
motorové nafty mimo jiné zavisi na slozeni zpracovavané ropy a technologickém usporadani
a podminkach procesu konkrétni rafinérie. Kvalitativni pozadavky na motorové nafty jsou
zakotveny v normé CSN EN 590 (UNMZ 2018a). Motorové nafty distribuované na &eském
trhu obsahuji urcity podil bioslozky. Nejbéznéjsi bioslozkou ptfidavanou do motorové nafty
jsou metylestery mastnych kyselin (MERO/FAME) ozna¢ované jako bionafta.

Pro vyrobu FAME se pouzivaji rostlinné oleje (fepkovy, sdjovy, palmovy, slunecnicovy
aj.), pouzité piirodni oleje a tuky, a tuky zivocisné. Zakladni surovinou pro vyrobu FAME
v CR, jakoz i v ostatnich statech EU, je fepkovy olej, vyrabény z fepky olejné, pro jejiz
péstovani ma CR optimalni klimatické podminky a je tradiénim producentem této komodity
(Soucek 2009). Nejbéznéji pouzivanou metodou pro vyrobu bionafty z oleje je metoda

transesterifikace (Guri et al. 2009; Simsek & Uslu 2020) znazornéna na obr. 1.2.

Obrazek 1.2. Transesterifikace triglyceridi alkoholem (Ahmad 2013).

R
H,C
0 0 Catalyst OH ’ 0
\f +3[HC—OH] —= + 3 r—(
0 R HO 0
R/KO
Triglyceride Methanol (3) Glycerol Methyl Esters (3)

Transesterifikace jsou obecné zalozeny na chemickych, fyzikéalnich a enzymatickych
metodach. Fyzikalni proces je ekonomicky neuskutecnitelny kvili vysoké spotiebé energie,
zatimco chemicky proces ma vysokou ucinnost reakce, ale je charakterizovan
komplikovanym reak¢énim krokem a tvorbou odpadni vody. Ve srovnani méa enzymaticky
proces vyuzivajici imobilizovany enzym mnoho vyhod, vCetné nizké spotieby energie,
zjednoduseného nasledného zpracovani a vyroby glycerolu o vysoké Cistoté. Enzymaticky
proces vSak nebyl komercializovan kvili jeho pomalé rychlosti reakce a nakladnym
nakladim na enzymy (Jang et al. 2012).

Vyroba bionafty probiha v nékolika krocich. Nejprve se surovy zivociSny tuk nebo
rostlinny olej zahteje, aby se odstranily nezadouci reagenty. Extrahovany olej ma obvykle
vysoky obsah volnych mastnych kyselin, fosfolipid a kova (vapnik, hoicik a sodik). Ole;
se nejprve filtruje pres oxid kfemicity v tlakovém listovém filtru, aby se fosfolipidy a kovy
odstranily. Po jejich odstranéni se za vysokého vakua pifi vysokoteplotnim procesu
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odstranuji volné mastné kyseliny. Nasledné precistény rostlinny olej (pfip. zivocisné tuky)
a alkoholy s kratkym fetézcem (methanol nebo ethanol) podléhaji transesterifikacni reakci
v pritomnosti kyseliny, baze, nebo heterogennich katalyzator(. Ziska se smés surové
bionafty a glycerinu. Nakonec se Cisté palivo bionafty ziska po opakovaném myti a suseni
(Ge et al. 2017).

Pouzivani jedlych rostlinnych oleja, jako jsou oleje z fepky oznacované jako suroviny
prvni generace, s sebou nese konflikt mezi vyuzivanim na palivo a na potraviny. Proto je
pouziti nepotravinaiskych rostlinnych oleju a tuki vhodnéjsi, jelikoz zde nevznika konflikt
(Bhuiya et al. 2014).

Vybér vhodné suroviny je zasadni otazkou k zajisténi nizkych vyrobnich nakladi na
bionaftu. Surovina by meéla spliiovat dva pozadavky na vyrobu, coz jsou nizké vyrobni
naklady a moznost vyroby ve velkém méfitku. Obecné jde o nepotravinarsky rostlinny ole;j
(jatropha, ¢irok), odpad nebo recyklovany olej (olej na vafeni, olej na smazeni, olej
z vyliskli) a zivocisné tuky (hoveézi loj, veprové sadlo, Zluty tuk, vedlejsi produkty z rybiho
oleje). Technicky se proces neméni, oleje a tuky po precisténi (které je ale fadové slozitéjsi,
jelikoZz je vstupni surovina odpadni smés z riznych procest) vstupuji do reakce s alkoholem
za vzniku metylestertt mastnych kyselin.

Takto vyrobena bionafta maze byt poté vyuzita jako palivo. Jelikoz se da bionafta
vyrabét z riznych oleju a tuka, jeho alifaticka ¢ast je jina, a proto muze mit i jiné palivové

vlastnosti. Priklady riznych bionaft s palivarskymi veli¢inami jsou v tab. 1.4.

Tabulka 1.4. Palivové vlastnosti isté bionafty z riznych surovin (Niculescu et al. 2019).

Vlastnost Soja  Slune¢nice Luj Plf":)ﬁtjy Kukufice Jatropha Palma Repka RyZe
Sira [ppm] 2 2 7 5 4 5 2 4 -
Kin. viskozita
[40 °C. mm?/s] 4,26 4,42 4,69 4,3 4,19 4,75 4,61 4,5 4,63
Bod zdkalu [°C] 0 2 13 8 -3 5 14 -3 -
CFPP [°C] —4 -2 13 1 -8 - 9 -12 -
Bod tuhnuti [°C] —4 -2 10 3 -2 0 13 -10 3
Bod vzplanuti [°C] 159 175 124 161 171 152 163 169 165
Cetanové Cislo 51,3 51,1 58,9 56,9 55,7 55,7 61,9 53,7 56,2
Hustota (kg/m®) 882 878 878 879 883 876 873 879 -
Spalné teplo
[MJ/ke] 37 35,3 37,2 37,6 39,9 37,7 37,3 37,6 38,725

Neékteré rozdilné vlastnosti bionafty a mineralni motorové nafty v§ak mohou zptisobovat
problémy. Molekuly bionafty obsahuji nenasycené vazby, které pfiispivaji ke snizeni
oxidacni stability paliva obsahujiciho bionaftu. DalSimi rozdily mezi bionaftou a motorovou
naftou jsou mirn¢€ vyssi viskozita a rozdilna rozpustnost vody (Vrti§ka 2014).

Jelikoz nafta obsahuje delSi fetézce nerozvétvenych uhlovodikli, mezi které patii
i parafinické uhlovodiky, pfi nizkych teplotach krystalizuje a ucpavé se tak filtr nadrze.
Dlouhé fetézce metylesteri mastnych kyselin, které jsou obsazeny v piidavanych
bioslozkach, vykazuji obdobné chovani jako n-parafiny. Maji vysokou teplotu tani, pfi
poklesu teploty tedy krystalizuji jako prvni a na nich pak krystalizuji dalsi latky. Z tohoto

11



divodu muze jiz maly podil bionafty ve smési s motorovou naftou fungovat jako zdroj
zarodecnych center pro krystalizaci dalSich latek. Kvantitativni popis této typické palivoveé
charakteristiky je CFPP — Teplota ztraty filtrovatelnosti, podle které se motorové nafty
rozdéluji do jednotlivych tiid, jejichz distribuce se fidi klimatickymi podminkami v dané
zemi.

V Ceské republice se distribuuji motorové nafty tiidy B (CFPP je max. 0 °C), které jsou
oznacovany jako letni, tfidy D (CFPP je max. -10 °C) urené pro prechodové obdobi, a tiidy
F (CFPP je max. -20 °C) oznacované jako zimni. Pfi velmi nizkych teplotach se mohou
pouzivat i motorové nafty pro arktické klima, jejichz hodnota CFPP mlize dosahovat i teplot
niz§ich nez -30 °C (Vrtiska 2014). Aditiva, ktera upravuji fyzikalni vlastnosti nafty se déli
na tfi skupiny (Vrablik 2016):

o Zlepsovace tekutosti (MDFI — Middle Distillate Flow Improvers), nazyvany téz jako
modifikatory krystalické struktury parafind, fidici velikost a tvar vylu¢ovanych krystala,
takze namisto plochych objemnych krystali s kosoCtverecnou miizkou se vylucuji
drobné krystaly v krychlové krystalické strukture, které maji mensi sklon ucpavat filtr.

e Prisada pusobici proti usazovani parafini (WASA — Wax Anti-Settling Additive)
disperguje a udrzuje ve vznosu drobné krystaly parafind, které se pak neusazuji na dné
nadrze. WASA se doporuCuje pouzivat v kombinaci s MDFI, nebot’ tim dochazi ke
zvySeni ucinnosti MDFI, coz se pak ve vysledku projevi na snizeni celkovych nakladt
aditivace.

e Zlepsovace tekutosti plisobici proti usazovani parafinti (WAFI — Wax Anti-settling Flow
improvers) kombinuji ucinky pfedchozich dvou typt, ¢imz je dosazeno jejich optimalni
efektivity pii zlepSovani nizkoteplotnich vlastnosti.

Nizkoteplotni vlastnosti FAME jsou zavislé na alifatickém fetézci neboli na pouzité
mastné kyseliné. CFPP muze kolisat mezi -15 °C az 14 °C (Perez et al. 2016; Gouveia et al.
2017).

Bionafta ma ve srovnani s motorovou naftou i fadu lepsSich vlastnosti (Alptekin et al.
2015; Sanli et al. 2015; Simsek & Ozdalyan 2018; Yesilyurt 2020). Oproti konvencni nafté
ma vys$si cetanové ¢islo, méné Skodlivych emisi ve vyfukovych plynech nebo lepsi mazivoveé
vlastnosti. Vlastnosti smé&sného paliva s naftou (B100 — &isté MERO, BO — &ista nafta) jsou
v tab. 1.5 (Gharehghani & Pourrahmani 2019; Elkelawy et al. 2019, 2020; Giilim et al. 2020;
Heidari-Maleni et al. 2020; Uslu & Aydin 2020).

Tabulka 1.5. Palivové vlastnosti smési MERO-nafta (Subramaniam et al. 2013).

Vlastnosti BO B10 B30 B50 B70 B100
Kin. viskozita (mPa-s) 3.2 3.44 3.84 4.1 4.53 5.1
Hustota (kg/m?) 838 848 861 872 885 897
Bod vzplanuti (°C) 58 69 85 114 145 175
Teplota vzniceni (°C) 71 83 90 128 157 189
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Vyhtevnost (MJ/kg) 43 41 41 41 40 39
Cetanové Cislo 46 47 49 51 53 54

1.3.3.2 Benzin a bioetanol

Automobilovy benzin je po motorové naft€¢ druhym nejpouzivanéjsim automobilovym
palivem v Ceské republice. Kvalitativni pozadavky a parametry automobilovych benzini
jsou zakotveny v celoevropské normé ISO EN 228 (UNMZ 2018b). Motorovy benzin
distribuovany na Ceském trhu obsahuje urcity podil bioslozky. Nejbéznéjsi bioslozkou
ptidavanou do benzinu je bioetanol (Vrtiska 2014).

V klimatickych podminkach stfedni Evropy jsou hlavni obnovitelné suroviny pro
vyrobu bioetanolu obiloviny, fepa a brambory. Mezi obiloviny (zito, pSenici, jeCmen) lze
jeste zaradit kukufici, péstovanou v men§im mnozstvi v jiznich oblastech. Mozné je
i zpracovani Ciroku, slunecnice a ¢ekanky pro tyto ucely. Ovoce piipada v uvahu pro vyrobu
palivového etanolu jen v pfipadé velkych sklizni nebo jako havarovana surovina. Protoze
brambory slouzi pfedev§im k piimé konzumaci a také jako surovina v potravinaiském
i nepotravinarském pramyslu a mimo to se dlouhodobé velmi Spatné skladuji, je jejich Sirsi
vyuziti jako dalsi zemédélské primyslové suroviny pro vyrobu palivového etanolu sice
mozné, ale s problémy. Zakladnimi primyslové vyuzitelnymi latkami obsazenymi ve vSech
téchto surovinach jsou S$krob, sachar6za a dal§i sacharidy, tedy substraty, dobie
fermentovatelné na ethanol (Ciz 2009).

Stejné jako u bionafty je u vyroby bioetanolu konflikt mezi potravinarskym
a palivaiskym vyuzitim. Z toho divodu se uvazuje nad vyuzivanim nepotravinaiské
biomasy, kterd nebude v konfliktu mezi produkci potravin a paliv. Tato biopaliva druhé
generace vyrabéna z rostlinné biomasy se tyka prevazné lignocelulozovych materialt,
protoze vétsinu tvori levné a bézné€ dostupné nepotravinarské materialy z rostlin. V soucasné
dobé vsak vyroba takovych paliv neni ekonomicky efektivni, jelikoz existuje fada
technickych prekazek, které je tieba prekonat, nez bude mozné vyuzit cely jejich potencial
(Eisberg 2006). Rostlinna biomasa predstavuje jednu z nejhojnéjSich a malo vyuzivanych
biologickych zdroji na planeté a je povazovana za slibny zdroj materialu pro paliva
a suroviny. Ve své nejzakladnéjsi rostlinné biomase 1ze jednoduse spalit za ucelem vyroby
tepla a elektfiny. Existuje vSak velky potencial pii pouzivani rostlinné biomasy k vyrobé
kapalnych biopaliv. Vyroba biopaliv ze zemédé€lskych vedlejsich produktd vSak mohla
uspokojit pouze Cast rostouci poptavky po kapalnych palivech. To vyvolalo velky zajem
o vyuziti specialnich plodin na biomasu jako suroviny pro vyrobu biopaliv (Gomez et al.
2008; Suganya et al. 2016).

Lignocelulozova biomasa se sklada primarmné z celuldzy, hemicelulozy a ligninu.
Celuloza je hlavni slozkou této biomasy (tvofici asi 45 % suché hmotnosti dieva) a sklada
se z polymeru D-glukozy spojené -1,4 glykosidickou vazbou tvofici celobidzové molekuly

(Chen 2014). Tyto fetézovité polymery jsou spojeny vodikovou vazbou a van der Waalsovou
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silou, ve kterych je jednotka glukozy kompaktné svazana s ostatnimi a vytvareji elementarni
fibrily. Tyto svazané nebo seskupené mikrofibrily se nazyvaji celulozové fibrily, které jsou
potazeny hemicelul6zou (Lee et al. 2014). Krystalinita celulozy zavisi na této organizované
struktufe celulozovych fibril. Vzhledem k silné interakci vodikovych vazeb mezi
celulézovymi vlakny je nerozpustny ve vodé, ale rozpustny ve zfedéném kyselém roztoku
pii vysoké teploté (Chen 2014; Sharma et al. 2020).

Hemiceluléza je kopolymer slozeny z riznych pentdz a hexdz a uronovych kyselin.
Béznymi cukry nachézejicimi se v hemiceluldze jsou xyloza, arabindza, manoza nebo
galaktéza s 50-200 jednotkami. Hlavni slozkou zemédé€lské biomasy a hemicelulozy
z tvrdého dfeva je xylan, zatimco glukomanan je hlavni slozkou mékkého dieva (Bajpai
2016). Vzhledem k pfitomnosti pentdozovych cukri ma hemiceluldza afinitu k vodé€ a pfi
vysoké koncentraci jsou vodné roztoky viskoézni (Chen 2014; Sharma et al. 2020).

Lignin je kopolymer fenylovych propionovych alkoholovych jednotek, tj.
p-kumarylalkohol, sinapylalkohol a koniferylalkohol, které jsou navzajem spojeny vazbami
uhlik-uhlik (C-C) a ether-uhlik (C-0O). Tento typ vazby zvysSuje stabilitu rostlinnych
bunéénych stén a odolnost proti patogennim infekcim (Mooney et al. 1998). Plasobi jako
fyzickéd bariéra pro enzymatickou hydrolyzu a mikrobidlni degradaci, jelikoz je pevné
vazana na celul6zové fibrily (Bajpai 2016). Enzymaticka nebo mikrobialni delignifikace je
obtizna, protoze derivaty ligninu pusobi jako toxické slouCeniny pro mikroorganismy
asnizuji aktivitu hydrolytickych enzymd. Umisténi ligninu je mezi celulézou
a hemicelul6zou, které poji dohromady (Bajpai 2016; Sharma et al. 2020). Detailni struktura

jednotlivych ¢asti lignocelul6zové biomasy je v tab. 1.6.

Tabulka 1.6. Struktura a chemické sloZeni celulozy, hemiceluldzy a ligninu v bunéénych
sténach rostlin (Chen 2014).

Lignin Hemicelul6za Celuloza
Guaiacylpropan (G), D-xyloza, manndza,
syringylpropan (S) L-arabinoza b-
Podjednotky Y ’ . " glukopyranézové
p-hydroxyfenylpropan  galaktoza, kyselina .
, jednotky
(H) glukuronova
B-1,4-glykosidické
Riizné etherové vazby vazby v hlavnich
Vazby mezi a vazby uhlik-uhlik, fetézcich; B-1,2-, B-  B-1,4-glykosidické
podjednotkami prevazné B-O-4 1,3-, B-1,6- vazby
etherova vazba glykosidické vazby v
postrannich fetézcich
Polymerizace 4000 Méngnez200 ~ erolikstovek az
desitek tisic
Polyxyloza,
o o galactoglukomanan
Polymer G lignin, GS lignin, (Gal-Glu-Man), B-glukan

GSH lignin

glukomanan (Glu-
Man)
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Trojrozmérna

Amorfni, Trojrozmérna .,
, , linearni molekula
. nehomogenni, nehomogenni .
Slozeni .o slozena z
nelinearni molekula s malou . )
trojrozmérny polymer  krystalickou oblasti krystalické oblasti
a amorfni oblasti
Vazby mezi Obsahuje chemickou Obsahuje chemickou Bez chemické
slozkami vazbu s hemicelul6zou vazbu s ligninem vazby

Koncentrace jednotlivych slozek celulozy se lisi podle zemédélskych produkta. V tab.

1.7. je slozeni riznych lignocelul6zovych materialt.

Tabulka 1.7. Chemické sloZeni vybrané lignocelul6zové biomasy (Schmitt et al. 2012;
Saini et al. 2015; Kim et al. 2019; Ayodele et al. 2020).

Typ lignocelulézy Lignin [%] Hemiceluléza [%] Celuloza [%]
Listy, stonlgy a klasy 719 24-96 38-40
kukufice
Listy a trava 43.8 10.5 15.3
Cukrova titina 2042 19-25 42-48
Pseni¢na slama 17-19 26-32 33-38
Cukernata susina Ciroku 14-21 18-27 3445

Celuloza je obvykle spojena s hemicelul6zou za vzniku uzavieného komplexu celul6za-
hemiceluloza. Tento komplex je dale uzavien ligninem, coz znesnadiluje pfirozené
uvolnovani fermentovatelného cukru hydrolyzou. Vyzkumné usili ve vyrobé bioalkoholt
druhé generace se proto zaméfilo na pouziti u€inné technologie predupravy pro pferuseni
vazeb mezi komplexy lignin-celuléza-hemiceluléza. U¢inna metoda predupravy uvoliiuje
podstatna mnozstvi celulozy a hemicelulozy, ktera maze byt hydrolyticky pfeménéna na
fermentovatelny cukr pomoci vhodnych enzymu (Rajendran et al. 2018). Monomerni cukry,
jako je glukoza a xyléza, se ziskavaji hydrolyzou celuldzy a hemicelulozy (Demirbas 2007).
Monomerni cukry vytvofené beéhem hydrolyzy jsou pak pfeménény na bioetanol
fermentacnim organismem, jako jsou kvasinky (Di Donato et al. 2019). Vysoké vytézky
rozpustnych cukra z lignoceluldozové biomasy vyZzaduji rozsahlou predipravu a vysoké
davky enzymu, které znacné zvysuji produkéni naklady ve srovnani s produkci ethanolu
prvni generace (Chen et al. 2017; Ma et al. 2019; Ayodele et al. 2020).

Abychom meéli piistup k témto fermentovatelnym cukrim z lignocelulézovych
materiald, je nutné naru$it pevnou strukturu rostlinné biomasy, aby byla pfistupna
enzymatické hydrolyze, coz je hlavnim ucelem pfedupravy (Chen et al. 2017). K uvolnéni
celulozy z ligninového obalu a k poruSeni krystalické struktury celuldzy pro zptistupnéni
nasledné enzymatické hydrolyze, je zapotfebi ucinné predupravy, ktera umozni jeji
dokonceni s pfijatelnymi vytézky a dobou procesu (Kumar & Murthy 2011). Pro efektivni
predupravu musi byt podpofena tvorba cukrt, zabranéni degradace uhlovodiki a tvorbé

inhibicnich produktl a proces musi byt nakladové efektivni (Kim et al. 2019).
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Lignocelul6zova preduprava muze byt provedena pomoci fyzikalnich, chemickych,
fyzikalné-chemickych a biologickych prostiredki. Fyzikalni preduprava zahrnuje
mechanické interakce a ozafovani (Chen et al. 2017). Chemické predupravy zahrnuji kyselou
nebo zasaditou piedipravu, oSetfeni iontovou kapalinou, organickymi rozpoustédly, pouziti
sifi¢itand, alkalickou mokrou oxidaci, pfip. pfedapravu ozonem (Chaturvedi & Verma
2013). Fyzikalné-chemickd preduprava zahrnuje parni explozi (katalyzovanou
a nekatalyzovanou), pfedupravu horkou vodou, explozi amoniakovych vlaken, ptip. explozi
oxidem uhlicitym. Biologické prosttedky zahrnuji pouziti mikroorganisml pro predipravu
lignocelulézy. Ukazuje se, ze kombinace jednotlivych preduprav, které se zamétuji na
konkrétni chemické komponenty v lignoceluloze, jsou perspektivni cestou (Zabed et al.
2016; Ayodele et al. 2020).

Uspéch kvaseni zavisi na kvalité této piedtpravy. Navic, parametry, jako je teplota, pH,
michani nebo koncentrace kysliku musi byt monitorovany v pribéhu celého procesu
kvaSeni, aby jakakoli odchylka od optimalnich podminek mohla byt opravena kontrolnim
systémem (Faraco 2013).

Po predupravé jsou naslednymi kroky hydrolyza a fermentace, které lze provadét
samostatné, nebo soucasné. Béhem hydrolyzy se polysacharidy rozkladaji na jednoduché
cukry. Tento proces miize byt vyvijen v pfitomnosti kyselin, enzymu, nebo obou soucasné
(Loow et al. 2016).

Kysel4 hydrolyza probiha nékolik hodin k dosazeni >90% vytézku glukozy. Ta zahrnuje
organické nebo anorganické kyseliny (jako je kyselina sirové, chlorovodikova, §tavelova,
octova nebo uronova). Enzymatickd hydrolyza probiha nékolik dni k dosazeni 75-95%
vytézku glukozy. Tato hydrolyza zahrnuje rtizné typy enzymi pulsobicich na fetézce
celulozy a hemicelulozy (Loow et al. 2016). Hydrolyza celul6zy probiha pasobenim celulaz,
které se také nazyvaji celulolytické enzymy, coz oznacuje skupinu enzymd, které piispivaji
k degradaci celulozy na glukozu. Hydrolyza hemicelul6z probiha ptisobenim hemicelulaz,
které se také nazyvaji hemicelulolytické enzymy (Bhattacharya et al. 2015). Celulazy jsou
rozdélené do tii kategorii enzymu. Endoglykanazy, karboxymetylcelulazy a CMCazy jsou
enzymy, které nahodné€ hydrolyzuji nekrystalické casti celulozy a vytvareji nové
neredukujici a redukujici konce. Exoglykanazy, celobiohydrolazy, CBH nebo Avicelases
jsou enzymy, které pisobi na konce celulézovych fetézct a nové neredukujici a redukujici
konce za vzniku molekul cellobiozy. B-glykosidazy jsou pak zodpovédné za rozbiti
cellobidzy a tedy za uvolnéni glukdzy (Dotsenko et al. 2018; Srivastava et al. 2020).

Pokud je vyuzito enzymatické hydrolyzy, jsou mozné rizné Grovné integrace procesu
(Ojeda et al. 2011):

e (Oddelena (nebo sekvencni) hydrolyza a fermentace (SHF).
e Simultanni sacharizace a kofermentace (SSCF).

¢ Konsolidované biologické zpracovani (CBP)
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e Simultanni sacharizace a fermentace (SSF).

Schematicky jsou jednotlivé faze zobrazeny na obr. 1.3. Enzymaticka hydrolyza je
obvykle katalyzovéana celulazou a fermentace se provadi kvasinkami nebo bakteriemi. Je
znamo, ze cellobioza a glukédza inhibuji aktivitu celulazy 1 pifi nizkych koncentracich.
Utinnost enzymatické hydrolyzy celulézového materialu zavisi nejen na piitomnosti viech
celulozovych slozek, ale predevsim na poméru jednotlivych slozek.

Kdyz se provadi oddélena hydrolyza a fermentace (SHF), probihd enzymaticka
hydrolyza a fermentace ve dvou riznych reaktorech. V tomto procesu muze byt kazdy krok
proveden za optimalnich podminek pH a teploty. Hromadéni glukézy a cellobiozy v kroku
hydrolyzy vSak inhibuje aktivitu celulaz.

Pfi soucasném procesu sacharifikace a fermentace (SSF) probihd enzymaticka
hydrolyza a fermentace ve stejné nadobé€, takze glukoza uvolnéna plisobenim celulaz je
pfeménéna piimo na ethanol pomoci fermentujictho mikroorganismu a toto kontinualni
odstrafiovani glukozy z média minimalizuje inhibici produktu. Kromé toho pfitomnost
ethanolu v kultivacnim médiu pomahé zabranit nezadouci mikrobialni kontaminaci. Tyto
vyhody vedou ke zvySené rychlosti sacharizace ve srovnani se samostatnou hydrolyzou a
celkova produktivita ethanolu v SSF je vyrazné vyssi nez v procesu SHF (Wyman &
Rittenberg 1996).

Simultanni sacharizace a kofermentace (SSCF) se provadi kombinaci enzymatické
hydrolyzy celuldzy na glukozu procesem a kofermentaci pentézovych a hexézovych cukra
v jedné reakéni nadobé (Lynd 1996; Spatari et al. 2010). To snizuje pocet potiebnych
chemickych reaktori odebranim oddé€leného hydrolyzacniho reaktoru a zabraruje tak
problému inhibice produktu spojeného s enzymy (Ojeda et al. 2011).
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Obrazek 1.3. Klicové fermentacéni strategie pro vyrobu bioetanolu (Toor et al. 2020).
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Soucasnym trendem je pouziti enzymatické hydrolyzy, aby se zabranilo nakladnym
regeneracim a pozadavkim na Cisténi odpadnich vod, které vyplyvaji z pouziti kyselé
hydrolyzy. Enzymatickd hydrolyza je atraktivni, protoze poskytuje lepsi vytézky nez
kyselinou katalyzovana hydrolyza a vyrobci enzymi nedavno snizili své naklady pomoci
biotechnologii (Ruane et al. 2010). Konverze celulozy a hemicelulozy je katalyzovana
enzymy celulazy a hemicelulazy.

Existuje omezeny pocet mikroorganismu, které fermentuji uhlovodiky, zejména pak
pentozové a hexozové cukry, na alkoholy. Mezi hlavni bakteridlni kmeny produkujici
ethanol patii Clostridium acetobutylicum, Klebsiella pneumoniae, Leuconostoc
mesenteroides, Sarcina ventriculi, Zymomonas mobilis. Dale jsou schopni produkovat
ethanol nékteré hub. Mezi né patii Aspergillus oryzae, Endomyces lactis, Kloeckera sp.,
Kluyreromyees fragilis, Mucor sp., Neurospora crassa, Rhizopus sp., Saccharomyces
beticus, S. cerevisiae, S. elltpsoideus, S. oviformis, S. saki nebo Trulaporium. cutaneum.

Hlavnimi charakteristikami organismu, ktery se ma pouzit pii vyrobé ethanolu, je
schopnost poskytnout vysoky vytézek ethanolu, produkovat ho s vysokou produktivitou
a vydrzet vysokou koncentraci ethanolu. Kromé toho by mél mit organismus schopnost
vyuzivat vice cukru a také tolerovat inhibitory, které jsou obvykle pfitomny v hydrolyzatu
ziskaném po predupravé a enzymatické sacharizaci. Mél by také mit schopnost tolerovat
teplotu a nizké pH, aby se minimalizovalo riziko kontaminace. Z primyslového hlediska

jsou vyhodné kmeny odolné viici vysokym teplotam, aby se odstranily dalsi kontaminujici
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mezofilni mikroby zvySenim fermentacni teploty, coz zase snizuje stuperi sterilizace, a tim
se proces stava nakladove efektivnéj§im.

Kvasinky jsou nejcastéji pouzivanym mikroorganismem pro vyrobu ethanolu
fermentaci diky jejich jedine¢nym vlastnostem. Jsou schopné rychlého tempu ristu, ucinné
represe glukozy, efektivni produkce ethanolu a jsou tolerantni vic¢i environmentalnim
stresim, jako je vysoka koncentrace ethanolu a nizka hladina kysliku. Saccharomyces
cerevisiae je nejvice uprednostiiovanym organismem pro produkci ethanolu z hexdz,
zatimco napt. Schizosaccharomyces pombe, Kluyveromyces lactis, Candida spp., Pichia spp
jsou zase kvasinky pouzivané pii fermentaci hexozy, tak pentozy na ethanol.

Kvasinky mohou rist aerobné i anaerobné. Aerobni podminky zvyhodiiuji produkci
kvasinkovych bun€k, coz neni pro producenty etanolu zajimavé. Riast v anaerobnich
podminkach je vSak velmi marginalni a hlavni reakci je pfeména cukru na ethanol za Gcelem
vyroby energie. Kvasinky vyzaduji pro rist a mnozeni vyuzitelny organicky uhlik (cukry),
zdroj dusiku a rizné organické a anorganické stopové rustové faktory. Béhem premény
cukru na ethanol se vytvari energie, kterou buriky vyuzivaji pro rizné funkce.

Kromé kvasinek je fada bakterii schopna produkce ethanolu, ale vétsina z nich
produkuje dal§i konecné produkty, jako je butanol, isopropylalkohol, kyselina octova,
kyselina mravenci, arabitol, glycerol, aceton, methan apod. Bakterie, které produku;ji ethanol
jako hlavni produkt jsou v tab. 1.8. (Faraco 2013).

Tabulka 1.8. Vyznamné¢ bakterie produkujici ethanol (Faraco 2013).

mmol ethanolu vyprodukovany za mmol

Bakterie metabolizované glukézy
Clostridium sporogenes Az4.15
Clostridium indolis 1.96
Clostridium sphenoides 1.8
Clostridium sordelli 1.7
Zymomonas mobilis 1.9
Zymomonas mobilis ssp.
1.7
Pomaceas
Spirochaeta aurantia 1.5
Spirochaeta stenostrepta 0.84
Spirochaeta litoralis 1.1
Erwinia amylovora 1.2
Leuconostoc mesenteroides 1.1
Streptococcus lactis 1
Sarcina ventriculi 1

Na obr. 1.4. jsou znazornény katabolické drahy Saccharomyces cerevisiae pti vyuziti
hlavnich hex6z glukézy, galaktézy a mandzy a pentéz xyldzy a arabindzy pro vyrobu
ethanolu (Wall et al. 2008).

Z pohledu energetického vyuziti paliva jsou nejdulezitéjSimi kritérii jeho odolnost proti

samovzniceni ve smési se vzduchem (klepani motoru), tj. vySe oktanového Cisla, vyhievnost,
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tékavost, Cistota a stabilita (Dabelstein et al. 2007). V tab. 1.9. jsou vlastnosti smésného
paliva s benzinem (E100 — Cisty ethanol, EO — Cisty benzin). Ostatni fyzikalné-chemické
vlastnosti ethanolu jsou v tab. 1.9.

Ukazuje se, ze pridani bioetanolu k benzinu zvySuje oktanové ¢islo, bod vzplanuti
a teplotu samovzniceni, ale na druhé strané snizuje vyhfevnost vyrobené smési. Paliva
smichana s bioetanolem mohou vyzadovat urcita prizptisobeni, napfiklad postupujici

nacasovani zazehu a zvyseni kompresniho poméru (Nwufo et al. 2016).

Tabulka 1.9. Palivové vlastnosti smési ethanol-benzin (Nwufo et al. 2016).

Vlastnosti E100 E90 E80 E70 E60 ES0 E40 E30 E20 E10 EO0
Hustota (kg/m?) 794 784 7834 7823 7812 780.5 7792 7782 7605 7508 747.4
Tlak pary (kPa) 10 18 24 28 31 34 35.6 38 39 39 36

Oktanové cislo RON 111 110 107 105 102 101 98 97 95 94 91

Oktanové ¢islo MON 92 105 1025 985 97 94 92 89 87.5 86 85
Bod vzplanuti (°C) 13 8.5 5 0 -10 -50 -135 -150 -20.0 -40.0 -65.0
Vyhievnost MJ/kg) 30 30.1 33.83 3451 3584 37.16 385 4048 42.08 4422 444

Teplota vzniceni (°C) 360 362 350 345 320 294 281 279 260 360 362
Stech. pomér vzduch/palivo 9 9.53 10.11 1068 11.25 11.83 124 1298 1355 14.12 147

Obrazek 1.4. Hex6zové a pentdézove katabolické drahy Saccharomyces cerevisiac (Wall

et al. 2008).
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Enzymy kodujici geny jsou uvedeny v zavorkach nasledovné: hexokinaza (HXKI1 /
HXK2, 2.7.1.1); glukokinaza (GLK1, 2.7.1.2); galaktokinaza (GALI, 2.7.1.6); galakt6za-1-
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fosfat uridylyltransferdza (GAL7, 2.7.7.12); UDP-gluko6za-4-epimeraza (GAL10, 5.1.3.2);
fosfoglukomutaza (GALS / PGM2, 5.4.2.2); hexokinaza 1 (HXKI1, 2.7.1.1); manno6za-6-
fosfat izomeraza (PMI40, 5.3.1.8); xyloza reduktdza / aldéza (GRE3 / xyll, 1.1.1.21);
xylitoldehydrogenaza (XYL2 / xyl2, 1.1.1.9); xylulokinaza (XKS1 / xyl3, 2.7.1.17);
xylozaizomeraza (xylA, 5.3.1.5); arabinitol 4-dehydrogenaza (lad1, 1.1.1.12); L-xyluléza
reduktaza (Ixrl, 1.1.1.10); L-arabinosova izomeraza (araA, 5.3.1.4); L-ribulokinaza (araB,
2.7.1.16); a L-ribul6za-5-fosfat-4-epimeraza (araD, 5.1.3.4) (Wall et al. 2008).

1.3.4 Pokrocila biopaliva
1.3.3.1 Hydrogenovany rostlinny olej

Pfi pohledu na bionaftu existuji v soucasné dobé pouze dva procesy, které dosahly
infrastrukturni zralosti, ktera umoznuje rozsdhlou produkci. Nejcastéji se pouziva
transesterifikace oleju za pouziti methanolu, ktery poskytuje metylestery mastnych kyselin.
Alternativni technologie je zalozena na hydrogenacnim zpracovani, které poskytuje
hydrogenovany rostlinny olej (HVO) (Aatola et al. 2008; Duda et al. 2018). HVO lze vyrabét
jak z Cerstvych rostlinnych oleja, tak z riznych surovin, v¢etné odpadni biomasy, jako jsou
pouzité oleje na vafeni, Zivo&isné tuky atd. Totéz plati pro MERO, a proto lze ob& paliva
klasifikovat jako druhou generaci, nekonkurujici vyrobé potravin (Bezergianni &
Dimitriadis 2013; Zoldy & Torok 2015). Je vSak tieba poznamenat, ze v sou¢asném mefitku
vyroby jak HVO, tak FAME pouzivaji zemni plyn k ziskani ¢inidel nezbytnych pro své
procesy (methanol, respektive vodik). Srovnani jejich vlivii na emise CO> vSak ukazuje 1épe
na HVO (Garrain et al. 2010; Hunicz et al. 2020).

Jesté dulezit€jsi pro komercni uspéch je kvalita paliva. HVO se vyrabi hydrogenaci
vychozi suroviny a dal$i izomeraci meziproduktovych monoglycerida, diglycerida
a karboxylovych kyselin (Huber et al. 2007), které se provadi v pfitomnosti katalyzatoru,
napt. PtHZSM-22/A1,03 (Hancsok et al. 2007 p. 3), zeolitd (Vasquez et al. 2017) nebo
NiMo/SiO2ALOs (Liu et al. 2011). Chemicka struktura HVO poskytuje dobré vlastnosti
samovzniceni a umoziiuje isté spalovani. Oproti tomu u MERO se uvadi, Ze ma sklon
k tvorb& aldehydd, coz piispiva k toxicitd vyfukovych plynd (Simagek et al. 2011; Duda et
al. 2018). Polarni povaha esterti navic zvySuje jejich aciditu, coz je jeden z duvodu, pro¢
norma CSN EN 590+A 1 omezuje podil FAME v dieselu na max. 7 % (UNMZ 2018a). Navic
MERO piedstavuje problémy pii skladovani, zatimco HVO je stabilni (Makareviciené et al.
2013; Omari et al. 2017). Stru¢né feceno, HVO ma ve srovnani s MERO mnoho vyhod
(Hunicz et al. 2020).

Fyzikalné-chemické parametry paliva ovliviiuji vykon a emise motoru. Vyhtevnost
HVO je 0 2 % (m/m) vysS$i nez u nafty, ale jeji hustota je nizsi. V disledku toho je hustota
energie HVO o 5 % (V/V) niz8i nez u nafty (Rimkus et al. 2019). Vyssi cetanové ¢islo HVO

umoziuje rychlejsi zahdjeni spalovani, zejména pfi nizkém a stfednim zatizeni motoru.
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Se zvySenou teplotou ve valci se pii zvySeném zatizeni motoru tento ucinek snizuje.
Chemické zpozdéni zazehu ovlivnéné cetanovym Cislem se pak stava velmi kratké a zacatek
spalovani je urCen ¢asem nezbytnym pro to, aby palivovy vstrik vytvofil zapalnou smeés se
vzduchem (Hartikka et al. 2012). Mezi dal$i vyhody HVO patii kratsi primarni spalovani,
lep§i vlastnosti pfi studeném startu, niz§i hlucnost a méné koute (Bortel et al. 2019).
Nicméné kvuli nizké mazivosti maze byt vhodn€jsi omezit obsah HVO na 50 % pii miseni
s dieselem (Vo et al. 2018; Hunicz et al. 2020). DalSi palivové vlastnosti jsou v tab. 1.10.

Podrobngjsi srovnani HVO s naftou ukazuje, ze kapicky paliva HVO pronikaji proudem
vzduchu snadnéji nez nafta a vytvareji homogennéjsi hotflavou smés. Dobré promichani ma
za nasledek mens$i zpozdéni vzniceni a lepsi rozptyleni reakcni smési ve spalovaci komorte
(Cheng et al. 2019; Hunicz et al. 2020).

Tabulka 1.10. Palivové vlastnosti HVO, dieselu a jejich smési (HVO50) (Hunicz et al.

2020).
Vlastnosti Jednotka HVO HVO50 Diesel
Vyhtevnost Ml/kg 47,194 46,685 45,894
Ztrata filtrovatelnosti CFPP °C —44 —42 -22
Bod tuhnuti °C —58 =50 -39
Dynamicka viskozita pii 15 °C mPa-s 4,014 2,689 4,44
Dynamicka viskozita pii 40 °C mPa-s 2,198 1,611 2,412
Kinematicka viskozita pti 15 °C mm?2/s 5,136 3,338 5,302
Kinematicka viskozita pti 40 °C mm?2/s 2,876 2,045 2,94
Hustota pti 15 °C g/ml 0,781 0,805 0,837
Hustota pti 40 °C g/ml 0,764 0,788 0,82
Oxidacni stabilita min 76,16 70,76 98
Obsah vody % 0,0021 0,0022 0,0028
Mazivost um / 60 °C 344 366 406
Bod vzplanuti °C 66,3 66,7 70,5
Sira mg / kg <1 2,9 6,1
Obsah popela % hm 0,002 0,009 0,014
Cetanové Cislo - 74.5 59,9 54,1

Protoze je HVO komeréné dostupné, existuje nekolik vyzkuma hodnoticich jeho
ucinnost a emise u riznych typa motort a vozidel. (Aatola et al. 2008) provedli srovnavaci
vyzkum emisi a ucinnosti na common rail ve vysoce vykonném dieselovém motoru
s délenym vstiikovanim paliva pro naftu, HVO a 30% smés obou paliv. Pfi mirném zatizeni
motoru a nizSich otackach vedlo HVO ke snizeni emisi oxidu uhelnatého (CO)
a nespalenych uhlovodiki (HC) o 30 % ve srovnani se hodnotou u dieselu. Rovnéz doslo
k 5% snizeni oxidd dusiku (NOx). (Bohl et al. 2018) také zkoumali Ginnost a emise
vysokovykonného dieselového motoru pohanéného naftou, HVO a jejich riznymi smésmi.
Pfi porovnani dvou Cistych paliv bylo zjisténo, Ze jejich rychlost uvoliiovani tepla je pfi
vysokych zatizenich podobna. Pro podminky nizkého zatizeni v§ak HVO vykazoval diive)si
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spalovani pilotni davky, se zhruba stejnym nacasovanim hlavni vysokoteplotni spalovaci
faze. Neprokazaly se vyznamné rozdily v emisich NOx a pevnych ¢astic (PM). Dle dal§iho
vyzkumu se neprokazal ani rozdil ani pocet ¢astic (PN) (Shukla et al. 2018).

1.3.3.2 Methanol

Pfi vyrobé biomethanolu jsou nejvyznamnéjsi dvé technologie konverze: biochemicka
a termochemick4. Biochemickd pfeména zahrnuje pfedupravu, hydrolyzu a fermentaci
(Ricardo Soccol et al. 2011), zatimco pii termochemické pifemeéné zplyniovani
lignocelulézové biomasy vznikd syntézni plyn (syngas), ktery je vyuzity ve Fischer-
Tropschove syntéze za vzniku alkoholtl (Damartzis & Zabaniotou 2011).

Biomethanol je nejjednodussi z alkoholt a 1ze vyrobit riznymi metodami: Pfes syngas,
bioplyn/biomethan, nebo pomoci biosyntézy. Pfevladajici technologii pro vyrobu methanolu
je nizkotlakd katalyticka reakce syntézniho plynu. Syngas obsahuje oxid uhelnaty
(~30 0bj.%), vodik (25-30 0bj.%), oxid uhlic¢ity (20-30 obj.%), metan (~10 obj.%) a ethan
(~3 0bj.%) (Minteer 2011). Nizky tlak umoziuje provozni podminky, které podporuji
pfeménu methanolu a témeér tplné inhibuji produkci vedlejSich produkti. To vede k vysoké
selektivité >99 % (Spath & Dayton 2003).

Typicky je pfes procesem potieba precisténi a pfedpfipravu plynu, nez je mozné syngas
katalyticky pfemeénit na biometanol. Kromé dehtd a dusikatych latek se v syntéznim plynu
jsou nachazeji dalsi neCistoty. Patii mezi né€ popel, Castice z nespalen¢ho uhli a také inertni
materidly z paliva a nezadouci plynné produkty vedlejSich reakci. Témito vedlejSimi
produkty mohou byt NH3 a plyny z anorganickych kyselin, jako H>S a HCl. Odstranéni
castic se provadi riznymi technikami zaloZenymi na inercialni separaci, bariérové filtraci
a/nebo elektrostatické interakci. Odstranovani dehtli je obvykle spojeno s odstrafiovanim
Castic pii nizkych teplotach v disledku jejich kondenzace. Vysoké teploty umoziiuji nejen
fyzické odstranéni, ale také tepelné nebo katalytické krakovani dehtti. Ostatni slouCeniny Ize
odstranit absorpci nebo adsorpci (Woolcock & Brown 2013; Liicking 2017).

Nejbéznéj§im katalyzatorem pouzivanym pii vyrobé nizkotlakého methanolu je
katalyzator méd—oxid zine¢naty s oxidem hlinitym nebo oxidem chromitym (Cu—ZnO-
Al,03 / Cu—ZnO-Cr203) (Lucking 2017). Navzdory témto Siroce vyuzivanym katalyzatorim
(obzvlasté v pramyslu) byly navrzeny i dal§i methanolové katalyzatory, mnohé z nich na
bazi Cu/ZnO a néekteré na bazi Cu. Prikladem mohou byt Cu/ZnO + prvek (Al, Cr, ... ),
podpora Cu/ZnO/MOx katalyzatort dopovanim dalSich prvkd/sloucenin (Ti, Mn, Rh, B),
Cu/Zn/Al/Sc/B/Zr katalyzator (Watanabe et al. 2004), Cu/Zn/Al/Li katalyzator,
Cu/ZnO/Gax03 katalyzator (Fujitani et al. 1993), katalyzatory na bazi Pd, MoS>
podporovany na K, Au podporovany na TiO», Fe2O3 a ZnO pfip. Ru (Hansen & Nielsen

2008). Methanol nicméné nemusi byt vysledny produkt konverze syntézniho plynu a muze
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byt reaktantem pro dalsi chemické reakce. Pfikladem muze byt schéma na obr. 1.5., pfip.
vyroba butanolu, vice popsana v nasledujici kapitole.

Samotné reakce pro vyrobu methanolu jsou znadmy jiz dlouho. Oxid uhli¢ity a oxid
uhelnaty mohou reagovat s vodikem za vzniku methanolu s vodou jako vedlejsiho produktu.
Rovnice (1.1) popisuji stechiometrii téchto reakci a jejich reakcni entalpii (Hansen & Nielsen
2008).

Syntéza methanolu, je velmi exotermicka reakce a konverze je omezena rovnovahou.
Reakce vede ke snizeni mnozstvi molekul, a proto mize byt produktivita zvy$ena zvysenim

tlaku a snizenim teploty podle Le Chatelierova principu.

Obrazek 1.5. Priklady pouziti syntézniho plynu a methanolu a jejich konverznich
katalyzatora (Liicking 2017).
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Syntéza se obvykle provadi pii 200-300 °C a 3,5-10 MPa a vzhledem k omezeni
rovnovahy je konverze na jeden priichod reaktorem obvykle omezena a fadoveé 10 % (de
Klerk 2014). V dusledku stechiometrie reakci je idealni hodnota poméru vodiku a oxidu
uhelnatého pro syntézu methanolu mirné nad dvéma, coz ukazuje na piebytek vodiku (Ley
2000), ¢imz je dale podporeno i potlaceni vedlejSich reakci (de Klerk 2014).

Vedle zminénych reakci produkujicich methanol probiha také tzv. WGS (water-gas
shift) reakce (1.2), které dale podporuje produkci methanolu.
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Jinym pfistupem vyroby methanolu muze byt vyuziti mikroorganismi. Vyroba
biomethanolu biologickou cestou vyuziva bud” methanotrofni bakterie, nebo anaerobni
metan-oxidujici archaea, které vyuzivaji methan jako zdroj uhliku. Prvnim krokem jejich
vyuziti methanu je jeho selektivni pfeména na methanol. Nésledné biochemické cesty
prfeménuji methanol na formaldehyd, ktery se zase zpracovava na biomasu. Dalsi oxidace
formaldehydu na oxid uhlicity poskytuje energii, ktera je ulozena pro pozdé€jsi pouziti jako
NADH. Konverze metanu na metanol je katalyzovana v aktivnim mist¢ metaloenzymu
znamého jako methan monooxygenaza neboli MMO, majici dvé formy: rozpustna
cytoplazmaticka forma (sMMO) a membranova forma (pMMO).

Reakce probiha podle rovnice (1.3), kde je jeden atom z molekuly kysliku asimilovan
do vznikajiciho alkoholu a druhy do vody (Baik et al. 2003).

CH,+ NADH+ H'+ 0, - CH;OH + NAD* + H,0 (1.3)

Na obr. 1.6. je znazornéné zjednodusené schéma probihajici reakce (1.3.). Aktivni misto
v sMMO obsahuje dvojmocné centrum piremosténé atomem kysliku (Fe-O-Fe), zatimco
aktivni misto v pMMO vyuziva meéd’ (Lawton & Rosenzweig 2016).

Obrazek 1.6. Schéma enzymatické reakce MMO za vzniku methanolu.

H,O MMOH, 4 O,
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Intermediate Q
CH,
1.3.3.3 Butanol

Butanol ma Ctyfi izomerni struktury v zavislosti na poloze hydroxylové (-OH) skupiny
na uhlikovém fetézci: n-butanol (1-butanol), sek-butanol (2-butanol), isobutanol (2-methyl-
1-propanol) a terc-butanol (2-methyl-2-propanol). Struktura Ctyf butanovych izomert je
znazornéna na obr. 1.7. (Mack et al. 2016).

Obrazek 1.7. Struktura izomeru butanolu (Mack et al. 2016).
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Butanol, s vyjimkou terc-butanolu, mize byt vyrabén z cukri fermentaci nebo opét
katalytickou pfeménou syntézniho plynu (Shahbakhti et al. 2010; Christensen et al. 2011).
Katalyzatory pro syntézu vysSich alkoholll 1ze rozdélit do dvou kategorii: Jednou jsou
katalyzatory obvykle pouzivané pro syntézu methanolu a rozvétvenych alkohold (zejména
isobutanol), jako katalyzatory na bazi Cr/ZnO a katalyzatory na bazi Cu/ZnO (Licking
2017). Druhym je katalyzator pro syntézu primarnich alkoholl, jako jsou katalyzatory na
bazi CuCo (Xu et al. 2009) a katalyzatory na bazi MoS; (Xiang et al. 2007; Bao et al. 2008;
Surisetty et al. 2010).

Za pouziti Cs-dopovaného Cu/ZnO/Al20; katalyzatoru je mozné ziskat v reakci

s methanolem smeés riznych izomert butanolu dle schématu na obr. 1.8.

Obrazek 1.8. Schéma reakce vyroby izomert butanolu na Cs-dopovaném Cu/ZnO/Al1203
katalyzatoru (Walter et al. 2019).
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Pokud by bylo cilem ziskat pouze isobutanol, nejvétsi pozornost ziskaly katalyzatory na
bazi Cr/ZnO diky své vyssi aktivite a selektivité pro syntézu isobutanolu pii vysoké reak¢ni
teploté a tlaku. Cr/ZnO-K katalyzator je vhodny pro selektivni syntézu isobutanolu ze
syngasu zavedenim superkritické tekutiny do reak¢niho systému (Jiang et al. 2001).
Experimentalné¢ bylo také pouzilo vnitin€é pfechodného prvku La v katalyzatoru
K-Cu/Zr0O;-Lay03, ktery ma za urcitych podminek zlepSuje interakce v katalyzatoru (Wu et
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al. 2015). Bézné pouzivané katalyzatory pro tento proces jsou katalyzatory na bazi Cr
s nékterymi jinymi kovy jako promotory. V pfipadé katalyzatoru Cr/ZnO byl nestabilni
stechiometricky spinel ZnxCra3a1-xO obecné identifikovan jako vhodny pro syntézu
isobutanolu ze syngasu (obr. 1.9.) (Tan et al. 2015).

Pfi vyrobé butanolu ze zemédélskych surovin jsou n-butanol a isobutanol preferovany.
Ze vSech izomeru byl n-butanol nejcastéji studovan jako motorové palivo (Mack et al. 2016),
nicméné vyvoj procesu k vyrobé isobutanolu ze zdroji biomasy je aktivni oblasti vyzkumu
a jeho potencial jakozto pohonné hmoty ziskava zajem (Atsumi et al. 2008; Higashide et al.
2011; Blombach et al. 2011)

Obrazek 1.9. Pfima syntéza izobutanolu ze syngasu na katalyzatoru na bazi Cr/ZnO (Tan
et al. 2015).

Iso-butanol
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Nejbéznéj§i organismy produkujici n-butanol jsou cleny rodu Clostridium
prostfednictvim ABE fermentace. Existuje né€kolik druht Clostridium, které mohou
produkovat butanol, vcetné¢ C. acetobutylicum, C. saccharoperbutylacetonicum,
C. beijerinckii, C. saccharoacetobutylicum, C. cadaversis, C. sporogenes, C. pasteurianum
a C. tetanomorphum. Ukazalo se, ze prvni Ctyfi druhy produkuji nejvyssi objemy butanolu
[78].

V prvni fazi rastu se tvori kyselina maselna a octova a v druhé fazi rozpoustédla —
butanol, aceton a etanol. Zaroven se po celou dobu aktivniho rdstu a sporulace tvofi
i fermentacni plyny, oxid uhli€ity a vodik, a také dal§i minoritni produkty — kyselina mlécna
a acetoin. Pfepnuti metabolismu z kyselinotvorné do rozpoustédlotvorné faze nastava pii
nahromadéni kyselin v kultivacnim médiu, doprovazeném poklesem pH. Butanol a aceton
se vytvari pfi simultanni spotfebé sacharidického zdroje uhliku a vytvorenych kyselin
maselné a octové; k tvorbé etanolu dochazi po celou dobu fermentace pouze ze sacharida.

Biochemické schéma je na obr. 1.10.
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V porovnani s ethanolem ma butanol vyssi vyhfevnost, a kromé palivovych aplikaci 1ze
butanol pouzit pii vyrobé plasti a pii extrakci potravinafskych pfichuti. Lze jej vyrabét
z obnovitelnych  zemédé€lskych  zdroji  vCetné  titinové melasy, zemédélské
biomasy/hydrolyzatu dieva, kukufice, odpadu z mlékarenského prumyslu (syrovatkovy

permeat), pSenice, ryze, zita, kasavového Skrobu ¢i slunecnice.

Obrazek 1.10. Zjednodusen¢ schéma metabolické drahy, vedouci k tvorbé rozpoustédel
(Patakova et al. 2009).
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Vyhody biobutanolu oproti bioetanolu jsou nasledujici (Sebor et al. 2006a; Muzikova
et al. 2009a; Demirbas 2011; Atmanli et al. 2013, 2015a, 2015b; Honig 2016; Dukulis et al.
n.d.):

1. VySsi energetickd hustota, az o 30 % vySsi vyhfevnost nez ethanol, v neupravenych
pohonnych jednotkéach to znamena snizeni spotieby paliva, ktera je v ptfipadé bioetanolu
VySsi.

2. Benzinové motory mohou spalovat smési benzinu s butanolem vytvorené v jakémkoliv
poméru obou slozek, ale muze byt pouzivan také samostatné jako pohonné palivo

v motorech s vnitinim spalovanim.
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V piipadg, Ze by smés méla vyhovovat podminkam CSN EN 228 , Motorova paliva —
Bezolovnaté automobilové benziny — Technické pozadavky a metody zkouseni", ktera
pfipousti obsah kysliku v benzinu max. do 2,7 % hm., bylo by mozné do benzinu
pfimichat az 11,7 % obj. butanolu, do budoucna az 16 % obj., a to bez modifikace
motoru. V piipadée pfimichavani ethanolu se jedna pouze o max. 5 % obj.

Neni tolik hygroskopicky jako ethanol, je tedy i méné korozivni pro kovové nadrze
a potrubi, ani nevznika separovana faze vody s butanolem (chova se tedy obdobné jako
ethery MTBE ¢i ETBE). Muze byt dopravovan béznymi a jiz existujicimi
produktovody, cisternami a distribuovan jen ¢aste¢né upravenymi Cerpacimi stanicemi,
coz prakticky vylucuje dopravu ethanolu ve stavajicich zafizenich.

Z hlediska manipulace bezpe¢néjsi nez palivo s bioetanolem diky nizsi tenzi par.
Svymi vlastnostmi se pfiblizuje k benzinu vice nez ethanol.

Podili se téméft z 95 % na energii biopaliva oproti bioetanolu ze 75 %.

AZ 20% smes butanol-diesel mize byt pouzita v motorech vyrobenych pro spalovani
100 % motorové nafty, avsak vysledky habilita¢ni prace prokazuji moznost vyuziti az
30 % obj.

Pro palivové smési s vysokym podilem butanolu a nizkym podilem benzinu jsou
potiebné technické zmény ptvodniho benzinového palivového systému vozidla méné

rozsahlé nez v ptipadé smési s vysokym obsahem ethanolu.

Vyhody biobutanolu oproti benzinu (Snita 2005; Mariano et al. 2009, 2010; Honig

2016):

1.

Neprodukuje SOx a CO, produkované CO2 a H20 se vraci do ovzdusi, ze kterého byly
zpracovavanymi rostlinami pfijaty v dob¢ vegetace.

Z hlediska manipulace bezpecnéjsi nez bézné benziny diky niz§i tenzi par (méné se
odpatuje zvlasté v letnim obdobi).

Butanol zamrz4 az pti -89 °C.

Je dobfte biologicky odbouratelny a nepfedstavuje ohrozeni pudy ani vody.

Nevyhody biobutanolu oproti bioetanolu (Broz et al. 2003; Stupavsky 2008; Honig

2016):

1.

Rozsah vyroby biobutanolu fermentacnim procesem je limitovan biologickym
omezenim. Butanol i pfi nizké koncentraci 1,5 az 2 % v roztoku inhibuje rist a ¢innost
mikroorganisma a cely fermentacni proces zastavuje, ethanol puasobi negativné na
kvasné mikroorganismy az pii koncentraci 15-16 % ve fermentované smesi.

Niz$§i oktanové cislo v porovnani s ethanolem, motor spalujici palivo s niz§im
oktanovym ¢islem je nachylnéjsi ke klepani a ma niz§i i€innost. Tento fakt by mohl pro
urCité konfigurace rafinérskych vyrob vyvolat pozadavek na upravu slozeni
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benzinového poolu, predev§im omezeni ptidavku olefini a vétsi tlak na miseni
isoalkanickych frakei s nizkou citlivosti paliva (tedy rozdilu OCVM — OCMM).
3. Nizsi tlak par butanolu se muze projevit problémy se startovatelnosti pfi nizs§ich

teplotach.

Nevyhody biobutanolu oproti benzinu (Honig 2016):

Butanol je méné vyhfevny nez benzin (33,1 MJ kg™! vs 43,3 MI .kg™)).

2. Jako motorové palivo (bez Gprav palivového systému) je vhodny zejména pro teplejsi
oblasti s ohledem na nizsi tlak par.

3. Butanol méa vyssi viskozitu v porovnani s uhlovodiky i nizsimi alkoholy, ktera by se
mobhla negativné projevit u smesnych paliv s vy$sim obsahem butanolu vétSim odporem
vuci Cerpani paliva a tim i vétSim namahanim palivového Cerpadla (spiSe v zimnich
podminkach pfi teplotach pod bodem mrazu).

4. Nizky tlak par a nedostateCné vypafovani béhem studenych starti v chladném
pocasi.108

5. Butanol mé vy$si vyparné teplo.

6. Butanol maze zpusobit korozi nékterych soucasti, zejména palivového prislusenstvi
motoru, coz je mozné zmirnit pfidanim inhibitoru koroze.

Butanol je agresivni vici nékterym plastim a pryzi.

8. 'V soucasné dobé€ neni vyrabéno ani vyrobcem schvalené zadné vozidlo pro pohon na

100% butanol.

1.3.3.4 Propanol

Propanol ma dva izomery: 1-propanol (n-propanol) a 2-propanol (isopropanol). Obé
slouceniny se Siroce pouzivaji jako rozpoustédla a jako meziprodukty pfi vyrobé riznych
estert a amida. Isopropanol se také pouziva jako dezinfekCni prostiedek ve farmaceutickych
vyrobcich nebo jako nemrznouci smés. V soucasné dobé je hlavni aplikaci propanolu syntéza
propylenu, ktery je dulezitym stavebnim kamenem v chemickém primyslu (Walther &
Frangois 2016). Propanol jako biopalivo neziskal velkou pozornost, zejména kvili jeho
vyrobnim nakladim ve srovnani s benzinem a jeho energeticka hustota neni o mnoho vys$si
nez u etanolu a je mnohem nizs§i ve srovnani s butanolem. Pravdépodobné nejvhodnéj§im
zpusobem pouziti propanolu jako paliva by byly smési alkoholu, jako je fermentace
isopropanolu, butanolu a ethanolu (Scully & Orlygsson 2019).

Existuje nékolik biologickych cest pro produkci n-propanolu. Produkce pomoci
Wood-Werkmanovy cesty a akrylatové drahy je znazornéna na obr. 1.11.

Isopropanol muze byt produkovana redukci produkovaného acetonu fermentaci aceton-
butanol-ethanolového kvaseni (ABE). Nékteré druhy Clostridium, které vystupuji v ABE
fermentaci, mohou pfeménit aceton na isopropanol, ale vyté€zky jsou obvykle mnohem nizsi
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ve srovnani s butanolem (George et al. 1983). Propionibacterium a mnoho druht
Clostridium produkuji kyselinu propionovou jako hlavni kone¢ny produkt a mohou za
specifickych podminek produkovat propanol Wood-Werkmanovym cyklem (Allen et al.
1964; Wood 1981). Clostridium propionicum muze také produkovat propanol ze serinu,
alaninu, laktatu a ethanolu akrylatovou cestou. Degradace téchto slouCenin anaerobné
obvykle vede k hromadéni acetatu, propionatu a CO> jako hlavnich produkti, ale také
v men$i mife propanolu (Tholozan et al. 1992).

Obrazek 1.11. Vyroba n-propanolu pomoci Wood-Werkmanova cyklu a akrylatové
drahy.

Glucose

Glycolysis
NADH NAD*

il g e

Lactyl
LDH
NADP* NADPH
Propionate o

Oxaloacetate : :
MethylmalonylCoB) NADH PropionyCo®) AcryloylCoB®
/ NAD*
NAD(P)H
Propionyl-CoA Succinyl@ Malate
NADPH NAD(P) GE
j Wood-Werkman L
@ MR cyCIe H0 n-Propanal
n-Propanal Fumarate NAD(PH
/(< NADPH NADE)*
Succinate NADD*
Propionate n-Propanol
n-Propanol
NAD* - Nicotinamide adenine dinucleotide NADP* - Nicotinamide adenine dinucleotide phosphate @ - Coenzyme A
NADH NADPH

Existuje nékolik geneticky modifikovanych bakterii, které byly modifikovany za
ucelem  produkce propanolu. Piiklady zahrnuji vlozeni  primarni/sekundarni
alkoholdehydrogenazy z Clostridium beijerinckii do Clostridium acetobutylicum, ackoli ma
tento enzym zvySenou aktivitu a afinitu k acetonu, ktery redukuje aceton na isopropanol
(Collas et al. 2012; Dusséaux et al. 2013). Nakonec existuje n¢kolik syntetickych drah, které
mohou produkovat n-propanol, vcéetné treoninové drahy (Atsumi & Liao 2008),
citramalatové drahy (Xu et al. 2004), sukcinatové drahy (Srirangan et al. 2013) a 1,2-
propandiolové drahy (Jain & Yan 2011; Scully & Orlygsson 2019).

1.3.3.5 Palivarské vlastnosti alkoholu

V tab. 1.11. jsou vybrané fyzikalné-chemické vlastnosti Ci — C4 alkoholt s ohledem na
palivarské vlastnosti.

Tabulka 1.11. Fyzikalné-chemické vlastnosti alkoholu (Prezelj 1987; Dean & Lange
1999; Ley 2000; Sebor et al. 2006b; Mackay et al. 2006; Cooney et al. 2009;
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Andersen et al. 2010; Chen et al. 2010; Coronado et al. 2012; Wallner et al. 2013;
Honig et al. 2015a; Shell Chemicals 2016; Awad et al. 2018; Rumble et al. 2019).

Parametr Jednotka Methanol Ethanol n-propanol i-propanol n-butanol sec-butanol i-butanol t-butanol
CAS RN - 67-56-1  64-17-5  71-23-8 67-63-0 71363 78922 78831  75-65-0
Teplota tani °C 9753  -114.14 12439 -879 -88.6 -88.5 -101.9 25.69
Teplota varu °C 64.6 78.29 97.2 82.3 117.73 9951 107.89 82.4
Mol. hmotnost ~ g/mol 32042 46068  60.095 60.095 74.121 74.121 74.121 74.121
Rozpustnost ve ol o . © © 73 185.1 89.4 o
vod¢
Vodny azeotrop  %(m/m) neni 95.5 71.7 87.7 55.5 67.9 70 88.3
H“S“’ff(’:pﬁ 0 gm3 7917 78789 8034 784.23 807.76 805.07 8004  784.39
Kin. Vziséki’é“a P Pas 0.544 1.074 1.945 2.04 2.54 3.1 4 431
Bod vzplanuti °C 8 13 15 12 34 24 28 11
Teplota vzniceni °C 433 369 380 399 314 406 415 470
Meze hoflavosti ~ %(V/V)  5.5-44  33-19  2.0-120 20-12.  14-113 1798  17-109  23-8
Vypamé teplo K/kg 1174 919 680.82 664 591.64 578.83 56275 53578
Vyhievnost Ml/kg 2153 2967 336 3335 36.11 35.98 36.02 35.588
Tlak par (RVP) kPa 31,7 16,5 1.9854 44136 22 53 33 122
OCVM - g7 o 118 12 98 101 13 105
OCMM - 886  89-103 87 98 78 91 94 89
Obsahkysliku  %(m/m) 4993 3473 26.62 26.62 21.59 21.59 21.59 21.59
Vzduch/palivo gy g5 9 103 103 112 112 112 112
pii hoteni
1.3.3.6 Vodik

Vodik se v souCasnosti vyrabi z riznych zdroju, vCetné fosilnich paliv (Zedtwitz et al.
2006; Gradisher et al. 2015), zemniho plynu (Lee & Elgowainy 2018; Anzelmo et al. 2018),
elektrolyzy vody (Jalili et al. 2021) a biomasy (Pal et al. 2022; Chong et al. 2022).
Z publikace "Global Hydrogen Review 2022" kterou vydala Mezinarodni energeticka
agentura (IEA), muzeme vycist soucasny podil jednotlivych zdroji vyroby vodiku na
svétovém trhu v roce 2021 (IEA 2022), ktery je zobrazen na obrazku 1.12. Nejobliben¢jsi
technikou vyroby vodiku je katalyticky reforming metanu, jinych uhlovodiki nebo biomasy,
ktery ma vsak n€kolik vyznamnych omezeni, vCetné vysokych nakladl, nizké vytéznosti
a Skodlivého dopadu na zivotni prostfedi (Chen et al. 2020). Syntéza vodiku pomoci
elektrodisociace vody s vyuzitim obnovitelnych zdrojii energie naopak vzbudila velky zajem
v souvislosti s €istou energii (Olabi et al. 2021). Tento proces totiz produkuje ultracisty vodik
a kyslik s vysokou hustotou a zaroven je Setrny k zivotnimu prostiedi. Proces elektrolyzy
a pul¢lankové reakce - reakce vyvinu vodiku (HER) na katodé a reakce vyvinu kysliku
(OER) na anod¢ - jsou napajeny elektrickou energii ziskanou z obnovitelnych zdroja energie,
jako jsou solarni (Coelho et al. 2010), vétrné (Qolipour et al. 2017) atd. a maji nulovou
uhlikovou stopu, coz €ini tento proces Setrnym k zivotnimu prostiedi. Zeleny vodik je vodik,

ktery vznika elektrolyzou vody a je pohanén udrzitelnym obnovitelnym zdrojem energie.
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To je demonstrovano v rovnicich (1.5a) az (1.5c¢), které znazoriu;ji elektrolyzu H>O na H»
a Oz (Mitlitsky et al. 1998; Anwar et al. 2021).

H20—>H2T+%OZT (1.5a)
2H* +2¢” — Hy 1 (1.5b)
H,0 - %02 1 +2H* +2¢” (1.5¢)

Potencialni hustota energie reakce vodiku s kyslikem (3660 Wh/Kg-H>0) je podstatné
vyS$si nez v soucasnosti dostupné Li-ion baterie (Bruce et al. 2012; Toroi et al. 2019). A proto
se v této oblasti provadi rozsahly vyzkum (Mitlitsky et al. 1998; Kreysa et al. 2014).

Obrazek 1.12. Podil jednotlivych zdroji na celosvétovém trhu s vyrobou vodiku (IEA
2022).

Global market share of hydrogen production

2% 6%

= 1. Steam Methane Reforming (SMR)
= 2. Coal Gasification
= 3. Electrolysis
= 4. Other methods (including biomass gasification, pyrolysis, and fermentation)
Zeleny vodik lze vyuzit v dopravé, pfi syntéze zeleného amoniaku, v teplarenstvi
a v plynarenstvi. Mlze se také pouzity jako nosi¢ Cisté energie, protoze piedstavuje
alternativu ke konvenénim palivim (Meda et al. 2023).

1.4 Legislativa Evropské unie

Diskusni dokumenty o strategickych zménach a cinnostech SpoleCenstvi jsou
zachycovany v Zelenych a Bilych knihach. Zelené knihy Evropska komise publikuje
pravidelné od roku 1985. Zpravidla v prvni ¢asti popisuji stavajici stav urcité problematiky
a dale navrhuji feseni, jak situaci fesit. Zelené knihy maji za tkol nastartovat verejné diskuse
o konkrétnich tématech a zamérech Evropské komise jes§té predtim, nez pfistoupi k jejich

zpracovani do podoby zakona ¢i smérnice. Do téchto diskusi mize vstupovat formou

33



pfipominek prakticky kdokoliv. Pfipominkovani probiha v urcitych casovych obdobich
(napf. po dobu jednoho meésice), zpravidla na strankach generalniho feditelstvi, pod které
diskutovana problematika spada. Bilé knihy Komise jsou dokumenty, které obsahuji navrhy
na ¢innost SpoleCenstvi v urcité oblasti. V nékterych pripadech Bila kniha nasleduje po
vydani Zelené knihy, jejimz cilem je zahajit proces konzultaci o daném tématu na evropské
urovni. Po schvaleni Radou se z Bilé knihy muze stat akéni program Unie pro danou oblast.
Bila kniha ma pro Clenské staty EU pouze doporucujici povahu, je nezdvaznym (Euroskop
2020a, 2020b).

V roce 1996 byla predstavena Zelena kniha Energie pro budoucnost: Obnovitelné zdroje
energie. Tato zelena kniha predstavovala prvni ze dvou fazi pfistupu k rozvoji strategie
zaméfené na zajiSténi vétsiho vyuzivani obnovitelnych zdroji energie. Stanoveni strategie
pro obnovitelné zdroje energie bylo stanoveno v Bilé knize Komise , Energeticka politika
pro Evropskou unii“ a konkrétné¢ zahrnuto do indikativniho pracovniho programu
pfipojeného k uvedenému dokumentu. Tato zelend kniha popisovala tehdy soucasnou
situaci, vyhody vyuzivani obnovitelnych zdrojii ve vztahu k cilim SpolecCenstvi a stanovila
zakladni prvky politické strategie, kterou bylo tfeba provadét na urovni SpoleCenstvi i na
urovni Clenskych statd. Zelena kniha posilovala strategicky cil podpory obnovitelnych
zdroju energie jako nedilné soucasti energetické politiky a fady dalSich politik. Stanovila cil
zdvojnasobit prispévek obnovitelnych zdroji energie k energetické bilanci Evropské unie do
roku 2010 (Evropska komise 1996).

Na tuto Zelenou knihu navazovala Bila kniha Energie pro budoucnost: Obnovitelné
zdroje energie. V zelené knize se Komise snazila ziskat nazory na stanoveni orientacniho
cile 12 % pro prispévek obnovitelnych zdroju energie k spotiebé energie v EU do roku 2010.
Strategie a akéni plan v této bilé knize nastavuje sméfovani k tomuto cili. VypocCty zvySeni
OZE pottebnych pro splnéni tohoto cile byly zalozeny na Kjoétském protokolu (Evropska
komise 1997). Bila kniha ocekavala zvyseni emisi CO2 z dopravy o 50 % mezi roky 1990 a
2010 na celkem 1 113 miliont tun, kde hlavni zodpovédnost byla na silni¢ni dopravé, ktera
prispivala 84 % emisi CO2. Z ekologického hlediska tedy tato Bila kniha zadala snizeni
zavislosti dopravniho sektoru na ropé pouzivanim alternativnich paliv, jako jsou biopaliva
(AK CR 2014).

Za zaklad¢é bilé knihy byla schvalena Smérnice 2001/77/ES, kde byly stanoveny
orienta¢ni vnitrostatni cile pro elektfinu vyrabénou z obnovitelnych zdroju. Cil pro celou
Evropskou unii byl do roku 2010 stanoven na 21 % spotieby elektfiny z obnovitelnych
zdroju energie a cile ¢lenskych stati se pohybovaly od 5,7 % pro Lucembursko do 60 % pro
Svédsko (Evropsky parlament a Evropska rada 2001).

Dalsim krokem bylo zavedeni podpory uzivani biopaliv nebo jinych obnovitelnych
pohonnych hmot v dopravé. Legislativné byla podpora zakotvena ve Smeérnici 2003/30/EC
(Evropsky parlament a Evropska rada 2003). Cilem Smérnice je podle jejiho odstavce 1

"podpora zvySeného uziti biopaliv a ostatnich obnovitelnych paliv pro dopravni tcely
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namisto nafty a benzinu za ucelem pfispéni k plnéni dalSich cild, jakymi jsou zavazky
v oblasti klimatickych zmén, zabezpeceni dodavek Setrnych k zivotnimu prostiedi a podpora
obnovitelnych zdroja." Uvedeny cil je vysledkem postupné snahy nahrazovat strategicky
vyznamnou surovinu ropu, jejiz svétové zasoby se pomalu snizuji 1 vzhledem ke stale
obtiznéjsi a drazsi t€zbé. Realizace vyroby biopaliv a jejich uplatiiovani v oblasti dopravy
ma dale prispét 1 k oSetfeni orné puady v resortu zemédé€lstvi jejim osazenim
nepotravinaiskym obilim jako zdrojem biomasy. Smérnice ukladala ¢lenskym statim zajistit
minimalni podil biopaliv a jinych alternativnich pohonnych hmot na jejich narodnich trzich
dle referencnich hodnot:

e Pro rok 2005 byla referen¢ni hodnota 2 % energetického obsahu.
e Pro rok 2010 byla referencni hodnota 5,75 % energetického obsahu.

Clenské staty mély za povinnost uvést v platnost zakony, smérnice a pravni predpisy ve
shodé s touto Smérnici a to nejpozdé€ji do 31. prosince 2004 a nasledné podavat kazdy rok
zpravu Evropské komisi o provedenych opatfenich (Ministerstvo primyslu a obchodu
2006).

Na tuto Smérnici navazuje klimaticko-energeticky baliek, coz je soubor legislativnich
predpisit Evropské unie platnych od roku 2009, jez maji vést k naplnéni cilti Evropské unie
v oblasti energetiky a ochrany klimatu do roku 2020 (Evropska komise 2008b):

e 20% zvySeni energetické u€innosti.
e 20% snizeni emisi sklenikovych plynu.

e 20% podil obnovitelnych zdroji na celkové spotiebé energie v EU.

Balicek byl schvalen Evropskym parlamentem a Radou v prosinci 2008 (Evropska
komise 2008c).

Ctvefici zakladnich legislativnich predpist Klimaticko-energetického baliku tvoi:

e Smémice 2009/29/ES, kterou se méni smérnice 2003/87/ES o obchodovani
s povolenkami na emise sklenikovych plynd.

e Rozhodnuti 406/2009/ES o rozdé€leni usili k dosazeni redukcnich cild emisi
sklenikovych plynt.

e Smérnice 2009/31/ES o zachytavani a ukladani CO2 do geologického podlozi.

e Smémice 2009/28/ES o podpofe vyuzivani energie z obnovitelnych zdroja (dale jen
RED).

Pozadavky na udrzitelnost zahrnuji uspory emisi GHG v ramci celého vyrobniho
fetézce, zmény ve vyuziti pady a zasobach uhliku, ochranu biodiverzity, environmentalni
pozadavky na péstovani plodin a pozadavky na sledovatelnost (Evropsky parlament a
Evropska rada 2009a).
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Problematika udrzitelnosti biopaliv je feSena také novelou Smérnice o kvalité paliv
98/70/EC piijatou v roce 2009, ve které jsou stanoveny redukcni cile pro emise CO2 v ramci
celého sektoru dopravy (Evropsky parlament a Evropska rada 1998a). Cilovou hodnotou je
dosazeni 10 % uspor emisi CO2 v roce 2020 ve srovnani se stavem v roce 2010. Tento cil je
dosazitelny pii minimalnim podilu 15 % biopaliv a €lenské staty jsou povinny zavést systém
certifikace udrzitelnosti biopaliv a biokapalin do své legislativy (HykySova 2012). Podil
obnovitelné energie a biopaliv ve SpoleCenstvi je znazornén na obr. 1.12.

V listopadu 2016 Evropskd komise zvefejnila iniciativu ,,Clean Energy for all
Europeans®“. V ramci tohoto balicku Komise pfijala legislativni navrh na pfepracovani
smeérnice o obnovitelnych zdrojich energie. V souvislosti s postupem spolurozhodovani byl
v Cervnu 2018 dohodnut kone¢ny kompromisni text mezi organy EU. V prosinci 2018
vstoupila v platnost revidovand Smérnice 2018/2001/EU o podpofe vyuzivani energie
z obnovitelnych zdrojt (dale RED II) (Evropsky parlament a Evropska rada 2018).

Ve smérnici RED II byl celkovy cil EU tykajici se spotieby obnovitelnych zdroju
energie do roku 2030 zvysen na 32 %. Puvodni navrh Komise nezahrnoval dil¢i cil v oblasti
dopravy, ktery zakonodarci zavedli v kone¢né dohodé: Clenské staty musi vyzadovat, aby
dodavatelé paliv dodali do roku 2030 miniméln€¢ 14 % energie spotiebované v silni¢ni
a zelezniCni dopravé ve formé obnovitelné energie.

Smérice RED stanovi vnitrostatni cile v oblasti obnovitelné energie pro rok 2020 pro
kazdou zemi, pfi¢emz zohledni jeji vychozi bod a celkovy potencial pro obnovitelné zdroje
energie. Tyto cile se pohybuiji od nizkych 10 % na Malt& az po 49 % ve Svédsku.
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Obrazek 1.12. Podil obnovitelné energie v celkové spotiebé (modra) a v doprave
(oranzova) (Eurostat 2020).

0.0%

EU28

Belgie
Bulharsko
Cesko
Dansko
Estonsko
Finsko
Francie
Chorvatsko
Iisko

Ttalie

Kypr

Litva
Lotyssko
Lucembursko
Madarsko
Malta
Neémecko
Nizozemsko
Polsko
Portugalsko
Rakousko
Rumunsko
Recko (odhad)
Slovensko
Slovinsko
Spojene kralovstvi
Spanélsko
Svédsko

10.0% 20.0% 30.0%

18.0%

8.0%

9.4%
.6%

!

20.5%

©0
=
B

15.1%

o
2
=y

35.7%

6.6%
- 3.3%

F

30.0%

14.9%
16.6%

28.0%

|

3.9%

11.1%
7.

2
&

17.8%

7.7%
13.9%

1

2.7%
24.4%

|

4.3%

4.7%

—

9.1%
6.5%

8.0%
8.0%

16.5%

_h:."]
x 38
e

9.6%
11.3%

- 5.6%

30.3%

|

9.0%
33.4%

1

8%
23.9%

—

18.0%

%
=

11.9%

21.1%

—

5.5%

11.0%

17.5%

=
2
&

40.0%

41.2%

40.3%

50.0%

60.0%

54.6%

29.7%

Zemé EU stanovily, jak planuji splnit tyto cile do roku 2020 a obecny pribéh své

politiky v oblasti energie z obnovitelnych zdrojii v narodnich ak¢nich planech pro energii



z obnovitelnych zdrojii. Pokrok smérem k narodnim cilim se méfi kazdé dva roky, kdyz
zemé& EU zvefejiiuji narodni zpravy o pokroku v oblasti obnovitelné energie.

RED 1I definuje tadu kritérii udrzitelnosti a emisi sklenikovych plynt, které musi
biokapaliny pouzivané v dopravé spliiovat, aby byly zapocitany do celkového cile 14 % a
aby byly zpusobilé pro finan¢ni podporu ze strany vefejnych organa. Nektera z té€chto kritérii
jsou stejna jako v pavodnim RED, zatimco jina jsou nova nebo preformulovana. RED II
zavadi zejména udrzitelnost lesnich surovin a kritéria pro sklenikové plyny pro pevna
a plynna paliva z biomasy.

Vychozi hodnoty emisi sklenikovych plyni a pravidla vypoctu jsou stanoveny v piiloze
V (pro kapalna biopaliva) a piiloze VI (pro tuhou a plynnou biomasu pro vyrobu energie
a tepla). Komise muaze revidovat a aktualizovat vychozi hodnoty emisi sklenikovych plynda,
pokud to technologicky vyvoj vyzaduje.

Rostouci rozmanitost paliv dostupnych na evropském trhu a zaroven povinné
pfimichavani bioslozek do paliv v§ak znamena, ze fidi¢i, podniky a provozovatelé Cerpacich
stanic potiebuji jasnéjsi informace o palivech prodavanych na Cerpacich stanicich. Proto
v soucasné dobé maji verejné Cerpaci stanice v kterémkoli Clenském stat€¢ Evropské unie
harmonizované symboly paliva na vydejnich stojanech a na palivovych tryskach. Stejna
harmonizace je rovnéz povinnd pro nové vyrobena vozidla a Stitek s typem paliva bude
uveden na uzaveérech palivové nadrze (obr. 1.13. — 1.15.). Znacky vychazeji z primyslovych
standardt (Evropska komise 2018b).

Tato iniciativa byla pfijata na zakladé clanku 7 Smérnice o zavadéni infrastruktury pro
alternativni paliva z fijna 2014 (Evropsky parlament a Evropska rada 2014) a je v souladu
s Ak¢énim planem pro zavadeéni infrastruktury pro alternativni paliva, ptijatym v listopadu
2017 (Evropsky hospodaisky a socialni vybor 2017), ktery stanovi fadu podpurnych akci
s cilem urychlit valcovani mimo infrastrukturu, zvysit investice a zlep§it pfijeti ze strany
spotiebiteld. Dopliiuje rovnéz navrhy Junckerovy komise ,,Evropa v pohybu“ na Cistou,
bezpecnou a propojenou mobilitu (Evropska komise 2018b).

Obrazek 1.13 Paliva benzinového typu: Oznacena ,.E* uvnitf kruhu: E5, E10 atd. (,,E*
odpovida oznaceni specifické bioslozky — ethanolu — pfitomného v benzinu a ¢islo udava
maximalni koncentraci této bioslozky v palivu) (Evropska komise 2018a).

B7 | |B10||B20||B30||B100( | XTL
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Obrazek 1.14. Paliva naftového typu: oznacena ,.B* uvnitf ¢tverce: B7, B10, XTL atd.
(,,B* odpovida oznaceni specifické bioslozky — bionafty — pfitomné v naft¢ a Cislo udava
maximalni koncentraci této bioslozky v palivu. XTL znamena syntetickou naftu, coz

znamena, Ze neni vyrobena z ropy) (Evropska komise 2018a).

DWW

Obrazek 1.15. Paliva plynného typu s uvedenim jejich slozeni v kosoétverci (Evropska
komise 2018a).

1.4.1 Euro normy

Evropské emisni normy definuji pfijatelné emisni limity pro nova vozidla prodavana
v Evropské unii a Clenskych statech EHP. Emisni normy jsou definovany v fadé smérnic
Evropské unie, které stanovuji postupné zavadéni stale prisn€jSich norem. Emise
z automobilti v Evropé jsou od roku 1970 regulovany normami Evropské hospodarské
komise. Omezenymi slozkami byly nejprve oxid uhelnaty (CO), uhlovodiky (HC) a oxidy
dusiku (NOx). Pozdéji k nim byly pfidany dalsi sledované parametry jako hmotnost
uhlovodiki neobsahujicich methan (NMHC), celkovy pocet ¢astic (PN) apod.

V roce 1992 byl zaveden prvni emisni standard Euro 1, ktery se zaméfoval piedevsim
na hladiny oxidu uhelnatého, a proto byl také pouzivan bezolovnaty benzin. Aby benzinové
vozy spliiovaly normu Euro 1, musely byt vybaveny regulovanym emisnim systémem —
lambda sondou — a zacaly se pouzivat oxidacné-redukcni katalyzatory pro dieselové motory.
U dieselovych motorti byly také sledovany hodnoty emitovanych pevnych castic (PM)
(Evropska rada 1991a; Jurasek 2019).

Norma Euro 2 pfisla v roce 1996. Normy Euro 1 a Euro 2 stale fungovaly s vyslednym
souctem emisi uhlovodika a oxidu dusiku, ale od zavedeni normy Euro 3 byl limit téchto
zneCistyjicich latek hodnocen samostatné. Smérmice Euro 1 stanovila limit CO pro
benzinové a naftové motory na 2,72 glkm a HC + NOx na 0,9 g/km u benzinovych
i naftovych motort. V pfipad€ dieselovych motori byly sledovany také castice, jejichz
mezni mnozstvi bylo 0,14 g/km. Teprve pii standardu Euro 2, ktery vstoupil v platnost
v lednu 1996, se rozlisSovalo mezi zazehovymi a vznétovymi motory. Kromé mnozstvi oxidu
uhelnatého méla norma Euro 2 také snizit kombinovany limit pro uhlovodiky a oxidy dusiku.
U benzinovych motora byl limit CO 2,2 g/km, pro hodnoty HC + NOx byl stanoven limit
0,5 g/km, coz je o 0,47 g/km méné€ nez v pripadé pifedchozi smérmice Euro 1. Vznétové
motory musely spliiovat hodnoty 1,0 g/lkm oxidu uhelnatého, respektive az 0,7 g/km pro
kombinaci HC + NOx. Mezni hodnota pevnych castic byla stanovena na 0,08 g/km
(Evropsky parlament a Evropska rada 1994; Jurasek 2019).
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V roce 2000 byla nové zavedena norma Euro 3, ve které byla béhem testl zruSena
zahfivaci faze motoru. Norma Euro 3 také pridala samostatna méfeni emisi oxidi dusiku
u vznétovych motort a samostatna méteni emisi uhlovodiki a oxid dusiku u benzinovych
motord. Norma Euro 3 dale stanovila mezni hodnotu CO pro benzinové motory 2,3 g na
kilometr, mezni hodnotu uhlovodika 0,20 g/km a oxidy dusiku 0,15 g/km. U dieselti byly
limity NOx nejprve méfeny samostatné a souc¢asné v kombinaci s uhlovodiky. Mezni hodnota
pro NOx byla 0,50 g/km, kombinace HC + NOx byla 0,56 g/km. Oxid uhelnaty produkovany
spalovanim nafty mél limit 0,64 g na kilometr a limit 0,05 g/km pro Castice, zejména saze
(Evropsky parlament a Evropska rada 2000; Jurasek 2019).

V lednu 2005 vstoupila v platnost norma Euro 4, ktera se spolecné s nasledujici normou
Euro 5 zaméfila predevsim na emise Castic a také na emise oxidd dusiku z dieselovych
motoru. Filtr pevnych ¢astic Euro 4, ktery se jiz objevil podle normy Euro 3, se také zacal
roz§ifovat. Protoze produkce NOx je vysoce zavisla na teploté spalovani, byla zavedena
recirkulace vyfukovych plynd, aby se snizily emise dusiku. Vraceni vyfukovych plyna zpét
do sani v rezimu caste¢ného zatizeni motoru vyrazné snizuje teplotu spalovani a tim i emise
NOx. U benzinovych motorti byla produkce znecistujicich latek snizena asi o polovinu,
u dieselovych motorti se produkce CO snizila z 0,64 na 0,50 g/km a pro kombinaci HC +
NOx z 0,56 na 0,30 g/km. Oxidy dusiku a PM poklesly o polovinu (Evropsky parlament a
Evropska rada 2005a; Jurasek 2019).

Od zati 2009 vstoupil v platnost standard Euro 5, ktery se dale zamétuje zejména na
redukci Castic PM a oxidi dusiku. Ve srovnani se standardem Euro 4 snizil standard Euro 5
oxidy dusiku o 28 %. Diky vyuzivani pfimého vstiikovani benzinu, ktery pfispiva k tvorbé
Castic, se tyto emise zaCaly méfit také v benzinovych motorech. U benzinovych motort
zustaly mezni hodnoty stejné, s vyjimkou oxidu dusiku, které klesly z 0,08 g/km na 0,06
g/km. Obsah pevnych latek benzinovych jednotek s pfimym vstfikovanim musel spliiovat
mezni hodnoty ¢astic 0,005 g/km. Z téchto duvodu se v piipadé dieselovych motort zacaly
ve velkém meéfitku zavadét casticové filtry (Evropska rada 2007; Jurasek 2019).

Od zati 2014 je v platnosti souc¢asna norma Euro 6, kterd nastavuje pozaduje snizeni
produkce oxida dusiku 0 67 % ve srovnani s Euro 5. Emisni normy pro benzinové a naftové
motory se také jesté vice priblizily. Aby dieselové motory spliiovaly viilbec pozadavek na
snizeni NOx 0,08 g/km nebo v kombinaci s HC 0,17 g/km, musi byt vybaveny dalSim
systtmem rozkladu oxidi dusiku. K tomuto tcCelu se zaCaly pouzivat vstiikovaci
katalyzatory nebo selektivni katalyticka redukce za pouziti vstiikovani reduk¢niho Cinidla
AdBlue (vysoce ¢isty vodny roztok syntetické mocoviny) do vyfukovych plynt.

V reakci s roztokem mocoviny se NOx preméni na dusik, oxid uhli¢ity a vodu dle
navaznych rovnic (1.6) (Evropskéa komise 2012; Jurasek 2019; Fan et al. 2020).
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CO(NH,), — NH; + HNCO (1.6a)

HNCO + H,0 - NH; + CO, (1.6b)
CO(NH,), + H,0 — 2NH, + CO, (1.6¢)
4NH; + 4NO + 0, — 4N, + 6H,0 (1.6d)
2NH, + NO + NO, — 2N, + 3H,0 (1.6e)

4NH; + 6NO — 5N, + 6H,0 (1.61)

Nyni je v diskusi zavedeni nové emisni normy Euro 7, ktera by méla byt zavedena v roce
2025. Navrh nahrazuje a zjednodusSuje dosavadni oddélena emisni pravidla pro osobni
automobily a dodavky (Euro 6) a nakladni automobily a autobusy (Euro VI). Pravidla normy
Euro 7 sjednocuji emisni limity pro vSechna motorova vozidla, tj. osobni automobily,
dodavky, autobusy a nakladni automobily, do jednoho souboru pravidel. Nova pravidla jsou
palivové a technologicky neutralni a stanovuji stejné limity bez ohledu na to, zda vozidlo
pouziva benzin, naftu, elektricky pohon nebo alternativni paliva.

Euro normy se nicméné nezabyvaji pouze osobnimi auty na spalovani a vznétové
motory, nicméné€ v§emi vozidly typu M a N (Zakony pro lidi 2001b; Evropsky parlament a
Evropska rada 2007):

e M: Motorova vozidla, kterd maji nejméné Ctyti kola a pouzivaji se pro dopravu osob.
o Smeérnice 91/441/EEC, 94/12/EC, 98/69/EC, 715/2007/EC, 459/2012/EC
(Evropska rada 1991a, 2007, Evropsky parlament a Evropska rada 1994, 2000,
2005a; Evropska komise 2012).
e N: Motorova vozidla, ktera maji nejméneé Ctyfi kola a pouzivaji se pro dopravu naklada.
o NI Trida. I, II: Smérnice 91/441/EEC, 94/12/EC, 98/69/EC, 715/2007/EC,
459/2012/EC (Evropska rada 1993, 2007; Evropsky parlament a Evropska rada
1996, 2000, 2005a; Evropska komise 2012)
o NI Ttida III a N2: Smérnice 91/441/EEC, 94/12/EC, 98/69/EC, 715/2007/EC,
459/2012/EC (Evropska rada 1993, 2007; Evropsky parlament a Evropska rada
1996, 2000, 2005a; Evropska komise 2012)
o N3: 88/77/ECC, 91/542/EEC, 1999/96/EC, 2005/55/EC (Evropsky parlament a
Evropska rada 1988, 1999, 2005b; Evropska rada 1991b)
e Vysokovykonné zazehové motory (typicky autobusy):
o Smérnice 91/441/EEC, 94/12/EC, 1999/96/EC, 2005/55/EC , 2005/55/EC,
595/2009/EC (Evropska rada 1991a; Evropsky parlament a Evropska rada 1994,
1998b, 2005b, 2009b)
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V tab. 1.12. — 1.21 jsou vSechny historické i platné Euro normy pro jednotliva vozidla.
Normy pro osobni a lehka uzitkova vozidla jsou oznaceny arabskymi ¢islicemi (napt. Euro
6), zatimco normy pro t€zka nakladni vozidla jsou oznacena fimskymi ¢islicemi (napt. Euro
VI).

Tabulka 1.12. Evropské emisni normy pro osobni automobily (kategorie M) se
vznétovym motorem.

Norma Platnost CcO NOx HC+NO«x PM PN
smérnice  (g/km)  (g/km) (g/km) (g/km)  (#/km)
Euro 1 07/1992 2,72 - 0,97 0,14 -
Euro 2 01/1996 1,0 . 0,7 0,08 -
Euro 3 01/2000 0,64 0,5 0,56 0,05 .
Euro 4 01/2005 0,5 0,25 0,3 0,025 .
Euro 5a 09/2009 0,5 0,18 0,23 0,005 .
Euro 5b 09/2011 0,5 0,18 0,23 0,0045 610!
Euro 6b 09/2014 0,5 0,08 0,17 0,0045 610!
Euro 6¢ - 0,5 0,08 0,17 0,0045 6-10'!
Euro 6d- 09/2017 0,5 0,08 0,17 0,0045 610!
Temp
Euro 6d 01/2020 0,5 0,08 0,17 0,0045 610!

Tabulka 1.13. Evropské emisni normy pro osobni automobily (kategorie M) se
zazehovym motorem.

Platnost CO NO«x HC NMHC HC+NOx PM PN

Norma  mernice (zkm) (gkm) (g/km) (g/km) (gkm)  (gkm) (#/km)
Euro 1 07/1992 2,72 - - - 0,97 - -
Euro2  01/1996 22 - - - 0,5 - ;
Euro3  01/2000 23 0,15 - 0,15 - - -
Euro4  01/2005 1,0 0,08 - 0,08 - - -
Euro5a  09/2000 1,0 006 02 0,068 - 0,005 -
Euro5b 092011 1,0 006 0,1 0,068 - 0,0045 -
Euro6b  09/2014 10 006 0,1 0,068 - 0,0045 6-10"
Euro 6¢ - 1,0 0,06 0,1 0,068 - 0,0045 6-10'!
Euro 6d- 90017 10 006 01 0068 ~ 00045 610
Temp
Euro6d 01/2020 1,0 006 0,1 0,068 ; 0,0045 6-10"!
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Tabulka 1.14. Navrh evropské emisni normy Euro 7 pro osobni automobily (kategorie
M) se zazehovym a vznétovym motorem.

Nomma Platoest €O NO.  HC NMHC PM PN Br;:d“e
smérnice (g’km) (g/km) (g/km) (g/km) (g/km) (#/km) (g/km)
Euro7 2025 05 006 01 0068 00045 6107 0007

Tabulka 1.15. Evropské emisni normy pro lehka uzitkova vozidla <1305 kg (kategorie
N1 tfidy 1) se vznétovym motorem.

Norma Platnost CO NO«x HC+NOx PM PN
smérnice  (g/km)  (g/km) (g/km) (g/km) (#Kkm)
Euro 1 10/1993 2,72 - 0,97 0,14 -
Euro 2 01/1997 1,0 - 0,7 0,08 -
Euro 3 01/2000 0,64 0,5 0,56 0,05 -
Euro 4 01/2005 0,5 0,25 0,3 0,025 -
Euro 5a 09/2009 0,5 0,18 0,23 0,005 -
Euro 5b 09/2011 0,5 0,18 0,23 0,0045 6-10'"!
Euro 6b 09/2014 0,5 0,08 0,17 0,0045 6-10'"!
Euro 6¢ - 0,5 0,08 0,17 0,0045 6-10'"!
Euro 6d-Temp  09/2017 0,5 0,08 0,17 0,0045 6-10!
Euro 6d 01/2020 0,5 0,08 0,17 0,0045 6-10'"!

Tabulka 1.16. Evropské emisni normy pro lehka uzitkova vozidla <1305 kg (kategorie
N1 tridy I) se zaZehovym motorem.

Platnost CO NO«x HC NMHC HC+NOx PM PN

Norma  mgrnice (gkm) (gkm) (g/km) (g/km)  (km) (g/km) (#km)
Euro 1 10/1993 2,72 - - - 0,97 - -
Euro2  01/1997 22 - - - 0,5 ; ;
Euro3  01/2000 2,3 0,2 - 0,15 - - -
Euro4  01/2005 1,0 0,1 - 0,08 - - -
Euro 52 09/2009 1,0 01 0,068 006 - 0,005 ;
Euro5b  09/2011 1,0 01 0,068 006 - 00045 -
Euro 6b  09/2014 1,0 01 0,068 006 - 0,0045 610!
Euro 6¢ - 1,0 0,1 0,068 0,06 - 0,0045 610"
Buro6d-— o507 10 01 0068 0,06 ~ 00045 610!
Temp
Euro6d  01/2020 1,0 01 0,068 006 ; 0,0045 610!

Tabulka 1.17. Evropské emisni normy pro lehka uzitkova vozidla 1305-1760 kg
(kategorie N1 tridy II) se vznétovym motorem.

Platnost CcO NOx HC+NO«x PM PN
smérnice (g/km) (g/km) (g/km) (g/km) (#/km)

Norma

Euro 1 10/1993 5,17 1.4 0,19 -
Euro 2 01/1998 1,25 - 1,0 0,12 -
Euro 3 01/2001 0.8 0,65 0,72 0,07 -
Euro 4 01/2006 0,63 0,33 0,39 0,04 -
Euro 5a 09/2010 0,63 0,235 0,295 0,005 -
Euro 5b 09/2011 0,63 0,235 0,295 0,0045 6-10"!
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Euro 6b
Euro 6¢
Euro 6d-
Temp
Euro 6d

09/2015

09/2018
01/2021

0,63
0,63

0,63
0,63

0,105
0,105

0,105
0,105

0,195
0,195

0,195
0,195

0,0045
0,0045

0,0045
0,0045

6-10"
6-10"

6-10"
6-10"

Tabulka 1.18. Evropské emisni normy pro lehka uzitkova vozidla 1305-1760 kg
(kategorie N1 tridy II) se zazehovym motorem.

Norma Platnost CO NO«x HC NMHC HC+NOx PM PN
smérnice (g/km) (g/km) (g/km) (g/km) (glkm) (g/km) (#/km)
Euro 1 10/1993 5,17 - - - 1,4 - -
Euro 2 01/1998 4,0 - - - 0,6 - -
Euro 3 01/2001 4,17 0,25 - 0,18 - - -
Euro 4 01/2006 1,81 0,13 - 0,1 - - -
Euro 5a  09/2010 1,81 0,13 0,09 0,075 - 0,005 -
Euro 5b  09/2011 1,81 0,13 0,09 0,075 - 0,0045 -
Euro6b  09/2015 1,81 0,13 0,09 0,075 - 0,0045 6-10"
Euro 6¢ - 1,81 0,13 0,09 0,075 - 0,0045 6-10"
Eﬁ‘inid' 09/2018 1,81 0,13 0,09 0,075 ; 0,0045 610!
Euro6d  01/2021 1,81 0,13 0,09 0,075 - 0,0045 6-10"!
Tabulka 1.19. Evropské emisni normy pro lehka uzitkova vozidla 1305-1760 kg
(kategorie N1 tridy II) se vznétovym motorem.
Norma Platnost CO NO«x HC+NO«x PM PN
smérnice (g/km) (g/km) (g/km) (g/km) (#/km)
Euro 1 10/1993 6,9 - 1,7 0,25 -
Euro 2 01/1998 1,5 - 1,2 0,17 -
Euro 3 01/2001 0,95 0,78 0,86 0,1 -
Euro 4 01/2006 0,74 0,39 0,46 0,06 -
Euro 5a 09/2010 0,74 0,28 0,35 0,005 -
Euro 5b 09/2011 0,74 0,28 0,35 0,0045 6-10'"
Euro 6b 09/2015 0,74 0,125 0,215 0,0045 6-10'"
Euro 6¢ - 0,74 0,125 0,215 0,0045 6-10'"
Euro 6d- 09/2018 0,74 0,125 0,215 0,0045 610!
Temp
Euro 6d 01/2021 0,74 0,125 0,215 0,0045 6-10!!
Tabulka 1.20. Evropské emisni normy pro lehka uzitkova vozidla 1760-3500 kg.
(Kategorie N1 tridy III a N2) se zazehovym motorem
Norma Platnost CO NO«x HC NMHC HC+NOx PM PN
smérnice (g/km) (g/km) (glkm) (g/km) (g/km) (g/km) (#/km)
Euro 1 10/1993 6,9 - - - 1,7 - -
Euro 2 01/1998 5,0 - - - 0,7 - -
Euro 3 01/2001 5,22 0,29 - 0,21 - - -
Euro 4 01/2006 2,27 0,16 - 0,11 - - -
Euro 5a 09/2010 2,27 0,16 0,108 0,082 - 0,005%* -
Euro 5b 09/2011 2,27 0,16 0,108 0,082 - 0,0045%* -
Euro 6b 09/2015 2,27 0,16 0,108 0,082 - 0,0045*% 610!
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Euro 6¢ - 2,27 0,16 0,108 0,082 - 0,0045%  6-10"

E%f;fd' 09/2018 227 0,16 0,108 0,082 - 00045% 610U
Euro 6d 01/2021 2,27 0,16 0,108 0,082 - 0,0045*  6-10!!
Tabulka 1.21. Evropské emisni normy pro kategorii N3.

Norma Platnost CcO NOx HC PM

smérnice (g/kWh) (g/kWh) (g/kWh) (g/kWh)

Euro 0 1988 12,3 15,8 2,6 -

Euro 1 1992 4,9 9,0 1,23 0,4
Euro 11 1995 4,0 7,0 1,1 0,15
Euro 11 1999 2,1 5,0 0,66 0,1
Euro IV 2005 1,5 3,5 0,46 0,02
Euro V 2008 1,5 2,0 0,46 0,02

Tabulka 1.22. Evropské emisni normy pro vysokovykonné zazehové motory (typicky
autobusy).
Norma Platnost CO NOx HC NH; PM PN
smérnice (g/kWh) (g/kWh) (g/kWh) (ppm) (g/kWh) (#/KkWh)
1992 <85 kW 4.5 8 1,1 0,612
Euro 1
1992 >85 kW 4,5 8 1,1 0,36
10/1995 4 7 1,1 0,25
Euro IT
10/1997 4 7 1,1 0,15
10/1999! 1,5 2 0,25 0,02
Euro IIT
10/2000 2,1 5 0,66 0,1
Euro IV 10/2005 1,5 3,5 0,46 0,02
Euro V 10/2008 1,5 2 0,46 0,02
Euro VI 1,5 0,4 0,13 10 0,01 810"
WHSC?

e Su 122012 -
WHTC? 4 0,46 0,16 10 0,01 6-10
Euro VII 3,5 0,35 0,5 6,5 0,01 810"
WHSCcold ,

. 11
WHTCyuy 0,2 0,09 0,05 6,5 0,008 2-10

" Pouze EEV (Enhanced environmentally friendly vehicle) — Dodateéna pfisné&jsi emisni norma.
2 Celosvetove harmonizovany neustaleny jizdni cyklus.
s Celosvetove harmonizovany jizdni cyklus v ustaleném stavu.

1.5 Legislativa v Ceské republice

Pohonné hmoty jsou z hlediska legislativy definované ve sbirce zakont Ceské republiky
zakonem ¢. 311/2006 Sb. o pohonnych hmotéach a zakonem ¢. 48/2020 Sb. kterym se méni
zakon €. 311/2006 Sb., ve znéni pozdgjsich predpist (Zakony pro lidi 2006, 2020). Tento
zakon zpracovava pozadavky na slozeni a jakost pohonnych hmot a sledovani

a monitorovani slozeni a jakosti prodavanych pohonnych hmot, prodej a vydej pohonnych
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hmot, registraci distributord pohonnych hmot a evidenci Cerpacich a dobijecich stanic
a vydejnich jednotek pohonnych hmot.

Pohonnou hmotou jsou dle zdkona motorovy benzin, motorova nafta, smésné palivo
a alternativni palivo, pokud jsou urCeny k pohonu motoru vozidla nebo zvlastniho vozidla.
Alternativnim palivem je palivo nebo zdroj energie, které slouzi alespori z¢asti jako nahrada
zdroju fosilni ropy v dodavkach energie pro dopravu a které maji potencial pfispét k jeji
dekarbonizaci a zvySit environmentalni vykonnost odvétvi dopravy; alternativnim palivem
je zejména biopalivo nebo jiné palivo z obnovitelnych zdroji, syntetické a parafinické
palivo, stlaceny zemni plyn vetné biometanu, zkapalnény zemni plyn véetné biometanu,
zkapalnény ropny plyn, elektfina a vodik.

Dodavatel motorového benzinu nebo motorové nafty je povinen vést evidenci
o mnozstvi pfijatého a vyrobeného motorového benzinu, motorové nafty a jednotlivych
druht biopaliv a smésnych paliv s uvedenim druhu a podilu biopaliv. Tyto evidence je
povinen uzaviit vzdy k 31. prosinci a k 31. lednu podat celnimu uradu hlaseni o splnéni
povinnosti uvedeni minimalniho mnozstvi biopaliv.

Dodavatel motorového benzinu nebo motorové nafty je povinen snizovat emise
sklenikovych plyni na jednotku energie obsazenou v pohonné hmoté pro dopravni ucely
a elektfin€ pro dopravni ucely tak, aby kazdoro¢né¢ dosahl, ve srovnani se zakladni hodnotou
produkce emisi sklenikovych plynii pro fosilni pohonné hmoty stanovenou provadécim

pravnim predpisem, sniZeni:

e 2%do31. prosince 2014 a v nasledujicich letech.
e 35%do31. prosince 2017 a v nasledujicich letech.
e 0% do31. prosince 2020 a v nasledujicich letech.

Dodavatel motorového benzinu nebo motorové nafty je povinen zajistit, aby v téchto
pohonnych hmotach bylo obsazeno 1 minimalni mnozstvi biopaliva dle Zakona
€. 201/2012 Sb. o ochrané ovzdusi. konkrétne § 19 tohoto zakona definuje povinnost zajistit

minimalni mnozstvi biopaliv za kalendarni rok (Zakony pro lidi 2012a)

e vevysi4,1 % objemovych z celkového mnozstvi motorovych benzini pifimichanych do
motorovych benzinu,

e ve vysi 6,0 % objemovych z celkového mnozstvi motorové nafty pfimichanych do
motorové nafty.

Zaroven je povinen zajistit v jednotlivych obdobich kalendafniho roku minimalni

mnozstvi biopaliva

e vevysi 2,9 % objemovych z celkového mnozstvi motorovych benzini pfimichanych do
motorovych benzinu,

e ve vysi 4,2 % objemovych z celkového mnozstvi motorové nafty pfimichanych do
motorové nafty.
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Vedle enviromentalniho hlediska je pfidavani bioslozky 1 strategickym rozhodnutim,
jak snizit zavislost Ceské republiky na fosilnich palivech. Narodni akéni plan pro
obnovitelné zdroje energie (NAP pro OZE) je jednim z téchto kroku, ktery dne 25. ledna
2016 schvalila vlada, pfipravilo Ministerstvo pramyslu a obchodu ve spolupraci s dal§imi
resorty a subjekty, mezi nimiz bylo zastoupeno Ministerstvo zivotniho prostredi,
Ministerstvo zemédélstvi, Energeticky regulacni trad, Komora OZE a zastupci asociaci
provozujici OZE.

NAP pro OZE vychazi ze smérnice Evropského parlamentu a Rady ¢. 2009/28/ES ze
dne 23. dubna 2009 o podpofe vyuzivani energie z obnovitelnych zdroji a pro Evropskou
unii jako celek z této smérnice vyplyva cil v roce 2020 dosahnout 20 % podilu energie
z obnovitelnych zdroji a cil 10 % podilu energie z obnovitelnych zdroji v doprave
(Evropsky parlament a Evropska rada 2009a). Pro Ceskou republiku byl Evropskou Komisi
stanoven minimalné 13 % podil energie z obnovitelnych zdroja na hrubé kone¢né spotiebe
energie. Splnéni tohoto cile musi zaroven zajistit minimalné 10% podil obnovitelnych zdrojt
v doprave.

Legislativné je ak¢ni plan ukotven v zdkoné €. 165/2012 Sb., o podporovanych zdrojich
energie (Zakony pro lidi 2012b). Z divodu dynamického vyvoje obnovitelnych zdroja
energie se Ceska republika rozhodla piistoupit k pravidelné aktualizaci akéniho planu, aniz
by to bylo pozadovano zminénou smeérnici a tato aktualizace je soucasti zakona
o podporovanych zdrojich energie.

Zpracovany Narodni ak¢ni plan navrhuje (predpoklada) v roce 2020 dosazeni 15,3 %
podilu energie z obnovitelnych zdroji na hrubé konecné spotiebé energie a 10 % podilu
energie z obnovitelnych zdroji na hrubé konecné spotiebé v dopravé (Ministerstvo
prumyslu a obchodu 2016a).

1.6 Strategie 2020, 2030 a 2050

Evropska unie pfijala mnoho dlouhodobych plant pro energetickou, enviromentalni,
ekonomickou a inzenyrskou efektivitu pro roky 2020, 2030 a 2050. V téchto cilech si EU
vytyCuje ambicidzni plany pro sniZzeni emisi a zvySeni efektivity.

Energeticky balicek pro rok 2020 je soubor zavaznych pravnich predpist, které maji
zajistit, aby EU splnila své cile v oblasti klimatu a energetiky pro rok 2020.

Balicek stanovuje tii klicové cile (Evropska komise 2008c):

e 20% snizeni emisi sklenikovych plyni (z Grovni roku 1990).
e 20% energie EU z obnovitelnych zdroju.

e 20% zlepSeni energetické ucinnosti.

Cile byly stanoveny v roce 2007 a piijaty v pravnich pfedpisech v roce 2009. Jsou také
hlavnimi strategickymi cili Evropy pro rok 2020 pro inteligentni, udrzitelny a inkluzivni

47



rast. Obecné chce EU dosahnout téchto cilti urychlenim investici do opatfeni na usporu
energie, zjednoduSenim moznosti zmeény dodavatele a sledovani spotfeby a budovanim
dobrych vztahi s hlavnimi externimi dodavateli energetickych surovin prostfednictvim
organizace Energetického spolecenstvi.

Energeticky balicek pro rok 2030 zahrnuje smér a politické cile na obdobi od roku 2021
do roku 2030.

Balicek nastavuje tfi klicové cile pro rok 2030 (Evropska komise 2014):

e Nejmeéné 40% snizeni emisi sklenikovych plynti (z Grovni roku 1990).
e Neyméne 32% podil na obnovitelné energii.

e Neyméne 32,5% zlepSeni energetické ti¢innosti.

Réamec byl pfijat Evropskou radou v fijnu 2014. Cile pro obnovitelné¢ zdroje
a energetickou ucinnost byly v roce 2018 revidovany smérem nahoru.

Prvni cil snizeni sklenikovych plynii umozni EU priblizit se k uhlikové neutralité a plnit
své zavazky podle Pafizské dohody. Tato dohoda pfimo navazuje na Kjotsky protokol
a formuluje dlouhodoby cil ochrany klimatu, jimz je pfispét k udrzeni naristu primeérné
globalni teploty vyrazné pod hranici 2 °C v porovnani s obdobim pted primyslovou revoluci
a usilovat o to, aby narust teploty neptekro¢il hranici 1,5 °C a pfinasi vyznamnou zménu,
pokud jde o zavazky snizovani emisi sklenikovych plynd. Dohoda totiz uklada nejen
rozvinutym, ale i rozvojovym statim povinnost stanovit si vnitrostatni redukéni prispévky
k dosazeni cile Dohody.

K dosazeni balicku pro rok 2030 nastavuje EU nasledujici:

e EUETS (schéma obchodovani s emisnimi povolenkami) bude muset snizit emise 0 43 %
(ve srovnani s rokem 2005) — za timto uc¢elem bude ETS po roce 2020 revidovan.
e Odvétvi, ktera nespadaji do ETS, budou muset snizit emise 0 30 % (ve srovnani s rokem

2005) — to se jiz promitlo do jednotlivych zavaznych cilt pro ¢lenské staty.

V ramci Zelené dohody pro Evropu si Komise klade za cil navrhnout odpovédnym
zpusobem dal$i zvySeni cile EU na nejméné 50 % az k 55 %.

Zavazny cil v oblasti obnovitelné energie pro EU do roku 2030 ve vyS$i nejméné 32 %
kone¢né spotieby energie. Pivodni cil byl ve vysi nejméné 27 %, ale ten byl v roce 2018
revidovan smérem nahoru.

Posledni cil je se tyka energetické u€innosti, ktery nastavuje minimalni zlepSeni 32,5 %
pro energetickou ucinnost, kterého ma EU spolecné dosahnout v roce 2030. Pavodni cil ve
vysi nejméné 27 % byl v roce 2018 revidovan smérem nahoru.

Spolecny piistup na obdobi do roku 2030 pomaha zajistit regulacni jistotu pro investory
a koordinovat usili zemi EU. Tento ramec pomaha fidit pokrok smérem k nizkouhlikové

ekonomice a budovat energeticky systém, ktery (Evropska komise 2014):
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e Zajistuje dostupnou energii pro vSechny spotiebitele.
e Zvysuje bezpecnost dodavek energie do EU.

e Snizuje nasi zavislost na dovozu energie.

e Vytvaii nové prilezitosti pro riist a zaméstnanost.

e Pfinasi pfinosy pro zivotni prostiedi a zdravi — napt. diky snizenému znecisténi ovzdusi.

Energeticky bali¢ek pro rok 2050 v tuto chvili cili na 80-95% pokles produkce GHG ve
srovnani s rokem 1990 pomoci dal§iho zvySovani energetické Ucinnosti, obnovitelnych
zdroju a ukladani oxidu uhlicitého. Realizace této radikalni transformace vyzaduje zasadni
zmeény v energetickém systému. Tato uroven redukce je mozna pouze s téméf nulovym
zdrojem CO,. Takové dodavky energie by bylo mozné realizovat dal§im vyvojem
a nasazovanim technologii, které jsou jiz dnes komeréné dostupné nebo v pozdnim stadiu
vyvoje, a roz§ifenim transevropské pienosové soustavy. Predpoklada se (European Climate
Foundation 2010 p. 2050):

e Primyslovy konsenzus pfijimani téchto technologii.

e Zvysené Gsili o snizovani emisi ve zbytku svéta.

e Trzni poptavka po nizkouhlikovych investicich.

o Upravy cen fosilnich paliv.

e Vyznamné rozsifeni propojeni siti mezi regiony a napii¢ regiony v Evropé¢.

e Pramérna cena uhliku ve vysi nejméné 20-30 EUR za tunu CO»2, ekv.

1.7 Kritéria udrzitelnosti

Hlavnim kritériem udrzitelnosti biopaliv je pozadavek na min. 35% uspory emisi
sklenikovych plyna v celém zivotnim cyklu biopaliva, v porovnani s referen¢nim fosilnim
palivem. Od roku 2017 se zadana redukce emisi sklenikovych plyni zvysi na 50 %, u novych
zafizeni dokonce na 60 % (PETROLmedia s.r.o 2017). Pouze biopaliva spliujici kritéria
udrzitelnosti je mozné zohlednit do splnéni povinného miniméalniho podilu biopaliva pro
snizeni emisi sklenikovych plynt z dodaného motorového benzinu nebo motoroveé nafty dle
§ 21 a pouze tato biopaliva jsou zpusobila k nizsi sazbé spotiebni dané z mineralniho oleje
(pohonnych hmot — B100, B30, HVO30, E85) dle zdkona ¢. 353/2003 Sb., o spotiebnich
danich. Dale dle § 21 musi prodejci a dovozci biomasy, vyrobci, dovozci a prodejci
kapalnych nebo plynnych produktii urCenych k vyrobé biopaliv, vyrobci, dovozci a prodejci
biopaliv a dovozci a prodejci motorového benzinu a motorové nafty s pridavkem biopaliva
neuvolnéného do volného dafiového obshu v CR vydavat k jednotlivym dodavkam biomasy,
kapalnych nebo plynnych produkt ur€enych k vyrobé biopaliv nebo k dodavkam biopaliv
doklady potvrzujici splnéni kritérii udrzitelnosti (Zakony pro lidi 2012a; Ministerstvo
zivotniho prostfedi 2014b).
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Kritéria udrzitelnosti definuje nafizeni vlady ¢. 189/2018 Sb. o kritériich udrzitelnosti
biopaliv a snizovani emisi sklenikovych plynt z pohonnych hmot (Zakony pro lidi 2018).
Ke kritériim udrzitelnosti se vztahuji dvé zékladni povinnosti. Prvni povinnosti je prokazani
pavodu biopaliva, kdy se musi dolozit, ze péstovanim biomasy pro vyrobu biopaliva nebyla
naruSena biodiverzita. Druhou povinnosti je prokazani urcité uspory emisi sklenikovych
plynta vyprodukovanych béhem celého zivotniho cyklu biopaliva v porovnani s fosilni
alternativou (Ministerstvo zivotniho prosttedi 2014b).

Prokazani téchto povinnosti je provadéno certifikaénim schématem, ktery fidi spravce
certifikacniho schématu ISCC, spolecnost ISCC Systém a rozliSuje je na nékolik variant
tohoto schématu. Prvnim z nich je ISCC DE, ptivodni schéma, které je nyni urCeno zejména
pro némecky trh, dle kterého viak byla v CR certifikovana vétsina spoleGnosti za&lenénych
do fetézce vyroby biopaliv.

V soucasné dobé nachazi standard ISCC DE uplatnéni hlavné v ptipade vyuziti odpada
(napf. pouzitého fritovaciho oleje) a zbytkd (napf. obilné slamy) pro vyrobu biopaliv, pokud
je s biopalivy obchodovano v Némecku. Legislativa totiz klade v tomto sméru pfisnéjsi
pozadavky na materialy, na které je mozné uplatnit tzv. double counting neboli dvoji
zapocteni pro ucely prokazani splnéni cile 10% podilu biopaliv ve vSech druzich dopravy
v roce 2020.

V cCervenci roku 2011 bylo Evropskou komisi schvaleno certifikacni schéma ISCC EU,
jez je uznavano ve vSech statech EU. Vétsina Ceskych firem, ptivodné certifikovanych dle
ISCC DE, proto prechazi na certifikaci ISCC EU.

Tietim nejrozsifen&jsim certifikanim schématem v Ceské republice je certifikace dle
Ceské legislativy, konkrétné zakona ¢. 201/2012 Sb. a nafizeni vlady ¢. 351/2012 Sb., ktera

je implementaci pozadavkd zminéné evropské smérnice (PETROLmedia s.r.o 2017).

1.8 Zakon o odpadech a strategické zmény v odpadovém hospodarstvi

v

Zakon ¢. 185/2001 Sb. o odpadech v pozd€jsim znéni zapracovavajici do Ceského
pravniho systému Smérnici 2008/98/EC upravuje a definuje nakladani s odpady na Gzemi
Ceské republiky (Zakony pro lidi 2001a; Evropsky parlament a Evropska rada 2008).
Odpadem je kazda movita véc, které se osoba zbavuje nebo ma imysl nebo povinnost se ji
zbavit. Je soucasti tzv. Balicku k ob&hovému hospodatstvi z roku 2015, ktery mé za cil
prechod k ob&hovému hospodafstvi, napomaha k zajisténi udrzitelného ristu a posileni
konkurenceschopnosti Evropy cestou lepsiho vyuzivani zdroju, snizeni zavislosti na
primarnich surovinach a vytvoreni novych pracovnich mist. Soucasti balicku jsou
nasledujici dokumenty (Ministerstvo primyslu a obchodu 2016b):

e Sdéleni Komise COM(2015) 614 Uzavieni cyklu — akéni plan EU pro ob&hové
hospodarstvi.

e Navrh smérnice upravujici smérnici 94/62/ES o obalech a obalovych odpadech.
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e Navrh smérnice upravujici smérnici 99/31/ES o skladkovani odpadu.

e Navrh smérnice upravujici smérnici 2008/98/ES o odpadech.

Z balicku vyplyvaji povinnosti do nésledujicich let pro nakladani s odpady:
e Povinné tiidéni bioodpadu — zavést do 31. 12. 2023.
e Povinné tiidéni textilu — zavést do 1. ledna 2025.

e Povinné tiidéni nebezpecnych slozek komunalnich odpadt — zavést do 1. ledna 2025.

V nasledujicich letech bude také zvySen pozadavek na recyklaci komunalnich odpadd.
e Rok 2025: 55 %.
e Rok 2030: 60 %.
e Rok 2035: 65 %.

Zaroven bude upravena smérnice o obalech, kde bude pro nasledujici roky také zvyse
pozadavek na recyklaci:
e Rok 2025: Recyklovano 65 % hmotnosti veskerych obalovych odpadi. Navic bude
zavedeno pro konkrétni materialy pevné dany limit:
o 50 % plastu.
25 % dreva.
70 % zeleznych kovi.
50 % hliniku.
70 % skla.
o 75 % papiru a lepenky.

o O O O

e Rok 2030: Recyklovano 70 % hmotnosti veskerych obalovych odpadii. Pro konkrétni
materialy pak:
o 55 % plastt.
30 % dieva.
80 % zeleznych kovu.
60 % hliniku.
75 % skla.
85 % papiru a lepenky.

o O O O O

Hlavnimi cili této strategie je ptredchazeni vzniku odpadi a zvySeni recyklace
a materialového vyuziti odpadii (Ministerstvo zivotniho prostiedi 2014a). Organicka Cast
z odpadu, jako je papir, lepenka, dfevo apod. (tzv. organicka frakce) Ize zpracovat stejnymi
vyse zminénymi postupy na bionaftu, coz dale pomuize k pfechodu na obéhové hospodaistvi,
pomuze splnit nastavené limity EU a samoziejmé snizi zavislost na fosilnich palivech
(Mahmoodi et al. 2018). Plasty lze pomoci pyrolyzy za ptitomnosti katalyzatort rozlozit na
razné jednodussi organické slouceniny, z nichz které maji opét potencial pro vyrobu paliv.
Vznikajici syntézni plyn muze byt vyuzity napf. pro vyrobu bioalkoholt a leh¢i uhlovodiky
ptimo spaleny pro provoz pyrolyzniho reaktoru (Demirbas 2004).
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1.9 Danova politika a spotiebni dané

V roce 2008 vlada navrhla Vicelety program podpory dal§iho uplatnéni biopaliv
v dopravé pro obdobi 2009 — 2015, ktery podporuje snizeni emisi sklenikovych plyna
prostfednictvim zvySeného uzivani vysokoprocentnich smési biopaliv a Cistych biopaliv
a zajiStuje soulad s orienta¢nimi cili pro uzivani biopaliv v doprave, jak stanovovala
smérnice 2003/30/ES o podpote uzivani biopaliv nebo jinych obnovitelnych pohonnych
hmot v doprave (tj. do roku 2010 nahradit 5,75 % fosilnich paliv biopalivy). O¢ekavanym
ucinkem opatieni bylo rozsifeni vyuziti biopaliv a zajisténi jejich konkurenceschopnosti vici
fosilnim palivim (Evropsky parlament a Evropska rada 2003).

Pravnim zakladem oznameného opatfeni je zakon ¢. 353/2003 Sb., o spotiebnich danich,
zakon €. 86/2002 Sb., o ochrané ovzdusi, zakon ¢. 61/1997 Sb., o lihu, vyhlaska ¢. 140/1997
Sb., o kontrole vyroby a ob&hu lihu, vyhlaska ¢. 141/1997 Sb., o technickych pozadavcich
na vyrobu, skladovani a zpracovani lihu a usneseni vlady ¢. 164/2008, o viceletém programu
podpory dalsSiho uplatnéni biopaliv v dopravé atd. Podpora byla poskytnuta ve forme
danového zvyhodnéni:

e Snizeni spotfebni dan€ u vysokoprocentnich smési v poméru obsahu biopaliv.

e Osvobozeni od spotiebni dané u Cistych biopaliv.

V podpoie byla zahrnuta biopaliva: MERO, EERO, bioetanol, SMN30, ETBE, rostlinny
olej, bioplyn a dale paliva 2. generace. VSechna paliva musi spliiovat definici udrzitelnych
biopaliv. Skute¢na vySe podpory je v tab. 1.23 (Evropska komise 2008a).

Tabulka 1.23. Vyse podpory podle podporovanych biopaliv (Evropska komise 2008a).

Biopalivo Skutefna vySe Sazby spotirebni dané z
podpory (Ké/) fosilnich paliv (K¢&N)

FAME 9,95 9,95
SMN30 3,084 6,866
Bioetanol 11,84 11,84
Bioetanol pro vyrobu ETBE 11,84 11,84
E85 10,064 11,84
E95 9,95 9,95
Cisty rostlinny olej 9,95 9,95

Na tuto iniciativu navazuje Vicelety program podpory dalSiho uplatnéni udrzitelnych
biopaliv v dopravé na obdobi 2015-2020. Novy program detailné popisuje problematiku
uplatiiovani kapalnych biopaliv v dopravé po technické i1 legislativni strance a predstavuje
ramec, ktery pro jednotlivé druhy biopaliv stanovuje optimalni vysi podpory tak, aby
nedoslo k jeji finan¢ni prekompenzaci. VySe uvedena biopaliva budou i nadale podporovana
snizenim, osvobozenim, nebo ¢asteCnym vracenim spotiebni dané z mineralnich oleji. Nové
je stanoveno zvySeni spotiebni dané u dvou druhti biopaliv: 0 0,50 K¢&/1 u €isté bionafty B100
a 0 0,20 K¢&/1 u etanolového paliva E85 (v ptipadé podilu 85 obj. % bioetanolu). Sazby
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u ostatnich druh@ biopaliv zistavaji beze zmén (AK CR 2014) — tab. 1.24. Uroveii podpory

je stanovena na zakladé porovnani naklada na provoz vozidel vyuzivajici fosilni palivo vs.

biopalivo.

Podporovana biopaliva jsou (Honig et al. 2017):

MERO B100 (&ista bionafta).
Smésna motorova nafta B30 (smés nafty a min. 30 % FAME).
Ethanol E85 (smés benzinu a 70-85 % bioetanolu).

Rostlinné oleje, ethanol E95, bioplyn, pokrocila biopaliva.

Tabulka 1.24. Sazby dané u mineralnich oleja (AK CR 2014).

. « « Sazba dané pred Sazba dané po novelizaci

Predmét dane novelizaci (K¢/l) (K&N)

Motorové benziny (§ 48 odst. 1) 11,840 12,840

Motorova nafta (§ 48 odst. 1) 9,950 10,950

Smésna nafta (§ 48 odst. 5) 6,866 7,665
Smési a motorové benziny s

nizkym piidavkem biopaliva (§ 11,840 12,840
48 odst. 3, § 48 odst. 6 a 13)

Smési lihu a MO — Ethanol E85
(§ 48 odst. 17) 11,840 12,840
Smési lihu a MO — Ethanol E95 9.950 10,950

(§ 48 odst. 18)

Zminéna piekompenzace byla patrna ve druhém pololeti roku 2015 (po skonceni

platnosti Viceletého programu 1), kdy byla poskytovana neptiméfenad podpora podle starych

pravidel — tato skuteCnost byla predpokladana a Rozhodnuti EK proto ulozila pfijeti

napravného opatieni. Ceska republika je povinna pribézné vyhodnocovat pfimérenost

podpory a v pfipad€ potieby upravit sazby dané nebo vysi vracené dané. Celkové povolené

néaklady na realizaci podpory do roku 2020 ¢ini max. 8,7 mld. K¢.

Na zakladé Rozhodnuti EK doslo ke zménam podpory oproti pivodnimu znéni

Viceletého programu 2 (Honig et al. 2017):

Uprava vypoltu optimalni vySe podpory, snizeni podpory pro jednotliva biopaliva
a zavedeni minimalniho zdanéni bioslozky,

Cista a vysokoprocentni biopaliva jiZ nelze zapogitat do plnéni povinnosti distributord
uvadét na trh minimalni podil biopaliv podle zdkona o ochrané ovzdusi,

Zavedeni mechanismu zpétné kompenzace nepiimérené podpory z druhého pololeti
2015 navySenim sazeb spotfebni dané v prvnim 1,5 roce trvani podpory,

Zahrnuti novych druhti biopaliv: hydrogenovanych rostlinnych oleja v ¢isté podobé
a v podob¢ smési s motorovou naftou s obsahem HVO ve vyS§i min. 30 %.

Spottebni dan, definovana Zakonem ¢. 353/2003 Sb. o spottebnich danich, ktery m;.

upravuje podminky zdanéni vyrobkl jako jsou mineralni oleje nebo lih a zptisob barveni,
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znaCkovani a skladovani mineralnich oleji (Zakony pro lidi 2003). Zakonna podpora
biopaliv je zde definovana ve formeé osvobozeni od dan€ z mineralnich oleji (§ 49). Zde jsou
podporovana pouze ¢ista a vysokoprocentni biopaliva, kterd spliiuji kritéria udrzitelnosti.
Podpora je =zapotifebi kvuli zachovani konkurenceschopnosti, podporu domaciho
zemeédélstvi, snizeni zavislosti na dodavanych zdrojich apod. (Honig et al. 2017).

Jina paliva nejsou v zakon€ neni pevné ukotvena, a proto nemaji piesné definované
danové zatizeni. Pfesto mizeme v zahranici sledovat vzristajici trend vyuzivani bioetanolu
v motorové nafté. Ukazuje se, ze napt. pro smés E-Diesel 7,7 % (V/V) by musela byt podpora
cca 3,37 K&/l (Honig et al. 2018).
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2. Cil disertacni prace

Ocekavané cile disertacni prace ,,Biopaliva II. generace pro pohon spalovacich motori*
1ze shrnout do nasledujicich bodt a hypotéz.

2.1 Cil disertacni prace a vyzkumna otazka

Cilem disertacni prace je zhodnoceni efektivity vyrobnich procest biopaliv II. generace
pro zazehové motory, vlastni variantni feSeni jako optimalizace vyrobniho procesu a dale
palivarské a motorarské hodnoceni alkoholt jako paliva. Prace ma za cil navrhnout a ovéfit
moznost vyuziti vysokoprocentnich smési alkoholii v zazehovych motorech. Dale také
navrhnout a oveéfit moznost vysokoprocentnich smési alkoholl ve vznétovych motorech.
Vyuziti alkohold ve vznétovych motorech je problematika zcela nova a budou navrzena nova
smeésna paliva jako variantni feSeni podporujici tzv. ostrovni systémy a cirkularni
ekonomiku. Vedle palivarskych parametrti bude sledovan také vliv na materialy palivového
ustroji a skladovacich nadrzi. Soucasti prace bude hodnoceni z hlediska emisi, vykonu,

spotieby a toCivého momentu spalovacich motorti navrzenych smésnych paliv.

2.2 Hypotézy diserta¢ni prace

1. Mnozstvi alkohold ve vznétovych motorech je signifikantné ovlivnéno cetanovym
Cislem smési, které je mozné zvysit pridanim aditiv i na aroven pfedepsanou normou
CSN EN 590.

2. Alkoholy ve smésnych palivech pro vznétové motory zlepSuji nizkoteplotni vlastnosti

smésnych paliv, av§ak zplisobuji rozfazovani smésného paliva.
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3. Metodika disertacni prace

Pro dosazeni cilt diserta¢ni prace bude pouzito laboratorniho a pfistrojového vybaveni
nasledujicich pracovist’:

1. Ceska zemé&dé&lska univerzita v Praze, Fakulta agrobiologie, potravinovych a piirodnich
zdroju, Katedra chemie;

2. Ceska zemédélska univerzita v Praze, Technicka fakulta, Katedra vozidel a pozemni

dopravy;
3. Ceska zemé&dglska univerzita v Praze, Technicka fakulta, Katedra jakosti a spolehlivosti
stroju;
. SGS Czech Republic, s.r.o.
5. VUZT, v.vi.

3.1 Metody méreni a mérici zarizeni

Laboratorni zkousky testovanych paliv budou provedeny podle normovanych postupt
podle norem:

1. CSN EN 228 Motorova paliva — Bezolovnaté automobilové benziny — Technické
pozadavky a metody zkouseni (UNMZ 2018b).

2. CSNEN 590+A1 Motorova paliva — Motorové nafty — Technické pozadavky a metody
zkouseni (UNMZ 2018a).

3. CSN EN 15376 Motorova paliva — Ethanol jako slozka automobilovych benzind —
Technické pozadavky a metody zkouseni (UNMZ 2015).

Uvedené rozsifené nejistoty vysledku stanoveni palivarskych vlastnosti jsou soucinem
standartni nejistoty méfeni a koeficientu rozsifeni k = 2, coz pro normalni rozdéleni
odpovida pravdépodobnosti pokryti asi 95 %. Standardni nejistoty meéteni byly stanoveny
v souladu s dokumentem EA-4/02 — Vyjadfovani nejistot méfeni pfi kalibracich (CAI 2014).

K vyhodnoceni experimentt byly pouzity programy R, Microsoft Excel a Python 3.8.
Volba grafického znazornéni jednotlivych vysledkti méfeni predstavuje kombinaci téchto

programu s ohledem na prehlednost vyhodnoceni.

3.1.1 Oktanové cislo

Vysoké oktanové Cislo je nutna vlastnost paliv pro stabilni chod spalovani ve
vysokotlakych motorech, jelikoz zajistuje optimalni ucCinnost motoru. Zatimco uc¢innost
motoru muze byt obecné zlepSena zvySenim kompresniho poméru — coz ale vede i k vys$§im
pozadavkam na oktanové Cislo — vyroba odpovidajicich vysoce oktanovych paliv je spojena
s vySSi energetickou naro€nosti v rafinérii. Celkova optimalni G€innost (s prihlédnutim

k motoru a rafinérii) je ziskana u nejpouzivanéjSich prémiovych benzina s oktanovymi Cisly
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95 az 100 a motorti navrzenych pro tuto oktanové ¢islo. Oktanové Cislo benzinu se stanovi
srovnavacim méfenim objemové koncentrace n-heptanu (OC = 0) a 2,2,4-trimethylpentanu—
isooktanu (OC = 100) (Dabelstein et al. 2007). V praxi se mizeme setkat se dvéma
variantami stanoveni oktanového Cisla — Oktanové Cislo vyzkumnou metodou a oktanové
¢islo motorovou metodou.

Stanoveni oktanového &isla vyzkumnou metodou (OCVM, piip. RON') se provadi
podle normy CSN EN ISO 5164 Ropné vyrobky — Stanoveni detonagnich charakteristik
motorovych paliv — Vyzkumna metoda (UNMZ 2014a) a méfi se ve standardnich
jednovalcovych Ctyftaktnich zkusebnich CFR motorech s Venturiho karburatorem
s variabilnim kompresnim pomérem provozovanym pii konstantnich otackach. Motor musi
byt opatfeny sacim potrubim se smésnym ohfivacem, sacim vzduchovym systémem
s regulovanou teplotou a vlhkosti zafizeni, elektrickym ovladanim a vhodnou vyfukovou
trubkou. Musi byt pfipojen pasem ke specialnimu elektrickému motoru pohlcyjicimu
energii, ktery startuje motor a zaroven pohlcuje energii pii konstantnich otackach, kdyz
dochazi ke spalovani

Tato mezinarodni norma je pouZitelna pro cely rozsah stupnice od 0 do 120 OCVM, ale
pracovni rozsah je 40 az 120 OCVM. Typické testovani motorového paliva je v rozmezi 88
OCVM az 101 OCVM. Normu lze pouzit pro paliva obsahujici az 4,0 % (m/m) kysliku a pro

benzin obsahujici az 25 % (V/V) ethanolu. Provozni podminky motoru jsou v tab. 3.1.

Tabulka 3.1. Testovaci podminky pro méfeni oktanového ¢isla vyzkumnou metodou

Parametr Hodnota
Otacky motoru (min-1) 600 + 6
Tlak oleje (kPa) 172207
Teplota oleje (°C) 57+8
Teplota chladiciho média plaste valce (°C) 100+ 1,5
Teplota nasavaného vzduchu (°C) 38,028
Teplota vstiikované smési (°C) 149+ 1

Vlhkost nasavaného vzduchu (kg voda/kg vzduch) 0,00356-0,00712

Stanoveni oktanového &isla motorovou metodou (OCMM, piip. MON?) se provadi
podle normy CSN EN ISO 5163 Ropné vyrobky — Stanoveni detonagnich charakteristik
motorovych a leteckych paliv — Motorova metoda (UNMZ 2014b) a méfi se ve standardnich
jednovalcovych Ctyftaktnich zkusebnich CFR motorech s Venturiho karburatorem
s variabilnim kompresnim pomérem provozovanym pii konstantnich otackach. Motor musi
byt opatfeny sacim potrubim se smésnym ohfivacem, sacim vzduchovym systémem
s regulovanou teplotou a vlhkosti zafizeni, elektrickym ovladanim a vhodnou vyfukovou

trubkou. Musi byt pfipojen pasem ke specialnimu elektrickému motoru pohlcyjicimu

I Research octane number

2 Motor octane number
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energii, ktery startuje motor a zaroven pohlcuje energii pii konstantnich otackach, kdyz
dochazi ke spalovani

Oktanové Cislo motorovou metodou méfi palivové charakteristiky motorovych paliv
v automobilovych motorech za té€zkych provoznich podminek. Podle této normy se méfi také
letecké pohonné hmoty v leteckych pistovych motorech. Tato mezinarodni norma je
pouzitelna pro cely rozsah stupnice od 0 OCMM do 120 OCMM, ale pracovni rozsah je 40
az 120 OCMM. Typické testovani motorového paliva je v rozmezi 80 az 90 OCMM.
Typické zkousky leteckého paliva jsou v rozmezi 98 az 102 OCMM. Normu Ize pouzit pro
paliva obsahujici az 4,0 % (m/m) kysliku a pro benzin obsahujici az 25 % (V/V) ethanolu.

Provozni podminky motoru jsou v tab. 3.2.

Tabulka 3.2. Testovaci podminky pro méfeni oktanového Cisla motorovou metodou

Parametr Hodnota
Otacky motoru (min™) 900+ 9
Tlak oleje (kPa) 172207
Teplota oleje (°C) 57+8
Teplota chladiciho média plaste valce (°C) 100+ 1,5
Teplota nasavaného vzduchu (°C) 38,028
Teplota vstiikované smési (°C) 149+ 1

Vlhkost nasavaného vzduchu (kg voda/kg vzduch) 0,00356—0,00712

V obou pripadech méteni oktanového Cisla jsou v normé definovany dals§i provozni
kapaliny, aby bylo dosazeno standardizovaného meétenti.

Primarni referen¢ni palivo s oktanovym cislem 100 je 2,2 4-trimethylpentan (isooktan)
o minimalni Cistot€¢ 99,75 % (V/V), obsahujici nejvyse 0,10 % (V/V) heptanu a nejvyse
0,5 mg/1 olova.

Priméarni referencni palivo s oktanovym ¢islem O je heptan o minimalni Cistoté 99,75 %
(V/V), obsahujici nejvyse 0,10 % (V/V) isooktanu a nejvyse 0,5 mg/1 olova.

Smés referencniho 80oktanového paliva je pfipravena za pouziti vySe zminénych
primarnich referencnich paliv isooktanu a heptanu. Tato smés musi obsahovat 80 % (V/V)
+ 0,1 % (V/V) isooktanu.

Roztok tetraethylolova obsahujici 18,23 % (m/m) + 0,05 % (m/m) tetraethylolovo, 1,2-
dibromethan (10,6 % (m/m)), xylen: (52,5 % (m/m)), heptan: (17,8 % (m/m) a barvivo,
antioxidanty a inertni latky (0,87 % (m/m)). Roztok musi mit relativni hustotu pii 15,6
°C/15,6 °C od 0,957 do 0,967.

Smési primarniho referenc¢niho paliva pro jmenovité hodnoty oktanového cisla nad 100
jsou pripravené pfidanim vySe zminéného ziedéného tetraethylolova, do 400 ml objemu

isooktanu. Tyto smési definuji stupnici oktanového cisla nad 100.
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Vypocet oktanového ¢isla (obéma metodami) se nasledné provadi pomoci rovnice (3.1)

XKI,LRF - XKI,S

Yon,s = Yon,Lrr T ( > (YON,HRF - YON,HRF) (3.1

XKI,LRF - XKI,HRF

kde:  Ygns  oktanové Cislo vzorku analyzovanou metodou,
Yonirr Oktanové Cislo nizkooktanového referencniho paliva;
Yonnurr Oktanové Cislo vysokooktanového referencniho paliva;
Xgrs  hodnota na knockmetru pro vzorek paliva;
Xgire hodnota na knockmetru nizkooktanového referencniho paliva;

Xgipre hodnota na knockmetru vysokooktanového referencniho paliva.

3.1.2 Cetanové cislo

Vw7

Cetanové Cislo (CN) je méritkem kvality spalovani dieselovych paliv béhem vzniceni.
Meéfi vykon vzniceni paliva porovnanim s referen¢nim palivem pii standardizované zkouSce
motoru. Jinymi slovy, test cetanového ¢isla vyhodnocuje pfipravenost paliva k samovzniceni
pii vstiikovani do motoru. Cim vyssi je cetanové &islo, tim kratsi je zpozdéni zapalen.
U bionafty je cetanové ¢islo pfimo spojeno s chemickymi vlastnostmi jednotlivych estera
mastnych kyselin. V zavislosti na mife nenasyceni maji tyto dlouhé estery s pfimym
fetézcem razna cetanova Cisla. Cetanoveé Cislo se zvySuje se zvySujici se délkou nasyceného
alkylového tetézce z Ci2 na Cis (Crocker 2010).

Oktanové a cetanové Cislo jsou dva dulezité parametry, které obecné popisuji zapalné
vlastnosti paliva. Oktanové Cislo souvisi s odolnosti paliva proti samovzniceni a cetanové
¢islo popisuje nachylnost paliva ke vzniceni (Janecek et al. 2017). Porovnanim téchto dvou

veli¢in pro ur€ité palivo dostavame linearni vztah se zapornou smérnici — obr. 3.1.

Obrazek 3.1. Cetanové Cislo jako funkce oktanového Cisla vyzkumnou metodou (Janecek
et al. 2017).
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Stanoveni cetanového &isla se provadi podle normy CSN EN ISO 5165 Ropné
vyrobky — Stanoveni cetanového ¢isla motorové nafty — Motorova metoda (UNMZ 2019a)
a méfi se ve standardnich jednovalcovych ctyftaktovych zkuSebnich motorech s nepfimym
vstiikovanim s variabilnim kompresnim pomérem provozovanym pii konstantnich
otackach. Motor musi byt opatifen standardni klikovou skiini se sestavou palivového
Cerpadla, valce s predspalovaci komorou, chladicim systém s recirkulacnim plastém
a elektrickym ovladanim s vhodnym vyfukovym potrubim. Motor musi byt pfipojen ke
specialnimu motoru pohlcujicimu elektrickou energii, ktery pomaha pfi nastartovani motoru
a jako prostfedek k pohlcovani energie pii konstantnich otackach, kdyz dochazi ke
spalovani.

Tato mezinarodni norma je pouzitelna pro cely rozsah stupnice od 0 CN do 100 CN, ale

typické testovani je v rozsahu 30 CN az 65 CN. Provozni podminky motoru jsou v tab. 3.3.

Tabulka 3.3. Testovaci podminky pro méfeni oktanového ¢isla vyzkumnou metodou.

Parametr Hodnota
Otacky motoru (min-1) 900+ 9
Tlak oleje (kPa) 172-207
Teplota oleje (°C) 57+8
Teplota chladiciho média plaste valce (°C) 100 +2
Teplota nasavaného vzduchu (°C) 66 £0,5
Pratok injektorem (ml/min) 13

Pfi méfeni cetanového Cisla jsou v norme definovany dalsi provozni kapaliny, aby bylo
dosazeno standardizovaného méfeni.

Priméarni referencni palivo s cetanovym cislem 100 je hexadekan s minimalni Cistotou
99,0 %, stanovené chromatografickou analyzou.

Primarni referen¢ni palivo scetanovym cislem 15 se pouzije 2,2,4,4,6,8,8-
heptamethylnonan s minimalni Cistotou 98 %, stanovené chromatografickou analyzou.
Pivodné bylo pro méfeni spodni hranice cetanového Cisla pouzivano 1-methylnaftalenu
s cetanovym c¢islem 0, ale kvuli jeho nestabilité a vysoké nebezpe¢nosti byl nahrazen.

Mazaci olej klikové skiiné motoru, olej tfidy SAE 30 musi obsahovat detergentni
ptisadu a musi mit kinematickou viskozitu 9,3 mm?/s az 12,5 mm?/s pii 100 °C a viskozni
index nejméné 85. Oleje obsahujici zlepSovace viskdzniho index nelze pouzivat.

Vypocet cetanového Cisla se nasledn€ provadi pomoci rovnice (3.2)

HWyrr — HWyRrp

CNg=CNppr+ ( > (CNyrr — CNprrp) (3.2)

kde: CNg cetanove Cislo vzorku;
CN, pr cetanove cislo nizkocetanové referencniho paliva;
CNyrr cetanové Cislo vysokocetanové referencniho paliva;

HW  hodnota na cetanmetru pro vzorek paliva;
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HW, rr hodnota na cetanmetru nizkocetanové referenc¢niho paliva;

HWy g hodnota na cetanmetru vysokocetanové referencniho paliva.

3.1.3 Cetanovy index

Cetanovy index je parametr vypocteny ze stfedniho bodu varu motorové nafty a jeji
hustoty. Nahrazuje do jisté miry cetanové Cislo, jehoz stanoveni na experimentalnim motoru
je Casové narotné a nakladné. Existuji dvé normy pro vypocet cetanového indexu.
Dvouproménna a ¢tyfproménna metoda. Star§i D976 je uz zastarala a neméla by se pouzivat,
ale ve Spojenych statech je stale vyzadovana jako alternativni metodu pro splnéni pozadavku
na aromaticitu pro naftové palivo.

Prvni vypocet probihd podle normy ASTM D976 - 06(2016) Standard Test Method for
Calculated Cetane Index of Distillate Fuels (D02 Committee 2016) — rovnice (3.3a)

Druhy vypocet probiha podle normy CSN EN ISO 4264 Ropné vyrobky — Vypodet
cetanového indexu paliv na bazi stfednich destilatd rovnici o &tyfech proménnych (UNMZ
2019b) — rovnice (3.3b).

CI = 45474 — 1641.416 p + 774.74 p* —0.554 T5, + 97.803(log Ts)* (3.3a)

CI =452+ 0.0892 T,y + (0.131 + 0.901 B)Tsg + (0.0523 — 0.420B) Ty

+0.00049 (T, — Toow ) + 107B + 60B? (3.3b)
kde: CI cetanovy index vzorku;
P hustota pfi 15 °C (kg/m?);
T, teplota, pti které predestiluje i % (V/V) (°C);
B = ¢0.0035(-850) _ |

Zjisténi cetanového indexu lze také vycCist z nomogramu, které jsou také soucasti ISO

normy.

3.1.4 Tlak par podle Reida

Tlak par podle Reida (RVP — Reid vapor pressure) se pouziva k charakterizaci t€kavosti
paliv. RVP smési se experimentalné stanovi podle normy ISO 3007:1999 Petroleum
products and crude petroleum — Determination of vapour pressure — Reid method nebo CSN
EN 12 (CSN 65 6066) Ropné vyrobky — Stanoveni tlaku nasycenych par podle Reida —
Mokra metoda. Vzorek se umisti do nadoby tak, aby pomér objemu pary k objemu kapaliny
byl 4:1. Absolutni tlak pii 37 °C (100 °F) v nadobé je pak RVP pro smes.

61



Protoze ¢ast kapaliny byla odparena, aby zaplnila parni prostor, kapalina ztratila nékteré
z leh¢ich slozek. Tim se G€inn€ meéni slozeni kapaliny a tim se ziskd mirn€ niz$i tlak pary
nez skuteCny tlak pary kapaliny v pavodnim slozeni. RVP smési je pak o néco nizsi nez

skuteCny tlak par smési pri 37,8 °C). Nakres testovaciho pfistroje je na obr. 3.2.

Obrazek 3.2. Schéma pfistroje pro méfeni tlaku par podle Reida (Murachman et al. 2014).

Description

|. Water Regulator
Y 3 2. Manometer

3. Water

4 4. Thermometer

~N
\ 5. Air Compartment
11

g 6. Gasoline Compartment

3.1.5 Bod vzplanuti

Bod vzplanuti je nejnizsi teplota, pfi které zdroj zapaleni zpisobi, ze se para zkoumané
kapaliny vzniti a plamen se §ifi po povrchu kapaliny. Stanoveni bodu vzplanuti se provadi
podle normy CSN EN ISO 2719 Stanoveni bodu vzplanuti v uzavieném kelimku podle
Penskyho-Martense (UNMZ 2017a). Testovana kapalina se umisti do testovaci kelimku
pristroje a zahfiva se tak, aby se za stalého michani konstantné zvySovala teplota. Zdroj
zazehu je veden otvorem ve viku zkuSebni nadoby v pravidelnych teplotnich intervalech se
soucasnym prerusenim michani. Schéma tohoto zafizeni je na obr. 3.3. Nejnizsi teplota, pfi
niz aplikace zdroje zapaleni zplisobi, ze se para zkuSebni Casti vzniti a §ifi se po povrchu
kapaliny, se zaznamena jako bod vzplanuti pfi okolnim barometrickém tlaku. Tato teplota
se pomoci rovnice (3.4) upravi na standardni atmosféricky tlak.

Te = Tp +0,25(101,3 — p) (3.4)

kde: T. bod vzplanuti upraveny na standardni atmosféricky tlak;
T, bod vzplanuti pfi okolnim barometrickém tlaku;

p je okolni barometricky tlak v kPa;
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Obrazek 3.3. Schéma pfistroje pro méfeni bodu vzplanuti v uzavieném kelimku podle
Penskyho-Martense (Yang et al. 2016).
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Teplota vzplanuti je také kritériem pro kategorizaci hotlavych latek do tiid
nebezpeénosti podle CSN 65 0201 (BOZP 2020). Tiidy jsou v tab. 3.4.

Tabulka 3.4. Tridy nebezpecénosti (BOZP 2020).

Teplotni trida Teplota vzplanuti
I do21°C
II nad 21 °C do 55 °C
11T nad 55 °C do 100 °C
v nad 100 °C do 250 °C

3.1.6 Teplota vzniceni

Teplota vzniceni je nejnizsi teplota, pii které se smeés par nebo plynt dané latky se
vzduchem vzniti, tedy zaéne hofet. Stanoveni teploty vzniceni se provadi podle normy CSN
EN ISO 2592 Ropa a ropné vyrobky — Stanoveni bodu vzplanuti a bodu hofeni — Metoda
otevieného kelimku podle Clevelanda. ZkuSebni kelimek se naplni na specifikovanou
uroven testovanou kapalinou. Teplota kapaliny se nejprve rychle zvySuje a jakmile se
dosdhne bodu vzplanuti, teplota se zvySuje pomalu. Ve specifikovanych teplotnich
intervalech prechazi ptes zkuSebni kelimek maly plamen. Jako bod vzplanuti se pfi okolni
barometrické teploté¢ povazuje nejnizsi teplota, pfi které aplikace plamene zapali paru nad
povrchem kapaliny. Aby se stanovil bod hoteni, zkouska pokracuje, dokud zkusebni plamen
nezpusobi vzniceni par nad zkuSebni Casti a hoteni po dobu nejméné 5 sekund. Nalezené
teploty ziskané pii okolnim barometrickém tlaku se pomoci rovnice (3.5) upravi na
standardni atmosféricky tlak.
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Te = Ty +0,25(101,3 — p) (3.5)

kde: T. Teplota vzniceni upravena na standardni atmosféricky tlak;
T, Teplota vzniceni pii okolnim barometrickém tlaku;

p  je okolni barometricky tlak v kPa;

Teplota vzniceni je zaroven kritériem pro kategorizaci latek do teplotnich tfid podle
CSN 33 0371 — tab. 3.5 (BOZP 2020).

Tabulka 3.5. Tridy nebezpecénosti (BOZP 2020).

Teplotni trida Teplota vzniceni
T1 nad 450 °C
T2 nad 300 °C do 450 °C
T3 nad 200 °C do 300 °C
T4 nad 135 °C do 200 °C
TS5 nad 100 °C do 135 °C
T6 nad 85 °C do 100 °C

3.1.7 Meze horlavosti

Stanoveni teploty vzniceni se provadi podle normy CSN EN 1839 ED.2 Stanoveni mezi
vybusnosti a mezni koncentrace kysliku pro hoflavé plyny a pary (UNMZ 2017b).
Experimentalni usporadani se sklada z 300 mm dlouhé valcové trubky s vnitinim primérem
80 mm, ktera je umisténa svisle. Trubice je vyrobena ze skla tak, aby bylo mozné vizualné
pozorovat chovani plamene. Je umisténa uvnitt pece, coz umoziiuje provadét experimenty
pfi teplotach az 300 °C. Toto uspotfadani pouziva jako zdroj zapaleni jiskiici vyboj mezi
dvéma elektrodami umisténymi 60 mm nad dnem trubice. Doba vyboje jiskry je 0,2 s, coz
dava energii zapaleni ptiblizné 2 J. Je pouzito vizualni kritérium hotlavosti: K Sifeni plamene
doslo, pokud se plamen odd¢luje od elektrod a §ifi se nejméné 100 mm. Horni mez hotlavosti
se povazuje za molarni koncentraci paliva nehoflavé smési, pro kterou je hoflava smés
0,4 mol % chudsi, zatimco za dolni mez hoflavosti se povazuje molarni koncentraci

nehotlavé smési, pro kterou je smés bohatsi 0 0,2 % (V/V) hotlava.

3.1.8 Kinematicka viskozita

Viskozita je méfitkem odolnosti vi¢i vnitinimu toku a je pfi¢inou mazacich vlastnosti
(Treese et al. 2015). Stanoveni kinematické viskozity se provadi podle normy CSN EN ISO
3104 Ropné vyrobky - Prihledné a neprihledné kapaliny - Stanoveni kinematické viskozity
a vypodet dynamické viskozity (UNMZ 1998).

Tato mezinarodni norma specifikuje postup pro stanoveni kinematické viskozity
u pruhlednych i neprahlednych kapalnych ropnych vyrobki méfenim doby prutoku daného
objemu kapaliny zpusobeného gravitacni silou kalibrovanou sklenénou kapilarou
Ubbelohdeho viskozimetru pfi teploté 40 °C.

64



v=Cot (3.5)
kde: v Kinematicka viskozita pii 40 °C (mm?.s™);
C Kalibraéni konstanta viskozimetru (mm?.s2);

t  prumérna doba pratoku (s).

3.1.9 Ztrata filtrovatelnosti CFPP

Stanoveni se provadi podle normy CSN EN 116 Motorova nafta a topné oleje pro
vytapéni doméacnosti - Stanoveni bodu filtrovatelnosti (CFPP) - Metoda postupného
ochlazovani (UNMZ 2016).

Tato evropska norma specifikuje metodu pro stanoveni bodu filtrovatelnosti (CFPP)
motorové nafty a topnych oleji. Vztahuje na methylestery mastnych kyselin (FAME) a na
destilatova paliva vCetné parafinickych paliv pro vznétové motory, ktera obsahuji FAME,
aditiva ke zlepSeni tekutosti nebo jina aditiva pro pouziti ve vznétovych motorech. Vysledky
ziskané touto metodou jsou vhodné pro odhad nejnizsi teploty, pii které bude palivo bez
problému Cerpatelné palivovym systémem.

Vzorek se za specifickych podminek ochladi a v intervalech 1 °C je nasavan do pipety
za tizeného vakua pres standardizovany filtr z draténého pletiva. Zkouseni pokracuje, dokud
mnozstvi parafiniskych krystali, které se oddélily z roztoku zastavi nebo zpomali toku tak,
ze doba potfebna k naplnéni pipety presahne 60 s. Tato teplota je pak zaznamenana jako
CFPP.

3.1.10 Bod zakalu

Stanoveni se provadi podle normy CSN EN ISO 3015 Ropa a ropné vyrobky
z piirodnich nebo syntetickych zdrojd - Stanoveni bodu zakalu (UNMZ 2020).

Vzorek je ochlazovan pii specifické rychlosti snizovani teploty a je periodicky
kontrolovan. Teplota, pfi které se objevi prvni zakal na dné testovaci nadoby je zaznamenan

jako bod zakalu.

3.1.11 Mazivost

Stanoveni se provadi podle normy CSN EN ISO 12156-1 Motorova nafta - Odhad
mazivosti za pouZiti pfistroje s vysokofrekvenénim vratnym pohonem (HFRR) - Cast 1:
Zkusebni metoda (UNMZ 2019¢).

Vzorek zkousené tekutiny se umisti do zkuSebniho zasobniku, ktery se udrzuje na
stanovené zkuSebni teploté. Pevna ocelova kulicka je drzena ve svisle namontovaném
sklicidle a tlaCena proti vodorovné namontované pevné ocelové desce s pusobicim
zatizenim. Pfi méfeni se hodnoti tfeci sily prendSené mezi telisky a elektricky kontaktni
odpor mezi nimi. Zku§ebni kuli¢ka kmita pfi dané frekvenci a délce zdvihu a je nofeno do
zkuSebni kapaliny. Vryp vytvafeny na zkuSebni kouli se bere jako mira mazivosti tekutiny.
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3.1.12 Voda v alkoholech

Stanoveni vody v alkoholech se provadi klasickou Karl Fischerovou titracni metodou,
kterd pouziva coulometrickou nebo volumetrickou titraci ke stanoveni stopovych mnozstvi
vody ve vzorku.

Analyza spociva v oxidaci oxidu sifi¢itého jodem. Pfi volumetrické metodée se pridava
roztok obsahujici jod az do okamziku, kdy se zjisti prvni znamky ptebytku jodu. Mnozstvi
konvertovaného jodu se stanovi z objemu byrety. Pti coulometrické titraci je jod, ktery se
ucastni reakce, vytvaren pifimo v titracni cele elektrochemickou oxidaci jodidu. Titrace opét
trva az do okamziku, kdy se zjisti prvni stopy nezreagovaného jodu. K vypoctu vytvoreného
jodu z mnozstvi spotiebované elektrické energie lze pouzit Faradayuv zakon (Mettler-
Toledo International Inc. 2020).

3.1.13 Méreni emisi

Meéfeni emisi se provadi pomoci emisniho analyzatoru VMK. Jedna se o specialni
5slozkovy emisni analyzator, urCeny pro mobilni méfeni. Pristroj snima a s frekvenci 1 Hz
uklada okamzité hodnoty emisi CO, CO2, HC, NOx a O>. Emise uhlikatych slozek jsou
vyhodnocovany metodou NDIR, pro snimani emisi NOx a Oz jsou pouzity elektrochemické

¢lanky. Dosahované presnosti shrnuje tab. 3.6 (Katedra vozidel a pozemni dopravy 2016).

Tabulka 3.6. Piesnost méfeni emisi pomoci analyzatoru VMK.

Slozka Rozsah Rozliseni Nejistota méreni
0-0,67 %: 0,02 % absolutné

co 0-10% vol. - 0,001 % vol. 0,67-10 %: 3 % 7 naméfené hodnoty
0-10 %: 0,3 % absolutng,
oz 0-6%vol. 0,01 %ol 10-16 %: 3 % z namfené hodnoty
HC 0-20 000 ppm 1 ppm 10 ppm, 5 % z namérené hodnoty
. 0-1000 ppm: 25 ppm
NOx 0-5000 ppm I'ppm 1000-4000 ppm: 4 % z naméfené hodnoty
02 0-22 % vol. 0,1 % vol. 0-3 %: 0,1 %

3-21 %: 3 % z naméfené hodnoty
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4. Vysledky

Vysledky disertacni prace jsou uvedeny formou souhrnu publikovanych clankt

v Casopisech z védecké databaze Web of Science a Scopus.

4.1 Fyzikalné-chemické vlastnosti biobutanolu jako pokrocilého biopaliva

Biobutanol je obnovitelné, méné znecist'ujici a potencialné zivotaschopné alternativni
palivo ke konvencnimu benzinu. Biobutanol 1ze vyrabét ze stejnych zdroji jako bioetanol
a oproti rozsifenému bioetanolu ma mnoho vyhod. Tento Clanek systematicky analyzuje
biobutanolové palivo jako alternativu k bioetanolu ve smési alkoholu a benzinu a jeho
fyzikalné-chemické vlastnosti. Na zakladé provedenych analyz bylo zji§téno, ze
biobutanolové smési maji vhodnéjsi chovani tlaku par bez vyskytu azeotropu, netvoti
oddélenou fazi pii nizsi teploté, maji vyssi energetickou hustotu, ale mirn€ snizuji oktanové
¢islo a maji vyssi viskozitu. Obecné v§ak ma biobutanol mnoho vyhodnych vlastnosti, které
by mohly umoznit jeho pouziti v benzinovych motorech misto b&zn€¢ pouzivaného

bioethanolu.

Publikovano v ¢asopisu Materials s IF 3.748 (2021) ve WoS.
Obergruber, Michal, Vladimir Honig, Petr Proch4zka, Viera Kucerova, Martin Kotek, Jifi

Boucek, and Jakub Marik. 2021. “Physicochemical Properties of Biobutanol as an Advanced
Biofuel.” Materials 14 (4): 914. https://doi.org/10.3390/ma14040914.
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Abstract: Biobutanol is a renewable, less polluting, and potentially viable alternative fuel to con-
ventional gasoline. Biobutanol can be produced from same sources as bioethanol, and it has many
advantages over the widespread bioethanol. This paper systematically analyzes biobutanol fuel as an
alternative to bioethanol in alcohol-gasoline mixtures and the physicochemical properties. Based on
the conducted analyses, it was found that biobutanol mixtures have a more suitable behavior of vapor
pressure without the occurrence of azeotrope, do not form a separate phase in lower temperature,
it has higher energy density, but slightly reduce the octane number and a have higher viscosity.
However, in general, biobutanol has many advantageous properties that could allow its use in
gasoline engines instead of the commonly used bioethanol.

Keywords: butanol; ethanol; biomaterials; alternative fuel; second generation; distillation; octane
number; vapor pressure

1. Introduction

The current global situation of depleting oil reserves leads to a society-wide acceptance
of the fact that it is necessary to modernize the way of obtaining fuels and energy. Climate
change and energy security are at the forefront of nations’ interests, influencing social,
economic, and political decisions. Therefore, there is a need to focus more on the research
and development of innovative energy alternatives that have the potential to prevent
problems with global change and energy security [1,2].

Hence, researchers have turned their attention to biofuels, viable alternatives to oil, and
other fuel products. Biofuels have a number of benefits that can accelerate the adaptation
of biofuels worldwide. This opens up the possibility of sustainable and renewable fuels,
lowers the dependence on imported fossil fuels, exhaust less pollutants, like NO,, CO,
CO,, HC, or PM [3-7], and expands the global market for agricultural products [8,9]. The
production of biofuels will also improve the economic position of local workers by creating
jobs [10]. Biofuels of the first generation, i.e., bioethanol and biodiesel that are produced
from food sources, are currently the most common alternative fuel. Because the source
material for these fuels can also be used in the production of food and feed, there is a
competitive use for them, which cannot be sustainable in the long run. Therefore, it can
affect the reduction of food supply and increase food prices [11,12].
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Because to this conflict between food and fuels, attention is beginning to turn to waste
biomass, non-food biomass, and waste available as a by-product of other processes that
can also be used for energy purposes and do not compete with food sources. By processing
them, it is possible to obtain biogas, biodiesel, and bioalcohols of the same quality. This is
also the general difference between bioethanol and ethanol, or generally bioalcohol and
alcohol. When the compound is derived from, e.g,, oil, it is usually referred to simply as
“ethanol” or generally “alcohol” and, when it is obtained from biological matter or plant
sources, it can be referred as “bioethanol” or generally “bioalcohol”. Otherwise, they both
have the same chemical composition and have same physicochemical properties. Fuels that
are produced from waste or by-products are not affecting the food supply, together with
other positive effects, such as reducing emissions of pollutants, supporting the circular
economy, reducing dependence on external sources, and reducing landfilling [13]. These
fuels are called biofuels of the second generation.

The biofuels of the second generation that are produced from plant biomass mainly
concern lignocellulosic materials, as most are cheap and commonly available nonfood
plant materials. Composition (cellulose, hemicellulose, and lignin) of different lignocel-
lulosic materials can be found, for example, in [14]. Cellulose is the main component
of this biomass (making up about 45% of the dry weight of wood) and it consists of a
polymer of D-glucose linked by a 3-1,4-glycosidic bond to form cellobiose molecules [15].
Hemicellulose is a copolymer that is composed of various pentoses and hexoses and uronic
acids. Common sugars that are found in hemicellulose are xylose, arabinose, mannose, or
galactose, with 50-200 units. Xylan is the main component of agricultural biomass and
hardwood hemicellulose, while glucomannan is the main component of softwood [16].
Lignin is a copolymer of phenyl propionic alcohol units, i.e., paracoumaryl alcohol, sinapyl
alcohol, and coniferyl alcohol, which are linked to each other by carbon—carbon (C-C) and
ether—carbon (C-O) bonds. The location of lignin is between the cellulose and hemicellulose
that bind together [16,17]. Other source of organic material can be synthesis gas or syngas.
Syngas is produced by the gasification of organic compounds by partial oxidation. Syngas
contains ~30% (V/V) of carbon monoxide, 25-30% (V/V) of hydrogen, 20-30% (V /V) of
carbon dioxide, ~10% (V/V) of methane, and 3% (V/V) of ethane [18]. Syngas quality
largely depends on the composition of feedstock, gasifier type, and the gasifying agents.

Syngas can be transformed to alcohols by several ways. The use of catalysts is one of
the categories. These can be generally classified into four categories: Noble metal (rhodium)
based catalyst [19], modified methanol synthesis catalysts [20], modified Fischer-Tropsch
synthesis catalysts [21], and molybdenum-based catalyst [22]. Luk et al. compiled an
overview of the state-of-the-art of this catalyst family [23]. The significant downsides
of catalyst synthesis are the cost of metal catalysts, the potential of catalyst poisoning
due to inert gases and contaminants (e.g., sulfur), and high operating temperature and
pressure [24-26]. Moreover, the synthesis requires consistent gas quality and a H /CO
ratio to produce the desired products.

Instead of synthesis gas catalysis, another approach can be used. Syngas fermen-
tation is carried out by microbial catalysts that are known as homo-acetogenic, such as
Clostridium ljungdahlii, Clostridium carboxidivorans, Clostridium autoethanogenum, Eubacterium
limosum, Clostridium ragsdalei, and Alkalibaculum bacchi [27-29]. When compared to chem-
ical catalysts, syngas fermentation has the advantage of high specificity to the substrate,
operation at low temperature and pressure, and high tolerance to toxic gases [30,31]. Syn-
gas fermentation is normally operated at ambient pressure, 101 kPa, and 37 °C to favor the
microorganism growth condition [31-33]. Syngas fermentation utilizes different Hy /CO
ratios that are generated from the gasifier [27,34,35]. The impurities in syngas (NHz, H3S,
SOy, COS, HCN, and HCI) that are generated during gasification are better tolerated by
microorganisms than catalysts [34,36,37].

Although the most common biofuel added to gasoline is bioethanol, researchers
are increasingly focusing on advanced biofuels and more complex alcohols. One of the
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promising advanced biofuels with better fuel properties than ethanol is proved to be
butanol [38—47].

Butanol has four isomeric structures depending on the position of the hydroxyl
(-OH) group on the carbon chain: n-butanol (1-butanol), s-butanol (2-butanol), i-butanol
(2-methyl-1-propanol), and t-butanol (2-methyl-2-propanol).

In the production of butanol from agricultural raw materials, n-butanol and i-butanol
are preferred. Out of all the isomers, n-butanol was most often studied as a motor fuel [48];
however, the development of processes for the production of i-butanol from biomass
sources is an active area of research and its potential as a fuel is gaining interest [49-51].

The most common n-butanol-producing organisms are members of the genus Clostrid-
ium by Acetone-Butanol-Ethanol (ABE) fermentation. There are several species of Clostrid-
ium that can produce butanol, including C. acetobutylicum, C. saccharoperbutylacetonicum,
C. beijerinckii, C. saccharoacetobutylicum, C. cadaversis, C. sporogenes, C. pasteurianum, and
C. tetanomorphum [12]. The first four above-mentioned species have been shown to produce
the highest volumes of butanol [52]. ABE fermentation converts sugar into butanol, acetone,
and ethanol in a ratio of 6:3:1, respectively [53].

The methods of producing any bioalcohol is an important topic in these days. The
European Union committed that all engine fuels that are distributed in the EU market
will contain a certain share of biocomponent. Gasoline is the second most used motor
fuel in the European Union after diesel [54,55], and this ratio is also reflected in the
consumption of these biocomponents. The most used biofuel is the biodiesel with 71.98%
of total consumption, followed by bioethanol with 21.90%. The quality requirements
and parameters of motor gasolines are described in the European standard EN 228 [56].
According to Directive 2009/30/EC [57], Member States shall require suppliers to ensure
the placing on the market of gasoline with a maximum oxygen content of 2.7%. Which
effectively means 7.3% (V/V) of ethanol but up to 11.7% (V/V) of butanol. At present,
ethanol is mixed only ata maximum of 5% (V/V). In 2015, the EU founded a project Horizon
2020 ButaNexT in order to examine the potential of biobutanol, which investigated the
possibility of the production and use of the biobutanol in the EU [58].

As already mentioned, butanol has more favorable properties when compared to
ethanol. Butanol contains 25% more energy than ethanol, which, in unmodified pow-
ertrains, means a reduction in fuel consumption, which is higher in the case of ethanol.
Gasoline engines can burn mixtures of gasoline with butanol in any ratio of these two
components, but butanol can also be separately used in pure form. It is not as hygroscopic
as ethanol, so it is less corrosive to metal tanks and pipes, nor does a separate phase of
water with butanol (it behaves similarly to MTBE or ETBE). This property further extends
its versatility, because it can be supplied with the currently used fuel pipes while ethanol
needs railway transport. In terms of usage, it is safer than ethanol due to lower vapor
pressure. The volatility (=Reid vapour pressure) of n-butanol is approx. 7.5 times lesser
than ethanol and approx. 32 times lesser than gasoline. During combustion, butanol can
emit lower concentrations of SOy and NO,. The properties of butanol are closer to gasoline
than ethanol and methanol. For high butanol and low gasoline fuel blends, the technical
changes that are required to the vehicle’s original gasoline fuel system are less extensive
than for high ethanol blends. Table 1 provides the different properties of butanol and some
conventional fuels [59].
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Table 1. Comparison of the properties of butanol isomers with other conventional fuels [59-63].

Properties Diesel Gasoline Ethanol n-Butanol s—Butanol i-Butanol t-Butanol
Molecular weight 1984 111.19 46.07 7411 7411 7411 7411
Cetane number 40-55 0-10 5-8 12.0 8.5 8.5 5.6
Research octane number 20-30 91-99 108 94 101 113 105
Motor Octane Number - 81-89 89-103 78 91 94 89
Density [g/mL]at20°C 0.82-0.86 0.72-0.78 0.789 0.808 0.808 0.805 0.800
Flash point [°C] 65-88 —45to —38 14 35 34 24 28
Water solubility at 25 °C [g/L] 0.01-0.06 0.046-0.077 00 73 185.1 89.4 0
Boiling point [*C] 180-370 25-215 78.5 177 99.51 107.89 824
Flammability [% (V/V)] 1.5-7.6 0.6-8 3.3-19 14-11.2 1.7-9.8 1.7-109 23-8
Reid vapor pressure [kPa] 0.2-0.7 75 16.5 6 5.3 33 122
Viscosity [mm?/s] at 25°C 1.94.1 04-08 1.07 2,63 3.1 4 431
Energy density [M] /L] 35.86 32 25 29.2 29.06 29.00 2848

In case of infinity “ce” solubility, it means that alcohol is fully miscible in water.

Based on the discussions above, as a renewable fuel, butanol has great potential for
application in compression ignition engines. The aim of the article is to design and verify
the possibility of using butanol as a fuel in gasoline engines and, thus, show a more suitable
use of biomaterials that are used for fuel production. The comprehensive analysis contains
the measurement of the physicochemical properties of fuel mixtures, fuel characteristics,
and evaluation of applicability.

2. Materials and Methods

Mixtures with working names were selected in order to determine the effect of n-

butanol, i-butanol, and ethanol on gasoline:

Ex: x% (V/V) ethanol and (100-x)% (V/V) gasoline (e.g., E5).

BUT x:x% (V/V) n-butanol and (100-x)% (V/V) gasoline (e.g., BUT 5).

iBUT x:x% (V/V) i-butanol and (100-x)% (V/V) gasoline (e.g., iBUT 5).

BUT x + MTBE y: x% (V/V) n-butanol, y% (V/V) methyl tert-butyl ether, and
(100—x-y)% (V/V) gasoline (e.g., BUT 5 + MTBE 10).

e BUT x +ETBE y: x% (V/V) n-butanol, y% (V/V) ethyl tert-butyl ether, and (100-x-y)%

(V/V) gasoline (e.g., BUT 5 + ETBE 10).

Pure gasoline was produced by Unipetrol RPA and it is fully compliant with standard
EN 228 for winter class {F1). It contained 32.21% (V /V) of aromatic hydrocarbons, 10.29%
(V/V) of olefins, and 0.52% (V /V) of benzene. The water content was 48.00 mg/kg and
the oxidative stability exceeded 360 min. Methyl tert-butyl ether (MTBE) AR (Analytical
Reagent. High grade of purity) and ethyl tert-butyl ether AR (ETBE) were also produced
from Unipetrol RPA. n-Butanol AR, and i-butanol AR were produced by LachNer, s.r.o.
The tested ethanol for comparison fully complied with the requirements of EN 15376:2014
standard [64].

The physiochemical properties of alcohol were determined in order to identify the
fuel properties of the mixtures. In the evaluation of fuel density, kinematic viscosity,
octane number, Reid vapor pressure, water solubility, and distillation curves were mea-
sured. These fuel properties were compared for fuels containing volumetric amounts of
different alcohols.

An analytical method for the determination of ethanel, i-butanol, and n-butanol in
gasoline using Gas Chromatography with Flame-Ionization Detection (GC-FID) was also
validated and conducted. Chromatography is a physical method of separation, in which
the components that are to be separated are distributed between two phases, one of which
is fixed (stationary phase), while the other (the mobile phase) moves in a definite direction.
A mobile phase is described as “a fluid that percolates through or along the stationary bed
in a definite direction”. It may be a liquid, gas, or supercritical fluid, while the stationary
phase may be a solid, a gel, or a liquid. If a liquid, it may be distributed on a solid, which
may or may not contribute to the separation process [65].
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GC analysis were carried out while using the gas chromatograph Varian 3300 {Varian,
Walnut Creek, CA, USA) that was equipped with a fused silica capillary column DB-5
(30 m x 0.25 mm I. D., film thickness 0.25 um) and a flame ionization detector (FID) where
hydrogen (30 mL/min.) in air (300 mL/min.) was used. The column temperature program
was 50 °C for 3 min., gradient 8 °C/min., upper isotherm 260 °C for 5 min.; injection port
and detector temperature 260 °C, split ratio 1:20, carrier gas nitrogen (flow 1 mL/min.).

The volume percentage was calculated from the measured quantities of the individual
substances before mixing. The samples were stored in dark brown glass bottles with a
volume of 20 mL. For GC measurement, the test samples were dissolved in isooctane
and nonane was added to all samples as an internal standard. The samples were mixed
according to the following scheme: 1000 uL of isooctane + 10 uL of gasoline + 10 pL of
nonane. The diluted samples with a suitable solvent, in this case isooctane, have improved
the separation efficiency of the chromatographic column.

An evaluation was carried out by an internal standard. Hydrocarbon nonane was used
as the internal standard. Calibration curves for n-butanol and i-butanol were measured
using standard solutions of these substances in isooctane at three concentration levels (in
each of the three vials were 1000 uL of isooctane + 2 uL. or 5 uL. or 10 uL of alcohols + 10 uL.
of nonane).

All of the parameters were always measured three times and the results represent
the average value from three measurements with the expanded uncertainty with 95%
confidence interval. The expanded uncertainty U of the measurand was obtained by
multiplying the combined standard uncertainty u(y) by a coverage factor k, which gives
the best estimate of the value attributable to the measurand. The value of the coverage
factor k was chosen to meet the probability of coverage of about 95%, which, for a normal
distribution, corresponds to the factor k = 2 [66].

The density was determined according to the standard ISO 3675:1998-Crude petroleum
and liquid petroleum products-Laboratory determination of density-Hydrometer
method [67]. The kinematic viscosity was determined according to the standard ISO
3104:1994 Petroleum products-Transparent and opaque liquids-Determination of kine-
matic viscosity and calculation of dynamic viscosity [68]. The research octane number was
determined according to the standard ISO 5164:2014—Petroleum products-Determination
of knock characteristics of motor fuels—Research method [69]. The Reid vapor pressure
was determined according to the standard 1SO 3007:1999-Petroleum products and crude
petroleum-Determination of vapor pressure-Reid method [70]. The water solubility was
determined according to the standard ASTM D6422-99-Test Method for Water Toler-
ance (Phase Separation) of Gasoline-Alcohol Blends [71]. The distillation curve of the
mixture was determined according to the standard 15O 3405:2011-Petroleum products—
Determination of distillation characteristics at atmospheric pressure [72]. The gas chro-
matography was performed according to the standard ISO 22854:2016-Liquid petroleum
products-Determination of hydrocarbon types and oxygenates in automotive-motor gaso-
line and in ethanol (E85) automotive fuel-Multidimensional gas chromatography
method [73].

Matlab R2015a (MathWorks, Natick, MA, USA) and R 4.0.2 (R Core Team) were used
for the statistical evaluation and graphical representation of the results. The data collection
software used in GC was Star Chromatography Workstation vs. 4.51 (Varian, Walnut Creek,
CA, USA).

3. Results
3.1. Fuel Parameters

Table 2 gives the measured values of the fuel parameters of the mixtures and they
represent the average value from three measurements. The density values did not differ in
three measurements; the expanded uncertainty of the result determination is 0.5 kg/ m? of
the result value. The distillation temperatures of the given sample from three measurements
differed by less than 2 °C. The extended uncertainty of measurement is 14 °C and 12%
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(V/V). The Reid vapor pressure values from three measurements did not differ. The
extended uncertainty of the result determination is +1%. The kinematic viscosity values
from three measurements differed by less than 1 s with the flow through the viscometer,
the expanded uncertainty of the result determination is £1% of the result value. The flash
point temperatures from three measurements differed by less than 1 °C. The expanded
uncertainty of the result determination is +£1 °C.

Table 2. Measured parameters of mixtures of n-butanol with gasoline.

Parameter Unit BUT 5 BUT 30 BUT 50 BUT 85 BUT 100
Density at 15 °C l(g-m’3 736.16 781.5 786.01 802.95 813.57
Start of distillation °C 34 33 35 40 17
Evaporated vol. at 70 °C % (V/V) 36 32 22 * *
Evapora ted vol. at 100 °C % (V/V) 57 55 45 12 *
Evaporated vol. at 150 °C % (V/V) 89 * * * *
End of distillation °C 188 117 117 117 117
Distillation residue Y% (V/V) 1.2 1.8 23 3.2 45
Reid vapor pressure kPa 48.0 45.5 305 260 8.1
Volatility index - 725.0 679 459 #* **
Viscosity at 40 °C mm?.s~ ! 0.67 0.86 1.02 1.69 243
Flash point °C ** ** ** ** 35

* Value does not exist. ** Parameter cannot be evaluated according to valid standards for liquid fuels and petroleum products.

Table 2 shows the influence of butanol on the distillation process and vapor pressure
of gasoline. These parameters are reflected in the reduction of the volatility index.

The research octane number of ethanol and butanol from three measurements did
not differ. The expanded uncertainty of the result determination is 20.4 units of research
octane number. The correction factor of 0.2 was subtracted from the results.

With the addition of butanol in gasoline, the density and viscosity increase, and
the octane number decreases (Figure 1). From this point of view, for example, a fuel
consisting of 85% (V/V) of butanol, which is similar to E85 fuel, does not meet the quality
requirements according to prEN 15293, but it complies with the BS EN 15293:2018 standard
for E85 [74].

The density of fuel mixtures does not differ much in the whole range of interval.
The viscosity of alcohols generally increases with increasing number of carbons and the
position of -OH group, which is noticeable on the viscosity trend. Ethanol and i-butanol
increase the octane number, but n-butanol decreases the octane number due to its carbon
chain structure.

3.2. Distillation Properties

The following results of the experiments provide the operating parameters of indi-
vidual alternatives with the accuracy that is given in the methodology. Distillation is
a primary process widely used in the oil and petrochemical industries to carry out the
fractionation of a feed, providing important qualitative and quantitative information on
complex mixtures. From the distillation, a curve is obtained, which is the representation of
the boiling temperature of the liquid mixture versus the accumulated volume of distillate
at a given pressure. In addition to the distillation curve trend, it is also necessary to focus
on a few important values.
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Figure 1. (a) Density of ethanol, n-butanol, and i-butanol gasoline mixtures; (b) viscosity of ethanol, n-butanol, and
i-butanol gasoline mixtures; and, (c) research cctane number of ethanol, n-butanol, and i-butanol gasoline mixtures.

e  Start of distillation:

Boiling points of the lightest hydrocarbons.
Main cause of fuel losses by evaporation during pumping and storage.

e Ten percent point:

The temperature at which 10% of the fuel volume is distilled.

Expresses the ability of the fuel in order to generate a sufficient proportion of vapors
in cold temperatures. A temperature below 80 “C is stated as satisfactory. It is usually
around 65-70 °C for current fuels.

e  Fifty percent point:

The temperature at which 50% of the fuel volume is distilled.

If this point is above 140 °C, the engine reacts slowly to acceleration. It is usually
around 95-115 °C for current fuels.

This point represents the rate of engine heating, which effects the period of time after
starting a cold engine and its thrust and power.

o  End of distillation curve:

The temperature at which 95% of the fuel volume (or 97% for the fuels with a boiling
point higher than 200 °C) is distilled.

These hydrocarbons condense on the cylinder wall during combustion in the engine,
where they dissolve the oil layer. This effect, which is referred to as oil dilution, is dangerous
due to the low “viscosity reserve” of modern oils.

The value of this point should not exceed 175-180 *C.

Fuel fractions that arc above this point have usually the lowest octane number.
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e  End of distillation tempcraturc:

It is limited to a maximum of 210 °C according to the standard.

Limiting the temperature ensures that all fuel in the engine burns and heavy liquid
residues will not dilute the lubricating oil.

Residuals with a boiling point above 200 °C generally do not evaporate, even in a hot
engine. They remain in the form of droplets, which only partially burn. The droplets are
ejected on the cylinder wall by a vortex in the combustion chamber, dissolves in the oil
layer, and thus reduces its viscosity. Heavy end fractions are also involved in the formation
of deposits in the combustion chamber, the failure rate of spark plugs, and the formation
of resins.

The distillation curves presented in Figure 2 are a function of temperature of the distilled
volume and the temperature difference from gasoline on the distilled volume. The calues
were measured per 5% of evaporated volume for three different alcohol-gasoline mixtures:
e EO (pure gasoline), E3, E5, E8, E10, E15, E20, and E25.

e BUT 0 (pure gasoline), BUT 3, BUT 5, BUT 8, BUT 10, BUT 15, BUT 20, and BUT 25.
e iBUT 0 (purc gasoline), iBUT 3,iBUT 5,iBUT 8, iBUT 10, iBUT 15, BUT 20, and iBUT 25.

Temperature [°C]

Temperature [°C]

& P BT
€S y
Q Distilled volume [%]
]

Figure 2. (a) Distillation curve of gasoline ethanol mixture; (b) distillation curve of gasoline butanol mixture; and, (c)
distillation curve of gasoline i-butanol mixture.
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From the distillation profile, some specific characteristics of gasoline fuel performance
could be evaluated.

The plateau regions in 3D surface graphs show the influence of individual alcohol,
which is partially caused by the difference in the boiling points of ethanol, n-butanol, and
i-butanol against the gasoline. For the ethanol-gasoline mixture is the temperature drop
of around 50% to ~80% of the distilled volume. For the butanol-gasoline mixture is the
temperature drop around 7(% to ~90% of the distilled volume. For the i~butanol-gasoline
mixture is the temperature drop around 60% to ~90% of the distilled volume. This drop is
also caused by the non-ideality of the liquid, because of the formation of a near-azeotropic
mixture. By evaporating the alcohol, the near-azeotropic mixture is removed and the
distillation temperature increases toward that of the remaining gasoline hydrocarbons.

Figure 3 shows the differences in the distilled volume at 70 °C (E70), 100 °C (E100),
and 150 °C (E150), depending on the volume of added alcohol. All of the alcchols have a
boiling point above 70 °C, and only the light components of gasoline are evaporating. As
boiling point is increasing (ethanol-78.5 °C, i-butanol-107.89 °C, n-butanol-117.7 °C), the
effect and trend on T100, and T150 are affected, respectively.

E70 E100 E150
100% =

0% 3% 5% 8% 10%15%20%25% 0% 3% 5% B% 10%15%20%25% 0% 3% 5% 8% 10%15%20%25%
Alcohol concentration [%]

Distilled volume [%]
n o -
o =] o
= = =

e

M e7oetH M E100ETH [l E150 ETH
Fuel [l E70nBUT [ E100 nBUT Bl E150 nBUT
[ Evoisut [l E100iBUT [ E150iBUT

Figure 3. Influence of alcohol content on E70, E100, and E150 of alcohol-gasoline mixture.

Figure 4a,b shows the effect of mixing MTBE and ETBE cosolvents to the analyzed
mixtures. These ethers also affect the shape of the distillation curve and they are well
recognizable. Ethers affect the middle part of the distillation curve most—around 10-85%.
In the case of the combination of 5% (V/V) ethanol and 5% (V/V) ETBE, the effects of these
oxygen compounds on the change in the distillation curve profile add up, which does not
apply to mixtures with butanol. Changes can be seen in the distillation curve against pure
gasoline by the decrease of distillation in a wide range of distilled volume (30-85%) or in a
wide range of distillation temperatures (50-150 °C). Higher concentrations of alcohols and
ethers (more than 10% (V/V) of each) also cause significant changes in the region of the
second half of the distillation curve.
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Figure 4. (a) Distillation curves of gasoline containing ethancl, n-butanol, and i-butancl with Methyl tert-butyl ether
(MTBE); (b) distillation curves of gasoline containing ethanol, n-butanol, and i-butanol with ethyl tert-butyl ether (ETBE).

3.3. Vapour Pressure

Alcohol-gasoline mixture as compared to pure gasoline generally has lower Reid
vapor pressure (RVP—vapor pressure at 37.8 °C (100 °T)). The winter gasoline used in
these analyses had an RVP = 87 kPa and summer gascline had an RVP = 57 kPa. Figure 5
shows the results of the Reid vapor pressure in kPa of the summer and winter gasoline
with different alcohol content.

Figure 5 plots the vapor pressure of the winter and summer gasoline differences for
the alcohol-gasoline mixtures. Ethanol has a higher influence on RVP against butanol, but.
overall, the trend is decreasing. However, addition of 5% (V/V) of ethanol to gasoline
actually leads to an increase of RVP for both winter and summer gasoline. This is caused
by the formation of ethanol azeotrope with aromatic compounds. Butanol, on the other
hand, does not form azeotropes much. The RVP of ethanol-gasoline mixture equalizes
with pure gasoline around 20-25% (V/V).

Ethanel and butancl both have the same influence in winter mixtures and summer
mixtures up to ~75% (V/V) and ~55% respectively. Above these concentrations, the
influence is increasing, and RVP is more rapidly decreasing.

Figure 6a depicts the influence of volumetric composition (V ethanol + V n-butanol in
gasoline) among alcohol mixtures and gasoline. There is a clear global maximum in 5%
(V/V) of ethanol and 95% (V/V) of gasoline, where the aforementioned positive azeotrope
is formed. In order to reduce the vapor pressure of the azeotrope in 5% (V/V) ethanol
mixture, a small amount of n-butanol can be added so the desirable properties are met. It
can obtain approximately the same RVP as pure gasoline by adding butanol to only 5/5%
(V/V) mixture. The surface plot also reveals that 5/10% (V/V), 10/5% (V/V), and 2/5%
(V/V) mixtures have the same RVP as pure gasoline.
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Figure 5. Reid vapor pressure of winter and summer gasoline mixtures, depending on the volume of
alcohol added.
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Figure 6. (a) Reid vapor pressure of winter gasoline mixtures depending on the volume and type of added alcohol; (b) Reid
vapor pressure of a summer gasoline with n-butanol, MTBE, and ETBE.

Figure 6b depicts the comparison between MTBE and ETBE. ETBE has a more favor-
able cffect on mixtures with butanol, because it has a lower cffect on the vapor pressure
of mixtures. Even though their mixed vapor pressure is effectively the same as the vapor
pressure of pure substances, ETBE reduces the vapor pressure in the whole range of gaso-
line RVP i.c., 45-90 kPa, the influence of MTBE depends on the initial vapor pressure of the
hydrocarbon base. For values that are below 55 kPa, MTBE increascs the vapor pressure
and, above it, MTBE decreases the vapor pressure. This was also the reason summer
gasoline was chosen for the performed analysis.

Figure 6 generally shows that the addition of 5% (V/V) of ethanol in a mixture
increases the RVP the most and any change of this composition results in a decreasce of
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RVP. The rate of RVP decreasing in the analyzed range is actually when both ethanol and
n-butanol are added in the same volumetric ratio ~1 kPa per 1% (V/V).

3.4. Water Stability

Hydrocarbons in gasoline are very slightly miscible with water in contrast to alcohols.
The mixtures of gasoline with alcohols have a limited ability to retain water in solution
or in a stable emulsion. If the amount of water exceeds the water solubility limit, the fuel
will be separated into two immiscible phases—aqueous and hydrocarbon. The solubility
of water in pure hydrocarben gasoline varies depending on the content of aromatics in
the range of 60-100 mg/kg. Ethanol is completely miscible with water, 1-butanol is only
73 g/L—see Table 1 for the water solubility for all butanol isomers.

The solubility of water in fuel decreases linearly with decreasing temperature. The
determination of water solubility according to ASTM Dé422 is based on this phenomenon.
Watcer solubility in alcohol-gasoline mixture from three measurements differed by less than
1 °C. The expanded uncertainty of the result determination is L1 °C. See the measured

solubility in Figure 7.
(@) (b)
10~
-20- / : /
o-30-
::: 0% 10% 20% 30% 40% 30% 35% 40% 45% 50%  55%
©
E;: (©) (d)
3
2 -10- —
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L ]
-30- ]
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Water content [%]
= BUT3 = BUT5 BUTS
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== BUT5+ MTBE 10 == BUT10+ MTBE 5 == BUT10 + MTBE 10

Figure 7. The solubility of water in alcohol-gasoline blends expressed as the temperature of crystal-
lization. (a) Cemparison of butanol-gascline mixture with increasing velume of butanel in mixture;
{b) comparison of 10% (V/V) n-butanel and 10% (V /V) cthanol; (¢) comparison of 5% (V/V) n—
butanel with addition of 10% (V/V) MTBE and 10% (V/V) ETBE; (d) comparison of 10% (V/V)
n-butanol with the addition of 5% (V/V) MTBE and 10% (V/V) MTBE.

The results depicted in Figure 7 show a linear relation between temperature and water
content. For example, fuel containing 10% (V/V} of butanol can absorb ~2.3 times more
water than fuel containing 5% (V/V) of butanol. All of the data points were correlated to a
linear function. Table 3 presents the parameters of each correlation.

Increasing the volume of alcohol-gasoline mixture influences the increase of the water
solubility in the fuel in a nonlinear way. In Figure 8, see where the dependence of water
solubility on temperature and n-butanol content is depicted. This property is shared
among all of the alcohol-gasoline blends. The red line approximates the mean trend in one
regression curve. The measurements show that the solubility of water in a mixture with
10% (V/V) of butanol at 0 °C is approximately 5400 mg/kg. In the case of a mixture with
10% (V/V) ethanol, it is approximately 5900 mg.kg 1.
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Temperature [°C]

Table 3. Parameters A and B of the linear equation T = Aw + B depicted in Figure 7, correlation
coefficients, R?, and p-value for cach fit of water solubility of fuel mixtures.

Fuel A B R? p-Value
BUT3 114.5 -225 0.966 190 x 1073
BUT 5 73.1 —-303 0.951 117 x 1074
BUT S 151.3 —53.1 0.993 1.02 x 1075
BUT 10 107.8 -589 0.984 226 x 10"
E10 120.8 —72.6 0,984 1.06 x 1078
BUT5 + MTBE 10 315.5 —80.8 0.755 6.96 x 1073
BUT 5 + ETBE 10 460.7 —1163 0.995 398 x 107
BUT 10 + MTBE 5 123.8 -75.5 0.930 283 %10 4
BUT 10 + MTBE 10 101.2 —66.6 0.845 213 x 10 3

Water content [%]
n
]
]

0% 3% 5% 8% 10%
Alcohol concentration [%]

[
Temperatie 0 15.10-5 0

(@) L)

Figure 8. (a) Surface plot of nonlinear relation among the temperature, water content, and n-butanol-gasoline mixture

composition; (b) projection of surface plot to two-dimensional (2D) gradient plot of nonlinear relation among the variables.

Ethers in the amounts of 5% and 10% (V/V) alongside 5% and 10% (V /V) of butanol
were also measured. The effect of some ethers on the phase stability of the mixtures
is also significant. In the case of ETBE, the phase scparation was found and, i.c., the
precipitation of the aqueous phase in the form of crystals occurred. The presence of MTBE,
on the other hand, does not significantly affect the solubility of water in the mixture.
Gasoline containing both butanol and ether at the same time behaves similarly to the
butanol-gasoline mixture in terms of phase stability. Thus, there was no visible clouding
followed by phase separation. If any, the present water precipitated directly in the form of
ice crystals.

3.5. Gas Chromatography Analysis

The gas chromatography procedure cevaluated both n-butanol and i-butanol while
separating the peaks of fractions Cs, Cg, and mobile phase (isooctane). The internal
standard was correctly selected because the visible peak in the chromatogram was a
sufficient distance from the analytes. The selected nonane met this requirement well. The
conditions for chromatographic separation were also fulfilled, since both n-butanol and i~
butanol were separated from the other parts of the sample. The minimal differences
between the retention times of the analytes show a very good reproducibility of the
retention time.

Figure 9a-d depict chromatograms of n-butanol-gasoline mixtures BUT 5, BUT 10,
BUT 30, and BUT 85, respectively. The interval 0—11 min. in retenticn time was selected
according to the evaluated substances. Other components in the mixture were not relevant
for the analysis of the n-butanol and i-butanol. The peak of the isooctane in the solvent
was cut off to capture a greater detail of analyzed alcohols.
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Figure 9. (a) Chromatogram of BUT 5 mixture; (b) chromatogram of BUT 10 mixture; (¢) chromatogram of BUT 30 mixture;

(d) chromatogram of BUT 85 mixture.

81



Materials 2021, 14,914

15 0f 21

The same measurement was also conducted for mixtures iBUT 5, iBUT 10, iBUT 30,
BUT 85, BUT 5 + iBUT 5, and BUT 10 + iBUT 10 with equally conclusive results in the
chromatograms. Measured concentration of each alcohol in the mixtures is presented in
Table 4.

Table 4. Measured concentrations of n-butanol and i-butanol in gasoline.

Mixture Measured Concentration of Alcohol [% (V/V)]

BUT 5 6.08
BUT 10 9.50
BUT 30 33.88
BUT 85 82.92
iBUT 5 446
iBUT 10 9.76
iBUT 30 3411
iBUT 85 83.12

BUTS5 +iBUT5 6.73 5.11

BUT 10 +iBUT 10 8.01 7.06

4. Discussion

Biobutanol holds particular promise as a liquid transportation fuel, with advantages
over bioethanol as part of a wider portfolio of sustainable energy solutions. The experi-
ments showed that the biobutanol is a suitable alternative to widespread bioethanol and, in
many properties, exceeds it. The use of both n-butanol and i-butanol in transport is the sub-
ject of research by many scientific groups around the world [38,41,43-48,52,59-62,75-78].
This paper contributes to this research by providing a comprehensive view into several
aspects of fuel mixtures all together.

It was measured that butanol has a higher kinematic viscosity value than gasoline and
ethanol, and the viscosity of the mixtures thus increase with the addition of butanol. The use
of butanol in high-percentage mixtures could thus cause greater stress on the fuel system,
which is also related to the increased density of the mixtures. Da Silva et al., 2005 [79]
analyzed the viscosity of ethanol, MTBE, ETBE mixtures (among others), with two different
gasolines with different compositions. The values measured by them were higher (against
this paper) by 15-20% for both ethanol-gasoline and n-butanol-gasoline mixture.

The octane number of gasoline—alcohol mixtures is greatly influenced by the octane
numbers of the individual alcohols. Butanol was expected to reduce the octane number
in gasoline, which was also verified. However, even with high-percentage mixtures of
butanol in gasoline, the decrease is not so significant that it could affect the combustion
and anti-knock resistance of the fuel, and it essentially respects the requirements that
are set by standards. One of the possibilities for influencing the anti-knock properties
could be the in situ production of alcohols in gasoline, which could potentially replace
ether oxygenates [80] or the use in combination with octane booster additives, for ex-
ample, MTBE (RON = 118), ETBE (RON = 118), 1,3,5-trimethylbenzene (RON = 137),
propylbenzene (RON = 129), m-xylene (RON = 124), etc. [81,82]. Corrubia et al., 2020 [83],
Da Silva et al., 2005 [79], or Lapuerta et al., 2017 [84] measured the research octane number
for ethanol, n-butanol, and i-butanol. The results of our research complement the results
of these authors by analyzing mixtures while using gasoline from Central Europe. The
results correspond qualitatively, and the differences are only caused by differences in the
gasoline used.

Distillation curves are characterizing the boiling points of individual hydrocarbons
and they predict the behavior of the fuel from the injection process to combustion. The
addition of an alcohol to gasoline significantly affects the boiling point of mixture. Ethanol
mainly affects the first half of the distillation curve and, especially, the temperature T50
(50% of volume is distilled), due to the near-azeotropic behavior. Butanol affects the
second half of the distillation curve, which is also reflected in the values of E100 and
E150. These are important both in terms of engine operation and in terms of quality
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parameters. The amount of distilled volume up to 100 °C that was characterized by the
values of E70 and E100 (distilled volume at 70 °C and 100 “C} influences the cold start
of the engine. Experiments were also focused on the evaluation of the distillation curve
of mixtures in the presence of commonly used cosolvents MTBE and ETBE. Ethers also
significantly affected the trend of distillation curves. Cosolvents affect the middle part of
the distillation curve the most and, in the case of a joint mixtures of ethers and ethanol,
the effects on the curve add up. However, this problem does not apply when ethanol is
replaced by butanol in the form of n-butanol or i-butanol. Da Silva et al., 2005 [79] also
analyzed the distillation parameters of mixtures and results corresponded qualitatively
to the distillation curve found here. The same effect of ethanol azeotrope occurred in
5% (V/V) concentration. Shirazi et al., 2019 [85] analyzed methanol, ethanol, i-butanol,
3-methyl-3-pentanol, and their mixtures. When compared to our results, the distillation
temperatures for all blends differ by 110%, which is qualitatively the same result, being
affected by a different base gasoline. They concluded the same that the mixtures have
satisfactory properties for use in existing spark ignition engines. Andersen et al., 2010 [86]
also presented the distillation curves for single-alcohol mixtures in gasoline, containing 5
85% (V/V) of methanol, ethanol, n—propanol, i-propanol, n-butanol, s-butanol, i-butanol,
and t-butanol. Most of the distillation curves have the qualitatively same values and
trend for the most important points on the distillation curves (T0, T10, T50, T90). In
some cases, T50 were lower than the results in this paper, because of the different base
gasoline. Similar results were published also by Amine et al., 2020 [87] (T50 ~ 75 °C),
Castillo-Hernandez et al., 2012 [88] (T10 = 46.6 °C and 48.1°C, T50 = 65.3 °C and 68.7 °C,
T90 = 136.5 °C and 142.2 °C), and many more [89-91]. As before, differences in results are
there due to different base gasoline being used in individual analyses.

Reid vapor pressure is used to characterize the volatility of gasolines and it is the
industry standard measure for vapor pressure. Low RVP fuels are associated with cold
start problems and higher soot production, while high RVP fuels are associated with vapor
lock [92]. Vapor pressure can be regulated by additives or it is possible to use winter
gasoline, which evaporates more than the summer gasoline. Gaspar et al., 2019 [93] ana-
lyzed Reid vapor pressure for methanol, ethanol, n-propanol, and i-propanol for various
concentrations in gasoline. The results are similar to summer gasoline mixtures analyzed in
this paper. The difference can be found in the longer manifestation of azeotrope, where RVP
decreases slowly. The influence of azeotrope in ethanol-gasoline mixture is a well-known
phenomenon [86,94-97]. The RVP ranges between 52-60 kPa for ethanol-gasoline mixture
and 52-20 kPa for n-butanol-gasoline mixture. These results are qualitatively same with
same trend. In this paper, RVP ranges between 51-43 kPa for ethanol-gasoline mixture
and 51-16 kPa for n-butanol-gasoline mixture. Da Silva et al., 2005 [79] also analyzed
RVP of the mixtures and they can be assessed as qualitatively the same for both of the
gasolines in the evaluated range—in measured range 0-25% is RVP different at most by
2 kPa (~3.5% difference).

For the usability of the fuel, an analysis of its low-temperature parameters and the
ability of water-solubility is also important parameter. The safe water content, which
should be dissolved in gasoline containing 5% (V/V) of ethanol under summer and winter
conditions, should not exceed 0.02% (m/m). (200 ppm). The negative effect of gasoline-
ethanol fuels is that the layers separate, and the alcohol passes into the aqueous phase
during separation. Although the solubility of water in gasoline-butanol and gasoline-
cthanol mixtures is very similar, ethanol is completely miscible with water, but butanol is
only slightly miscible with water. At low temperatures, the mixture gradually becomes
cloudy up to the point where water is precipitated to form crystals. Butanol does not
pass into the aqueous layer as compared to ethanol. Water solubility was reported also by
Mutzikova et al. 2012 [98], where the results differ up to £20.1% (m/m). This topic was also
discussed in Gramajo de Doz et al. 2004 [99] for higher temperatures.

An analytical method for the determination of butanol in gasoline using GC-FID
was also developed and validated. GC-FID analysis provided characteristic records for
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gasoline fractions with different concentration of ethanol, n-butanol, and i-butanol. The
analysis correctly detected the presence of components. The use of the GC-FID method
for measuring the fuel composition was also used by Yoram Gerchman et al., 2012 [100] or
Lin et al., 2014 [101].

Gasoline engines can burn mixtures of gasoline with butanol that formed in any ratio
of the two components, but it can also be used separately (100%) as a propellant in internal
combustion engines. If the mixture should comply with the conditions of EN 228:2008,
allowing for the oxygen content in gasoline up to a maximum of 2.7% (m/m), it would
be possible for gasoline to mix up to 11.7% (V/V) of butanol and, in the future, up to 16%
(V/V), without engine modification; in the case of ethanol mixing, it is only a maximum of
5% (V/V). Butanol is not as hygroscopic as ethanol, so it is less corrosive to metal tanks
and pipes, nor does it create separate water phase (it behaves similarly to MTBE or ETBE
ethers). Therefore, it can be transported by conventional and already existing pipelines,
tanks, and only distributed by partially modified filling stations, which practically excludes
the transport of ethanol in existing facilities. From the point of view of handling, butanol is
also safer than ethanol fuel due to lower vapor pressure [39,40,42,43,45,98].

5. Conclusions

This paper investigates various physicochemical properties of n-butanol and i-butanol
in comparison with widespread bioethanol. Properties, such as viscosity, density, octane
number, vapor pressure, distillation characteristics, or water solubility, were thoroughly
discussed. The main discoveries are summarized below:

e Butanol has a higher kinematic viscosity value than gasoline and ethanol. The viscosity
of the mixture increases with the addition of butanol.

e The octane number of mixtures is mainly influenced by the octane numbers of the
individual alcohols. Butanol reduces the octane number in gasoline, but the decrease
is not so significant.

e  Ethanol with gasoline creates an azeotrope, which increases the vapor pressure of
formed mixture. Such a phenomenon does not occur with butanol.

e  Ethers can have a positive effect on the increase of vapor pressure. It was verified that
ETBE has more favorable effects than MTBE.

e Ethanol mainly affects the first half of the distillation curve and especially the temper-
ature T50. Butanol mainly affects the second half of the distillation curve, which is
also reflected in the values of E100 and E150.

o The solubility of water in butanol and ethanol mixtures is similar. However, butanol
is more stable at low temperatures. Water is only slightly soluble in MTBE and ETBE.
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4.2 Lignocelulézovy bioetanol a biobutanol jako bioslozka do motorové
nafty

V tomto clanku byly zkoumany palivové vlastnosti smési motorové nafty a ethanolu
a motorové nafty a butanolu v poméru 2,5 % az 30 %. Byly méfeny fyzikalné-chemické
vlastnosti smési, jako je cetanové ¢islo, cetanovy index, hustota, bod vzplanuti, kinematicka
viskozita, mazivost, CFPP a destila¢ni charakteristiky, a byl vyhodnocen vliv na vlastnosti
paliva. Tyto vlastnosti byly porovnany s platnou normou EN 590+A1, aby se vyhodnotila
vhodnost smési pro pouziti v nemodifikovanych motorech. Bylo zji§téno, ze alkoholy jsou
vhodnym bioslozkovym aditivem do motorové nafty. U vétSiny fyzikalné-chemickych
vlastnosti bylo zjisténo, ze butanol ma pfi pouziti ve vznétovych motorech vhodnéjsi
vlastnosti nez etanol. Vysledky ukazuji, ze pro nékteré vlastnosti 1ze smés butanolu
a motorové nafty michat az do pomeéru 15 %. Ostatni vlastnosti by spliiovaly normu vhodnou
volbou z&kladni nafty.
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Abstract: In this paper, the fuel properties of mixtures of diesel fuel and ethanol and diesel fuel
and butanol in the ratio of 2.5% to 30% were investigated. The physicochemical properties of the
blends such as the cetane number, cetane index, density, flash point, kinematic viscosity, lubricity,
CFPF, and distillation characteristics were measured, and the effect on fuel properties was evaluated.
These properties were compared with the current EN 590+ A1 standard to evaluate the suitability of
the blends for use in unmodified engines. The alcohols were found to be a suitable bio-component
diesel fuel additive. For most physicochemical properties, butanol was found to have more suitable
properties than ethanol when used in diesel engines. The results show that for some properties, a
butanol-diesel fuel mixture can be mixed up to a ratio of 15%. Other properties would meet the
standard by a suitable choice of base diesel.

Keywords: butanol; ethanol; biomaterials; alternative fuel; second generation; distillation; cetane
number; lubricity; CFPP

1. Introduction

Renewable fuels are increasing in the fuel mix every year. The increasing share is
driven by economic and political factors as well as oil scarcity. Renewable fuels are seen as
one of the options to reduce dependence on oil and contribute to reducing emissions from
internal combustion engines [1].

Diesel engines produce different types of emissions. Like petrol engines, they produce
CO,, CO, NOy, and unburned hydrocarbons (UHC). In addition, they also emit particulate
matter (PM; 5) of various sizes and compositions [2]. Based on available data on health
effects, these PMs can cause serious health problems. Exposition can cause pulmonary
fibrosis [3], lung cancer [4], asthma [5], or DNA mutation [6,7].

Reducing the amount of particulate matter emitted is therefore a major initiative that
has strong support from policy makers around the world [8]. The emissions can be lowered
by installing filters [9] or by the addition of other compounds that do not produce PM,
such as alcohols, including ethanol or butanol [10], or has overall lower emission levels,
such as biodiesel (fatty acid methyl ester—FAME) [11].

Yet, biodiesel is currently the most widely used alternative fuel. Currently, the most
widely used biodiesel production process is transesterification, which is a chemical reac-
tion between oil or vegetable or animal fat (triglycerides) and alcohol in the presence of
a catalyst to produce ethyl esters or methyl esters (biodiesel) and glycerol (byproduct).
There are many types of catalytic processes, including alkali-catalyzed transesterification,
acid-catalyzed transesterification, acid- and alkali-catalyzed two-step transesterification,
enzyme-catalyzed transesterification, or non-catalytic conversion techniques for transester-
ification, which further determine the quality characteristics of the fuel [12].
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The main raw materials for the current production of biodiesel are vegetable oils
(olive, sunflower seed, corn, peanut, soybean, rapeseed, corn, palm, etc.) [13], or algac and
microalgae (Chilorella sp., Chlamydomonas reinhardtii, Dunaliella tertiolecla, Bacillariophyceae,
Chlorophyceae, Chrysophyceae, etc.) [14,15]. Recently, the use of waste cooking (frying) oils
has gained much attention as an alternative, environmentally friendly, abundant, and
sustainable feedstock for biodiesel production, due to their lower cost, compared to other
feedstocks, and the elimination of the negative harmful environmental impacts of dumping
waste oils from households and industry down the drain [16].

Because of the above problems with biodiesel, scientists are focusing more on other
biofuels that can also be produced from waste and other non-edible materials, such as
alcohols. The conventional way to produce alcohol is by chemically converting simple
sugars from grains, such as corn or sugar cane. This type of fuel is considered a first
generation biofuel [17,18]. A more sustainable method is to use lignocellulosic materials,
i.e., materials composed of cellulose, hemicellulose, and lignin. Biofuels made from these
materials are considered to be second generation biofuels.

Cellulose, shown in Figure 1, is the main component of biomass (about 45% of the dry
weight of wood) and consists of a D-glucose polymer linked by a 3-1,4 glycosidic bond to
form cellobiose molecules [19]. These polymer chains are linked by hydrogen bonds and
van der Waals forces in which the glucose unit is compactly bound to the others to form
so-called cellulose fibers. These are wrapped with hemicellulose [20].

The crystallinity of cellulose depends on this ordered structure of cellulose fibers. The
strong interaction of hydrogen bonds between the cellulose fibers makes it insoluble in
water but soluble in dilute acid solutions at high temperature [19,21].

[-14-linkage
3 OH ' ' <6

OH

Figure 1. Chemical representation of a single cellulose chain repeat unit depicting two glucose units
with a B-1,4-glycosidic linkage [22].

Hemicellulose, shown in Figure 2, is a copolymer composed of various pentoses,
hexoses, and uronic acids. Common sugars contained in hemicellulose are xylose, ara-
binose, mannose, or galactose with 50-200 units. The main component of agricultural
biomass and hardwood hemicellulose is xylan, while the main component of softwood is
glucomannan [17]. Due to the presence of pentose sugars, hemicellulose has an affinity for
water, and at high concentrations, aqueous solutions are viscous [19,21].

OH OH
~o Q Ho /\Q S +o o~
HO. G\ O\
o 4 - o
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HO C|>H
PN o HO —
HO OH
Figure 2. Chemical representation of a hemicellulose chain consisting of xylose and arabinose

pentoses [23] (edited).

Lignin is a copolymer of cross-linked polymers of phenolic monomers. i.e., coumaryl
alcohol, sinapyl alcohol, and coniferyl alcohol. These phenolic monomers are linked to
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each other by carbon—carbon (C-C) and carbon—ether (C-O) bonds [24]. This type of
binding increases plant cell wall stability and resistance to pathogenic infections [25].
It acts as a physical barrier against enzymatic hydrolysis and microbial decomposition
because it is tightly bound to cellulose fibers [24]. Enzymatic or microbial delignification
is difficult because lignin derivatives act as toxic compounds for microorganisms and
reduce the activity of hydrolytic enzymes. The location of lignin is between cellulose and
hemicellulose, which bind to each other [21,24].

Different lignocellulosic sources have different chemical compositions. Table 1 shows
common examples of lignocellulosic materials with approximate proportions of the differ-
ent biopolymers [26].

Table 1. Composition of various agricultural and other lignocellulosic residues [26].

Material Cellulose Hemicellulose Lignin
(CeH5010)n [%] (C5HgOq)n [%] (C51H33011)n [%]
Algae (green) 20-40 20-50 —
Bagasse 3248 19-24 23-32
Barley straw 31-45 27-38 14-19
Chemical pulp 60-80 20-30 2-10
Coir 3643 0.15-0.25 41-45
Corn stalk 3947 26-31 3-5
Corn stover 3840 28 7-21
Cotton, flax 80-95 5-20 —_
Grasses 25-40 25-50 10-30
Hardwood barks 22-40 20-38 30-55
Hardwoods 43-47 25-35 16-24
Newspaper 40-55 2540 18-30
Rice straw 28-36 23-28 12-14
Softwood barks 18-38 15-33 30-60
Softwoods 40-44 25-29 25-31
Sorghum stalks 27 25 11
Sorghum straw 32 24 13
Sweet sorghum bagasse 3445 18-28 14-22
Wheat straw 3741 27-32 13-15

The complex structure of lignocellulosic material makes the processing of fermentable
sugars difficult. Prior to fermentation, the tight structure of the plant biomass must be
disrupted to make it amenable to enzymatic hydrolysis, which is done by various types of
pretreatment [27,28].

Pretreatment of lignocellulose can be carried out by physical, chemical, physico-
chemical, and biological agents. Physical pretreatment includes mechanical interactions
and irradiation [29]. Chemical pretreatment includes acid or alkaline pretreatment, treat-
ment with ionic liquids, organic solvents, the use of sulphites, alkaline wet oxidation or
ozonation [30]. Physicochemical pre-treatment includes steam explosion (catalyzed or
uncatalyzed), hot water pre-treatment, ammonia fibers explosion or carbon dioxide explo-
sion [31]. Biological agents include the use of microorganisms to pre-treat lignocellulose.
Combinations of individual pretreatments that target specific chemical components of
lignocellulose have proven to be a promising path [32].

Pre-treatment is followed by hydrolysis and fermentation, which can take place
separately or simultaneously. During hydrolysis, polysaccharides are broken down into
simple sugars. This process may take place in the presence of acids, enzymes or both
simultaneously [33].

The success of fermentation depends on the quality of the pretreatment. In addi-
tion, parameters such as temperature, pH, agitation or oxygen concentration can cause
undesirable effects on the metabolism of microorganisms [34].

Microorganisms that are able to ferment pentose or hexose sugars to alcohols are, for
example, Clostridium acetobutylicum, Klebsiella pneumoniae, Lewconostoc mesenteroides, Sarcina
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ventriculi, or Zymomonas mobilis. Some species of fungi are also capable of fermentation
to form alcohols, including Aspergillus oryzae, Endomyces lactis, Kloeckera sp., Kluyreromyees
fragilis, Mucor sp., Neurospora crassa, Rhizopus sp., Saccharomyces beticus, S. cerevisiae, S.
elltpsoideus, S. oviformis, S. saki, or Trulaporium cutaneum [35].

Due to the aforementioned feedstock implications and subsequent processes that
require extensive and costly chemical or physical pretreatment, this has proven to be a
major impediment to large-scale fuel production [18,36,37].

The most common biocomponent in diesel fuel in the European Union is a biodiesel.
Despite the advantages of using biodiesel, one of the main issues concerning the use of
biodiesel is its poor low-temperature flow property, and many researchers have found that
adding biodiesel to diesel fuel will increase NO, emissions [38—44]. For this reason, using
the same bioalcohols used in a gasoline engine can be an interesting option. Table 2 shows
the fuel properties of winter diesel fuel Class F, FAME Class F, ethanol, and n-butanol.

In addition to suitable fuel properties, it has also been shown that the use of these
alcohol blends can suppress soot formation (problem of pure diesel fuel) without sig-
nificantly increasing NOy emissions (problem of FAME), eliminating the smoke-NOy
trade-off [45-47].

Table 2. Comparison of the properties of butanol isomers with other conventional fuels [48-59].

Properties Diesel Fuel (Class F) FAME (Class F) Ethanol n-Butanol
Molecular weight 198.4 242-294 46.07 74.11
Cetane number >49 >51 5-8 12
Research octane number 20-30 — 108 94
Motor octane number — 860-900 89-103 78
Density [kg,"mS] at20°C 820-860 >101 789 808
Flash point [°C] =55 <=20 14 35
CFPP [°C] <=20 — <—51 <—51
Cloud point [°C] —10to —34 — — —
Lubricity WSD [jim] <460 407671 1057 607
Water solubility at 25 °C [g/L] <0.2 <05 miscible 73
Boiling point [°C] 180-370 295-366 785 117.7
Flammability [vol%] 0.6-7.5 — 3.3-19 1.4-11.2
Reid vapor pressure [kPa] 0.2-0.7 0.2-0.6 16.5 6
Viscosity [mm?/s] at 25 °C 2-45 3.5-5 1.07 2.63
Energy density [M]/L] 35.86 327 25 292

Ethanol-diesel fuel blends are commonly used in some countries, sold under commer-
cial names, such as E-diesel (containing about 7-15% ethanol), or O2Diesel™ (consisting of
7.7% vol. ethanol), among others [60]. However, the engine usually has to be modified for
these blends.

This article aims to answer what is the maximum permissible level of ethanol and
butanol in diesel fuel to ensure that the mixture can be used for unchanged engines, i.e.,
to meet the EN 590+A1 standard, and also, which alcohol-diesel blend has better fuel
properties. This analysis will provide a comprehensive and practical view of these fuel
blends in terms of everyday usability.

2. Materials and Methods

To determine the effect of n-butanol and ethanol in diesel fuel, mixtures with working
names were selected as follows:
e  ETH x: vol% ethanol and (100 — x) vol% diesel fuel (e.g., ETH 5).

BUT x: vol% n-butanol and (100 — x) vol% diesel fuel (e.g., BUT 5).

Pure diesel fuel was used for the measurements. It complies with the standard EN
590 class F—winter without FAME content (produced by Cepro, a.s.). The water content
was 105 mg.kg’l, and the oxidative stability exceeded 20 h. n-Butanol AR (Analytical
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Reagent purity) was produced by LachNer, s.r.o. The tested bioethanol for comparison
fully complied with the requirements of EN 15376:2014 standard.

To identify the fuel properties of the mixtures, the physiochemical properties were
determined. In the evaluation of the fuel, the cetane number, cetane index, density, flash
point, kinematic viscosity, lubricity, cold filter plugging point, cloud point, and distillation
characteristics were measured. These fuel properties were compared with fuels containing
different volumetric amounts of alcohols.

An analytical method for the determination of ethanol and n-butanol in diesel fuel
using gas chromatography with flame-ionization detection (GC-FID) was also validated
and conducted. GC analyses were carried out, using the gas chromatograph Varian 3300
(Varian, Walnut Creek, CA, U.S.A.), equipped with a fused silica capillary column DB-5
(30 m x 0.25 mm L. D, film thickness 0.25 um) and a flame ionization detector (FID), where
hydrogen (30 mL/min) in air (300 mL/min) was used. The column temperature program
was 50 °C for 3 min, at a gradient of 8 °C/min, and upper isotherm of 260 °C for 5 min;
the injection port and detector temperature was 260 °C, at a split ratio of 1:20, with carrier
gas nitrogen (flow 1 mL/min). The test samples were dissolved in isooctane, and to all
samples, nonane was added as an internal standard. Samples were mixed according to the
following scheme: 1000 pL of iscoctane + 10 pL of diesel fuel + 10 uL of nonane. Diluted
samples with a suitable solvent, in this case, isooctane, improved the separation efficiency
of the chromatographic column.

All measurements were conducted according to the valid standards; a list of them is
provided in Table 3.

Table 3. Standards for the evaluation of the physicochemical properties.

Property Standard
Diesel fuel BS EN 590:2013+A1:2017 [61]
Cetane number 1SO 5165:2017 [62]
Cetane index 1SO 4264:2018 [63]
Density 150 3675:1998 [64]
Flash point 150 2719:2016 [65]
Kinematic viscosity 1SO 3104:1994 [66]
Lubricity IS0 12156-1:2018 [67]
Cold filter plugging point DIN EN 116 [68]
Distillation characteristics 150 3405:2011 [69]
Gas chromatography EN 14078:2014 [70]

All parameters were always measured three times, and the results represent the aver-
age value from three measurements with the expanded uncertainty with a 95% confidence
interval. The expanded uncertainty U of the measurand was obtained by multiplying
the combined standard uncertainty u(y) by a coverage factor k, which provides the best
estimate of the value attributable to the measurand. The value of the coverage factor k was
chosen to meet the probability of coverage of about 95%, which, for a normal distribution,
corresponds to the factor k = 2 [71].

Matlab 2015b (MathWorks, Natick, MA, USA) and R 4.0.3 (R Core Team) [ 72] were used
for statistical evaluation and graphical representation of the results. Star Chromatography
Workstation vs. 4.51 software (Varian, Walnut Creek, CA, USA) was used for GC data
collection.

3. Results
3.1. Fuel Parameters

The cetane number determines the ability of diesel fuel to ignite during compression
ignition. Increasing the cetane number shortens the length of the ignition lag time. De-
creasing the cetane number results in erratic engine operation and higher noise levels and
has a negative effect on emissions, especially during cold starts when the engine does not
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55

Cetane number

generate sufficient heat to burn through the entire fuel charge. The result is increased CO
and unburned and partially oxidized hydrocarbons—black smoke. The minimum cold
start cetane number limit is 40 units; in the future, it is expected that the cetane number
should be at least 56 units. Measurements are made on special diesel measurement engines,
where a specific fuel sample is compared with a reference sample, and the ignition pattern
is monitored to see if the ignition is the same in both cases when the compression ratio is
changed. The reference samples used are cetane (n-hexadecane—CygH34) with a cetane
number of 100 and 1-methylnaphthalenc with a cetane number of 0.

Since the engine test is quite demanding for the cetane number measurement, a cetane
index {CI) was later introduced to describe the ignition ability of fuel. The cetane index is
determined based on the density {p) at 15 °C and distillation (temperature values of 10%,
50% and 90% recovered—T1g, Tsp, and Tgp), according to the Equation (1) [63]. The cetane
index docs not come out the same as the cetane number for the same fuel; in practice, it is
always several units lower.

CI =452+ 0.0892T 19w + (0.131 4 0.901B ) Tspn + (0.0523 — 0.4208) Toon 1
+0.00049 (T2, — T2} + 1078 + 6082 M
where Tign = Typ — 215, Tapn = Tag — 260, Togn = Tgp — 310, B = [e 73300 ~08] 1

The most important advantage of alcohol-based blends is that they can be used in
dicsel engines without any modifications. On the other hand, alcohols have a low cetane
numbet, so their addition reduces the overall cetane number of the mixture. Ethanol has a
cetane number of 5-8, and butanol, 12. The cetane number can be increased by the correct
choice of the base diesel fuel at the refinery or by adding cetane booster additives, such as
2-cthylhexyl nitrate or 2,2-dinitropropane [73,74].

Figurc 3a,b shows the change in the cetane number and cetane index as a function
of the amount of butanol and ethanol added. The minimum permissible cetane number,
according to EN 590, is 51, and the minimum cetane index, according to the same standard,
is 46, both shown in purple. The grey arca represents a measurement accuracy of £0.76%.
The addition of alcohol to diesel fuel results in a significantly lower cetanc number. When
5% vol. ethanol or butanol is added to the diesel fuel tested, the cetane number of the fuel
tested is already at the limit defined by the standard. There is a statistically significant
difference between the cetane number and cetane index (p-value = 0.01053, resp. 0.0323);
the data are normally distributed (p-value = 0.59, resp. 0.125). Similar results were found
also in [75,76].

52.5
» 50.0
@
o
=
2
475
2
o
45.0
0% 10% 20% 30% 0% 10% 20% 30%
Alcohol concentration [%] Alcohol concentration [%]
Fuel [ Ethanol B n-Butanol Fuel ¥ Ethanol ¥ n-Butanol
() (b)

Figure 3. (a) Cetane number of diesel fuel-alcohol mixtures; (b) cetane index of diesel fuel-alcohol mixtures. Purple area
highlights exceeding the limit given by the standard.
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One of the most frequently monitored quality parameters is also the flash point. Tn
general, it ranks flammable liquids into hazard classes. The minimum admissible value
of the flash point of a diesel fuel is 55 °C, which characterizes it as Class [I—shown by
the purple area. The values of the flash point of pure diesel fuel are usually between
58 °C and 75 °C. The results in Figure 4 show (with 11 °C accuracy) that the addition
of butanol has a strong decreasing influence on the flash point, depending solely on its
content in the diesel fuel. As results show, its value is below the minimum requirement
of the EN 590 standard, even at 2.5 vol%. At higher concentrations of butanol, the value
corresponds to the flash point of pure butanol. In comparison with ethanol, the temperature
drop is even greater, and the mixture does not comply with EN 590. Without any other
treatment, n-butanol-diesel fuel mixtures can be classified as Class I-C or Class IT, whereas
an cthanol-diescl fuel mixture would be classificd as Class I-B or Class I-C. The flash point
can be increased by the addition of terpineol [77]. This value, however, does not affect the
combustion properties within the engine. It affects necessary safety measures related to the
manipulation with a fuel. There is a statistically significant difference between flash points
(p-value = 0.01379); the data are not normally distributed, so a non-parametric test was
used (p-value = 0.000622). The same trend of a significant drop right after the first addition
of light alcohol was also found by [78-80].

[=2]
(=]

[41]
o

(

Flash point [°C]
B
o

N
o

10
0% 10% 20% 30%
Alcohol concentration [%]

Fuel # Ethanol = n-Butanol

Figure 4. Flash point of diesel fuel-alcohol mixtures. Purple area highlights exceeding the limit given
by the standard.

The cold filter plugging point (CFPP) is the temperature at which a layer of solidi-
fied paraffin forms a layer so thick that the liquid portion of the diesel no lenger passes
through the fuel filter sufficiently. When this temperature is reached, although the diesel
is pumpable, the engine will shut down. Paraffins {a mixture of n-alkanes) are solids that
arc normally dissolved in the diesel, but as the temperature drops, they begin to release
from the mixture and crystallize back into a solid, making it impossible to transport fuel to
the engine. The CFPP temperature is the most important cold-flow parameter and roughly
determines the temperature to which the diesel is usable.

The CFPP is measured by the defined cooling of a diesel fucl sample in an apparatus
where the diesel fuel is periodically passed through a system of fine sieves. Crystallized
paraffins gradually clog the sieves and increase the pressure difference in front of and
behind the sieves. The temperature at which a given pressure difference is reached is the
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temperature of the CFPF. The cold parameters differentiate the types of diesel fuel and are
critical to the use and serviceability of diesel fuel in winter and in arctic climate zones.

The addition of ethanol or n-butanol to diesel fuel has a positive effect on the CFPP as
can be seen in Figure 5 together with the 41 °C accuracy. The CFPP gradually decreases
from Class F to Class 1 (around 2.5%) and Class 2 {around 20%). This means that the fuel is
usable, even in arctic climatic zones. There is no statistically significant difference between
CFPP (p-value = 0.5271); the data are not normally distributed, so a non-parametric test
was used (p-value = 0.0346). The CFPP was also measured by [78] with ~14% lower valucs,
due to the use of arctic diesel fucl as a base.

nIBSS. A

0 -wnGlass.B

w$21888.C
Class.P
Class.E
Class.F

CFPP [°C]

1RS84

0% 10% 20% 30%
Alcohol concentration [%]

Fuel [# Ethanol ¥ n-Butanol

Figure 5. Cold filter plug point of diesel fuel-alcohol mixtures. Purple lines highlight the limit given
by the standard.

Density is mainly determined by the aromatic content. Tt influences the calorific
value of the fuel, which is related to the composition and proportion of each hydrocarbon,
and it has also commercial importance in fuel supply, where it is used for conversions
(mass—volume). The effect of the diesel fuel density on engine performance is due to the
fact that the injection pump operates by volume, and therefore, the amount of fuel injected
increases with the density. The specific fuel consumption decreases with increasing density.
If the density of the diesel fuel is around the lower limit of the standard, there is a risk of
damage to the moving parts of the fuel system {together with the lubricity). A lubricating
film does not form on the moving parts, and excessive wear occurs. On the other hand,
at high density, the mixture formation is impaired, due to insufficient fuel atomization—
fuel droplets burn only on the surface, resulting in imperfect combustion. The share of
unburned hydrocarbons, soot, and carbon monoxide in emissions then increases, which is
reflected during acceleration and in full power mode as increased engine smokiness (black
smoke). In addition, the density is also used to calculate the cetane index and can be used
to infer the approximate composition of the diesel.

In the case of the density of alcohol-diesel fucl mixtures, there is no rapid decrcase
with the addition of n-butanol or ethanol (see Figure 6) together with the 105 kg-m 3
accuracy. According to the EN 590, the lowest admissible density is 820 l(g-rrf3 at 15 °C—
shown by the purple area. The requirement is met up to the concentration of 20 vol% of
cthanol and 25 vol% of n-butanol. There is a statistically significant difference between
densities (p-value = 0.00206); the data are normally distributed (p-value = 0.59). The density
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of butanol-diesel fuel mixtures was also investigated by [78], who found almost identical
results (L1%).

830

2]
[ ¥
<

[=:]
N
o

Density [kg.m ]

815

0% 10% 20% 30%
Alcohol concentration [%]

Fuel [ Ethanol = n-Butanol

Figure 6. Density of diesel fuel-alcohol mixtures. Purple area highlights exceeding the limit given by
the standard.

The kinematic viscosity is a measure of the fluidity of diesel fuel and has some
influence on its lubricity (as does density). Diesel with low viscosity does not adhere to the
moving parts of the fuel system, reducing lubricity and increasing wear and risk of seizure.
Viscosity has a significant effect on the droplet size of the fuel injected into the cylinder.
Low viscosity has a positive effect on aerosol formation during diesel fuel injection into the
combustion chamber. High viscosity causes imperfect fuel dispersion in the cylinder and
can also lead to impaired diesel pumpability and impaired filter passage.

According to the results of kinematic viscosity depicted in Figure 7, the influence of
ethanol is very significant, whereas the influence of butanol is much lower. The require-
ments of EN 590 set the limits between 2.0 and 4.5 mm?.s~" (the lower limit is shown
by the purple area). The viscosity of the n-butanol-diesel fuel mixture meets the limit in
the whole tested interval. On the other hand, the addition of ethanol exceeds the limit by
around 17.5%. Under this limit, there is a risk of damaging the moving parts of the fuel
system, due to loss of the lubricating layer. There is a statistically significant difference
between viscosities (p-value =3 x 107%); the data are normally distributed (p-value = 0.410).
In comparison to [76,78], kinematic viscosity has same slowly declining trend.

Lubricity is an important property of diesel fuel, which is necessary to ensure the
proper functioning of fuel pumps and injectors.

The standard defines the minimum lubricity of diesel fuel as the diameter of the
abrasion area, which is created by the friction of a vibrating ball on a metal surface. Tt is
carried out in a special apparatus (high frequency reciprocating rig—HFRR) with the diesel
fuel at 60 °C. The better the lubricity of the diesel, the smaller the friction area produced.
In modem, sulfur-free diesel, it is increased by an additive, which is simpler than material
or design modification.
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Figure 7. Kinematic viscosity of diesel fuel-alcohol mixtures. Purple area highlights exceeding the
limit given by the standard.

According to the standard, the maximum permissible area diameter is 460 um—
shown by the purple area. This limit was exceeded above 25 vol% of n-butanol in diesel
fuel (shown in Figure 8 together with the 1% accuracy). Ethanol keeps the lubricity in
almost the same values, much more than n-butanol. Since a lubricating layer is formed
on the moving parts, there is no excessive wear. From this point of view, the addition of
butanol does not represent any risk. Furthermore, this parameter can also be adjusted
with suitable additives. There is a statistically significant difference between lubricities
(p-value = 0.02689); the data are normally distributed (p-value = 0.137).

450

Lubricity [um]
-y
[—]
o

350

0% 10% 20% 30%
Alcohol concentration [%)]

Fuel [ Ethanol # n-Butanol

Figure 8. Lubricity of diesel fuel-alcohol mixtures. Purple area highlights exceeding the limit given
by the standard.
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Almost identical results in butanol-diesel fuel lubricity were found by Kuszewski,
(L4%) [78]. A decrease in ethanol-diesel fuel lubricity was found also by Kuszewski
etal. [81].

A summary of the physicochemical properties of mixtures that still meet the standard
is given in Table 4.

Table 4. Mixtures which comply with EN 590 + A1,

Mixture Cetane Number Cetane Index Flash Point Density Kinematic Viscosity Lubricity
Ethanol <5% <15% <5% <20% <15% >30%
n-Butanol <5% >30% <5% <25% >30% <25%

Lubricity [um]

As stated, the lubricity of the fuel is, to some extent, dependent on the kinematic
viscosity of the fuel and the extent to which the lubricating layer adheres to the lubricated
surfaces. For confirmation of this claim, a statistical cvaluation of the dependence of
lubricity on kinematic viscosity was performed. In order to cover the whole range, the
lubricity of pure substances (100% ethanol and n-butanol) was taken from Table 2. Results
arc shown in Figure 9a,b, and Table 5. The grey arca is the 95% confidence interval. The
purple arca highlights exceeding the limit given by the standard. A strong correlation
was found for both alcohols in the whole range of concentrations. Assumptions for lincar
regression were satisfied (Table 6).

600
1000
=
=]
750 2500
S
8
3
: 400
250
1.0 1.5 2.0 25 2,625 2.650 2.675 2.700 2.725 2.750
Kinematic viscosity [mmZ.s '] Kinematic viscosity [mm®.s ']
Fuel ® Ethanol ® Regression line Fuel ® n-Butanol # Regression line
(a) (b)

Figure 9. (a) Regression function of ethanol-diesel fuel lubricity as a function of kinematic viscosity; (b) regression function
of n-butanol-diescl fucl lubricity as a function of viscosity. Purple arca highlights exceeding the limit given by the standard.

Table 5. Parameters of the regression equation WSD = A + Bp + cp? depicted in Figure 9. Correla-
tion coefficients, ‘;“d]-, and p-value for both fuel mixtures.

Fuel A B C R?a; p-Value
Ethanol 2916.57 —2313.84 512.43 0.9238 5071 x 10°°
n-Butanol 200,024 146,405 26,838 0.9762 8.578 = 1077
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Temperature [°C]

Table 6. Assumptions tests.

Dataset Shapiro-Wilk Normality Breusch-Pagan Heteroscedasticity
o W =0.8855 X2 =0.1018
4R0 p-value = 0.1508 p-value = 0.7496
E— W =0.9345 X2 =03172
n-butano p-value = 0.4939 p-value = 05733

3.2. Distillation Properties

The determination of the distillation curve is a dominant test, which has to be per-
formed when the quality of the diesel fuel is assessed. By constructing a distillation curve,
a picture of the predominant fraction is obtained, and the presence of higher or lower
boiling fractions can be determined. For the fuel to burn in the cylinder, it needs to be
vaporized and mixed with air, i.e., sufficiently fine atomization of the fuel during injection
(small droplets have a larger total surface area and a higher evaporation rate), but also, a
certain proportion of easily evaporable components, which low-alcohol fuel fulfils. The
composition of the fuel should be such that it evaporates sufficiently quickly after injection
into the cylinder and, therefore, runs regularly. Diesel fuel has to be sufficiently volatile
so that the entire volume of fuel injected is vaporized, ideally starting with the lightest
fractions, and at the same time, regularly, so that combustion is uniform. Additionally,
fucl should contain heavier components, which will evaporate during the compression
stroke when the combustion chamber walls are cooled. If, on the other hand, the diesel
fuel contains too many light components, there is a risk of damage to the moving parts
of the fuel system. Such diesel has significantly impaired lubricity. A lubricating film
doces not form on the moving parts and excessive wear occurs, which is not the case with
low-percentage diesel-alcohol mixtures.

It can be seen from Figure 10a,b that both ethanol and n-butanol significantly affect the
beginning of the distillation curve. Mixtures up to 30 vol% of alcohol ensure the presence
of heavier components contained in diescl fuel, which evaporate gradually during the
compression stroke, during which the walls of the combustion chamber are cooled. The
figures also show that after the distillation of alcohol, the distillation curve continues with
the typical trend of diesel fuel distillation.

400 300
3
250 E‘ 300
5 250
g
200 g_ 200
B
200
2
150 100
o\e‘f o 150
100 o
L2
«
) . T .
Q QS\ % Distilled volume [%]
(@ (b)

Figure 10. (a) Distillation curve of diesel fuel-ethanol mixtures; (b) distillation curve of diesel fuel-butanol mixtures.

The addition of alcohol in the diesel fuel will ensure a fine atomization of the fuel
during injection, as the resulting droplets have a larger total surface arca and a higher
evaporation rate. Regarding the boiling point of butanol, it should not evaporate too
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quickly after injection into the cylinder, and thus, will not produce irregularity of the
engine operation.

According to the BS EN 590+A1 standard, at 250 °C, the alcohol has to be distilled at
less than 65 vol%, and at 350 °C at least 85 vol%,; the temperature at 95 vol% distillation
has to be at most 360 °C. This requirement is met for all fuels.

3.3. Gas Chromatography Analysis

There is no standard for the application of alcohols to diesel fuel that allows a more
detailed analysis. Therefore, a simple analytical method for the determination of ethanol
and butanol in diesel fuel, using GC-FID (gas chromatography with flame ionization
detector), was developed and validated.

Gas chromatography can also provide a number of useful indicators about diesel fuel.
In addition to information about the distillation profile and the content of individual com-
pounds, it is possible to detect the presence of various impurities, or the presence of ethanol
and n-butanol. In Figure 11a,b, chromatograms of 10 vol% mixture of ethanol-diesel fuel
and n-butanol-diesel fuel are shown. The diesel components represent hydrocarbons
Ci4, Cy5, and Cyg. All chromatograms were terminated after 12 min. In Table 7, precise
concentrations of the fuel mixtures are given.

\sooctane

Nonane

2 /
Diesel components ‘

'n-Butanol | Impurities ’
\L |
R X

ol f -

78 9 10 M1 12 0 1 2 3 4 5 6 7T 8 9 10 1 12_
tg (min) t (min)

(b)

Diesel components

Figure 11. {a) Distillation curve of E10 mixture; (b) distillation curve of BUT10 mixture.

Table 7. Measured concentrations of ethanol and n-butanol in diesel fuel.

Fuel The Measured Concentration of Alcohol [vol%]
BUT 5 5.28
BUT 10 11.83
BUT 20 22.54

E10 10.72

Deviations of the measured values from the reference values may be due to variations
in the detector respense or sorption of some components of the sample in the injection
chamber. Variability of the measured values can be improved by using the aute-sampler
and devices with electronic gas flow control.
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4. Conclusions

Most of the literature deals mainly with the production process of biobutanol as a
potential biofuel for internal combustion engines, but detailed testing of the properties
of butanol blends are rather scarce and even more so for use in diesel engines and fuel
standards.

With regard to their boiling points, both bioethanol and biobutanol affect the very
beginning of the distillation curve of the blended fuel. However, blends of up to 30%
alcohol by volume ensure the presence of the heavier components contained in diesel fuel
for the proper combustion function of a diesel engine.

With the addition of bioethanol and biobutanol to diesel fuel, the density and viscosity
are also reduced. Too low a density and viscosity can adversely affect the loss of the
lubricating film necessary to lubricate the moving parts of the fuel system. Biobutanol has
a higher viscosity, compared to both hydrocarbons and lower alcohols. While the drop in
density corresponds to the density differences between diesel and alcohol, the effect of the
hydrocarbon chain is clear from the viscosity drop, and bicbutanol favors bioethanol in
particular in this parameter. In terms of density, a maximum of 20% vol. bioethanol in the
fuel and 25% vol. biobutanol is sct as the limit, and in the case of viscosity, up to 15% vol.
bioethanol, while biobutanol has almost no effect on the diesel viscosity parameter.

The admixture of biobutanol in diesel fuel has a positive effect on the cold filter
plug point (CFPP). Experiences with competing bioethanol have encountered difficulties
with the miscibility of the two fucls and the stability of the blends at low temperatures
as well as water binding, due to its hygroscopicity. However, there is no problem in the
homogeneity of mixtures, even at very low temperatures when adding biobutanol to diesel
fuel. Thus, biobutanol is also less corrosive to metal tanks and pipes, and the tested blends
arc completely stable at low temperatures, compared to bioethanol-diesel fuel.

The addition of biobutanol to diesel also poses less risk of degradation of fuel lubricity,
compared to bioethanol. Lubricity in diesel is also largely affected by changes in the
kinematic viscosity parameters. However, diesel lubricity was not much exceeded in all
tested blends (up to 30%) of biobutanol in diesel. In addition, this parameter can also be
adjusted by using suitable additives (also by commercially available additives of biodiesel,
where lubricity is above the measurement limit).

The admixture of both bicethanol and biobutanol also has a significant effect on the
flash point of diesel fuel, which is categorized as a Class TII flammable substance, according
to EN 590. The addition of biobutanol at 2.5% and above can characterize the mixture as a
hazard Class IT combustible (the mixture with bioethanol is a hazard Class I combustible);
however, even such a drop in the flash point does not affect the operation of the diesel
engme‘
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4.3 Hydrogenovany rostlinny olej jako palivo z odpadnich materiali

Biopaliva se stala nedilnou soucasti kazdodenniho zivota moderni spolecnosti.
Bioetanol a metylestery mastnych kyselin jsou béznou soucasti vyroby benzinu i motorové
nafty. Také tlak na nahrazovani fosilnich paliv bioslozkami neustale roste. Odpadni rostlinné
tuky mohou nahradit bionaftu. Jako lepsi alternativa se jevi hydrogenovany rostlinny ole;j
(HVO). Toto palivo ma vyssi oxidacni stabilitu pro ucely skladovani, nizsi teplotu ztraty
filtrovatelnosti pro zimni obdobi, nizsi bod varu pro studené starty a dal§i. Byly zméfeny
viskozita, hustota, bod ucpavani studeného filtru palivové smési a bod vzplanuti, které
potvrdily, ze palivo z HVO je natolik blizké normé, ze je mozné jej pouzivat v motorech bez
uprav. Cilem tohoto ¢lanku je ukazat vlastnosti riznych paliv s ptimési HVO a bez ni
a prokéazat vhodnost pouziti HVO ve srovnani s FAME. HVO Ize pfipravit i z odpadnich
materiall a nejsou nutné zadné zasadni Upravy stavajicich rafinérskych zafizeni. Pfi
zpracovani paliv neni zapotiebi zadna technologie ani investi€ni, ani motorova uprava

topnych oleja.
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Abstract: Biofuels have become an integral part of everyday life in modern society. Bioethanol and
fatty acid methyl esters are a common part of both the production of gasoline and diesel fuels. Also,
pressure on replacing fossil fuels with bio-components is constantly growing. Waste vegetable fats
can replace biodiesel. Hydrotreated vegetable oil (HVO) seems to be a better alternative. This fuel
has a higher oxidation stability for storage purposes, a lower temperature of loss of filterability for
the winter time, a lower boiling point for cold starts, and more. Viscosity, density, cold filter plugging
point of fuel blend, and flash point have been measured to confirm that a fuel from HVO is so close
to a fuel standard that it is possible to use it in engines without modification. The objective of this
article is to show the properties of different fuels with and without HVO admixtures and to prove the
suitability of using HVO compared to FAME. HVO can also be prepared from waste materials, and
no major modifications of existing refinery facilities are required. No technology in either investment
or engine adaptation of fuel oils is needed in fuel processing.

Keywords: biofuel; biodiesel; hydrotreating; hydrocarbon; waste

1. Introduction

A long-term European strategy is an effort for a so-called "recycling society”. With the growing
volume of waste, expanding industries are dealing with waste management and recycling. Despite
noticeable progress, there is still great potential in previously underutilized sources of waste. The main
obstacles are the legislative problems and the low application of approved rules, the differentiation of
regulations in different countries, and generally the low awareness of the professional and lay public
about new possibilities and prospects. The current EU waste policy is based on the concept of the
so-called waste hierarchy, which states that it is primarily necessary to prevent the generation of waste
itself, and if this is not possible, it must be recycled or otherwise exploited, under condition of minimal
dump disposal. Anything which can be reused in some way may be considered waste, even materials
like grey water, wood chips, old clothing, kitchen scraps or diseased fruit and vegetables [1-7].

Legislative requirements are higher for double-counting materials, in order to meet the 10% share
of biofuels. This double counting applies to biofuels made from waste and residues, as well as to
biofuels made from raw materials that have been grown on so-called degraded areas, and it is thus
another supportive step towards meeting the sustainability criteria [8-10].

Sustainability criteria in the EU are determined by Directive 2009/28/ES. Among these, we include
reducing GHG (greenhouse gas) emissions, optimizing land use and carbon stocks, biodiversity, and
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environmental requirements for crop production. To achieve 10% CO; savings between 2010 and 2020,
a minimum biofuel share of 15% must be reached.

Hydrotreated vegetable oils are one of the possible ways of using the increased biofuel content in
diesel fuel. This would provide another option for meeting the CO; reduction target for the year 2020.
At the same time, it will be necessary to include these advanced biofuels in legislation, and to establish
clear rules for their use. In addition to these changes, changes in the composition of diesel fuel can also
be expected in the future. This mainly concerns requirements for increasing the cetane number and
cetane index, adjusting the course of the distillation curve (reduction of temperature by 95% of the
pre-distilled volume), further reducing the content of polycyclic aromatic hydrocarbon, introducing a
limit for aromatics similar to automotive gasoline and tightening requirements for lubrication and
mechanical impurities for fuels for diesel engines. Introducing changes that have a positive effect on
reducing harmful emissions and particulate matter pollution will entail an increase in production costs
and therefore the speed of their deployment will depend on the economic situation and legislative
changes adopted within the EU [11-13]. Compared to fossil fuels, biofuels are renewable. As far
as their technological development is concerned, the issue of biofuels is only at an early stage. The
most commonly declared "first generation” of biofuels is bioethanol produced from starch and sugar,
biodiesel produced from vegetable oils (rape, soy, etc.) and animal fats without chemical treatment, or
produced due to the transesterification process to fatty acid methyl esters (FAME—rapeseed oil) or
similar non-edible feedstocks like soursop seed oil [14,15]. These are sophisticated technologies, and
above all, commercially available [16-18].

Figure 1 shows a simplified difference between the production of hydrotreated oils and fatty acid
methyl esters (FAME).

[ Hydrotreatment — Hydrotreated oil

H, lzomeration
Vegetable oil — T
natural gas
Animal fat —» l
CH,OH

l———— Esterification —* FAME

Figure 1. Simplified diagram for the production of hydrotreated oils and fatty acid methyl esters.
FAME: fatty acid methyl esters.

The production of hydrotreated vegetable oils is based on introducing hydrogen molecules into
the raw fat or oil molecule. This process is associated with the reduction of the carbon compound.
When hydrogen is used to react with triglycerides, different types of reactions can occur, and different
resultant products are combined.

The original oil obtained by hydrotreatment achieves higher oxidation stability, which is desirable
for frying oils. Partial fat stiffening is used for raw margarine production. For fuel purposes, such a
final product is not suitable. In hydrotreated fuels, therefore, partial hydrotreatment is mostly omitted
and overall hydrotreatment continues, often with free fatty acids (Figure 2).
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Figure 2. Hydrotreatment of fatty acids.

Another method of converting triglycerides by hydrogen is the cleavage of the ester to hydrocarbon
and glycerol-derived propane and free fatty acids. These fatty acids (n is the number of carbons)
are either:

1. reduced to hydrocarbons (n) and water by hydro deoxygenation,

2. subject to decarboxylation, i.e. carbon dioxide C(O; is cleaved to give n-1 hydrocarbons,

3. ordecarboxylation is carried out by removing the carbon monoxide (CO) and water molecule to
produce an n-1 hydrocarbon.

For the reaction of hydrogen with vegetable oils and vacuum gas oil, the same catalysts and
the same types of reactors and equipment were used as for the oil processing [19,20]. Tn recent
decades, efforts have been made to find the best catalysts, to optimize hydrogen reaction processes
and to find suitable sources of vegetable oil or fats. A lack of resource availability and high hydrogen
consumption are increasing production costs, but these shortcomings are being gradually managed
commercially [21].

A key process for obtaining hydrocarbons is hydroisomerization. This is a radical reaction where
branching of hydrocarbon molecules is achieved by the use of form-selective catalysts, such as zeolites
or other acid catalysts. N-paraffins having a boiling point corresponding to diesel fuel generally have a
higher cetane number than their branched isomers. In contrast, isoparaffins have lower solidification
points than n-paraffins. Therefore, there is a compromise in the quality of the paraffin-rich fucl;
the fuel has either good combustion properties, or good low-temperature properties. The result of
hydroisomerization is therefore a fuel with a lower solidification point and a lower cetance number.
The relationship of these two properties is illustrated in Figure 3 [22].

920 20
N PP, °C
60 -10
30 -40
. 'y

0 A—— -70

12 14 16 18 n 20

—0— n-paraffins - n-paraffins -o— 2-methyl
isoparaffin

—o— isoparaffins -+— 5-methyl
isoparaffin

Figure 3. Cetane number and paraffin solidification points depending on carbon number.
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Hydrotreated oils are characterized by very good low temperature properties. The cloud point
also occurs below —40 °C. Therefore, these fuels are suitable for the preparation of premium fuel with
a high cetane number and excellent low temperature properties. The cold filter plugging point (CFPT)
virtually corresponds to the cloud point value, which is why the value of the cloud point is significant
in the case of hydrotreated oils.

The production process of hydrotreated oils can also produce fuel with appropriate low temperature
properties from palm oils and other oils, including animal fats, whose methyl esters have a very poor
applicability at lower temperatures [23]. This results in the use of hydrotreated oils throughout the
year, without risking loss of serviceability or fuel logistics problems. Hydrotreated vegetable oils thus
find their potential usability as aviation fuels.

Hydrotreated vegetable oils meet EN 1594(:2014 for paraffinic diesel fuels from synthesis or
hydrotreatment, formerly TS 15940:2012 for paraffinic diesel fuels [24]. This specification also applies
to Fischer-Tropsch synthesis products: GTL, BTL, and CTL. Specification TS 15940:2012 was preceded
by CWA 15940:2009 CEN Workshop Agreement, which was created in cooperation between car and
fuel manufacturers. HVO is usually supplied without FAME, however, it is allowed to add up to
7% vol. under specification EN 15940, which the earlier CWA 15940 did not allow. EN 14214 for
FAME for HVO does not apply, as HVO is composed only of hydrocarbons. However, HVO meets the
requirements of EN 590 for diesel fuel, except for the density below the lower limit of this standard [25].
This also applies to the US ASTM D975 [26]. Table 1 shows the differences between these standards.

Table 1. Requirements of EN 15940, EN 590 and ASTM D975 [27].

Parameter EN 15940 EN 590:2013 ASTM D975
Cetane number >70.0 >51.0 >40
Density at 15 °C (kgrm™2) 765-800 820-845
Viscosity at 40 °C (ml'n2 s71) 2.00-4.50 2.00-4.50 1.94.1
Hydrocarbons (% m/m) <35
Polyaromatic - <8 -
Aromatic <1.0 - -
Olefin <0.1 - -
Sulfur content (mg-kg_l) <5.0 <10.0 <15
Flash point {°C) >55 >55 >52
Lubricity HFRR at 60 °C (um) <460 * <460 <520
95% by volume distils at (°C) <360 <360 282-338
CFPP (°C) >-34 >-34 -
Ash content (% m/m) <001 <0.01 <0.01
Total impurity content {(mg-kg™!) <24 <24 -

* Including lubricating additives for use in vehicles approved for driving on the fuel according to the standard.
CFPP: cold filter plugging point; HFRR: high frequency reciprocating rig.

2. Results

The density of the hydrotreated vegetable oil (about 780 kg:m ?) is lower than the density of fossil
diesel (800 to 845 kg-m ?) because of its paraffinic character, and also a lower temperature distillation
end. The density of the fuel has traditionally been an important factor in terms of volume of fuel
consumption and maximum performance, and we can say that the reduction of volume calorific value
is only a function of density. At a lower calorific value, the engine generates less energy and needs
more fuel to ensure the same power output at a partial load.

In the case of hydrotreated oils, the effect is different, as the calorific value compensates for the
lower density effect (Figures 4 and 5). The higher calorific value of the hydrotreated oils is due to the
fact that the amount of hydrogen in the hydrotreated oils is about 15.2% (m/m), as opposed to 13.5%
(m/m) in standard diesel.
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Figure 4. Density and kinematic viscosity of diesel fuel with FAME and hydrotreated vegetable
oil (HVO).
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Figure 5. Calorific value of mixed fuels.

Figure 4 shows that the density with increasing HVO concentration in the mixture is expected to
decrease. This is due to the lower permissible water content and paraffinic character with a higher
hydrogen content than diesel, which results in a higher energy content per kg. Mixture of diesel fuel
with HVO > 30% vol. exceeds the EN 590 (Table 1) limit for diesel (820-845 kg-m~3). High proportion
mixtures did not meet the standard limits. On the contrary, low density offers the possibility of
blending HVO into diesel fuels with higher contents of heavier fractions, or their incorporation into
less profitable products, such as fuel oil. Conversely, all HVO mixtures meet standardized kinematic
viscosity limits.

On the y-axis, lubricity (WSD—wear scar diameter) is in um. HVO has very low lubricity, therefore
up to 80% of the volume may be added as maximum. Once the concentration reaches 80% or more, the
mixture of the fuel does not match the EN standard—see Figure 6. It could lead to seizure of the fuel
system of the machine.
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Figure 6. Lubricity of diesel fuel with addition of HVO.

An aromatic-free hydrocarbon composition results in a lower lubricity of the fuel. Lubrication of
hydrotreated oils corresponds to sulfur-free winter grade diesel or GTL. It is essential that lubricant
additives are added to these fuels to meet the requirements of EN 12156-1 (HFRR high frequency
reciprocating rig, corrected abrasion area diameter at 60 °C < 460 mm). Tt is possible to apply commonly
used lubricants for diesel with a similar dosage. When using this fuel at higher concentrations, it is
assumed that a further test for lubricity verification will be added.

Hydrotreated oil can also be supplied with lubricating additives for use in pure form, or as an
additive. It is common, however, to supply, for example, HVO without these additives if the fuel is
designated as a component of the mixture. The lubricity of the resulting fuel must then be controlled
and must be increased, to cover the HVO in the mixture. From the point of view of lubricity, this is
the only parameter where FAME is better and in itself can replace the additive in all hydrocarbon
fuels. The lubricating ability can be improved by adding the appropriate additive or a small amount of
FAME content. The expanded uncertainty of the result is + 5%.

Also, the distillation curve is different from diesel fuel and FAME. Distillation properties show
how the fuel evaporates when injected into the combustion chamber of the diesel engine. Low-boiling
fractions are important for the engine’s start-up, and the heavier fractions with higher boiling points
can cause problems with fuel being incompletely burned and increasing the proportion of harmful
emissions in the engine exhaust gases. Standard diesel fuel has a boiling range approximately from
180 °C to 360 °C.

A distillation test to determine the distillation curve is a test that must always be carried out when
assessing the quality of fuel. The distillation curve expresses the volume percentage of the fuel that
is distilled to a certain distillation temperature. T50 is the temperature at which 50% of the fuel is
distilled. At this point the amount of air is bound for perfect combustion. For HVO and diesel, there is
no need to worry about combustion air as the temperature in T50 has not increased significantly; the
value is shown in Figure 7.
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Figure 7. Distillation curves of FAME, diesel fuel, HVO and their mixtures.

It is clear from Figure 7 that HVO does not affect the beginning of fuel distillation. The presence
of "light components" is not compromised, so the moving parts of the fuel system cannot be damaged.
The addition of HVO results in a flattening of the distillation curve. Distillation indicates a lower
proportion of high boiling heavy fractions, thereby reducing carbonization shares and reducing exhaust
emissions. Higher concentrations of HVO can be expected to affect engine performance.

Figure 8 shows the difference of values due to the HVO admixtures. The addition of HVO to
diesel fuel positively affects the loss of filterability (CFPP—cold filter plugging point). Standard EN
590 sets the temperature —20 °C as the maximum value for F-class winter diesel, 14 is marked with a
thick horizontal line.

0 10 20 30 40 50 60 70 80 90 100
¢, % vol.
—a— HVO 100% —B—Diesel Fuel 70% + HVO 30%
—o— Diesel Fuel 50% + HVO 50% —+—Diesel Fuel 30% + HVO 70%

Figure 8. Changes in the mixed fuel distillation curve as compared to pure mineral diesel on the x-axis.

The cloud point (CP) or wax appearance temperature (WAT) is the temperature at which n-paraffins
begin to precipitate in fuel, but generally, it is not a mandatory indicator.
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Figure 9 illustrates the decrease of temperature with increasing addition of HVO. In the case of
100% HVO, the CP value is practically the same as the CFPP value. HVO addition to diesel fuel favors
low temperature properties, which, even in the case of an HVO 30 mixture, are 6 degrees below the
winter diesel fuel EN Class F. EN 590 also sets the CFPP for an arctic climate (for 1st class it is —26 °C,
while for 2nd class it is —32 °C), both of which exceed FAME + HVO 70-100.

10 —
s Tl
Yo \”“\_}_ -3.9813x + 13.364
L T-R2=08779
B
10 [y=z107%- 24355 =W e
F——Ri=god427— == ;___ i
max. -20 CFPP -l
20 yi=-2.2241x- 11 SEJi E:.:
10.9253x - 22.782
R? = 0.9158
-40
0 10 20 30 40 50 60 70 80 90 100
¢, % vol.
—e—CP FAME + HVO —o—CFPP FAME + HVO

—&—CP Diesel Fuel + HVO —8—CFPP Diesel Fuel + HVO
Figure 9. CFPP and cloud point (CP) of mineral diesel fuel with FAME and HVO.

At temperatures above the cloud point, the hydrotreated oil is colorless, clear as water. It has no
characteristic aroma typical for other fuels. It does not contain any visible dirt at temperatures above
the cloud point. The cloud point causes the creation of scum characteristic for diesel.

The flash point is the lowest temperature at which the flammable substance produces so many
flammable vapors at atmospheric pressure that they will briefly ignite being in contact with open flame
but they do not continue to burn.

Figure 10 shows the temperature increase of the flash point with increasing HVO content.
Temperature range III of the hazard class, in which the measured temperatures of all HVO mixtures
are located, is defined here. However, in the case of a flash point value, these values do not affect the
work of the diesel engine.

T 130
o
o 120
110
100 . '
Class 3 Hazardous y=4.0172x + 59.897
90 Materials R? = 0.8814

80 ®

y=3.1336x + 58.248

70 R? =0.8593
60
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¢, % vol.
—&— Diesel Fuel + HVO —m— Diesel Fuel + FAME

Figure 10. Flash points of diesel fuel with HVO and FAME.
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The cetane number indicates the reactivity of diesel fuel in terms of its diesel characteristics. The
higher the fuel gets, the better it is, the higher the cetin number is, the more regular and better is its
combustion, as well as the engine running and noise. Because of the relative difficulty of the cetane
number test, the cetane index, which can be determined based on a calculation from the results of the
laboratory density and distillation tests, has been introduced as a characteristic of ignition capability.
According to EN 590, the cetane number is at least 51 units, the cetane index is 46 units.

Figure 11 shows the increasing trend lines of the cetane number and cetane index with increasing
HVO content. The cetane number of hydrotreated vegetable oils ranges from 75 to 95 units due to
the composition (n-paraffins and isoparaffins). In mixed fuels, there is a linear increase in the cetane
number, corresponding to the proportion of components. Hydrotreated oil is a suitable additive for
increasing the cetane number due to the nature of the fuel, where its effect is greater than the use of
conventional additives. For measuring the cetane number on the test engine, the hydrotreated oil
must be mixed with a fuel with a known and low cetane number, such that the cetane number of
the resulting mixture is below 70 units within the measuring range. Then, the cetane number of the
hydrotreated vegetable oil is determined by linear extrapolation. The calculation of the cetane index is
suitable for standard diesel fuels (with FAME) and its use for hydrotreated oils is not appropriate.
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R? = 0.9886
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¢, % vol.

@ CN Diesel Fuel + HVO B CN Diesel Fuel + FAME O Cl Diesel Fuel + FAME

Figure 11. Cetane numbers of diesel fuel with HVO and FAME, cetane index of diesel fuel with FAME.

The limit value for the cetane number according to EN 590 is highlighted in the graph with a
horizontal line; for the cetane index, 46 is also highlighted by the horizontal line. The extrapolated
cetane number is high because of the very high content of n- and isoparaffins in HVO; the value of the
HVO 30 mixture already means a much higher cetane number than the minimum value according to
EN 590.

The measurement in this work compared mineral diesel fuel without bio-components, 100%
pure HVO and their mixtures. Prepared ratios were based on the possibility of comparison of the
results of our own measurements and results of measurements already published in the literature.
The individual measurement procedures were performed according to applicable valid standards
and were repeated three times to avoid any measurement error. The density measurement results of
mixtures with increasing HVO concentration had an expected decreasing trend, which should have
a negative effect on the calorific value (energy content per kg). According to the HVO manual, this
drop is due to the lower permitted water content and the pure paraffinic character of HVO fuel, which
mineral diesel does not have, but due to its higher hydrogen content, HVO has a higher calorific value
at lower density.

116



Catalysts 2019, 9, 337 10 of 16

Since hydrotreated oil consists only of hydrocarbons, traditional methods for fossil diesel, but not
FAME, are also suitable for determining fuel stability. This especially applics to “Rancimat” methods
according to EN 15751, which is intended for pure diesel fuel and FAME containing 2-7% vol. of
FAME. This method is not suitable for pure hydrotreated oil, even as an additive in diesel fuel. The
stability of hydrotreated oils is at the standard level of diesel fuel and there should be no risks except
for long-term vehicle shutdown or storage.

The sulfur content of hydrotreated oil is based on the production process and is <1 mgkg 1. As
the standard oil logistics system is used for hydrotreated oil, the sulfur content due to contamination
may be higher, and then the normalized value is <5.0 mg'kg 1. Addition of hydrotreated oils can
also positively reduce the sulfur content, for example in diesel, where the value exceeds the relevant
standard EN 590.

The ash content in hydrotreated oils is very low (<0.001%). Also, the content of P, Ca and Mg is
well below the detection limits of analytical methods (<1 mg-kg™").

Hydrotreated oil is, like fossil hydrocarbons, nonpolar, while water is polar. Water solubility is
thus similar to traditional diesel fuel, or even lower. Therefore, the issue of water requires no further
action in the ficld of logistics (as well as for diesel we usc).

The issue of micrebial growth is primarily about FAME, which also promotes microbial growth
in diesel fuel blends. FAME is bicdegradable and tends to increase the water content of diesel fuel.
Unlike FAME, the presence of hydrotreated oil mixed with diesel fuel does not require any further
action. However, monitoring the quality indicator is useful because microbes can proliferate even in
pure fossil fuel during long term storage in the presence of free water. Higher temperatures, especially
in the summer, can increase microbial growth, mainly if mineral salts are present in the water phase.
At lower temperatures, growth of microorganisms slows down.

The hydrocarbon composition of HVO corresponds approximately to the hydrocarbons of which
diesel fuel is composed. The composition of HVQ is composition closer to diesel oil than to a FAME
mixture, which is an advantage for the use of HVO as a substitute for FAME.

Ris detector response in Volts; tg is retention time in minutes. Figures 12-14 are chromatograms of
fuel samples (diesel fuel, HVO, and FAME). In Figure 12, we can see the composition of analyzed diesel
fuel with labeled n-alkanes, which represent major constituents of the sample. Similarly, Figure 13
shows the composition of hydrocarbon compounds in HVO. The chromatogram in Figure 14 allowed
us to specify the presence of major components (methyl esters) in FAME; the peaks are well separated.
All components labeled in the chromatograms were identified according to retention times of analytical
standards (mixture of n-alkanes), which are specified in the section Materials and Methods.

> a2
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40- |
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Figure 12. Chromatogram of 100% diesel fuel with identified (labeled) n-alkanes.
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Figure 13. Chromatogram of 100% HVO with identified (labeled) n-alkanes.
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Figure 14. Chromatogram of 100% FAME with identified main components (methy] esters).

Chromatographic results amongst individual samples may vary, depending on the refinery they
come from. Generally, the final composition of the fuel depends on the season, the country of origin,
the class of fuel, and more.

A statistical analysis was then conducted to obtain a general equation of density and viscosity for
independent variable concentration. An analysis was done for a mixture of diesel and HVO, and a
mixture of FAME and HVO. For the needs of the article, statistical tool R, and the built-in library Im()
were used.

As a first analysis, a linear regression analysis was calculated to predict the density of a diesel
and HVO mixture based on concentration. A significant regression equation was found (F(1, 3) = 1411,
p <001, N = 20), with R? of 0.9972. The model predicted density in the form of equation (1).
Assumptions of linear regression were verified by gvlima library. All assumptions were accepted:
Global Stats (p = 0.5704), Heteroscedasticity (p = 0.9905), Skewness (p = 0.2229), Kurtosis (p = 0.9911),
and Link Function {p = 0.2302).

p — 0.52147c + 780.97672 1)

Complementary linear regression was calculated to predict the viscosity of a diesel and HVO
mixture based on concentration. A significant regression equation was found (F(1, 3) = 49.97, p < 0.01,
N = 20), with R? of 0.9245. The model predicted viscosity in the form of Equation (2). All assumptions
were accepted: Global Stats (p = 0.5884), Heteroscedasticity (p = 0.8937), Skewness (p = 0.7208), Kurtosis
(p = 0.4098), and Link Function (p = 0.1579).

v = —=0.003875¢ + 2.89085 @

As a second analysis, a linear regression analysis was calculated to predict the density of a FAME
and HVO mixture based on concentration. A significant regression equation was found (F(1, 3) = 94.09,
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p < 0.01, N = 20), with R? of 0.9588. The model predicted density in the form of equation (3).
Assumptions of linear regression were verified by gvlma library. All assumptions were accepted:
Global Stats (p = 0.5035), Heteroscedasticity (p = 0.8260), Skewness (p = 0.4299), Kurtosis (p = 0.1330),
and Link Function (p = 0.5241).

p = 0.7478¢ + 785.6795 (3)

Complementary linear regression was calculated to predict the viscosity of a FAME and HVO
mixture based on concentration. A significant regression equation was found (F(1, 3) = 88.94, p < 0.01,
N = 20), with R2 of 0.9674. The model predicted viscosity in the form of equation (4). All assumptions
were accepted: Global Stats (p = 0.8565), Heteroscedasticity (p = 0.6979), Skewness (p = 0.5792), Kurtosis
(p = 0.4987) and Link Function (p = 0.5205).

v = 0.011987¢ + 2.887347 (4)

3. Discussion

The experiment shows that the hydrotreatment process is an alternative to the production of
biofuels for the esterification process to eliminate the undesirable effects, as described in [16] and [28].
These include, in particular, increased NOy content, emissions, fuel storage problems, engine oil
wear, and so on. HVO are also characterized by high cetane numbers, as confirmed by the measured
results [16]. The characteristics for diesel compared to HVO were practically the same, as illustrated by
Sugiyama [17]. Experiments and proven measurements show that HVO impurities have a positive
effect on the characteristics of diesel engines.

Characteristics to be monitored include, above all, the lubricity to provide the lubricating ability of
the moving parts of the fuel system and the cetane number. The graphs show, in accordance with [28],
that the recommended HVO ratio (addition) should be about 50% in order to be consistent with the
diesel fuel characteristics.

According to Simacek et al. [29], low density and low sulfur content have an effect on lower
lubricity, which can be improved by the application of conventional lubricating additives as is the case
with today’s low-grade mineral diesel fuel. The kinematic viscosity of all HVO mixtures meets the
standard parameters. The distillation curve determines that, by addition of HVO to mineral diesel
fuel, its process is flattened. According to Honig et al. [23], this has a positive effect on the reduction
of carbon deposits and exhaust emissions. The HVO Manual [27] indicates CFPP up to —40 °C. This
value has not been confirmed by its own measurement. The lowest measured CFPP was —36 °C in
100% HVO. This is even 11 °C less than that found in Aatola et al. [16]. Even with this mismatch, all
blends have a positive effect on the CFPP drop and are well below the F-class for diesel fuels, the
CFPP reported by EN 590 max —20 °C. Results of the flash point measurement have an increasing
tendency, which corresponds to all other articles, the measured values were compared with. This has a
positive effect on reducing the risk of a fuel explosion during handling and storage under standard
conditions. The measured high values of the cetane number and the calculated cetane index value
increase with the HVO content in the mineral oil mixture. The values of the cetane number and cetane
index set out in this work correspond to the already high values of these figures in Aatola et al. [16],
Simacek et al. [29], Hanig et al. [30], Vachova and Vozka [31], and the HVO guidelines [27].

The properties of hydrotreated oils are much more similar to high quality sulfur-free diesel or
synthetic GTL diesel fuel than to FAME.

In the production of fuels, components with n-hydrocarbons and branched hydrocarbons are
suitably combined to achieve suitable fuel properties (cetane number, pour point). Biodiesel produced
by the hydrotreating of vegetable oil consists mainly of Cy7 and Cjg n-hydrocarbons with a high cetane
number but with poor low temperature properties due to the melting point between 20 and 28 °C.
Improvement of these parameters can be achieved by adding a second proportion of highly isomeric
hydrocarbons into the fuel blend.
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During long-term storage, pure hydrotreated oils as well as mixtures containing them, behave like
traditional diesel fuels. Hydrotreated oils do not contain any hazardous impurities, such as saturated
monoglycerides present in FAME. There is therefore no risk of clotting above the cloud point. However,
as with standard diesel, this phenomenon may occur due to the presence of paraffins in the fossil fuel
or hydrotreated oil during long-term storage at temperatures below the cloud point.

4. Materials and Methods

The sample of tested hydrotreated vegetable oil was received from the Neste Oil Company (Espoo,
Finland). Simultaneously, diesel fuel free of fatty acid methyl esters compliant with EN 590 and a
FAME mixture compliant with EN 14 214 were used for laboratory tests.

The following tests of blends were carried out:

Density at 15 “C according to EN ISO 3675

Kinematic viscosity at 40 °C according to EN ISO 3104

Cold filter plugging point (CFPP) according to EN 116

Flash point according to EN 2719

Oxidation stability of vegetable oil according to EN 15 751
Cetane number according to EN ISO 5165

Lubricity according to EN 12156-1 (HVO lubrication 460-650 pm)
Calorific value according to ISO 1928 on IKA C200 Calorimeter
Gas Chromatography—Flame lonization Detector GC-FID

bl IR B o

The following samples and their mixtures were analyzed:

. 100% FAME
2. 100% HVO (from Neste Oil Company)
3. 100% Diesel Fuel (without any FAME)

For the GC measurements, the samples were diluted 1/50 (20 uL sample + 980 uL hexane).
Analytical Standards:

. Mixed standard: n-alkanes C10 to C30 in hexane
2. Mixed standard: Supelco 37 Components FAME Mix

For sample analysis, an Agilent Technologies 7890A gas chromatograph (Santa Clara, CA, USA)
equipped with an autosampler, a fused-silica capillary column SPB-2560 and a flame ionization detector
(FID) was used. The basic instrument parameters and GC analysis conditions are shown in Table 2.

Table 2. Device parameters and GC analysis conditions.

Device Type and Settings
Gas Chromatograph Agilent Technologies 7890A
Autosampler G4513A (16 positions) with a syringe Agilent Gold Standard 10 pL
Analytical column SP-2560, 100 m x 0.25 mm i.d., film thickness 0.2 pm
Temperature program 140 °C (5 min), increase 4 °C-min 1, 245 °C (20 min) — 51.25 min
Carrier gas Helium 5.6, const. inlet pressure 50 psi (flow rate 1.58 mL-min ! at 140 °C)
Injection chamber Temperature 280 °C, injection volume 1 pL, split ratio 1:100
Detector Temperature 280 °C, gas flow: hydrogen (6.0) 30 mL-min 1, air (5.0)
400 mL-min~1, makeup = nitrogen (6.0) 25 mL-min !
Data collection software Agilent ChemStation (Revision B.04.02 SPT)

Lubrication was measured on a PCS instrument: HFRR (high frequency reciprocating rig). The
PCS instrument uses an electromagnetically vibrating moving body with low amplitude, while
simultaneously compressing it against a solid body. The instrument measures the frictional forces
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between the bodies and the electrical contact resistance between them. Settings of the instrument are
in Table 3

Table 3. Technical parameters of HFRR.

Parameter Value
Frequency 10-200 Hz
Shift 20 pm-2 mm
Load 0.1-1 kg with supplied weights
Maximum fractional force by amplitude, max 10 N
Temperature From room temperature to 150 °C
Standard upper test body Ball @ 6 mm
Standard lower test body Disk 0 10 mm and thickness 3 mm
Power supply 100-230 V
Heating Two heating cartridges 24 kW, 15 kW

5. Conclusions

Due to the pressure of the European Union to reduce the total amount of greenhouse gases
released into the atmosphere, there is also a need to reduce greenhouse gas emissions in transport.
One way is to increase the share of biofuels in mineral diesel over 7%.

Biodiesel from FAME is not very suitable as a higher percentage mixture because of the low
oxidation stability, higher temperature of cold filter plugging point (CFPP), carbonization tendency
and possible microbial contamination in the presence of water. A much better biofuel is HVO,
whose hydrocarbon character can be compared to high quality mineral diesel with a very high cetane
number and a very low temperature of cold filter plugging point (CFPP). As confirmed by the actual
measurement, HVO does not have the above-mentioned drawbacks as fatty acid methyl esters do. HVO
can be mixed into mineral diesel fuel without limitation. Its presence in mineral oil blends improves
engine performance and reduces fuel consumption, exhaust emissions, and cold filter plugging point
(CFPP), so it can also be used in aviation turbine engines. The properties of hydrotreated oils are much
more similar to high quality sulfur-free diesel or synthetic GTL diesel fuel than to FAME.

Adding HVO can achieve a lowering of NOyx and particulate matter emission, which has a positive
impact on environment. This is a suitable way of accomplishing emissions below the limits of a
newly introduced ban for highly-polluting, older diesel vehicles, for example in Germany. HVO
has a naturally high cetane number, which is very useful for increasing lower cetane fuels, which
could also be conducive to other alternative fuels for lowering emissions, as well as having sufficient
fuel properties.

The production technology of this biofuel is intergenerational in its own way, as raw materials,
both food and waste, can be used for its production without significantly changing the hydrotreatment
conditions. Tt is also beneficial for this technology that it can be operated, after minor modifications,
directly in existing refineries.
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4.4 Energeticka analyza vodiku jako paliva v Ceské republice

Koncept ,,vodikového hospodatstvi“ pochazi ze 70. let 20. stoleti. Poprvé byl predstaven
jako reakce na prvni ropnou krizi. V souvislosti s vodikovym hospodaistvim je dulezité
vypotitat, kolik vodiku by bylo potieba k pohonu viech motorovych vozidel v Ceské
republice. To je hlavnim tématem tohoto ¢lanku. K vypoctu mnozstvi vodiku jsme pouzili
dvé rizné metody. Jedna vychazi z termodynamickych zakont a druha z béznych provoznich
podminek. Oba pfistupy pfinesly srovnatelné vysledky. Bylo zjisténo, ze ani pii vyuziti
veskeré elektiiny vyrobené v Ceské republice v roce 2016 bychom nebyli schopni pokryt
mnozstvi energie, které je potfeba k vyrobé. Pokrylo by pouze 75 %, resp. 76 % v zavislosti
na pouzité metod& vypoétu. Nakonec by Ceska republika mohla potiebné mnozstvi vodiku
nakoupit a stalo by to 11 az 29 miliard eur, coz je 6 az 16 % HDP Ceské republiky. Pii
vypoctech autofi zjistili, Ze nejvice paliva se spaluje v osobnich automobilech. Proto jsme
provedli analyzu citlivosti, abychom zjistili, jak moc by se nase vysledky lisily, kdyby se
spotieba paliva zménila. Ukazalo se, ze pii zvySeni spotieby o 1 1 na 100 km klesne pokryti

vyroby vodiku piiblizné o 4 % (opét pii vyuziti veskeré elektiiny vyrobené v CR).

Publikovano v Casopisu Agronomy Research v databazi Scopus.
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Abstract. The concept of *hydrogen economy” dates back to the 1970s. It was first introduced as
s response to the first oil crisis. In the context of the hydrogen economy, it is important to calculate
how much hydrogen would be needed to power all motor vehicles in the Czech Republic. This is
main topics of this paper. To calculate the amount of hydrogen, we used two different methods.
One is based on thermodynamic laws and the other on normal operating conditions. Both
approaches yielded comparable results. It was found out that even with the use of all the electricity
produced in the Czech Republic in 2016, we would not be able to cover the amount of energy
that is required for production. It would cover only 75% resp. 76% depending on the calculation
method used. Eventually, the Czech Republic could buy necessary amount of hydrogen and it
would cost between 11 and 29 billion euros which is between 6% and 16% of GDP of the Czech
Republic. In the calculations, authors found out that most fuel is burnt in the passenger cars.
Therefore, we made a sensitivity analysis to find out how much our results would differ if fuel
consumption changed. It turns out that with an increase in consumption of 11 per 100 km,
hydrogen production coverage will decrease by about 4% (again with the use of all electricity
produced in the Czech Republic).

Key words: Hydrogen, Alternative fuel, Hydrogen economy, Steam reforming.
INTRODUCTION

Currently, research and development is focused on wider use of alternative fuels to
reduce dependence on lowering oil reserves. Conducted research focuses, for example,
on fuels made from plant but also on long-known hydrogen (Honig et al., 2014). Tt has
been considered as a substitute of fossil fuel since the 1970s in response to the first oil
crisis (Moliner et al., 2016). Hydrogen as a fuel has minimal impact on the environment,
because no COs is produced during combustion. Air and the resulting NO, emissions
can be well controlled through the amount of air supplied to the engine (Cassidy, 1977;
Duana et al., 2017).

Its disadvantage is poor storage, inefficient and uneconomical production and the
fact that hydrogen compared to fossil fuels is not the primary source of energy. This
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means that energy needs to be converted first (e.g. in nuclear power plant) and then used
for hydrogen production (Vojtéch, 2009).

There is a wide range ol processes for producing hydrogen. Briefly, the following
methods can be described: electrolysis (decomposition of water into hydrogen and
oxygen); thermal decomposition of sulphate; gasification of coal; biochemical
processes; steam reforming; partial coal oxidation; biomass pyrolysis; or use ol
thermolysis. Currently around 48% of hydrogen is produced from natural gas by steam
reforming, 30% by oil and 18% by gasification (Abanades, 2012). There are also many
new and innovative ways of producing hydrogen. Mainly hydro, geothermal and solar
show a unique potential to support these innovative hydrogen production systems
(Dincer et al., 2017).

Since steam reforming is the most common form of hydrogen production, the
following calculations will account for this form of production. Also, according Ministry
of Industry and Trade this method is the most suitable way how to produce hydrogen in
Czech Republic (MIT, 2017). Main reactions of steam reforming go according to Eqs (1)
and (2).

CH,+H,0->CO+3I, (1)

CO+H,0->CO,+1, (2)

Hydrogen can be used as a fuel in two ways: Hydrogen internal combustion engines
and fuel cells. Hydrogen burns very quickly, and its flame is stable due to its high
calorific value even in the case of a very poor mixture, which can be used to reduce the
emissions of nitrogen oxides. The disadvantage of hydrogen combustion is the low
volume calorific value of the mixture, given by the low hydrogen density (Doucek et al.,
2011; Shivaprasad et al., 2014).

A fuel cell is a device which, in an electrochemical reaction, converts the chemical
energy of the continuously fed fuel with the oxidizing agent to the electrical energy. The
fuel cell consists essentially of two electrodes and a membrane placed between the
electrodes. While there is a reaction between the fuel and the oxidant, electrical charge
and heat are formed. Compared to heat engine' (Borgnakke et al., 2012) with an electric
energy generator, fuel cells produce with 35-50% efficiency, depending on the load and
type of fuel cell, The high efficiency is mainly since the energy conversion is direct, not
through the intermediate (thermal and mechanical), as in the case of combustion engines
(Doucek et al., 2011; Yilmaz et al., 2015; Choongsik et al., 2017).

In the automotive industry, many studies have been undertaken to develop
alternative fuel powered vehicles in the last three decades. Advatage of using hydrogen
is that it doesn’t produce any carbon dioxide during combustion and it gives significant
advantages such as high heating value, short cooling distance, high spreading rate and
high flame speed (Gurz et al., 2017).

As of now, there are many mass-produced cars of various brands, such as Toyota
Mirai, Hyundai Tucson ix35 Fuel Cell or Honda Clarity. However, other automakers
such as Audi, BMW, Toyota or Mercedes also think about the concepts of hydrogen
cars. The Strategic Plan for the Use of Hydrogen Technologies KOM (2010) 2020
(Europe 2020: A strategy for smart, sustainable and inclusive growth) has been agreed

! Device that operates in a thermodynamic cycle. Convert part of heat into work (Borgnakke et al., 2012).

189

126



within the European Union, which helps to define more specific transport and economic
development objectives (Soukup, 2017).

Moreover, Czech Hydrogen Technology Platform (HY TEP) opened new period of
hydrogen technologies in the Czech Republic. It was established under auspice of the
Ministry of Industry and Trade of the Czech Republic. HYTEP has organizes an
international conference named Hydrogen Days. The Czech Republic has successfully
finalized a series of projects: Tri-HyBus (fuel cell bus prototype), Hydrogen filling
station Neratovice, Solid oxide steam electrolyzer (SOSE), Autarkic system. Platinum
{ree novel electrocatalyst, etc., and participated successfully in several European projects
(Iordache, 2016).

While there are already many initiatives, it is necessary to focus on the practical
aspects of the hydrogen economy. Specifically, the question of how much hydrogen
would need to be produced to power all motor vehicles in the Czech Republic needs to
be answered.

MATERIALS AND METHODS

There are approximately 7.5 million vehicles on the Czech roads (Sda-cia, 2017).
These vehicles were further divided into six groups:

1. Motorcycles — L1;

2. Buses — M3;

3. Passenger cars — M1;

4. Utility vehicles — N1,

5. Trucks — N2, N3;

6. Tractors —T.

From these groups, vehicles with the largest representation in the Czech Republic
were selected. These have the greatest impact on the fuel consumption. Since only
representatives of a given group are listed, their representation logically does not give
100%.

For this reason, the Relative Representation variable — Eq. (1) —was introduced,
which recalculates the selected set of vehicles and its sum gives 100%. Other
calculations are derived from this value.

y
_ i
v, =
Vi

where v, is the relative representation and v; is the representation ol one type of vehicle.

Typical representatives are listed in the tables 1-6 with their average consumption,
representation and impact on consumption.

(D

Analyzed motor vehicles

The first group are the motorcycles, which are analyzed in Table 1. On the Czech
roads there are 1,108,362 (Sda-cia, 2017). One motorcycle runs for about 15,000 km in
ayear (CZS0, 2017).
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Table 1. Consumption of motorcycles

Tvoe Consumption Representati Total consumption of fuel
yp L 100 km'! presentation L year!

Jawa 5.00 41.2% 5.5:10°

¢z 5.00 7.5% 1-10°

Honda 6.00 1.1% 1.1-10°

Yamaha 7.00 6% 1.1-10¢

The second group are the buses (Table 2). On the Czech roads there are 20,645
(Sda-cia, 2017). One bus runs for about 200,000 km a year (CZSO, 2017).

Table 2. Consumption of buses

Consumption Total consumption of fuel

Type L 100 km-! Representation L vear!
Karosa 32.00 24.5% 1.3-10%
SOR 16.00 21.8% 5.8-10°
Irisbus 31.00 13.2% 6.8-107
Mercedes-Benz 38.70 8.4% 5.4-107

Another group are passenger cars (Table 3). On the Czech roads there are 5,491,868
(Sda-cia, 2017). One passenger car runs for about 15,000 km a year (CZSO, 2017).

Table 3, Consumption of passenger cars

Consumption Total consumption of fuel

Type L 100 km-. Representation L year!
Skoda 7.00 33.7% 3.5:10°
Ford 6.00 8.8% 7.8-10°
Volkswagen 7.00 7.4% 7.7-10°
Renault 8.00 5.8% 6.9-10°

Another group are utility cars (Table 4). On the Czech roads there are 554,546 cars
(Sda-cia, 2017). One commercial vehicle runs for about 50,000 km in a year (CZSO,
2017).

Table 4. Consumption of utility cars

Type Consumption Representation Total consumption of fuel
L 100 km™! ’ L year’!

Ford 8.60 14% 7.1:108

Skoda 8.20 12.8% 6.2-10°

Volkswagen 8.00 11.8% 5.6'10°

Renault 7.80 8.4% 3.9-10°

Next group are trucks (Table 5). On the Czech roads there are 189,402 (Sda-cia,
2017). Number of kilometers per year is dilferent for each representative and is therefore
listed separately (CZSO, 2017).

191

128



Table 5. Consumption of trucks

Consumption Total consumption of fuel

Type L 100 k! Representation  km year'! L year!
Avia 16.00 14.2% 50,000 5.4-10%
Tatra 42.00 8.7% 3,600 6.3-107
MAN 36.00 8.5% 125,000 1.8-10°
Mercedes-Benz ~ 27.00 8.4% 125,000 1.4-10°

The last group are tractors (Table 6). On Czech roads there are 174,848 (Sda-cia,
2017). Only one representative is listed, as it has a predominant representation over
others. One tractor runs for 3,600 km per year (CZS0O, 2017).

Table 6. Tractor consumption

Type Consumption Representation Total consumption of fuel
L 100 km™! L year!
Zetor 17.50 77.70 % 1-108
In addition, it is necessary to Table 7. Energy density of individual fuels
distinguish between gasoline and Fuel Energy density
diesel vehicles because these fuels e MJL!
have different energy density —see Gasoline 32.18
Table 7 (Andrews et al., 2013; Luke$ Diesel 35.86
ctal, 2015). Hydrogen (6.9:10° Pa, 388K) 4.50

For this paper, it has been selected that cars and motorcycles will be powered by
gasoline and buses, utility vehicles, trucks and tractors will be powered by diesel. With
this assumption, the required volume of fuel from tables 1—6 and calculate the amount
of energy & obtained from the fuels through the energy density can be calculated

g=v.-N-s-C-p (2)

where &; is required energy for propulsion of vehicles 7; N is the number of vehicles 7;
§ is number of kilometers per year per vehicle, C is the consumption and p is the energy
density.

Then, volume of hydrogen was calculated from energy density of hydrogen and the
mass was calculated using the Peng-Robinson's equation (Eqs (3—7) (Peng et al., 1976;
Orbey et al., 1998):

__Rr a ;
D Vv b ©)
RZ T'.Z
a=045724 x = (4)
pL‘
RT
b=0.077796 —= (5)
p.
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2

a= 1+;{1—F} 6)
T,

x=0.37464+4.54226 @ —0.26992 @’ (7

where p is the pressure; R = 8.314 is the universal gas constant; 7 is the thermodynamic
temperature; V5, is the molar volume; 7. is the critical temperature; p. is the critical
pressure and e is the acentric factor.

Equation parameters for hydrogen are in

Table 8 (Orbey et al., 1998) Table 8. Parameters of Peng-Robinson
For the final comparison of the required state cquations

amount of energy for hydrogen production, the g“_‘?m‘;lter " :3‘113“';

amount of net electricity produced in CE(EE?I pi[;l;ir; ure 12.97-106 Pa

the Czech Republic in 2016 was used: Acentric factor 0215

Eqy = 278,695,080 GJ (ERO, 2017).

The comparison was made in two different ways —empirical and theoretical.

The empirical calculation is based on the amount of energy required to produce
hydrogen under normal process conditions: AHy. pyoc = 2.25 kWh Nm™ (T-Raissi et al.,
2004).

The theoretical calculation is based on the application of thermodynamic laws. By
computing the reaction enthalpy in the standard state 77 = 20 °C and subsequent use of
Kirchhoff's law, the required reaction enthalpy in the temperature conditions of the steam
reforming 7> = 800 °C — Eq. (8) was calculated. Using the reaction enthalpy, the result
with the efficiency of the process 90% was estimated.

M,(Tz)=AHr(ﬁ)+TCP(TMT (®)

Both calculations will be based on reactions which occur during the steam
reforming mentioned in the introduction.

For comparison itself a variable of quantity ‘coverage’ was introduced. This
quantity represents ratio between calculated energy by these two ways and amount of
net electricity produced in the Czech Republic. Equation for coverage ratio of empirical
calculation is in Eq.(9), equation for coverage ratio of theoretical calculation is in
Eg. (10).

AH -E
(D — r.proc cZ 9
emp }EH2 ( )
0.9-AH (T,)-E
@,., = E( ) Ey (10)
H,

It is also necessary to calculate, what the cost of hydrogen fuel is for the Czech
Republic. The price for hydrogen differs according to the methodologies used in other
papers. It is not primarily about choosing the right methodology. Rather it is important
to cover the potential price range. Prices are found to be in range of (EUR per kg): 2.73
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(Demir et al., 2017); 2.84 (Gregorini et al., 2010); 5.04 (Jorgensen et al., 2008); and 7.10
(Gim et al., 2012).

RESULTS AND DISCUSSION
The amount of energy required for propulsion & and the sum of energies, which
gives total energy € are in Table 9. The results show that the biggest amount of energy

is consumed in passenger cars and trucks.

Table 9. Energy required to propulsion vehicles

Vehicle Consumption, L year!  Energy &, MJ year!  Contribution to consumption
Motorcycles  8.83-10° 2.84-10'° 6.39%

Buses 3.12-108 1.12-10'° 2.52%

Passenger cars  5.72-10° 1.84-10" 41.43%

Utility cars 2.27-10° 8.15-10"° 18.34%

Trucks 3.77-10° 1.35-10" 30.43%

Tractors 1.10-108 3.95-10° 0.89%

Sum 1.31-10'° 4.45-10" 100.0%

From the total amount of energy, the required volume and the mass of hydrogen
are calculated. The results are 4.09-10° kg or 9.88-107 m* (6.9-10° Pa, 388K).

To compare these enormous figures, a comparison was made with the electricity
produced in the Czech Republic. The energy required for hydrogen production was
obtained by two different calculations, empirical and theoretical.

Empirical calculation gives 3.07-10° kg of hydrogen, which would cover ® = 75%.
Theoretical calculation gives 3.13-10° kg, which would cover ®@ = 76%.

Values are qualitatively the same from both calculations. This is because different
procedures are used in the calculations. It can be assumed that the solution approximates
closely introduced peculiarities. It is clear from the results that even with the use of all
electricity produced in the Czech Republic, it would not be enough to cover all the
necessary energy for hydrogen production.

The second way of comparing results is by using the amount of financial funds that
would be required to pay lor the necessary hydrogen. For the calculations, the minimum,
average and maximum prices are used. These numbers are based on aforementioned
papers. They are EUR 11.2 billion per year for the minimum price, EUR 18.1 per year
for the average price and EUR 29.0 billion per year for the highest price respectively.

In order to compare these calculated numbers with economic peculiarities of the
Czech Republic, total Czech GDP is selected. GDP in the Czech Republic in 2016 was
186 billion EUR (Eurostat, 2017). Ratio of required financial funds to GDP are 6%, 9.7%
and 15.6% respectively for the lowest, average and highest prices.

It is also necessary to identily main source ol these potential costs. Table 9 shows
that the biggest energy consumption comes from passenger cars. Therefore, a sensitivity
analysis was performed that provides information on how much the coverage would vary
when consumption is changed.

The analysis is based on increasing and decreasing fuel consumption (Difference
of consumption) of individual vehicles and monitoring of the change of coverage. The
result is in Fig. 1.
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Theoretical

= =« Empirical

Coverage, @

Difference of consumption [L 100 km-']
Figure 1. Sensitivity analysis of energy coverage in relation to consumption of passenger cars.
We can see from the Fig, | that when the consumption is changed by | liter per
100 km, the coverage drops by about 4% in both calculations. Specific numbers are

provided in Table 10.

Table 10. Change in coverage depending on the change in consumption of passenger cars

Difference of consumption ~ Coverage @ Difference of coverage

L 100 km! Theoretical Empirical Theoretical Empirical
-3 93% 91% 17% 16%

-2 87% 85% 11% 10%

-1 81% 80% 3% 5%

0 76% 75% 0% 0%

1 72% 71% -4% -4%

2 68% 67% -8% -8%

3 65% 64% -11% -11%

This topic is widely discussed in research papers. For example, Moliner et al., 2016
evaluate the strategy ol introducing the hydrogen economy. Their conclusion is that the
use of hydrogen should be as a complementary energy source, rather than a competitive
one. They propose synergy effects when hydrogen in used the energy mix (Moliner et
al., 2016). Other research groups (Iordache et al., 2013; Stygar et al., 2013; Pudukudy et
al., 2014) deal with the introduction of the hydrogen economy in individual countries.
The main problems identified are the development of energy infrastructure, the
petrochemical and agrochemical industries, and the entire production and storage issues.
Moreover, the slowing effect of the current geopolitical and economic situation,
including the attitude of politicians towards investment in alternative energy sources, has
been highlighted.

Besides these scientific papers, there are relatively few articles dealing with the
issue of this article — marginally e.g. Liu etal., 2012,

CONCLUSIONS
This paper provides answer to the question how much hydrogen would be needed
to power all motor vehicles in the Czech Republic? It is clear from the calculations above

that this quantity is currently dramatically higher than the production capacity of the
Czech Republic.
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Results suggest that using all electricity produced in the Czech Republic wouldn’t
cover amount of required hydrogen needed. Alternatively, the Czech Republic could buy
all hydrogen and it would cost up to 15.6% of GDP of the Czech Republic.

It was also found out that most of the energy is consumed in passenger cars. A
sensitivily analysis was provided in the paper. Analysis shows that the increase of
consumption by 1 liter per 100 km would increase the amount required hydrogen by
about 4%,
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5. Diskuse

5.1 Vysledky vyzkumu

V disertacni praci byly detailné prozkoumany alternativni paliva pro pohon spalovacich
motoru, jejich fyzikalné-chemické a palivarské vlastnosti a vysledky byly publikovany ve
védeckych Casopisech. Zavéry ziskané experimentalni Cinnosti ve zvefejnénych clancich
muzeme porovnat s pracemi ostatnich autort, zabyvajicich se podobnou problematikou.

Pokud bychom se zaméfili nejprve na alkohol-benzinova smésné paliva do zazehovych
motort, nejdulezitéjSimi vlastnostmi jsou vyzkumné oktanové Cislo, hustota, kinematicka
viskozita, destilacni kiivky, ptipadné tlak par dle Reida. Bylo zjisténo ze pridanim ethanolu
se oktanové Cislo zvySuje z pivodnich 96 az na 108 pro Cisty ethanol, coz je pozitivni efekt.
Oktanové Cislo se zvySuje i pfidanim i-butanolu az na 113. Naopak pridavanim n-butanolu
dochazi k mirnému poklesu na 94. Oktanové ¢islo smési bylo zméfeno v mnoha ¢lancich,
napt. (da Silva et al. 2005a; Stratiev & K 2009; Demirbas et al. 2015; Lapuerta et al. 2017;
Corrubia et al. 2020). Vysledky naseho vyzkumu dopliuji vysledky téchto autord
a kvalitativné odpovidaji. Rozdily jsou zpiisobeny pouze odlisSnostmi v pouzitém benzinu.

Ohledné kinematické viskozity bylo zjisténo, ze n-butanol ma vyssi hodnotu viskozity
nez benzin a ethanol, a viskozita smési se tak s pfidavkem butanolu zvysuje. Pouziti butanolu
ve vysokoprocentnich smésich by tak mohlo zptisobit vétsi namahani palivového systému.
V clanku (da Silva et al. 2005a) byla také analyzovana viskozita smési ethanolu, MTBE,
ETBE (mimo jiné) se dvéma riznymi benziny s riznym sloZzenim. Jimi naméfené hodnoty
byly vyssi (proti tomuto ¢lanku) o 15-20 % jak u smési ethanolu s benzinem, tak u smési
n-butanolu s benzinem. Rozdil se da vysvétlit praveé jinym vychozim benzinem.

Dale byly zkoumany destilaéni vlastnosti smési benzinu a alkoholti s kosolventy.
Pridavek alkoholu do benzinu vyrazné ovliviiuje bod varu smési. Ethanol ovliviiuje
predev§im prvni polovinu destilaéni kifivky a zejména teplotu T50 (destiluje se 50 %
objemu), a to v dasledku témér azeotropniho chovani. Butanol ovliviiuje druhou polovinu
destilacni kiivky, coz se odrazi 1 v hodnotach E100 a E150. Experimenty byly rovnéz
zaméfeny na vyhodnoceni destilacni kfivky smési v pfitomnosti bézné pouzivanych
kosolventi MTBE a ETBE. Také ethery vyznamné ovlivnily prubéh destilacnich kiivek.
Kosolventy nejvice ovliviuji stfedni ¢ast destilacni kiivky a v piipad€ spolecné smési ethert
a ethanolu se vlivy na kfivku s¢itaji. Tento problém vSak neplati, pokud je ethanol nahrazen
butanolem ve formé n-butanolu nebo i-butanolu. V ¢lanku (da Silva et al. 2005a) byly rovnéz
analyzovany destilacni parametry smési a vysledky kvalitativné odpovidaly zde zjisteéné
destilacni kiivce. Stejny ucinek azeotropu ethanolu se projevil v 5% (V/V) koncentraci.
Aghahossein Shirazi et al. (Aghahossein Shirazi et al. 2019) analyzovali methanol, ethanol,
i-butanol, 3-methyl-3-pentanol a jejich smési. Pfi srovnani s nasimi vysledky se destilacni
teploty vSech smési lisi o + 10 %, coz je kvalitativné stejny vysledek, ktery je ovlivnén
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odliSnym zakladnim benzinem. Dosli ke stejnému zavéru, ze smési maji uspokojivé
vlastnosti pro pouziti ve stavajicich zazehovych motorech. Andersen et al. (Andersen et al.
2010) rovnéz prezentovali destilacni kiivky pro jednoalkoholové smési v benzinu, které
obsahuji 5-85 % (V/V) methanolu, ethanolu, n-propanolu, i-propanolu, n-butanolu,
s-butanolu, i-butanolu a t-butanolu. VétSina destilacnich kfivek mé kvalitativné stejné
hodnoty a trend pro nejdulezitéjsi body destilacnich kiivek (TO, T10, T50, T90). V nékterych
ptipadech byly hodnoty T50 nizsi nez vysledky v této praci, a to z divodu odlisného
zakladniho benzinu. Podobné vysledky publikovali také Amine et al. (Amine et al. 2020)
(T50 = 75 °C), Castillo-Hernandez et al. (Castillo-Hernandez et al. 2012) (T10 = 46,6 °C
a 48,1 °C, T50 = 65,3 °C a 68,7 °C, T90 = 136,5 °C a 142,2 °C) a mnoho dalgich (Aleme et
al. 2008, 2009; Kosychova et al. 2015). Stejn¢ jako dfive jsou zde rozdily ve vysledcich
zpusobeny tim, ze v jednotlivych analyzach byly pouZzity rizné zakladni benziny.

Tlak par dle Reida se pouziva k charakterizaci t€kavosti benzinll a je primyslovym
standardem pro méfeni tlaku par. Gaspar et al. (Gaspar et al. 2019) analyzovali tlak par dle
Reida pro methanol, ethanol, n-propanol a i-propanol pro rizné koncentrace v benzinu.
Vysledky jsou podobné jako u benzinovych smeési analyzovanych v tomto ¢lanku. Rozdil
lze nalézt v del§im projevu azeotropu, kde RVP klesa pomalu. Vliv azeotropu ve smési
ethanolu a benzinu je dobfe znamy jev. (Muzikova et al. 2009b; Andersen et al. 2010; Kumar
etal. 2010; Rodriguez-Anton et al. 2019; Tian et al. 2020). RVP se pohybuje mezi 52-60 kPa
pro smés ethanolu a benzinu a 52-20 kPa pro smeés n-butanolu a benzinu. Tyto vysledky jsou
kvalitativn€ stejné a maji stejny trend. V tomto ¢lanku se RVP pohybuje mezi 51-43 kPa pro
smes ethanolu a benzinu a 51-16 kPa pro smés n-butanolu a benzinu. Da Silva et al. (da Silva
et al. 2005b) také analyzoval RVP smési a lze je hodnotit jako kvalitativné stejné pro oba
benziny v hodnoceném rozsahu — v méfeném rozsahu 0-25 % se RVP lisi maximalné o 2 kPa
(~3,5% rozdil).

Oproti benzinovym palivim, do dieselového paliva mohou byt pfimichavana riizna
alternativni paliva, jako jsou methylestery mastnych kyselin (MERO), hydrogenované
rostlinné oleje (HVO), nebo také alkoholy. Pro dieselova smésna paliva jsou nejdilezitéjsimi
vlastnostmi cetanové Cislo, hustota, filtrovatelnost, kinematickd viskozita, piipadné
mazivost. V ¢lancich byly experimenty zméfeny vlivy pfimichavani alternativnich paliv do
dieselu tak, aby bylo zjisténo jejich mozné vyuzivani ve vznétovych motorech.

Experimenty s HVO ukazuji, Ze proces hydrogenace je alternativou k vyrobé biopaliv
pro proces esterifikace, aby se eliminovaly nezadouci uginky spojené s MERO, jak je
popsano také v (Aatola et al. 2008) a (Nasikin et al. 2008). Mezi né patii zejména zvySeny
obsah NOx, emise, problémy se skladovanim paliva, opotiebeni motorového oleje atd. HVO
se také vyznacuji vysokym cetanovym cCislem, coz potvrzuji vysledky méfeni (Aatola et al.
2008). Vlastnosti motorové nafty ve srovnani s HVO byly prakticky stejné, jak doklada
Sugiyama (Sugiyama et al. 2011). Experimenty a prokdzana méfeni ukazuji, ze ptimeési HVO

maji pozitivni vliv na vlastnosti vznétovych motorti. Ohledné smesi alkoholt v dieselu,
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podrobnych testi vlastnosti ethanolovych a butanolovych smési je pomémé malo, a to tim
spise v kontextu palivarské problematiky podle platnych norem.

Naméfené hodnoty cetanového Cisla a vypoctena hodnota cetanového indexu se zvySuji
s obsahem HVO ve smési mineralnich oleji. Hodnoty cetanového ¢isla a cetanového indexu
et al. (Aatola et al. 2008), Simacek et al. (Simacek et al. 2017), Honig et al. (Honig et al.
2015b), Vachova a Vozka (Vachova & Vozka 2015) a pfirucka HVO (Neste Corporation
2016). Namétené hodnoty cetanového ¢isla u alkoholovych smeési vykazuji horsi vlastnosti
v porovnani s HVO. Ethanol ma cetanové Cislo 5-8 a butanol 12. Proto piidavek alkoholu
do motorové nafty vede k vyrazné niz§imu cetanovému ¢islu. Po pfidani uz 5 % obj. etanolu
nebo butanolu do zkousené motorové nafty je cetanové ¢islo zkouSeného palivajiz na hranici
definované normou. Podobné vysledky byly zjistény také u (Hajba et al. 2011; Branddo &
Suarez 2018). Proto je nutné pro vyuzivani alkoholovych smési detailné monitorovat
cetanové Cislo, pfipadné vyuzit zvySovace cetanového Cisla.

Mazivost je dilezitou vlastnosti motorové nafty, ktera je nezbytna pro zajisténi spravné
funkce palivovych Cerpadel a vstiikovact. Norma definuje minimalni mazivost motorové
nafty jako primér oté€rové plochy, ktera vznika tfenim vibrujici kulicky o kovovy povrch.
Podle normy je maximalni pfipustny prameér plochy 460 pm. Tento limit byl prekrocen nad
25 % obj. n-butanolu v motorové nafté. Ethanol ve smési naopak udrzoval mazivost v témér
stejnych hodnotach. Témér totozné vysledky v mazivosti butanol-dieselového resp. ethanol-
dieselového paliva bylo zjisténo v (Kuszewski 2018) resp. (Kuszewski et al. 2021).
Z vysledka pro hydrogenované rostlinné oleje vyplyva, ze doporuceny pomér HVO by mél
byt priblizné 50 %, aby byl stale v souladu s normami motorové nafty. Tyto vysledky jsou
v souladu s (Nasikin et al. 2008).

Podle Simacka et al. (Simacek et al. 2017) ma nizka hustota a nizky obsah siry vliv na
niz§i mazivost, kterou lze zlepsit aplikaci béznych mazacich aditiv, jako je tomu u dnes$ni
mineralni nafty. Kinematicka viskozita vSech smési HVO spliuje standardni parametry.
V ptipadé hustoty smeési alkoholu a nafty nedochazi k rychlému poklesu s piidavkem
n-butanolu nebo ethanolu. Podle normy EN 590 je pozadavek na nejnizsi pfipustnou hodnotu
hustoty splnén az do koncentrace 20 % obj. ethanolu a 25 % obj. n-butanolu. Hustotu
palivovych smeési butanolu a motorové nafty zkoumal také (Kuszewski 2018), ktery zjistil
témeér totozné vysledky (1 %).

Dale byl zméfen bod filtrovatelnosti pro alkohol-dieselova a HVO-dieselova paliva
a bylo zjisténo, ze pfidavek HVO, ethanolu i n-butanolu do motorové nafty ma pozitivni vliv
na CFPP. Pfiru¢ka HVO (Neste Corporation 2016) uvadi CFPP az do -40 °C. Tato hodnota
nebyla potvrzena vlastnim métenim. Nejniz§i naméfena hodnota CFPP byla -36 °C u 100%
HVO. To je dokonce o 11 °C méné, nez bylo zjisténo ve studii Aatola et al. (Aatola et al.
2008). I pres tento nesoulad maji vSechny smési pozitivni vliv na pokles CFPP ajsou vyrazné

pod tfidou F pro motorovou naftu, tedy CFPP uvadénou normou EN 590 -20 °C.
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U alkoholovych paliv CFPP postupné klesa od tfidy F ke tfid€ 1 (pfiblizn€ 2,5 %) a tride 2
(ptiblizné€ 20 %). To znamen4, ze palivo je pouzitelné 1 v arktickych klimatickych oblastech.
CFPP naméfil také (Kuszewski 2018) s ~14 % niz§imi hodnotami, coZ je zpusobeno
pouzitim arktické nafty jako zakladu.

Naméfena kinematicka viskozita vSech smési HVO spliiuje parametry predepsané
standardy. Stejné hodnoty ze nalézt i v (Parravicini et al. 2021). U alkoholovych smési ma
naopak ethanol vyznamny vliv, zatimco vliv butanolu je mnohem nizsi. Viskozita palivové
smeési n-butanolu a motorové nafty spliiuje limit v celém testovaném intervalu 0-30 %. Na
druhé strané pridavek ethanolu prekracuje limit pfiblizné okolo 17,5 %. Ve srovnani
s (Kuszewski 2018; Branddo & Suarez 2018) ma kinematicka viskozita stejny pomalu
klesajici trend.

Vedle trendl pifimichavani alternativnich paliv do konvencnich existuji 1 dalsi sméry,
které si kladou za cil nahradit fosilni paliva jinou formou energie. Vodikova paliva se stavaji
stale vice sklofiované téma, jelikoz jde potencialné o Cisté palivo, které bude vyrabéno ze
slune¢niho svitu pomoci fotovoltaiky rozkladem vody na vodik a kyslik. Palivo jako takové
ma velky potencial doplnit v soucasné dobé se rozSifujici elektromobilitu doplnénim
palivovych ¢lankt do jiz existujicich technologii a vytvorit tak hybridni pohon baterie-vodik,
ktery by mél vysokou efektivitu a nulové znecisténi v misté vyuziti vozidla. Pokud by byl
vodik vyuzivan Cisty, je potieba zodpoveédét otazku, kolik takového vodiku by bylo potteba.
Na zakladé vyzkumu bylo vypogitano, Ze je za potiebi cca 4-10° kg nebo 108 m®. Veobecné
je nejvice rozSifenym zpusobem vyroby vodiku stale jesté parni reforming, ktery vyuziva
zemni plyn v reakci s vodou za vysokych teplot. Kdyby byl vodik vyrabén timto zptisobem,
bylo by potieba na vyrobu vodiku vice energie, neZ je schopna celd Ceska republika za rok
vyrobit. Ukazuje se, ze by bylo vytvoreno jen asi 75 % veskeré poptavky. Jde o srovnavaci
vysledek, ale dava vhled do celkové problematiky, jak narocny bude ptechod na vodikovou

ekonomiku.

5.1 Zodpovézeni hypotéz
Pro zodpovézeni hypotéz byly vyuzity vysledky z publikovanych védeckych clankd.
5.1.1 Hypotéza 1

Hypotéza 1: Mnozstvi alkohold ve vznétovych motorech je signifikantné ovlivnéno
cetanovym Cislem smési, které je mozné zvysit pfidanim aditiv 1 na uroven predepsanou
normou CSN EN 590.

Hypotéza 1 byla pfijata.

Na zékladé naméfenych dat bylo zji§téno, ze postupné pridavani ethanolu i butanolu

snizuje cetanové ¢islo smési. 5% smes alkoholu v dieselu snizuje cetanové €islo na hodnotu
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51, coz je minimalni hodnota, ktera splituje normu CSN EN 590. Dalsi pfidavani alkohold
snizuje cetanové Cislo pod hodnoty pozadované normou. Pokles cetanového ¢isla je priblizné
linearni a klesa az k hodnoté 12 pro cisty butanol a 5-8 pro Cisty ethanol. Pro vyssi
koncentrace alkohold by bylo nutné pouzit bud’ naftu s vy$§im cetanovym Ccislem, aby
kompenzovala pokles, nebo pfidavat do smési zvySovaCe cetanového cCisla, jako napf.
2-ethylhexyl nitrat nebo 2,2-dinitropropan. Zde by bylo vhodné provést dalsi vyzkum, ktery
by prozkoumal chovani vysokoprocentualnich smési alkoholti v nafté¢ za pfitomnosti

zvySovacu cetanového Cisla, a to hlavné stabilitu smési a pfipadnych boc¢nich reakci.

5.1.1 Hypotéza 2

Hypotéza 2: Alkoholy ve smésnych palivech pro vznétové motory zlepsuji nizkoteplotni
vlastnosti smésnych paliv, av§ak zptsobuji rozfazovani smésného paliva.

Hypotéza 2 byla pfijata.

Pridanim alkoholi do smési se zlepSilo CFPP z vychozi zimni nafty na vlastnosti
arktické nafty. CFPP pro 2,5% smési dosahuje kvalit arktické nafty tfidy 1, tedy
CFPP -25 °C. Pro cca 20% roztok ziskavame arktickou naftu tfidy 2, tedy CFPP -30 °C.
Alkoholy tedy prokazateln€ zlepsuji nizkoteplotni vlastnosti. Rozfazovani bylo pozorovano
u vyssich koncentraci, kdy dochazelo ke vzniku fazového rozhrani mezi alkoholem a naftou.
V bézném rezimu vyuzivani vozidel by pak mohlo pii delSim stani dochazet k rozfazovani
a palivo by mélo nestabilni vlastnosti v zavislosti na lokalni koncentraci smési. Aby bylo
zabranéno rozfazovani, bylo by pro tyto piipady vhodné pfidani vhodnych kosolventt, které
zvySuji rozpustnost alkohola v nafté. Dalsi vyzkum v tomto ohledu by byl Zadouci, jelikoz

alkoholové smési by za spravnych mohli byt vhodnou alternativou k MERO.
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6. Zavér

V této disertacni praci byly diskutovany rtizna alternativni paliva pro pohon spalovacich
motort, jako ethanol, izomery butanolu, FAME, HVO, ale i vodik, jakozto palivo do
elektrickych aut. Byly diskutovany fyzikalné-chemické vlastnosti téchto paliv tak, aby bylo
mozné zhodnotit jejich vyuzitelnost v redlném prostfedi a zjistit tak moznost alesponi
castecného nahrazeni konvencnich paliv. VSechna méteni byla vyhodnocena podle platnych
norem, tzn. zpusoby, které se pouzivaji i v prumyslu pro stanoveni vlastnosti. Prvni ¢lanek
predstavuje vyzkum potencialu vyuziti biobutanolu jako kapalného paliva v dopravé, jako
alternativy k bioetanolu. Biobutanol ma oproti bioetanolu nékolik vyhod, véetné vyssi
energetické hustoty a nizsi rozpustnosti ve vod€, coz usnadniuje jeho prepravu a skladovani.
Vyzkum provadény v tomto ¢lanku zkouma razné aspekty pouzivani biobutanolu jako
paliva, v€etné jeho vlivu na napéti palivového systému, oktanové Cislo a destila¢ni kfivky.

Bylo zjiSténo, ze biobutanol ma vyssi hodnotu kinematické viskozity nez benzin
a ethanol a viskozita palivovych smeési se s pfidavkem butanolu zvySuje. To by mohlo
potencialné zpusobit veétsi zatizeni palivového systému, zejména pii pouziti
vysokoprocentnich smési.

Snizeni oktanového Cisla zptusobené butanolem neni natolik vyznamné, aby ovlivnilo
spalovani a odolnost paliva proti klepani, a palivo stale spliiuje pozadované normy.
Vyzkumnici navrhuji, ze vyroba alkohold v benzinu in situ nebo pouziti aditiv pro zvyseni
oktanového ¢isla by mohly pomoci zlepsit antidetonacni vlastnosti.

Destilacni kiivky se pouzivaji k predpovédi chovani paliva od vstiikovani az po
spalovani. Bylo zji§téno, ze ptidavek alkoholu do benzinu vyrazné ovliviiuje bod varu smési.
Etanol ovliviiuyje predev§im prvni polovinu destilacni kiivky diky svému témér
azeotropnimu chovani, zatimco butanol ovliviiuje druhou polovinu kiivky, ktera je dilezita
pro provoz motoru a kvalitativni parametry. Rovnéz byla ohodnocena destilacni kiivka
smeési v pritomnosti bézné pouzivanych rozpoustédel a bylo zjisténo, ze ethery vyznamné
ovliviiuji stfedni Cast destilacni kiivky. Pfi pouziti butanolu misto etanolu to vSak neni
problém.

Celkové lze fici, ze vyzkum prezentovany v tomto ¢lanku pfispiva k rozsifujicimu
se souboru poznatka o vyuziti biobutanolu jako paliva v doprave. Prestoze je tfeba prekonat
nekteré problémy, jako je napéti palivového systému a vliv na destilaéni kfivky, ma
biobutanol ne€kolik vyhod, které z néj Cini slibnou alternativu bioetanolu jako soucast §irSiho
portfolia udrzitelnych energetickych reseni.

Zatimco o procesu vyroby biobutanolu jako biopaliva pro spalovaci motory existuje
rozsahla literatura, o vlastnostech butanolovych smeési a jejich vhodnosti pro pouziti ve

vznétovych motorech a palivovych normach je pomémé malo informaci. Nasledujici ¢lanek
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tedy pojednava pravé o vyuziti biobutanolu a bioetanolu jako potencialnich pfisad do
motorové nafty s cilem snizit emise a zvySsit ucinnost paliva.

Byly zkoumény ucinky miseni bioetanolu a biobutanolu s motorovou naftou se
zaméfenim na jejich vliv na kliové vlastnosti paliva, jako je bod varu, hustota, viskozita,
teplota ztraty filtrovatelnosti (CFPP), mazivost a bod vzplanuti. Bylo zjisténo, Ze bioetanol
i biobutanol maji vliv na destilacni kiivku smésného paliva v dasledku svych bodu varu,
nicméné az do poméru smési s obsahem alkoholu do 30 objemovych % nafta spliiuje normy
pro pouziti ve vznétovych motorech.

Pridavek bioetanolu a biobutanolu do motorové nafty snizuje hustotu a viskozitu paliva.
Zatimco pokles hustoty miize vést k nepfiznivym U¢inkiim, jako je ztrata mazaciho filmu
nezbytného pro mazani pohyblivych ¢asti palivového systému, ptidavek biobutanolu mé na
rozdil od bioetanolu pozitivni vliv na CFPP motorové nafty. Zjistilo se také, ze biobutanol
je mén¢ korozivni pro kovové nadrze a potrubi a testované smési jsou ve srovnani se smeésmi
bioetanolu a motorové nafty zcela stabilni pfi nizkych teplotach.

Z hlediska mazivosti bylo zji§téno, ze pridavek biobutanolu ptedstavuje mensi riziko
degradace mazivosti paliva ve srovnani s bioetanolem. Rovnéz, ze pfimés bioetanolu
i biobutanolu méa vyznamny vliv na bod vzplanuti motorové nafty. Pfidavek biobutanolu
v mnozstvi 2,5 % a vice mize smés charakterizovat jako hotlavinu II. tfidy nebezpecnosti,
zatimco smes s bioetanolem je hotlavinou L. tfidy nebezpecnosti. Ani takovy pokles bodu
vzplanuti v§ak nema vliv na provoz vznétového motoru.

Souhmné feceno, piidavek biobutanolu do motorové nafty muze piinést vyhody
v podobé snizeni emisi a zvySeni ucinnosti paliva, pficemz ve srovnani se smesi bioetanolu
s motorovou naftou existuje mensi riziko nepfiznivych ucinka na vlastnosti paliva, jako je
mazivost a stabilita pti nizkych teplotach. Optimalni sméSovaci pomér zavisi na konkrétnim
pouziti a normé paliva.

Bézné rozsiteny zpusob fedéni nafty neni alkohol, nybrz methylestery vyssich mastnych
kyselin neboli MERO/FAME. FAME je typ bionafty vyrabény z rostlinnych olejd
a zivoCisnych tuka. Ackoli jej 1ze pouzit jako piisadu do paliva, neni vhodny pro smési
s vy§8im podilem kvili nizké oxidacni stabilit€, vyssi teploté€ bodu ucpavani studeného filtru,
tendenci ke karbonizaci a mozné mikrobialni kontaminaci v pfitomnosti vody.

Naproti tomu HVO neboli hydrogenovany rostlinny olej je typ biopaliva
s uhlovodikovym charakterem, ktery 1ze pfirovnat k vysoce kvalitni naft€, s velmi vysokym
cetanovym cislem a velmi nizkym CFPP. HVO nemé nevyhody spojené s FAME a lze jej
bez omezeni pifimichavat do mineralni nafty. Jeho pfitomnost ve smésich mineralnich oleja
zlepSuje vykon motoru, snizuje spotiebu paliva, emise vyfukovych plynt a CFPP a lIze jej
pouzit i v leteckych turbinovych motorech.

Pridanim HVO lze dosdhnout snizeni emisi NOx a pevnych castic, coz ma pozitivni
dopad na zivotni prostedi. Jedna se o vhodny zptisob, jak dosahnout emisi pod limity noveé

zavedenych zakazii pro vysoce zneCistujici starsi dieselova vozidla, napiiklad v Némecku.
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Technologie vyroby HVO je flexibilni v tom, ze k jeho vyrobé lze pouzit suroviny, a to jak
potravinaiské, tak odpadni, aniz by se vyrazné ménily podminky hydrogenacni Upravy.
Navic Ize tuto technologii s drobnymi upravami provozovat piimo ve stavajicich rafinériich,
coz usnadriuje jeji integraci do stavajici infrastruktury.

Celkové je HVO mnohem vhodnéjsi variantou biopaliva nez FAME diky svym lepsim
vlastnostem a kompatibilité s tradicni naftou. HVO ma potencial vyrazné snizit emise
a zlepsit vykon motoru, coZ z néj Cini slibnou alternativu k fosilnim palivim.

Posledni ¢lanek diskutuje moznost pohonu viech motorovych vozidel v Ceské republice
vodikovym palivem. Mnozstvi vodiku potiebné k dosazeni tohoto cile v soucasné dobé
zdaleka piesahuje vyrobni kapacity Ceské republiky. To znamena, ze k uskuteénéni tohoto
prechodu by bylo zapotrebi zna¢nych investic do infrastruktury pro vyrobu vodiku.

V clanku je diskutovana energeticka narocnost takovéto vyroby ve vztahu k mnozstvi
celkové vyprodukované elektiiny v Ceské republice. Tento scénai by viak stale nestagil
k uspokojeni pozadované poptavky po vodiku. Dal§i moznosti by byl dovoz vodiku z jinych
zemi. Tato zji$téni podtrhuji vyznamné problémy, kterym celi Siroké zavedeni vodikového
paliva v dopravé. Navzdory Cetnym vyhodam vodikového paliva, jako je snizeni emisi
sklenikovych plynt a zvySeni energetické bezpecnosti, predstavuji vysoké vyrobni naklady
a omezena dostupnost vodikové infrastruktury vyznamné piekazky pro jeho zavedeni.

Dale je zdaraznéna rozhodujici role osobnich automobilt v celkové spotiebé energie
v Ceské republice. Z vysledkd vyplyva, Ze usili o podporu zavadéni vodikového paliva by
se mélo zaméfit na segment osobnich automobild, ktery ma nejvyssi energetickou narocnost.
Citlivostni analyza ukazuje, Ze 1 malé zmény ve spotiebé€ paliva mohou mit vyznamny dopad
na poptavku po vodiku. To podtrhuje vyznam podpory vozidel s nizkou spotiebou paliva
a snizovani spotfeby energie v odvétvi dopravy.

Lze tici, Ze ackoli je vodikové palivo slibna a udrzitelna alternativa k fosilnim paliviim,
jeho §iroké zavedeni &eli znaénym vyzvam. Ceska republika, stejné jako mnoho dalsich
zemi, bude muset pro uskuteCnéni tohoto piechodu investovat znacné prostiedky do
vodikové infrastruktury a vyrobnich kapacit. Kromé toho bude pro snizeni celkové poptavky
po vodiku rozhodujici usili o podporu energetické ucinnosti a snizeni spotieby paliv
v dopravé.

Zavérem lze fici, ze alternativni paliva, jako jsou HVO, FAME, bioetanol, biobutanol
a bionafta, byla predstavena jako potencialni nahrada tradi¢nich benzini a motorové nafty.
Pouzivani téchto alternativnich paliv ma potencial snizit emise sklenikovych plynd, snizit
zavislost na fosilnich palivech a zlepsit kvalitu ovzdusi.

Bylo zjisténo, ze HVO je diky svému vysokému cetanovému Ccislu a nizkému CFPP
lepSim biopalivem ve srovnani s FAME. Lze jej pouzivat v leteckych turbinovych motorech
a neomezen¢ michat s naftou. Biobutanol mé naproti tomu vyssi energeticky obsah a nizsi
tlak par nez ethanol, coz z n¢j ¢ini slibnou piisadu do paliva. Lze jej také misit s benzinem

bez nutnosti Uprav motoru. Jeho vyrobni naklady jsou vSak v soucasné dobé vyssi nez
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naklady na ethanol. Zatimco pouzivani bioalkohold muze snizit emise sklenikovych plyna,
jejich vyroba z potravinaiskych plodin vyvolava obavy ohledné potravinové bezpecnosti
a vyuziti pudy. V dasledku toho bylo vyvinuto asili 0 vyvoj bioalkoholt z nepotravinaiskych
surovin, jako je celul6zova biomasa.

Celkové ma zavedeni alternativnich paliv, jako jsou HVO, FAME, biobutanol, bioetanol
a bionafta, potencial zmeénit odvétvi dopravy a snizit jeho dopad na zivotni prostfedi. Jejich
pfijeti a Siroké vyuziti vSak zavisi na ruznych faktorech, jako jsou vyrobni naklady,
dostupnost infrastruktury a vladni politiky. Budouci vyzkumné a vyvojové tusili by se melo
zaméfit na zlepSeni Gi€innosti vyroby a snizeni nakladi na tato alternativni paliva, aby bylo

mozné jejich rozsahlé zavedeni.
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