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1. Uvod

Anaerobni digesce je slozity proces, béhem kterého dochazi k rozkladu organické
hmoty za nepfistupu Kysliku pomoci anaerobnich mikroorganismii za vzniku bioplynu a
fermentacniho zbytku. Na tento proces ma vliv fada vyznamnych faktort jako naptiklad teplota,
doba zdrzeni ¢i slozeni vstupnich surovin. Bioplyn se z velké casti sklada z energeticky
bohatého methanu a oxidu uhli¢itého, v podstatné nizsich koncentracich se mohou vyskytovat
dalsi plyny jako naptiklad vodik ¢i sulfan. Vznikly fermentacni zbytek je smés nerozlozenych
slozek organickych materiald po anaerobni digesci. S procesem vzniku methanu se mizeme
setkat jak v ptirod¢, kde k jeho vzniku dochazi v rybni¢nich sedimentech, v ryzovistich ¢i trvale
zaplavenych puadach, tak v pramyslové uplatiovanych biotechnologiich, mezi které patii
produkce bioplynu na C¢istirndch odpadnich vod ¢i v poslednich letech se intenzivné

rozvijejicich bioplynovych stanicich (Chynoweth et al., 2001).

Vyzkum a nasledny rozvoj vyuziti obnovitelnych zdrojii energie uzce souvisi S
energetickymi krizemi 20. stoleti a S postupnym vycerpavanim neobnovitelnych zdrojt, v
jejichz dasledku doslo k rozvoji bioplynovych stanic jak v zahraniéi, tak i v Ceské republice.
V nasich podminkéch byl extrémni nartst bioplynovych stanic zaznamenan v obdobi let 2008
—2012, kdy doslo k vystavbé vice nez 250 provozii zemédé€lskych bioplynovych stanic (BPS).
V souc¢asné dobé je v CR instalovano 554 BPS, pfi¢emz vice nez 70 % instalaci tvoii
zemédé@lské BPS, zaroven podil bioplynu na obnovitelnych zdrojich energie dosahuje 25 %

(CZBA, 2018; AEBIOM, 2017).

Vzhledem k tomu, Ze proces vzniku bioplynu je jiz dobfe popsan, se pifedmétem zajmu
stdvd moZnost vyuziti riznorodych organickych materiali, kterd souvisi se snahou o zvyseni
substratové diverzity BPS. Hlavni energetickou plodinou vyuZivanou pii produkci bioplynu je
kukufice, jejiz nesporné vyhody spocivaji Vv produkci velkého mnozstvi rostlinné biomasy
s vysokym podilem degradovatelnych latek (Ruifang et al., 2012), avSak podstatnou nevyhodou
jejiho péstovani je nedostatecny vegetacni pokryv, ktery vede napiiklad k problémim s erozi
pudy (Petiikova, 2012). Jelikoz je kukufice dominantni energetickou plodinou pro tvorbu
bioplynu a tvoii dle n¢kterych autorit az 80 % substratu pro anaerobni digesci (Mast et al.,
2014), vyvstava zde zaroven problém s jejimi velkymi produkcemi. Herrmann et al. (2017)
uvadgji, Ze v sousednim Némecku je péstovana jiz na 8 % obdé&lavané piidy obdobné jako v CR
(CSU, 2018), z &ehoz prameni vyssi problémy spojené s nedostateEnym vegetanim pokryvem.
Z tohoto diivodu tak bude rust vyznam alternativnich plodin jako naptiklad travnich porostt ¢i
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dalsich lignocelul6zovych materiala (Triolo et al., 2011), které zabezpei dostatecnou

surovinovou zakladnu. Zaroven jejich péstovani povede K realizaci pidoochrannych opatieni.

Stale aktualnéjsi a Caste¢né upozadény problém je spojeny s nadmérnymi objemy
vzniklého digestatu, jakozto konecnému produktu mokré anaerobni digesce, kterd je
charakteristicka vysokym obsahem vody (85 — 98 %) v produkovaném materialu (Kathijotes et
al., 2015; Kara et al., 2009; Vondra et al., 2018). Ten je kontinualn¢ produkovan béhem celého
roku (Gong et al., 2013), a proto na ptiblizné 1/3 BPS dochazi k jeho separaci na pevny a
kapalny podil. Nakladani s digestatem, popiipadé jeho kapalnou frakci — fugatem, vSak neni
dostate¢né vyieseno. Vedle toho jsou kladeny znaéné legislativni naroky na skladovani a
aplikaci vzniklého fermentaéniho zbytku na pidu jak v Ceské republice (Skorvan et al., 2012),
tak i v ramci Evropské Unie (Al Seadi et al., 2013). Tyto naroky jsou dale spojeny s obsahy
rizikovych prvki ¢i s omezenim volatilizace amoniakélniho dusiku jak pfi jeho skladovani, tak
i pti aplikaci. Béhem skladovani fugatu totiz dochdzi ke ztrat¢ az 25 % amoniakalniho dusiku
(Paavola et Rintala, 2008), pti¢emz dalsich az 46 % amoniakalniho dusiku mtze byt uvolnéno
pti aplikaci na pudu (Riva et al., 2016). Ten se v produktech anaerobni digesce vyskytuje
zpravidla v jednotkach gramt na litr (Risberg et al., 2017; Tlustos et al., 2014) a tudiz omezeni
jeho tékani do atmosféry se spoleénym vyuzitim Zivin i obsazené vody je dilezitym
ekologickym aspektem nakladani S nim spojenym. Z vySe popsanych divodi tak prameni
snaha 0 zakoncentrovani a snizeni ztrat zivin, které vedou Kk rozvoji inovativnich zptsobu
zpracovani digestatu ¢i fugatu, protoze tyto materidly obsahuji vedle vysokych obsaht Zivin i
zna¢né mnozstvi balastni vody, jejiz transport na pudu tak neumérné prodrazuje cely proces

anaerobni digesce (Vondra et al., 2018).



2. Literarni prehled
2.1 Anaerobni digesce

Proces anaerobni digesce ¢i fermentace organickych latek v anaerobnich podminkach
je v ptirod¢ bézné se vyskytujici jev, jez je pramyslové aplikovan v fad¢ biotechnologii. Jedna
se 0 proces, béhem kterého smésna kultura mikroorganisma postupné rozkladd organickou
hmotu (Dohanyos et Smejkalova, 2006), pfi¢emz tento proces se sklada z dil¢ich fazi —
hydrolyza, acidogeneze, acetogeneze a methanogeneze, které na sebe postupné navazuji
(Christy et al., 2014). Produkt jedné skupiny mikroorganismti se stava substratem skupiny
druhé, a proto vypadek jedné skupiny mtize zptisobovat poruchy v celém systému. Kone¢nymi
produkty anaerobniho rozkladou jsou: smés plynti (methan, oxid uhli¢ity, sulfan, vodik a dusik),
nerozlozeny zbytek organické hmoty (fermentaéni zbytek neboli digestat), ktery je z hlediska
hygienického a senzorického nezavadny pro prostiedi, a vznikla biomasa anaerobnich

mikroorganismit (Dohanyos et Smejkalova, 2006).

2.1.1 Hydrolyza

Prvnim krokem anaerobniho rozkladu je hydrolyza, ktera za¢ina v dobé¢, kdy prostiedi
obsahuje vzdu$ny kyslik, pfedpokladem pro jeji nastartovani je dostateCny obsah vody —
minimalné¢ 50 % hmotnostniho podilu (Pastorek et al., 2004). Béhem hydrolyzy dochazi
k rozkladu nerozpustnych substrati na mensi ¢asti pomoci velkého mnozstvi hydrolytickych
mikroorganismi (napf. Clostridium, Butyrivibrio, Streptococcus), které produkuji rtzné
hydrolytické enzymy. Mezi né fadime celuldzu, celobiozu a amylazu (Cirne et al., 2007). Diky
témto enzymim jsou produkovany monomery, jeZz slouzi opé&tovné jako substrat pro
hydrolytické bakterie ¢i jiné druhy bakterii (Vavilin et al., 1996). Béhem hydrolyzy tak dochazi
k rozkladu Skrobu, celulézy, hemicelulézy, tukti a proteini na mens$i molekuly cukri,

aminokyselin a mastnych kyselin s dlouhym fetézcem (Xie et al., 2012).

Ptistupnost hydrolytickych mikroorganismi k povrchu lignocelulézovych materiala
ptredstavuje nejvice omezujici krok (Mata-Alvarez et al., 2000), jelikoz anaerobni kultury
nedokdzi penetrovat velkou molekulu polysacharidii ¢i lipidi (Kothari et al., 2014). Faze
mimobunécného hydrolytického rozkladu ¢asto probiha spolecné s acidogenezi (Straka et al.,
2006) a zde plati, ze zvyseni hydrolyzy napiiklad aplikaci riznych zplsobt predupravy vede
k rychlejsi anaerobni digesci (Xie et al., 2011b).



2.1.2 Acidogeneze

Zpracovany material po hydrolyze mtze obsahovat zbytky vzduSného kysliku. V této
fazi definitivné dochazi ke stabilizaci anaerobniho prostfedi. Zajisti to c¢etné kmeny
fakultativnich anaerobnich mikroorganismui, které se aktivuji v obou prostiedich (Pastorek et
al., 2004). Mosey et Fernandes (1989) uvadéji, Ze acidogeneze je nejrychlejsi reakci anaerobni

digesce a spole¢né s hydrolyzou probiha ptiblizné 10x rychleji nez methanogeneze.

Béhem acidogeneze dochazi k rozkladu produktti hydrolyzy - aminokyselin a mastnych
kyselin s dlouhym fetézcem (Xie et al., 2012) pomoci bakterii (Streptococcus, Lactobacillus,
Bacillus, Escherichia coli, Salmonella) na niz$i mastné kyseliny (octova, propionova, maselna),
alkoholy, Hz a CO> (Kalyuzhnyi et al., 2000). Fermentaci téchto latek se tvofi fada kone¢nych
produktt, které jsou zavislé na charakteru pocate¢niho substratu a na podminkach prostiedi. Pti
nizkém parcidlnim tlaku vodiku jsou produkovény kyselina octova, CO2 a Hz, pfi vys§im jsou

tvofeny vyssi organické kyseliny, kyselina mlééna apod. (Dohanyos et Smejkalova, 2006).

Tato faze anaerobniho rozkladu je nejvice nachylnd ke zméndm a tak v dasledku
akumulace niz§ich mastnych kyselin dochazi k poklesu hodnoty pH, jez inhibuje proces
methanogeneze (Gerardi, 2003) az pod optimalni hodnotu pH hydrolyzy 4,5 — 5,5 (Veeken et
al., 2000). Z tohoto pohledu je povazovano okyseleni za nejcastéjsi pfi¢inu selhani procesu
anaerobni digesce (Stronach et al., 1986), na druhou stranu acidogenezi mizeme zvysit pomoci

zvySeni provozni teploty a tim dosdhnout vysSich vynost bioplynu (Christy et al., 2014).
2.1.3 Acetogeneze

Tato tfeti faze vzniku bioplynu je Casto oznaCovéna jako mezifaze, pii které dochazi
k pfeméné latek vzniklych pfi acidogenezi na Hz, CO2 a kyselinu octovou (Dohényos et
Smejkalova, 2006). Této faze anaerobni digesce se icastni bakterie, které jsou striktné
anaerobni a jejich optimalni aktivita je pii pH 6 (Wood et Ljungdahl, 1991). Tyto organismy se
také vyznacuji dlouhou dobou ristu ¢i vysokou citlivosti ke zméné podminek a jsou déleny do

dvou zakladnich skupin — syntrofni acetogeny a homoacetogeny (Xing et al., 1997).

Syntrofni acetogenni mikroorganismy jsou siln€ zavislé na piitomnosti vodiku v
prostiedi, produkuji kratsi alifatické kyseliny, zejména kyselinu octovou a smés Hz a CO2
(Straka et al., 2006). Vysoky obsah H» vSak muze brzdit tvorbu kyseliny octové, piipadné mize
inhibovat metabolismus acetogennich bakterii (Al Seadi et al., 2008). Tyto syntrofni

mikroorganismy jsou Vv symbidze s methanogennimi bakteriemi, které vyuzivaji vznikajici



vodik jako substrat pro tvorbu methanu a napomahaji tim funk¢ni rovnovaze fermentacniho
procesu (Ustak et Vana, 2005). Mezi tyto syntrofni acetogeny patii napt. Syntrophobacter
wollinii, ktery rozklada kyselinu propionovou na kyselinu octovou, H> a CO2 (Archer et al.,
1988). Vedle vySe popsané skupiny se zde vyskytuje i skupina homoacetogennich
mikroorganismil, kterd taktéz tvofi kyselinu octovou, avSak bez vzniku vodiku. Mezi tyto
mikroorganismy patii Clostridium thermoaceticum, Butyribacterium methylotrophicum.
Dtlezitymi minoritnimi skupinami, které se tcastni vzniku bioplynu, jsou také sulfatreduktanty

a nitratreduktanty, kde kone¢nymi produkty jsou dusik a sulfan (Straka et al., 2006).

2.1.3.4 Methanogeneze

Zavéretna faze vzniku bioplynu je realizovana methanogenimi organismy, které patii
do skupiny archea (Christy et al., 2014) a vykazuji extrémni citlivost na bezkyslikaté prostiedi.
Pro vSechny druhy methanogennich organismi je kyslik prudkym jedem i ve velmi nizkych

koncentracich (Straka et al., 20006).

Tyto mikroorganismy tvoii methan jako vedlejsi produkt svého metabolismu, ve kterém
vyuzivaji vodik, oxid uhli¢ity, formiat nebo acetat jako zdroj energie ke svému rtstu (Ostrem,
pozadavky na substrat i Zivotni podminky, a vedle acetogenli zpracovavajicich kyselinu
propionovou, se ¢asto stavaji limitujicim faktorem celého procesu (Dohanyos et Smejkalova,
2006), pti kterém preferuji mirn¢ zasadité prostiedi (Christy et al., 2014), pokles pH pod
hodnotu 6 nemohou ptezit (Davis et Cornwell, 1998).

Vlastni methanogeneze je pak tvorba methanu z Kyseliny octové pomoci acetotrofnich
methanogennich organismi a tvorba methanu z CO2 a Hz hydrogenotrofnimi methanogennimi
bakteriemi (Straka et al., 2006). Hydrogenotrofni methanogeneze je nejéastéjsi metabolicka
cesta, pti které dochazi k preméné CO2 a Hz2 na methan (Cirne et al., 2007), kterého se ucastni
predev§im koenzymy methanofuran ¢i koenzym M (Duin et Mckee, 2008). Hydrogenni
methanogeny (Methannospirillum hungatei, Methanoculles receptaculi) se vyznacuji rychlou
dobou zdvojeni (6 hodin) oproti acetotrofnim druhtim (Methanosarcina thermophila) s dobou
zdvojeni 2,6 dne, zaroven jsou odolnéjsi viici zménam zivotnich podminek (Christy et al.,
2014). Druha cesta vzniku methanu je pomoci acetotrofnich methanogenti, ktefi pifimo
zpracovavaji acetat na methan (Davis et Cornwell, 1998). Ptitomnost vodiku v bioplynu svéd¢i
o naruseni rovnovahy mezi fazemi acidogeneze a acetogeneze a obvykle je provazena poklesem

pH. Tento pokles muze byt napiiklad zptsoben pictizenim reaktoru, nevhodnou skladbou
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substratu, nebo inhibici ¢innosti hydrogenotrofnich bakterii (Straka et al., 2006; Dohanyos,
1998; Dohanyos et Zabranska, 2002).

2.2 Faktory ovliviiujici anaerobni digesci

Na pribéh anaerobni digesce ma vliv fada faktorli, pfiCemz vytvofeni optima pro
mikrobialni kulturu vede ke tvorbé bioplynu. Mezi tyto vlivy fadime nasledujici faktory (Straka
et al., 2006).

2.2.1 Anaerobni prostredi

Zakladni podminkou k produkci bioplynu je vytvofeni anaerobniho prostiedi (Kara et
al., 2008). Methanogenni mikroorganismy jsou striktni anaerobové (Schulz et Eder, 2004),
avsak v dusledku vstupu riznorodych materialti do reaktorti nelze tuto podminku zcela zarucit
a pokud neni mnozstvi kysliku pfili§ vysoké, mohou ho ostatni bakterie spotiebovat jesté pred

tim, nez dojde k naruseni této kiehké rovnovahy (Kratochvilova et al., 2009).

2.2.2 Teplota

Vznik methanu mize probihat ve velmi Sirokém rozpéti teplot od hodnot kolem 10 °C
az po vice nez 100 °C (Wellinger, 1999). VétSina autort (Kothari et al., 2014; Singh et Prerna,
2009; Straka et al., 2006; Ward et al., 2008) rozd€luje teplotni spektrum do zakladnich
teplotnich intervalti (psychrofilni, mezofilni, termofilni), av§ak néktefi autoti (Mao et al., 2015;

Lee et al., 2009a) toto spektrum rozsifuji o hypertermofilni teplotu.

1. Psychrofilni - optimum teplot se pohybuje v rozmezi od 10 °C do 20 °C. Tyto
reaktory jsou vSak charakteristickeé nizkych zatizenim a dobou zdrzeni v fadu stovek
dnti (Hill et al., 2001).

2. Mezofilni - optimum teplot se pohybuje v rozmezi od 30 °C do cca 40 °C. Tento
teplotni rezim je méné nachylny ke zméndm vnéjSich podminek, avSak oproti
termofilni teploté dochazi k nizsi produkci bioplynu. Vedle toho je potieba vétsich
reaktorti, a pokud je vyzadovana hygienizace substratt, dochazi k predfazeni této
upravy vstupnich surovin. Doba zdrzeni materialu se pohybuje mezi 15 az 50 dny
(Singh et Prerna, 2009; Tambone et al., 2015). Pti mezofilni teploté dochazi k nizsi
rozlozitelnosti substratli a nedostatku nutrientd pro mikroorganismy (Mao et al.,
2015).

3. Termofilni - optimum teplot se pohybuje od 50 °C do 60 °C. Pti této teploté dochazi

k vysoké aktivité¢ mikroorganismi, jejimz vysledkem je rychlé odbourani organické
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hmoty a vyssi produkce bioplynu (DeBruyn et Hilborn, 2007). Ve srovnani
s mezofilnimi procesy dochazi K vyssi G¢innosti odstranéni patogennich organismtl.
Doba zdrzeni materidlu se pohybuje mezi 12 az 14 dny a béhem procesu je
transformovano 30 az 60 % rozlozitelného podilu do bioplynu. Nevyhodou jsou
vy$8i naroky na energie a fizeni vlastniho anaerobniho procesu (Singh et Prerna,
2009), vyssi provozni naklady ¢i nizsi zastoupeni methanu (Mao et al., 2015).

4. Hypertermofilni — optimum teplot se pohybuje v rozmezi od 70 °C do 80 °C. Tato
teplota je vSak spiSe povazovana za upravu spojenou s kofermentaci materialti
s vysokym obsahem bilkovin, tukti ¢i patogennich organismu (Lee et al., 2009a),
ktera vede v prvni fad¢ ke zvySeni stupné hydrolyzy (Wang et al., 2011). Tato
teplota je vSak nizsi nez teploty bézné pouzivané pfi tlakové hydrolyze (Wang et al.,

2014).

2.2.3 Hodnota pH

Hodnota pH je velice dulezitym faktorem pro rdst anaerobnich mikroorganismu,
pti¢emz methanogeny jsou velmi citlivé na ptitomnost kyselin, ktera muze vést az k inhibici
celého procesu (Kothari et al., 2014). VéEtSinou je nutné udrzovat hodnotu pH v neutrélni oblasti
mezi 6,5 — 7,5, ptirozené se vSak tato hodnota pohybuje nejcastéji v rozmezi 7,0 — 8,2 (Huber
etal., 1982; Yang et Okos, 1987; Lee et al., 2009b; Kuca et Obroucka, 2008).

2.2.4 Pomér C:N a zastoupeni nutrientii

Pomeér uhlikatych a dusikatych latek je jednim z nejvyznamnéjSich parametra slouzicich
k posuzovani vhodnosti materiali pro anaerobni digesci (Mao et al., 2015). Jako optimalni
pomér uvadi Weiland et al. (2006), Parkin et Owen (1986) a Pang et al. (2008) hodnotu C:N
v rozmezi 20 az 30:1, pfiCemz proces nejcastéji probiha pii poméru 25:1. Wang et al. (2014)
uvadéji hranicni pomér 27:1. Pii Sirokém poméru C:N dochazi k pomalé solubilizaci bilkovin,
ktera ma za nasledek nizkou koncentraci amoniakalniho dusiku a mastnych kyselin (Mao et al.,
2015), coz vede az k poklesu produkce bioplynu (Kothari et al., 2014). Naopak uzky pomér
C:N vede k vyssi produkci amoniaku, ktery je toxicky pro methanogeny a jeho disledkem je
nedostatecné vyuziti uhliku (Mao et al., 2015). Idedlniho poméru je v prvozech BPS docileno
kofermentaci vétSinou 3 az 5 substratt (Wagner et al., 2013). Michani substrati ma pozitivni
vliv na produkci bioplynu (Divya et al., 2015), optimalni zastoupeni nutrientd (Sosnowski et
al., 2003; Nkemka et Murto, 2010) a soucasn¢ vede ke snizeni rizika toxického pusobeni

amoniaku (Wu et al., 2010). Monofermentace, tedy dlouhodobé zpracovavani pouze jednoho



materidlu pro vyrobu bioplynu, muze v krajnim pfipadé¢ znamenat i1 selhani vlastniho

anaerobniho procesu (Poschl et al., 2010).

vvvvvv

ovliviiuji anaerobni digesci, jsou mezi hlavni ziviny fazeny sira a fosfor. Kratochvilova et al.
(2009) a Al Seadi et al. (2008) uvadéji optimalni pomér C:N:P:S = 600:20:6:1. Zaroven Hinken
et al. (2008) a Pobeheim et al. (2010) uvadéji, ze nizka produkce methanu muize byt zpusobena
jak nedostateénym zastoupenim makroprvku, tak i mikroprvkd a jejich vyznamny nedostatek
mize zpusobit az selhani reaktoru (Demirel et Scherer, 2008). Z tohoto diivodu je tieba dbat na
zastoupeni mikroprvki jako Ni, Co, Mo, Fe ¢i Se (Wellinger et al., 2013), kdy naptiklad Ni a
Co maji vliv na spravnou funkci enzymti mikroorganismt podilejicich se na anerobnim

rozkladném procesu (Pobeheim et al., 2011).
2.2.5 Toxické a inhibujici latky

Na proces anaerobni fermentace ma vyznamny vliv i pfitomnost toxickych a
inhibujicich latek, které mohou pulisobit v rdmci procesu antagonisticky, synergicky, ptipadné
indiferentné v zavislosti na sloZeni substratu a zastoupeni mikrobialnich kultur (Chen et al.,
2008; Risberg et al., 2017). Nejcastejsimi inhibitory jsou amoniak a NMK, které vsak pisobi
inhibiéné pouze v nedisociovanych formach, jejichz zastoupeni zavisi na hodnoté¢ pH
(Dohanyos, 2008). Mezi dalsi inhibitory anaerobni digesce fadime napiiklad sulfidy, tézké
kovy ¢i rizné organické a anorganické latky (Chen et al., 2008). Govasmark et al. (2011) a
Nilsson et al. (2000) fadi mezi inhibujici latky i pesticidy, které mohou byt obsazené jak na
povrchu rostlinné biomasy, tak mohou byt obsazené i Vv separovanych bioodpadech nebo
Vv potravinafskych odpadech vyuzivanych jako substrat pro anaerobni digesci. Jejich akumulace
tak muze vést az k porucham vlastniho anaerobniho procesu a Vv krajnim piipadé muze

znamenat az jeho selhani.

2.2.5.1 Amoniak

V prub¢hu anaerobni digesce dochazi k mineralizaci dusikatych slouc¢enin. Mineralni
N se tak stava 1épe piistupny a soucasné s tim dochazi ke zméné jednotlivych forem celkového
dusiku (Schievano et al., 2009). Uvadi se, ze 50 az 80 % celkového dusiku obsaZeného
v digestatu tvoii amoniakalni forma dusiku (Makadi et al., 2012; Teglia et al., 2011a), ktera do
digestatu ptichazi zpravidla v podobé proteinti nebo nukleovych kyselin (Yang et al., 2015;
Kayhanian, 1999). Vétsina amoniakalniho dusiku vSak vznika z moéi a z hnoje (Hjort et al.,
2010).



Toxicita amoniaku je zavisla na hodnoté pH. Pfi zvySeni pH roste koncentrace volného
amoniaku a tim i jeho toxicita (Borja et al., 1996), pficemz nejméné tolerantni skupinou na

ptitomnost amoniaku jsou methanogenni mikroorganismy (Kayhanian, 1994).

Yang et al. (2015) uvadéji, ze obsah volného amoniaku je pfi termofilnich teplotach asi
6x vyssi nez pii mezofilnich teplotach. Z tohoto diivodu je anaerobni digesce pii termofilnich
teplotach nachylnéjsi k inhibici amoniakem (Khan et Nordberg, 2018). Chamy et al. (1998) a
Hansen et al. (1998) k problému inhibice amoniakem uvadéji, ze 50 % pokles v produkci
methanu je spojen s koncentracemi N-amon v rozmezi hodnot od 1,7 do 14 g/l. Toto Siroké
rozpéti inhibujicich koncentraci amoniaku souvisi S rozdily ve sloZeni substrati a inokula ¢i
dal$imi podminkami jako jsou pH a teplota (Xie et al., 2011a). Vysoké koncentrace
amoniakalniho dusiku mohou zaroven zptisobovat i toxicitu digestatu pii jeho aplikaci (Tigini

etal., 2016).

2.2.5.2 Niz8i mastné kyseliny

Nizs§i mastné kyseliny jsou organické kyseliny s kratkym uhlikatym fetézcem a mezi
kapronova (Ahring et al., 1995). Ty jsou pfi anaerobni digesci produktem acidogennich a
acetogennich mikroorganismii. Zaroven jsou Substratem pro acetogeny, které z kyselin
s fetézcem del$im nez dva uhliky tvofi kyselinu octovou. Ta je pak vyuZzivana methanogeny
(Pastorek et al., 2004; Straka et al., 2006). Zménou rovnovahy procesu dochazi k ristu
koncentraci NMK, které maji vliv na pokles hodnoty pH a vedou k inhibici procesu
methanogeneze (Ahring et al., 1995). Ten muze byt zptisobeny digesci substratt, které jsou
bohaté na snadno rozlozitelné monosacharidy, polysacharidy ¢i aminokyseliny. Acidogeny
pretvofi tento substrat na NMK behem jednoho az dvou dnd, ¢imz dojde k pfesyceni systému

kyselinami, poklesu pH a nasledné inhibici celého procesu (Wagner et al., 2013).

2.2.5.3 Rizikové prvky

Rizikové prvky maji na proces anaerobni digesce, potazmo na rozvoj mikrobialni
kultury, dva protichtidné vlivy. Tyto vlivy jsou zavislé na celkové koncentraci rizikovych prvka
a dale zaviseji naptiklad na hodnot¢ pH ¢i na redox potencialu (Zayed et Winter, 2000). Toxické
pusobeni rizikovych prvkl je nebezpe¢né pro anaerobni digesci tim, Ze nejsou biologicky
rozlozitelné a dochazi k jejich hromadéni az do toxickych koncentraci (Sterritt et Lester, 1980).
Mohou inhibovat acidogenni i methanogenni mikroorganismy (Chen et al., 2008), pfi¢emz proti

inhibici rizikovymi prvky jsou odolné&jsi acidogenni mikroorganismy oproti methanogennim
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(Zayed et Winter, 2000). Toxicky efekt je pfipisovan inhibici enzymu pferusenim jejich vazby
a navazanim kovu thiolovymi nebo jinymi skupinami na protein molekuly, pfipadné mohou
nahradit proteolytické skupiny pfirozené se vyskytujicimi kovy (Vallee et Ulner, 1972).
Zaroven je tfeba brat v potaz, ze i nékteré prvky jako Co, Ni jsou nezbytné pro optimalni prab¢h
anaerobni digesce, jelikoZ jsou nezbytné pro spravnou funkci enzymii (Pobeheim et al., 2011).
Mezi rizikové prvky tadi Jain et al. (1992) a Chen et al. (2008) As, Cr, Co, Cu, Cd, Hg, Mo,
Ni, Pb a Zn.

Tezké kovy se v ramci anaerobni digesce mohou ucastnit velkého mnozstvi fyzikalné-
chemickych reakci. Napiiklad mize dochézet k jejich srazeni ve form¢ sulfidi, hydroxidi ¢i
uhli¢itand (Mosey et Hughes, 1975), dale mtuze dochazet k jejich sorpci na pevnou frakci
biomasy (Shin et Kwon, 1998), piipadné mohou tvofit komplexy s rozpustnymi slou¢eninami
(Hickey et al., 1989; Hayes et Theis, 1978). S témito vlivy souvisi i pisobeni kovti na jednotlivé
faze anaerobniho procesu. Napiiklad méd’ pusobi toxicky na acidogeny, naopak na

methanogeny ma toxicky vliv kadmium (Yu et Fang, 2001).

Legislativni pozadavky na obsah rizikovych prvki ve fermentaénim zbytku jsou

uvedeny v kapitole 2.9.

2.2.6 Chemické sloZeni substratu

Chemické slozeni substratli vyuzivanych pii anaerobni digesci vyznamné ovliviiuje
stabilitu, u¢innost a rychlost produkce bioplynu i methanu (Nges et al., 2012). Z tohoto divodu
je tfeba znat slozeni substratil, jelikoZ organické ¢ast materialt se sklada ze dvou vyznamnych
slozek — snadno rozloZitelnych sloucenin (zejména sacharidy, tuky a bilkoviny) a obtizné
degradovatelnych ¢asti jako jsou vlaknina (celuldza, hemicelul6za a lignin), huminové kyseliny
a fulvokyseliny (Batstone et al., 2002). Chemické slozeni vstupnich materialt tedy vyznamné
ovliviluje produkci methanu a napiiklad teoretickd vytéZnost methanu je nejvyssi u tukd
1018 I/kg, bilkovin 496 1/kg a u celulozy je to pouze 415 I/kg OS (organické susiny; Triolo et
al., 2011). Polysacharidy a jednoduché cukry vykazuji vytéznost methanu v rozmezi 750 az
900 I/kg OS (Straka et al., 2006). Vysoké zastoupeni ligninu ma naopak negativni vliv na
rozlozitelnost rostlinnych materiali (Oleszek et al., 2014). Produkce bioplynu z rostlinnych
materiali Je mimo jiné ovlivnéna vyvojovou fazi rostlin, ktera ma vliv na zastoupeni ligninu a
snadno rozlozitelnych ¢asti jako je naptiklad skrob (Kandel et al., 2013), dale je ovlivnéna
pomérem zastoupeni stonku a listd (Hiibner et al., 2011). Velké mnozstvi snadno rozlozitelnych

latek (Skrob, tuky) vSak muize vést pii anaerobnim rozkladu k vysokym koncentracim mastnych
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kyselin, které mohou zpusobit inhibici anaerobniho procesu (Neves et al., 2008; Lesteur et al.,
2010). Naopak u organickych latek s delSim fetézcem umozni hydrolyza degradaci na
monomery a tim dojde ke snadné&jSimu rozkladu (Lesteur et al., 2010). Pfevazna ¢ast materiala
vyuzivanych v anaerobni digesci obsahuje lignocelul6zovou matrici, ktera je odolna vici
enzymatickému rozkladu a z tohoto diivodu je vhodna aplikace predipravy material, ktera

vede K urychleni hydrolyzy (Zhong et al., 2011).

2.2.7 Doba zdrzZeni

Dalsim vyznamnym parametrem, majicim vliv na produkci bioplynu, je doba zdrzeni.
Ta souvisi s rozlozitelnosti organického podilu a vyjadiuje dobu, po kterou se material zdrzi
v reaktoru (Kothari et al., 2014; Lindmark et al., 2014). Tento parametr dale zaleZi na teploté
procesu, kdy se doba zdrzeni u mezofilnich reaktori pohybuje od 10 do 40 dnu (Kothari et al.,
2014). Tambone et al. (2015) naopak uvadéji tuto dobu v rozsahu 35 az 50 dnu. U termofilnich
reaktort je doba zdrzeni piiblizné 14 dnu v disledku vy$si aktivity termofilnich
mikroorganismu. V neposledni fad¢€ je tieba uvést, Ze plati iméra, nizka rozlozitelnost — delsi
doba zdrzeni. Potfebna doba zdrzeni je tak ovlivnéna chemickym sloZzenim substrati a ma vliv

i na rychlost vzniku bioplynu (Nges et al., 2012; Kothari et al., 2014).

2.2.8 ZatiZeni fermentoru organickymi latkami

Tento parametr vyjadiuje mnozstvi OS v Kg vztaZzené na objem reaktoru v m?, které je
pfivedeno do reaktoru za jeden den (Kothari et al., 2014). Obvyklé zatiZeni pfi teploté 35 °C
lezi mezi 0,5 a 1,5 kg OS/(m®.den) (Schulz et Eder, 2004). Zatizeni reaktoru lze zvysit na
3 kg OS/(m3.den), absolutni horni hranice je dosazeno pii 5 kg OS/(m?3.den) (Fernandes et al.,
2008). Pti prekroceni této hodnoty dochézi k poklesu produkce bioplynu, které je zplisobeno
napiiklad inhibici NMK (Lindmark et al., 2014).

2.3 Bioplyn

Hlavnimi kone¢nymi produkty anaerobni digesce jsou bioplyn a digestat, pficemz
nositelem energie je v tomto piipadé bioplyn, jehoZ energeticka hodnota je zavisla na obsahu

methanu v bioplynu, ktery ma v &isté podobé vyhievnost 35,8 MJ/m® (Ustak et Vaia, 2006).
2.3.1 SloZeni bioplynu

Bioplyn obsahuje dvé zakladni (majoritni) slozky a riizné minoritni slozky. Majoritnimi
slozkami jsou methan a oxid uhli¢ity, jejichz vzajemny pomér je riznorody. Obsah methanu se
pohybuje v Sirokém rozmezi 50 — 85 %, zbylych 15 — 50 % zpravidla tvofii oxid uhli¢ity (Straka
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et al., 2006). Obsah methanu v bioplynu z BPS se vétSinou pohybuje v uzs§im rozmezi 60 —
65 % (Straka et al., 2006; Chynoweth et al., 2001), jeho mnozstvi a slozeni dale zavisi na
vstupnim Substratu, ktery je vyuzit pii digesci (Oleszek et al., 2014). Minoritnimi slozkami
bioplynu jsou nespotifebované produkty acidogeneze — vodik a dalsi slozky jako sulfan,
amoniak, vodni para, siloxany ¢i rtizné derivaty uhlovodikt, jejichz obsah se pohybuje ve
stopovych mnozstvich (Straka et al., 2006; Chynoweth et al., 2001). Nejvétsi problém v
bioplynu muze zpisobovat vysoké zastoupeni sulfanu, nebot’ spalovanim vznikaji oxidy siry,
které kondenzuji za vzniku kyseliny sirové (Muzik et Kara, 2009). Z tohoto divodu je vhodné
ho odstranit napiiklad piidavkem soli zeleza (FeClz, FeCls), piipadné biologickou oxidaci
sulfanu za pfitomnosti sulfat redukujicich bakterii (SRB), jejichz kone¢nym produktem je

elementéarni sira (Kratochvilova et al., 2009; Zidek, 2003; Isa et al., 1986).
2.3.2 Vyuziti bioplynu

Vzhledem k vysokému obsahu methanu je bioplyn povazovan za hodnotné palivo, jehoz
vyuziti nabizi Sirokou Skalu moznosti. Nejcastéji se jedna o piimé spalovani nebo vyrobu
elektrické energie a tepla formou kogenerace (Pastorek et al., 2004; Straka et al., 2006).
Modernim trendem je vedle produkce elektrické energie a tepla i vyroba chladu pomoci
trigenerace (Bruno et al., 2009). V soucasné dob¢é mize byt odpadni teplo vyuzivano napiiklad
k vytapéni rodinnych domii ¢i obecnich budov, pfiCemz je stale vétsi snaha vyuzivat toto teplo
i k dosusovani riznych zemédélskych surovin (obili, ovoce, zelenina, fepné Fizky) ¢i ho lze
vyuzit 1 pro suSeni dieva ¢i pilin, které mohou déle slouZit jako obnovitelny zdroj energie
(Kosina, 2013; Koutny, 2013). Novou moznosti je vyuziti odpadniho tepla pii tepelném
zahusStovani fermenta¢niho zbytku (Vondra et al., 2018), které je podrobnéji rozpracovano

v kapitole 2.8.4.

Vedle spalovani bioplynu mtze dochazet k jeho upravé formou docistovani, pii kterém
se vyuzivaji metody absorpce, adsorpce, membranové separace ¢i kryogenni separace. Aplikaci
téchto technik dojde ke zvySeni koncentrace methanu, ktery mutze byt vyuzit napiiklad
Vv dopravé (CNG — compressed natural gas) ¢i slouzi jako nahrada za klasicky zemni plyn, kdy
dochazi k jeho vtlaceni do sité plynového potrubi. Takto upraveny bioplyn (biomethan)
obsahuje 95 — 99 % methanu a pouze 1 — 4 % oxidu uhli¢itého, pfi¢emz Vv dopravé je
pozadovano zastoupeni methanu vyssi jak 97 % (Chynoweth et al., 2001; Smyth et al., 2011).
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2.4 Moznosti intenzifikace anaerobni digesce

Intenzifikace anaerobni digesce Ize dosahnout riznymi zpiisoby. Nejveétsim problémem
vyuzivani materiald v anaerobni digesci je kvalita organického podilu, ktery se obvykle sklada
ze tii hlavnich slozek. Prvni z nich je tvofena dobfe rozlozitelnymi latkami — Skrobem ¢i
bilkovinami, dal$i skupinu tvofi nerozlozitelné komponenty — lignin a keratin a posledni
skupina je tvofena lignocelulozou, jejiz komplexy obsahuji obtizné rozlozitelné struktury a
jejich pteduprava je nezbytna pii pozadavku na vyssi vytézek bioplynu (Carlsson et al., 2012).
Hlavnim cilem zafazeni Gipravy materidli pfed vlastni anaerobni digesci je zmenSeni velikosti
Castic, které povede k vétsi solubilizaci a tim dojde ke zvySeni biologické rozlozitelnosti,
pfipadné k vétsimu vyuziti organického podilu (Carlsson et al., 2012). NejsnadnéjSim
zpusobem zvySeni uéinnosti BPS je zavedeni kofermentace (Wagner et al., 2013), ktera muze
vést K vyssi produkci bioplynu 0 10 % (Poschl et al., 2010). Dalsi moznosti, které vedou k

vyssimu biologickému rozkladu a lepsi rozlozitelnosti materiald, budou dale diskutovany.

2.4.1. Mechanicka preduprava

Vyuziti mechanické predupravy patii k nejsnadnéjSim zptsobim upravy vstupujicich
substratl, jejimz cilem je zmenseni velikosti Castic. To vede k vyssi produkci bioplynu
(Hendriks et Zeeman, 2009). Hartmann et al. (2000) uvadi, Ze tato Uprava zvySuje aktivni
povrch, ktery tak sndze podléha enzymatickému rozkladu a vede ke zvySeni produkce methanu
u lignocelul6zovych materidli (slamy) az o 25 %, zaroven dochazi ke zkraceni doby vlastni
digesce 0 23 az 59 % casu v disledku zrychlené hydrolyzy (Delgenés et al., 2002; Hartmann et
al., 2000). Mezi tyto zpusoby upravy materiali fadi Palmowski et Miiller (2000) stépkovani,
(velikost ¢astic 20 — 50 mm), drceni (velikost ¢astic 2 — 20 mm) a mleti (velikost ¢astic
0,2 — 2 mm).

2.4.2 Chemicka preduprava

Vyuziti chemickych ¢inidel je spojeno hlavné s pfedupravou lignocelulézovych
materiali. Vede ke zvétSeni aktivniho povrchu a K naruSeni ligninu a hemicelul6zy, které jsou
tak snadno dostupné pro anaerobni mikroorganismy (Mao et al., 2015). Tento zpisob upravy

je zpusobem piidavkem zasaditych, kyselych nebo oxidacnich ¢inidel.

Aplikace zasaditych latek spoc¢iva v davkovani ¢inidel NaOH, KOH a Ca(OH). (Shah

et al., 2015), pomoci kterych dochazi k pferuseni vazeb mezi ligninem a polysacharidy.
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Aplikace téchto ¢inidel vede k hydrolyze esterti - zmyd¢€lnovani (saponifikaci; Mosier et al.,
2005).

Kysela piedtprava lignocelulézovych substrati pomoci HoSO4, HCIl, HNO3 ¢i H3PO4
(Zheng et al., 2014) ma za dusledek preruseni kovalentnich a vodikovych vazeb i Van der
Wallsovych sil. Kone¢nym diasledkem je solubilizace celulézy a hemicelulézy az na
monosacharidy (Mao et al., 2015). Nevyhodou vyuzivani kyselin jsou vSak vysoké poiizovaci
naklady a jejich korozivni u¢inky (Taherzadeh et Karimi, 2008). Vyhodou vsak je hydrolyza
celulozy a hemicelulozy (Zheng et al. 2014).

Nejvyznamngj$im oxida¢nim ¢inidlem je peroxid vodiku, pomoci kterého dochazi k
narastu produkce bioplynu v rozmezi 6,7 — 32 % (Song et al., 2014). Vedle toho je mozné vyuzit
Cisty kyslik (Zheng et al., 2014) ¢i ozon (Mao et al., 2015). Touto technologii dochazi
k rozkladu hemicelulézy na jednoduché cukry, zaroven dochazi ke snadnéjSimu

enzymatickému rozkladu ligninu (Hendriks et Zeeman, 2009).

Aplikaci chemickych latek vsak muze dochazet ke vzniku toxickych sloucenin, které
vznikaji pti rozkladu ligninu a zpravidla se jedna o rizné fenolické slouceny, ¢i jejich derivaty

(Carrére et al., 2011; Hendriks et Zeeman, 2009; Ward et al., 2008).
2.4.3 Fyzikalni predaprava

Do této kategorie fadi Zheng et al. (2014) tlakovou explozi (tzv. autohydrolyzu), Gpravu
pomoci horké vody (hydrotermolyzu) a vystavovani materialu G¢inkiim ultrazvuku a mikrovin.
Na rozdil od chemické piedupravy zde nedochazi ke vstupu chemikalii do procesu (Brandon et
al., 2008). Pii tlakové explozi dochazi k vyuzivani vysokych teplot (160 az 260 °C), vysokého
tlaku (0,69 az 4,8 MPa) a kratké doby zdrzeni od 1 do 60 minut (Sun et Cheng, 2002; Tiehm et
al., 1997). Za téchto podminek dochazi k hydrolyze na jednodussi cukry a furfuraly (Weil et
al., 1997). U hydrotermolyzy dochazi k aplikaci vysokych teplot a tlakd, v jejichz dasledku
dochazi k rozkladu bunétné struktury, hydrataci celulozy, solubilizaci hemicelulézy a
k ¢astecnému odstranéni ligninu (van Walsum et al., 1996). Efektivita téchto prediprav je vSak
velmi rliznoroda a vyznamné zavisi na chemickém slozeni a struktufe materialt (Zheng et al.,

2014).
2.4.4 Mikrobialni (biologicka) prediprava

Vyuziti mikroorganismii pfedstavuje environmentdlné piivétivou predupravu, jejiz

hlavni pfinosy jsou spojené s nizkymi naroky na vstup energii a malou spotiebou chemikalii,
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které jsou Casto inhibitory procesu digesce (Divya et al., 2014; Taherzadeh et Karimi, 2008).
Perez et al. (2002), Phutela et al. (2011) a Taseli (2008) fadi mezi potencialni organismy, které
dokazi rozkladat lignocelulozovou strukturu: Coriolus versicolor, Aspergillus sp., Trichoderma
sp., Phanerochaete chrysosporium a Penicillium camemberti. Zhong et al. (2011) toto spektrum
roz§ifuje o n¢které druhy kvasinek (Saccharomices cerevisiae sp., Coccidioides immitis sp. a
Hansenula anomala sp.) a celulolitickych bakterii (Bacillus licheniformis sp., Pseudomonas
sp., Bacillus subtilis sp. a Pleurotus Florida sp.), které dokazi rozkladat celulézu a
hemicelulézu a napiiklad Pseudomonas Florida sp. dokaze rozlozit lignin. Nevyhodou
biologické upravy, v porovnani s ostatnimi uvadénymi zptisoby, je vSak dlouhy Cas potfebny
k rozvoji mikrobidlni kultury, ktery se pohybuje v fadu tydnt v porovnani s fyzikalni ¢i

chemickou ptedupravou (Zheng et al., 2014; Taheryadeh et Karimi, 2008).

2.4.4.1 Silazovani

Silazovani je fazeno nékterymi autory (Paavola et Rintala, 2008; McDonald et al., 1991,
Wilkinson et al., 2003) mezi tradi¢ni biologickou formu upravy materiald, ktera je znama jiz
vice nez 200 let a jejimz prioritnim cilem je uskladnéni substratli pro vhodnou dobu jejich
vyuziti v rdmci anaerobni fermentace ¢i jako krmiva pro hospodaiska zvifata. Hlavnim cilem
sildZzovani je tedy uc¢inné konzervovat energii v plodinach pomoci bakteridlni fermentace cukri,
ktera je zajiStovana bakteriemi mlééného kvaseni (BMK; Vervaeren et al., 2010). VedlejSim
cilem je snizit ztraty biomasy (Emery et Mosier, 2012). Béhem silazovani dochazi k produkci
kyseliny mlé¢né, ¢imz je snizeno pH. Tento pokles zamezi napadeni substratu Skodlivymi
mikroorganismy — houbami, kvasinkami ¢i bakteriemi (McDonald et al., 1991; Haigh et Parker,
1985; Pahlow et al., 2003). Hlavni vyhodou silazovani je hydrolyza hemicelulozy (Dewar et
al., 1963), ktera vede k nasledné vyssi produkci methanu (Ambye-Jensen et al., 2013).

2.5 Materialy vyuzivané pri anaerobni digesci

Anaerobni digesce miZe jako substrat vyuzivat velmi Siroké spektrum organickych
materialt. Ty vSak musi spliiovat nize uvadéné podminky (Kothari et al., 2014). Vyuzivany
material musi byt biodegradabilni (musi obsahovat pfevdzné biologicky rozloZitelnou

organickou hmotu), nesmi byt dfevnaty a musi obsahovat makro a mikroziviny.
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Steffen et al. (1998) tyto materialy dé€li do tii zakladnich skupin:

1. Substraty pochazejici ze zemédélstvi — kejda (drlibeze, skotu, prasat), hnij,
posklizinové zbytky a energetické plodiny

2. Substraty pochazejici z pramyslu — potravinaiské odpady pochézejici
z pivovarnického, mlékarenského, cukrovarnického, Skrobarenského primyslu a
jate¢ni odpady, dale se jedna o farmaceuticky a biochemicky pramysl a odpady z
vyroby celulozy a papiru

3. Substraty pochazejici z komunalni sféry — organicka frakce smésnych
komunalnich odpadt, kaly z Cistiren odpadnich vod, odpady z Gdrzby zelené a

gastroodpady

Z vyse uvedenych skupin je patrné, Ze bioplyn mize byt vyrabén ze Sirokého spektra
substratt,, avSak v zemédelskych BPS jsou zpravidla vyuzivana statkovd hnojiva a cilené
pestované plodiny. Dominantné péstovanou plodinou V téchto BPS je kukufice, ktera je
problematickd z hlediska erozniho rizika pldy, na druhé strané je charakteristicka svymi
vysokymi hektarovymi vynosy. Mezi dal§i materialy patii zitna silaZz ¢i cukrovarnické fizky

(Kratochvilova et al., 2009).

Tabulka ¢. 1 zobrazuje produkci bioplynu a procentudlni zastoupeni methanu vztazené
na 1 kg OS nejcastéji vyuzivanych materiali v anaerobni digesci. U biologicky rozlozitelnych
odpadi - kategorie 20 Katalogu odpadu, ptipadné u biologicky rozlozitelnych komunalnich
odpadii - BRKO, tato vytéZnost zavisi na zastoupeni biologicky rozlozitelné slozky, kdy
napiiklad smésny komundlni odpad ma jeji zastoupeni 48 %, odpad ztrzist 75 %

(Kratochvilova et al., 2009).
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Tabulka 1. Produkce bioplynu a zastoupeni methanu vybranych materialt

Bioplyn

Produkce Obsah CHa

(I’kg OS) (%)
Zemédélské materialy
kejda skotu 200-500 60
kejda prasat 300-700 60-70
kukufi¢na silaz 450-700 50-55
Zitna silaz 550-680 55
travni silaz 550-620 54-55
vojtéska 500-700 52-65
cukrova fepa (listy i bulvy) 620-850 53-54
technické konopi 500-700 55-65
topinambur 480-590 52-60
Biologicky rozloZitelné odpady
separovany BRKO 150-600 58-65
odpady z trzist 400-600 60-65
odpady z udrzby zelené 550-680 55-65
zahradni odpad 400-600 50-60
Pramyslové odpady
lihovarské vypalky 590-690 50-70
bramborové vypalky 400-700 58-65
jate¢ni odpady 700-950 60-72

Kahiluoto et al., 2011; Kratochvilova et al., 2009; Kocar and Civas, 2013; Lehtoméki et
al., 2007; Wellinger et al., 2013
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2.6 Alternativni plodiny vhodné k anaerobni digesci

Diky zvySujicimu se podilu vyuZzivani energie z bioplynu roste poptavka po materialech
a energetickych plodinach, které jsou schopné nahradit dominantné vyuzivanou kukufi¢nou
silaz (Lehtoméki et al., 2008; Mast et al., 2014; Triolo et al., 2012), jejiz zastoupeni mezi
substraty pro produkci bioplynu piedstavuje az 80 % (Mast et al., 2014). Mezi tyto alternativni
materidly fadime rizné druhy trav a travnich odpadii (Triolo et al., 2012; Meyer et al., 2014;
Koch et al., 2009), technické konopi (Gissén et al., 2014; Kreuger et al., 2011), slune¢nici
topinambur (Long et al., 2016) nebo dalsi plodiny jako napiiklad ozdobici ¢inskou ¢i vojtésku
(Menardo et al., 2013; Hakl et al., 2012). Tyto materialy jsou charakteristické variabilni Susinou
v rozmezi 10 az 50 % a produkci methanu v rozmezi 0,27 — 0,39 m® z kg OS (Lehtomiki et al.,
2008; Koch et al., 2009). Vyhodou alternativnich materialt je, ze pii jejich produkci a vyuzivani
nedochazi k omezeni produkce potravinafskych plodin (Hengsen et al., 2011; Biihle et al.,
2012).

2.6.1. Trava a travni odpady

Travni porosty maji z globalniho pohledu vyznamnou roli v zemédélstvi, jelikoz
pokryvaji 69 % zemédelské pudy, respektive 26 % celkové plochy kontinentli a jsou
povazovany za tradiéni material vyuzivany k produkci bioplynu (Prochnow et al., 2009).
V Ceské republice zaujimaji trvalé travni porosty 13 % plochy (CSU, 2018). Naopak travni
odpady pochazejici z drzby parkt, zahrad, sportovist’ (Hengsen et al., 2011; McEniry et al.,
2011), ptipadné i z okoli silnic a dalnic (Meyer et al., 2014; Voinov et al., 2015), nejsou
Vv soucasné dobé k témto energetickym ucelim vyuZivany a mohou tak piedstavovat dobry

zdroj biomasy pro anaerobni digesci (Meyer et al., 2014; Piepenschneider et al., 2016).

Travni odpady se vyznacuji vysokou tvorbou biomasy a susiny z hekratu - 6 az 8 tun
susiny v zavislosti na dané seci (Voinov et al., 2015; Piepenschneider et al., 2016) a vytéznosti
methanu 0,22 — 0,39 m® z kg OS (Meyer et al., 2014; Piepenschneider et al., 2016). Vedle toho
odpady z udrzby zahrad se vyznacuji primérnou produkci methanu 0,33 m® z kg OS (Triolo et
al., 2012). Prochnow et al. (2009) uvadéji produkci methanu z riznych trav v rozpéti 0,14 az
0,63 m® methanu z kg OS. Pti pohledu na tabulku uvadénou v Kapitole 2.5 je patrné, Ze
produkce methanu z téchto materiali mize byt v n¢kterych ptipadech obdobna jako produkce
methanu z kukuti¢né silaZe. Za nespornou vyhodu téchto materialti povazuji Triolo et al. (2012)

jejich nizkou cenu, jelikoZ se v fad¢ pripadi jedna o ,,odpadni material®.
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2.6.2. Technické konopi (Cannabis sativa L.)

Technické konopi (Cannabis sativa L.) pfedstavuje dal$i alternativu k tradi¢né
vyuzivanym materialim. Jeho vynos biomasy v susiné se pohybuje v rozmezi 6,6 — 18,0 t/ha
(Struik et al., 2000; Prade et al., 2011; Pakarinen et al., 2011; Gissén et al., 2014). Vytéznost
methanu z kg OS pak dosahuje 0,25 — 0,30 m® (Kreuger et al., 2011; Heirmann et al., 2009),
pfi¢emz procentualni zastoupeni methanu Vv bioplynu se pohybuje v rozmezi 47 — 61 %
(Adamovics et al., 2014). Nespornou vyhodou péstovani technického konopi je jeho
nenarocnost, omezeni rustu plevell v disledku rychlého pokryti povrchu a diky svému

bohatému kofenovému systému ma téZ zlepsujici vliv na ptidni strukturu (Bosca et Karus, 1998;

Kirkegaard et al., 2008).

2.6.3. Slunecnice topinambur (Helianthus tuberosus L.)

Slune¢nice topinambur (Helianthus tuberosus L.) je rostlina péstovana pro své vysoké
vynosy biomasy, kdy nadzemni biomasa dosahuje vynost susiny 12 — 30 t/ha, vynos susiny
podzemni biomasy se pohybuje v rozmezi 6 — 8 t/ha (Kays et Nottingham, 2008; Izdebski,
2009; Gunnarson et al., 1985). K energetickym uceltim lze vyuzit jak nadzemni, tak i podzemni
biomasu, ktera je bohata na inulim (Kowalczyk-Jusko et al., 2012; Long et al., 2016). Produkce
bioplynu z nadzemni biomasy se pohybuje v rozmezi od 0,4 do 0,7 m® z kg susiny a vytéznost
bioplynu z hliz pak dosahuje hodnoty 0,6 m® z kg susiny. Zastoupeni methanu v bioplynu
produkovaném pii anaerobni digesci se u této rostliny pohybuje v rozmezi od 50 do 70 % (Kays

et Nottingham, 2008; Ciccoli et al., 2018; Gunnarson et al., 1985; Seppali et al., 2013).

2.7 Fermentac¢ni zbytek

Vedlejsim, neméné vyznamnym, produktem anaerobni digesce je fermenta¢ni zbytek
neboli digestat, ktery na BPS vznikd ve velkych objemech a na jehoz vyuziti, skladovani,
ptipadné i kvalitu jsou kladeny vysoké naroky (Koszel et Lorencowicz, 2015; Albaquerque et
al., 2012a; Qin et al., 2018). Pti anaerobni digesci dochazi k transformaci ¢asti organického
podilu do bioplynu (Chen et al., 2016; Risberg et al., 2017), zbyvajici organicky podil je
transformovan z labilniho do stabilniho stavu (Albaquerque et al., 2012b). Digestat je hodnocen
jako material, ktery ma vysoky hnojivy potencial. Ten je spojen s vysokymi koncentracemi jak
makro, tak i mikro zivin (Albaquerque et al., 2012b; Risberg et al., 2017). Aplikaci digestatu
(ijeho slozek) na pudu dochazi ke zvySeni plidni urodnosti (Tambone et al., 2015).

Nejsnadnéjsi upravou digestatu je jeho odvodnovani, které je v poslednich letech stale ¢astéjsi

aplikovéno na zemédélskych BPS (Dennehy et al., 2018). Tato jednoducha fyzikalni Gprava
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spoc¢iva v mechanické separaci digestatu na bubnovych sitech, ptipadné na sitopasovych lisech
(Tambone et al., 2015; Rehl et Miiller, 2011). Ke zvyseni u¢innosti separace miize byt vyuzito
i flokulantti (Rehl et Miiller, 2011). Vzniklé produkty jsou oznaCované jako separat (pevna
frakce) a fugat (kapalna frakce).

Nezadouci environmentalni problém fermentac¢niho zbytku je spojeny s volatilizaci
amoniakalniho dusiku, emisemi oxidu dusného a také s transportem dusi¢nanti do podzemnich
vod, ke kterému dochézi pii aplikaci nadmérnych davek digestatu na zemédé€lskou piidu
(Vondra et al., 2018; Li et al., 2018; Riva et al., 2016). Neméné vyznamnym problémem je i
skladovani jeho velkych objemt (Bolzonella et al., 2018; Koszel et Lorencowicz, 2015; Qin et
al., 2018). Vondra et al. (2018) ve své studii uvadéji, ze na 1 MW instalovaného elektrického
vykonu vznikne ro¢né 15 az 20 tisic m® digestatu. Z tohoto divodu je aktualnim tématem feseni
nalezeni vhodnych metod vedoucich k omezeni objemti jak vznikajiciho fermenta¢niho zbytku,

tak 1 fugatu.

2.7.1. Digestat

Digestat je material, ktery se vyznacuje nizkou susSinou vétSinou v rozmezi 2 — 15 %
(Kathijotes et al., 2015; Albaquerque et al., 2012a; Kara et al., 2009) s mirn¢ alkalickou
hodnotou pH v rozmezi 7,4 az 8,3, tmavé Sedou az Cernou barvou a obsahem amoniakalniho
dusiku v Cerstvé hmoté od 0,9 do 5 g/l (Teglia et al., 2011b; Gomez et al., 2005; Molinuevo-
Salces et al., 2013; Albaquergue et al., 2012b; Risberg et al., 2017). Vedle toho digestaty
obsahuji relativné vysoké koncentrace fosforu a drasliku (Koszel et Lorenzowicz, 2015;
Tambone et al., 2009). Podil zastoupeni Zivin a dalSich slozek v jednotlivych frakcich digestatu
je uvedeno v grafu 1. Tambone at al. (2015) a Vazques-Rowe et al. (2015) uvadéji, ze digestat
obsahuje minimalni koncentrace patogent v porovnani se vstupnimi materialy. Jejich sniZeni
bylo dosazeno kombinaci teploty (mezofilni, termofilni) a doby zdrzeni v rozmezi 35 — 50 dn.
Kvalita digestatu dale zalezi na kvalité a sloZeni vstupniho materidlu a mnozstvi pfivedenych

organickych latek do reaktoru (Risberg et al., 2017; Dennehy et al., 2018; Al Seadi et al., 2013).
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Graf 1. Distribuce vybranych parametri v procentech mezi separat a fugat (Wellinger et al.,
2013)

CELKOVA HMOTNOST
SUSINA 40-50% 50- 60 %
ORGANICKA SUSINA
POPELOVINY 50-60 % 40-50%

N-TOT
N-NHq
P
K 70-80% 20-30%
m fugat M separat C 30-40 % 60-70%

2.7.2. Separat

Separat vznika spolecné s fugatem mechanickou separaci digestatu (Tambone et al.,
2015; Rehl et Miiller, 2011), pticemz z celkové hmotnosti digestatu ma separat zastoupeni
pouze 10 az 20 % (Wellinger et al., 2013). Jeho susina se zpravidla pohybuje v rozmezi od 20
do 30 % a je zavisla na vstupnich materialech a technologii separace (Rehl et Miiller, 2011).
Vedle toho obsahuje pomérné malé mozstvi dusiku - pouze 25 az 35 % obsazeného v ptivodnim
digestatu. Na druhé strané¢ vSak obsahuje vysoké procento fosforu - 55 az 65 % z mnozstvi
obsazené¢ho puvodné v digestatu (Hjorth et al., 2010; Wellinger et al., 2013). Vedle toho
obsahuje separat i relativné velké mnozstvi Mg a Ca (Tlustos et al., 2014). Vzhledem ke své
dobré biologické stabilité¢ a nizké mikrobidlni aktivité¢ (Tambone et al., 2015) je mozné ho
snadno kompostovat (Tlustos el al., 2014; Knoop et al., 2018) ¢i dale dosouset (Knoop et al.,
2018), ptipadné vyuzivat jako péstebni substrat (Tlustos et al., 2014) ¢i hnojivo. V ptipadech,
kde nelze vyuzit separat jako hnojivo, uvadi Kolaf et al. (2010) moZnost vyuziti separatu jako

paliva v podobé briket ¢i pelet.

2.7.3. Fugat

Fugat, obdobné jako separat, vznika mechanickym odvodnénim digestatu (Tambone et

al., 2015; Rehl et Miiller, 2011). Vyznacuje Se vysokymi koncentracemi amoniakalniho dusiku
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(zpravidla jednotky g/l) a drasliku (70 — 80 % z pavodniho digestatu) a soucasné je
charakterizovan nizkym zastoupenim uhliku a tim padem pomérem C:N zpravidla niz§im nez
10:1 (Gong et al., 2013; Paavola et Rintala, 2008; Sigurnjak et al., 2017). Jeho pH se pohybuje
v rozmezi od 7,5 do 8,5 (Botheju et al., 2010; Tigini et al., 2016) a v ramci BPS je nejcastéji
vyuzivan jako fedici medium BPS pro optimalizaci suSiny vstupujicicho substratu (Paavola et
Rintala, 2008; Koszel et Lorencowicz, 2015). Pti aplikaci na zeméd¢lskou pudu jsou vysoké
koncentrace amoniaku nezadouci z hlediska volatilizace do ovzdusi (Albaquerque et al., 2012b;
Tambone et al., 2015; Li et al., 2018). Tyto vysoké koncentrace amoniakalniho dusiku také
vedou k rychlé nitrifikaci v ptidnim prostfedi (Risberg et al., 2017; Albaquerque et al., 2012b)
a sekundarné mohou pfispivat k eutrofizaci vod (Qin et al., 2018; Tambone et al., 2015).

Vzhledem k tomu, Ze digestat je produkovan pribézné béhem roku (Gong et al., 2013)
vznikaji vysoké naroky na skladovani fermenta¢niho zbytku (Paavola et Rintala, 2008), tpravu
a omezeni environmentalnich dopad, jez se v posledni dobé¢ stavaji stale vice diskutovanym a

feSenym problémem (Dennehy et al., 2018; Li et al., 2018; Qin et al., 2018).

2.8 Inovativni moZnosti upravy kapalné frakce fermentac¢niho zbytku

Snahy o inovativni moznosti Gpravy fugatu vychazi z velkych objemu tohoto kone¢ného
produktu anaerobni digesce. Jejich hlavnim cilem je vétSinou snizeni objemu vzniklého fugatu,
ktery povede k usporam skladovacich kapacit (Fechter et Kraume, 2016) a zaroven dojde
k zakoncentrovani zivin (Al Saedi et al., 2013; Fuchs et Drosg, 2015). Aktualné feSenymi
metodami upravy fugatu se proto stavaji aplikace membranové filtrace, stripovani amoniaku,
srazeni struvitu ¢i tepelného zahust'ovani (Vazques-Rowe et al., 2015; Bolzonella et al., 2018).
Novou moznosti téz muiZze byt vyuziti fas pro produkci biomasy (Qin et al., 2018) ¢i nitrifikace
fugatu (Botheju et al., 2010).

2.8.1. Membranové procesy

Membranové procesy vedou k efektivnimu zakoncentrovani fugatu (Gong et al., 2013;
Hjorth et al., 2010) a k produkci vody (permeatu), ktera mize byt vypousténa do prostiedi
(Dumitru, 2014; Hjorth et al., 2010). Tyto procesy jsou zalozené na prostupu kapaliny pfes
syntetickou polopropustnou membranu, kdy na jedné stran¢ jsou diky rozdilnému tlaku
zachyceny neprostupné casti v koncentrované podobé a na druhé strané je produkovéana
nezavadna voda (permeat; Davis, 2010; Dumitru, 2014). Mezi membranové procesy fadime

mikrofiltraci, ultrafiltraci, nanofiltraci a reverzni osmoézu. Rozdily mezi t€mito technologiemi
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spocivaji ve velikosti port a molekularni hmotnosti zachycenych castic. Tyto velikosti se
pohybuji od priméru 0,1 — 10 pm pro mikrofiltraci, az po reverzni osmoézu schopnou separace
velice malych ¢astic (0,0001 um; Gong et al., 2013; Hjorth et al., 2010; Holloway et al., 2007;
Diltz et al., 2007; Davis, 2010; Dumitru, 2014; Mulder, 1996).

2.8.2 Stripovani amoniaku

V pribéhu stripovani amoniaku z fugatu dochazi k vylouceni tékavého amoniaku
proudem plynu (Gustin et Marinsek-Logar, 2011; Tao et Ukwuani, 2015), ktery je jiman do
kyseliny, v jejimz prostfedi dochazi k tvorbé soli (Tornwall et al., 2017; Tao et Ukwuano,
2015). Tento proces je ovlivnén hodnotou pH, teplotou ¢i tlakem (Jiang et al., 2014; Sheets et
al., 2015). Nevyhodou této metody jsou vysoké naklady nutné pro upravu pH, aplikaci
chemickych cinidel a zahfivani reaktoru, ve kterém proces probiha (Jiang et al., 2014).
Vyhodou vsak mize byt vyuziti nespotiebovaného odpadniho tepla z bioplynové stanice, které

je pii anaerobni digesci vyuzito pouze z 20 az 40 % (Anwar et Tao, 2016; Vondra et al., 2018).
2.8.3. SraZeni struvitu

Srazeni struvitu je dobfe znamé a vyuzivané pfi ziskavani dusiku a fosforu z odpadnich
vod ve formé slouceniny MgNH4PO4.6H2O (Sykorova et al., 2014; Harrison et al., 2011).
Srazeni je dosazeno aplikaci slou¢enin obsahujicich Mg?* (MgClz, MgO & Mg(OH)z; Sykorova
etal., 2014; Sheets et al., 2015). Sheets et al. (2015) vsak uvadg&ji, ze srazeni struvitu je u fugatu
velmi problematické a naptiklad Tornwall et al. (2017) ve své praci zjistili, ze béhem srazeni
trvajictho 60 minut bylo ziskano pouze 42 % amoniakalniho dusiku obsazeného v ptivodnim

digestatu, respektive doslo k ziskani pouze 80 % dusiku béhem tti hodiny trvajiciho srazeni.

2.8.4 Tepelné zahustovani

Tepelné zahuSt'ovani je dlouhodobé ovétena technologie, jejiz vyuZiti je zndmé z Uipravy
ruznych procesnich a odpadnich vod. Nejvétsi piednosti této upravy je snizeni narokl na
skladovani (Vondra et al., 2018; Bamelis et al., 2015). Nevyhodou jsou vsak vysoké naklady
na spotiebu energii, zejména pak na dodavky tepla (Vondra et al., 2018). Jeho potieba vSak
mize byt snizena diky snadné dostupnosti tepla z kombinované vyroby tepla a elektrické
energie na BPS (Anvar et Tao, 2016). Uvadi se, ze pouze 20 az 40 % vyrobeného tepla je
vyuzito k vytapéni anaerobniho reaktoru a zbytek je povazovan za odpadni teplo. Toto
nevyuzité odpadni teplo pak muze slouzit pii tepelném zahustovani (Vondra et al., 2018).
Drosg et al. (2015) a Fechter et Kraume (2016) uvadéji jako vhodnou moznost tepelného
zahusténi na 50 % plvodniho objemu fugétu, protoze takto zahustény material bude mit suSinu
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v rozmezi 10 — 12 % v porovnani s ptivodnim surovym materidlem, pii¢emz zahustény produkt
bude stale cerpatelny. Béhem zahustovani dochézi k produkci vody, ktera je zkondenzovéna a
jimana v podobé kondenzatu (destilatu) a vyznacuje se nizkymi koncentracemi vsSech
chemickych latek véetné amoniakalniho dusiku (Bonmati et Flotats; 2003; Al Seadi et al., 2013;
Chiumenti et al., 2013). Takto produkovana voda mize byt vyuzita k zavlaham (Heviankova et
al., 2014) ¢i jako procesni voda k fedéni materiald v ramci provozu BPS (Vondra et al., 2018;
Khan et Nordberg, 2018). Na druhé strané je vznikly zahustény fugat bohaty na ziviny a
vyznacuje se vysokym hnojivym potencidlem (Chiumenti et al., 2013; Heviankova et al., 2014;
Li et al., 2016). Nespornou vyhodou této technologie je uzavieny systém odpafovani, ktery

minimalizuje emise $kodlivin do ovzdusi (Bonmati et Flotats, 2003).

2.8.5. Nitrifikace kapalné frakce fermenta¢niho zbytku

Nitrifikace je biologicky proces transformace anorganického dusiku, ktery je dobie
znam pii Cisténi odpadnich vod s naslednou redukci na plynny dusik pomoci denitrifikace
(Reeves, 1972; Chudoba et al., 1991). Pti samotné nitrifikaci dochazi k biochemické oxidaci
amoniakdlniho dusiku, kdy hlavnim elektronovym akceptorem je kyslik. Jednd se o proces,
ktery se sklada ze dvou navazujicich stupni, kdy pii prvnim kroku dochazi k oxidaci N-amon
na dusitany (NO2") pomoci bakterii Nitrosomonas, Nitrosospira nebo Nitrosocystis (Chudoba
et al., 1991). Tyto druhy bakterii jsou souhrnné ozna¢ovany jako AOB (Ammonia Oxidising
Bacteria; Blackburne et al., 2008). V dalsim kroku pak dochazi k oxidaci dusitanti na dusi¢nany
(NO3") pomoci bakterii z rodu Nitrobacter, Nitrospira nebo Nitrocystis. Tyto bakterie jsou
oznacovany jako NOB (Nitrite Oxidising Bacteria; Blackburne et al., 2008). Nitrifikace je
zajisStovana chemoautotrofnimi gram negativnimi bakteriemi, které vyuzivaji CO jako zdroj
uhliku patii mezi striktni aeroby a soucasné je potieba jim zajistit dostatek kysliku pro oxidaci
substratu (Gerardi, 2002; Reeves, 1972). Nize uvadéna rovnice pak sumarné popisuje
nitrifikaci.

NHz+ 2 O2 — NOz + H* + H,0

Aplikace nitrifikace v prostiedi fugatu je zadouci ze dvou hlavnich divodd. Prvnim
diivodem je omezeni volatilizace amoniaku pfi skladovani i aplikaci na zemédélskou pudu
(Tambone et al., 2015; Li et al., 2018), ktera je zavisla na hodnoté pH. Pti vyssim pH je ve
fugatu obsazeno velké mnozstvi t€kavého amoniakdlniho dusiku ve formé tékavého NH3
(Botheju et al., 2010). Dalsi vyhodou této transformace je pfevedeni amoniakéalniho dusiku do

dusi¢nanové formy, ktera je stabiln&jsi a snadnéji piistupna pro rostliny (Takemura et al., 2016).
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Technologické propojeni nitrifikace s naslednym tepelnym zahu$ténim vSak muze efektivné
transformovat N-amon na dusi¢nany, ¢imz dojde k omezeni volatizace amoniaku (Risberg et
al.,, 2017; Li et al., 2018) a zakoncentrovani zivin ve fugatu se soucasnou produkci
technologické vody (Chiumenti et al., 2013; Vondra et al., 2018). Nevyhodou tohoto systému
vSak muize byt nebezpeci snadného transportu dusi¢nanii do podzemnich vod Vv disledku
vysokych davek takto zakoncentrovanych produktd (Haraldsen et al., 2011; Al Seadi et al.,
2013).

2.9 Legislativni pozadavky na vyuziti, aplikaci a kvalitu fermenta¢niho

zbytku

Jak jiz bylo uvedeno v pfedchozich kapitolach, kvalita vznikajiciho digestatu,
respektive i jeho separovanych slozek, je vyznamné ovliviiovana kvalitou surovin vstupujicich
do procesu anaerobni digesce (Risberg et al., 2017). Ta se nasledné odrazi v legislativnich
pozadavcich na kvalitu a aplikaci materiali pochéazejicich z BPS (digestat, separat, fugat).
Z toho prameni i naroky spojené s ochranou ovzdusi a podzemnich vod. V legislativnich
podminkach Ceské republiky je tato problematika feSena jak formou zakond, tak i formou
zpiesiiujicich vyhlasek. Dle vyhlasky Ministerstva zemé&délstvi ¢. 474/2000 Sb., o stanoveni
pozadavkli na hnojiva jsou digestaty, fugaty 1 separaty oznaCeny jako organicka a
organomineralni hnojiva (typ 18.1), kterd vznikaji anaerobni fermentaci pfi vyrobé bioplynu.
Naftizeni vlady ¢. 262/2012 Sb., o stanoveni zranitelnych oblasti a akénim programu ve znéni
pozdéjsich novel, dale definuje digestat a fugat jako hnojiva S rychle uvolnitelnym dusikem
(pomér C:N < 10), pficemz digestat ma dle vyhlasky Ministerstva zemé&délstvi ¢. 474/2000 Sb.
susinu 3 - 13 % a minimalni obsah celkového dusiku ve vzorku je 0,3 %. Fugat ma dle této
vyhlasky susinu do 3 % a minimalni obsah celkového dusiku ve vzorku 0,1 %. Separat je
naopak povazovan za hnojivo s pomalu uvolnitelnym dusikem (C:N > 10) a susinou nad 13 %,

minimalni obsah celkového dusiku ve vzorku je 0,5 %.

2.9.1. Skladovani a aplikace fermenta¢niho zbytku na zemédélskou pudu

Skladovani a aplikace produkti z BPS je v Ceské republice upraveno vyhlagkou
Ministerstva zeméd¢lstvi ¢. 377/2013 Sb., o skladovani a zptisobu pouzivani hnojiv. V § 5 je
uvedeno, ze kapalna organicka a organomineralni hnojiva se skladuji v nepropustnych
nadzemnich, pfipadné ¢aste€né zapusténych nadrzich nebo v zemnich jimkach, volné loZena
tuhd organickd a organiminerdlni hnojiva se skladuji ve stavbach zabezpecenych stejnym

zpisobem jako stavby pro skladovani tuhych statkovych hnojiv s vylouenim ptitoku
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povrchovych nebo podzemnich vod. V § 7 této vyhlasky jsou dale stanoveny maximalni
aplikacni davky organickych a statkovych hnojiv se susinou nad 13 % (separat) na maximalné
20 tun susiny na hektar v pribéhu 3 let. Maximalni aplikac¢ni davka organickych a statkovych

hnojiv se susinou nejvyse 13 % (digestat, fugat) je stanovena na 10 tun susiny v pribéhu 3 let.

Tato vyhlaska také v § 7 stanovuje dobu, béhem které musi dojit K zapraveni hnojiv do
pudy. U tekutych statkovych nebo kapalnych organickych hnojiv se tyto materialy musi
zapravit nejpozdéji do 24 hodin po jejich aplikaci, pro tuha statkova nebo organickd hnojiva

plati nutnost jejich zapraveni nejpozdéji do 48 hodin.

Neméné dileZitym pravnim predpisem je zakon €. 156/1998 Sb., o hnojivech, ktery
stanovuje pozadavky na rovnomérné hnojeni a zdkaz hnojeni na sn¢hem pokrytou, zamrzlou,
zaplavenou ¢i pfemokienou ptidu. Konkrétni termin obdobi zdkazu hnojeni je pak stanoven
V nafizeni vlady ¢. 262/2012 Sh., o stanoveni zranitelnych oblasti a ak¢nim programu, kde je
pro hnojiva s rychle uvolnitelnym dusikem zakaz jeho aplikace v obdobi od 15.11. do 15.2. pro
klimaticky region 0 - 5 (region velmi teply, teply aZ po mirn¢ teply-vlhky region), respektive
od 5.11. do 28.2. pro klimaticky region 6 - 9 (mirné teply-vlhky az po chladny region).

2.9.2. Obsah rizikovych prvki ve fermentaénim zbytku

Legislativa v oblasti obsaht rizikovych prvki v digestatech a jeho separovanych
produktech je upravena dvéma piedpisy. Obsah rizikovych prvkd v materialech se susinou
nejvyse 13 % a nad 13 % jsou upraveny vyhlaskou ¢. 474/2000 Sb. (novela ¢. 131/2014 Sb),
avSak pokud se jednd pouze o aplikaci na zemédélskou piidu. Tyto limitni koncentrace jsou
uvadény nize v tabulce ¢. 2. Novela této vyhlasky (vyhlaska MZe €. 237/2017 Sb.) zavadi
sledovani mikroorganismd Salmonela sp., Escherichia coli a enterokokl v organickych
hnojivech a substratech, pfi jejichz vyrobé byly pouzity odpady z Cistiren odpadnich vod.
Obsahy rizikovych prvku ve fermentacnim zbytku nejsou v ramci Evropské unie konkrétné
definovany a Saveyn et Eder (2014) uvad¢ji jejich navrhované obsahy, které jsou uvedené

v Tabulce €. 3.
Tabulka €. 2. Obsahy rizikovych prvki v organickych hnojivech

Cd Pb Hg As Cr Cu Mo Ni Zn
susina mg/kg susiny
do 13 % 2 100 1 20 100 250 20 50 1200
nad 13 % 2 100 1 20 100 150 20 50 600
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Tabulka ¢. 3. Navrh Evropské Unie na obsahy rizikovych prvka v organickych hnojivech

Cd Pb Hg As Cr Cu Mo Ni Zn
mg/kg susiny
15 120 1 - 100 200 - 50 600

Digestaty, které nespliuji pozadavky legislativy hnojiv (vznikly zpracovanim odpadt
v odpadové BPS), jsou hodnoceny na zéklad¢ zédkona ¢. 185/2001 Sb., o odpadech a vyhlasky
Ministerstva Zivotniho prostiedi ¢. 341/2008 Sb., 0 podrobnostech nakladani s biologicky
rozlozitelnymi odpady a v pfipadé¢ aplikace jsou povazovany za rekultiva¢ni digestaty (Tabulka
¢. 4). Ty jsou déleny do tiech tfid a soucasné pro né plati maximalni pfipustna vlihkost 98 %,
zaroven prepocteny obsah dusiku na susinu nesmi presahnout 0,3 % hmotnosti a pH musi byt
v rozmezi 6,5 — 9,0. Rekultivacni digestaty tak mohou byt vyuzity na nezemédélskou a lesni
pudu, respektive jejich vyuziti je pouze pro rekultivacni tcely, pfipadn€ mohou slouzit jako
technologicky material skladky. Pokud vsak budou vzniklé digestaty obsahovat nadlimitni

koncentrace rizikovych prvki, jsou dle platné legislativy ozna¢ovany za nebezpecné odpady.
Tabulka ¢. 4. Obsahy rizikovych prvku v rekultivaénich digestatech

Cd Pb Hg As Cr Cu Ni Zn PCB PAU
mg/kg suSiny
Ttida I 2 200 1 10 100 170 65 500 0,02 3
Ttida II 3 300 1,5 20 250 400 100 1200 0,2 6
Tridalll 4 400 2 30 300 500 120 1500 - -

2.9.3. Nitratova smérnice

Nitratova smérnice je predpis Evropské unie (91/676/EHS), ktery slouzi k ochrané vod
pted znecisténim dusicnany ze zemédélstvi a ma za cil sniZit eutrofizaci vod. V podminkach
Ceské republiky je uplatnéna v § 33 vodniho zakona (zakon ¢&. 254/2001 Sb., o vodach), ktery
definuje zranitelné oblasti a povinnost jejich revize nejméné jednou za 4 roky. Hlavnim
provadécim piedpisem je nafizeni vlady ¢. 262/2012 Sb.. Nitrdtovad smérnice tak stanovuje
maximalni mnozstvi dusiku na hektar, které smi byt v t€chto oblastech pouzito (az 230 kg/ha
pro fepku a ozimou pSenici v tfeti vynosové hladin€). Vedle toho je ¢ast nafizeni uplatnéna

Vv zakong €. 156/1998 Sb., o hnojivech. Tato omezeni jsou uvedene v kapitole 2.9.1.
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2.9.4. Ochrana ovzdusi

Emise amoniaku ze zemé&délstvi jsou v CR zakotveny v zakoné & 201/2012 Sb., o
ochrané¢ ovzdus$i, pricemz tato problematika je dale specifikovana formou vyhlasek a
metodickych pokyni. Vznikajici emise jsou feSeny pouze pro chovy hospodatskych zvirat
s celkovou projektovanou ro¢ni emisi amoniaku nad 5 tun (vyhlaska Ministerstva zivotniho
prostiedi ¢. 415/2012 Sb.), avSak dle zpiesnujiciho Metodického pokynu k choviim
hospodaiskych zvifat vydanym Ministerstvem zivotniho prostfedi neni povazovano anaerobni
zpracovani zeméd¢€lskych biologicky rozlozitelnych odpadu (kejda, chlévska mrva, podestylka
atd.) v BPS za proces snizujici emise amoniaku, protoze nebyly prokazany snizujici ucinky
anaerobni digesce na emise amoniaku. Problematika emisi methanu vSak v uvadénych

ptredpisech feSena neni.
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3. Hypotézy a cile prace

Disertacni prace je zaméfena na optimalizaci provozu bioplynovych stanic, pficemz

pozornost je vénovana zejména oveéfeni moznosti vyuziti dosud opomijenych snadno

dostupnych substrati pro vyrobu bioplynu a névrhu raciondlniho postupu nakladani

s fermenta¢nim zbytkem. Jako substrat pro vyrobu bioplynu byly testovany vybrané rostliny

v raznych fazich ontogeneze. Navrh racionalizace nakladani s fermenta¢nim zbytkem pak

spocival v nitrifikaci a nasledném tepelném zahusténi jeho kapalné frakce.

Hypotézy

1. Testované substraty (rozdilné druhy trav, technické konopi) budou produkovat mnozstvi
bioplynu srovnatelné s konvenéné péstovanou kukufici.

2. Je ptedpoklad, Ze rostliny v rozdilné f4zi vyvoje maji riizny obsah a sloZeni organickych
latek a biomasy. Toto rozdilné slozeni se sekundarné projevi riiznou produkci bioplynu
a odlisSnym zastoupenim methanu.

3. Upravou podminek pti skladovani rostlinnych materiald pred jejich zpracovanim
anaerobni digesci dojde ke zmén¢ biologické rozlozitelnosti téchto materialt.. To povede
k vyssi produkci bioplynu, resp. methanu.

4, Predpokladame, ze 1 v agresivnim prosttedi fugatu je moZno iniciovat biochemicky
proces nitrifikace. Pomoci ngj Ize t€kavy amoniakalni dusik pfevést do stabilnéjsi
nitratové formy a zaroven dostatecné snizit hodnotu pH.

5. Ptedpokladame, Ze nitrifikovany fugat 1ze nasledné podrobit tepelnému zahusténi, které
umozni zakoncentrovani Zivin a produkci relativné ¢isté procesni vody.

Cile

1. Ovéfit vhodnost rtiznych druhti trav a technického konopi k produkci bioplynu
v zeméd¢lskych bioplynovych stanicich.

2. Stanovit maximalni vytéznost bioplynu a methanu v zavislosti na riizné vyvojové fazi
testovanych rostlin.

3. Zjistit vliv teplotnich podminek pii skladovani rostlinnych material, pied jejich
zpracovanim anaerobni digesci, na vytéznost a kvalitu bioplynu.

4. Nalézt podminky umoZznujici iniciaci a dlouhodobé udrzeni procesu nitrifikace

Vv prostiedi fugétu.
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5.

Popsat vlastnosti produktii tepelného zahust'ovani surového a nitrifikovaného fugatu a

navrhnout moznosti vyuziti téchto produktt.
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ABSTRACT

Within this research, biogas production, representation of methane in biogas and volatile solids
(VSs) removal efficiency were compared using batch tests performed with the samples of
intensively and extensively planted grasses originating from public areas. Before the batch tests,
the samples were stored at different temperatures achievable on biogas plants applying
trigeneration strategy (—18°C, +3°C, +18°C and +35°C). Specific methane production from
intensively planted grasses was relatively high (0.33-0.41 m3/kg VS) compared to extensively
planted grasses (0.20-0.33 m>/kg VS). VSs removal efficiency reached 59.8-68.8% for intensively
planted grasses and 34.6-56.5% for extensively planted grasses. Freezing the intensively planted
grasses at —18°C froved to be an effective thermal pretreatment leading to high biogas
production (0.61 m>/kg total solid (TS)), high representation of methane (64.0%) in biogas and
good VSs removal efficiency (68.8%). The results of this research suggest that public areas or
sport parks seem to be available, cheap and at the same time very effective feedstock for biogas
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production.

1. Introduction

Methane-rich biogas can be produced from a wide range
of feedstocks (organic fraction of municipal waste, animal
manure and slurry, agricultural and energy crops, etc.)
through anaerobic digestion and can replace fossil fuels
used in both heat and electricity generation, for vehicles
[1], and for cooling via trigeneration [2].

Grasslands play an important role in the global agri-
culture, as they cover 69% of the world’s agricultural
area or 26% of the total land area. Grass has been tra-
ditionally used as the principal livestock forage. Cur-
rently, considering its high potential for biogas
production, the grass is also frequently used as a sub-
strate in agricultural biogas plants. Future utilization
can also include the production of lignocellulosic
bioethanol and synthetic biofuels [3]. The grasslands
can be farmed intensively or extensively. Extensive grass-
lands do not require the addition of fertilizers and annual
ploughing of soil [4]. Intensive grasslands are dominated
by a small number of grass species [5]. Griffin et al. [6]
found that nitrogen fertilization has an effect on the
number of grass species and increasing nitrogen fertiliza-
tion also positively influences nitrogen and lignin con-
centrations [7]. The majority of grass is located on

permanent grasslands [8]. Additional supplies of grass
can come from edges of roadsides, airports, public and
chateau parks or sport parks (e.g. football pitch, golf
course and racecourses). Green garden waste represents
also a significant source of grass [9]. Herbaceous phyto-
mass from natural grasslands, gardens and parks is an
easily available substrate for biogas production. It often
represents the cheapest biomass feedstock for biogas
production [10]. Furthermore, in contrast to maize and
other crops, the use of grass for energy production will
not affect food prices [11].

Lehtomadki et al. [12] stated that grasses according to
their relatively high methane potential can be a suitable
crop for biogas production in Northern countries (as
shown in the example of Finland). Moreover, other
authors suggest the use of grass as a substrate for
biogas plants also in Belgium [13], Ireland and other
European temperate zone countries [4]. The use of
grass as the sole substrate for biogas production seems
not to be suitable due to a potential lack of trace
elements (especially cobalt and selenium) [14], mixing
problems, floating of the grass at the liquor surface,
blocking pipes and pumps by the grass fibres [15], and
the wrapping of longer grass particles around moving
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devices which can cause failures in biogas plant [3].
However, the co-fermentation of grass from public
areas with other traditional substrates for anaerobic
digestion (e.g. manure, sludge or maize) seems to be a
promising solution [16].

Prochnow et al. [3] proved that the methane yield
from grass depends strongly on the representation of
different grass species and varieties. Biogas yield (or
more precisely methane yield) within the anaerobic
digestion of grass could reach values comparable to
maize representing currently the most preferred sub-
strate for biogas production in agricultural biogas
plants. Methane production from grass may differ signifi-
cantly depending on given conditions. For intensive and
extensive grasslands it can vary from 0.33 to 0.39 m3/kg
volatile solid (VS) and from 0.1 to 0.3 m3/kg VS [13,17,18],
respectively [13,18]. The methane yield for maize varied
from 0.2 to 0.4 m3/kg VS [13,17,19,20]. Variable biogas
yield during the process of anaerobic digestion of grass
is caused mainly by variable anaerobic biodegradability
of the feedstock. The herbage chemical composition is
a very important factor from the point of view of
biogas (as well as methane) production. Lignin and
(hemi)cellulose content, potential crystallization of cellu-
lose, proportion of saccharides, the presence of toxic
components, ash content and nutrients represent very
important factors influencing biodegradability of grass
biomass [12,21-23]. These factors can even vary among
plants of the same species according to cultivation
method, plant part, harvest time/age/growth stage and
genotype. Grass biomass comprises 25-40% cellulose,
15-50% hemicellulose and 10-30% lignin, depending
on the species and environmental conditions [24].

Employing a suitable method of pretreatment of the
grass biomass prior to the digestion process leading to
optimization of the size and structure of grass particles
could improve the rate of anaerobic degradation signifi-
cantly, thanks to the acceleration of hydrolytic phase.
This way, the methane yield during anaerobic digestion
of grass could be maximized [25-27]. The pretreatment
could be realized using varied mechanical (grinding,
milling), chemical (alkali treatment), thermal (heat treat-
ment, freezing/thawing) and/or biological (treatment
by enzymes) processes [28]. All these methods lead to
cell disruption [29,30]. Freezing causes the formation of
intracellular crystals which can mechanically damage
the cell membranes [31] and consequently lead to the
release of intracellular and cell wall polymers (especially
polysaccharides, proteins, lipids and other macromol-
ecules) into the liquid phase. High temperature influ-
ences the representation of total solids (TSs) in grass
which can be easily stored, pretreated and consequently
used in winter and spring periods. Additionally, applying
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higher storage temperature leads to increased surface,
enabling higher microbial activity and higher biogas pro-
duction [3]. However, in general, no comprehensive
study comparing the influence of different temperatures
applied during the storage of grass before its anaerobic
digestion is available within current the literature. We
can see a growing number of biogas plants where only
the heat and electric power are produced. But the
modern trend is to utilize maximum energy so the appli-
cation of trigeneration could increase the performance of
the biogas plant [2].

The main objective of this paper was to determine
and compare biogas production within anaerobic diges-
tion of grass originated from two different sources
where the grass was stored under different temperature
regimes (+3°C, +18°C and +35°C). Batch tests quantify-
ing biochemical methane production were applied for
this purpose. Additionally, analogical experiments
were performed with the samples of grass from the
same sources which were thermally pretreated by freez-
ing at —18°C. Moreover, the efficiency of anaerobic
degradation process of grass stored under different
temperature regimes quantified by the decrease in VS
was evaluated. The temperatures mentioned above
were chosen in line with the trend of the application
of trigeneration within anaerobic digestion where
heat, electric power and cold can be simultaneously
produced.

2. Material and methods
2.1. Inoculum for batch tests

Inoculum was obtained from the Krasna Hora nad
Vitavou biogas plant which operates at mesophilic con-
ditions (39°C). Animal slurry (60% of weight) and maize
silage (40% of weight) serve as the main substrates for
the anaerobic reactor of this biogas plant. The inoculum
was degassed and subsequently stored at a temperate
room for 10 days at 40°C in order to minimize the
effect of inoculum on biogas production without any
treatment of inoculum. The average pH of the inoculum
was 8.2 and the VSs concentration was 71.1% of TSs. The
TS concentration reached 62 g/l and soluble chemical
oxygen demand (COD) was 2200 mg/L.

2.2. Grass biomass used for the experiments

Two sources of grass were used for this experiment. The
first one was collected from a football pitch (intensively
planted grass, area 90 m x 65 m) and the second one
from a public park (extensively planted grass, area
20mx20m). The samples were obtained in the
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second half of April. For extensively planted grass the
second cut was used as the sample for the experiment.
Considering the fact that intensively planted grass is
chopped every week, 10th cut was used as the sample
of intensive grass. All samples were taken from Prague-
Suchdol location (intensively planted grass 50° 07'48.6”
N 14°22'43.6" E; extensively planted grass 50° 07'50.6”
N 14°22/12.0" E).

The amount of fertilizers applied on intensively ferti-
lized grass was: 560 kg/ha of nitrogen, 410 kg/ha of pot-
assium and 120 kg/ha of phosphorus. The amount of
water supplied within the irrigation for cultivating the
grass was 70 m>. The amount of fertilizers applied on
extensive planted grass was: 75kg/ha of nitrogen,
75 kg/ha of potassium and 75 kg/ha of phosphorus.
This type of grass was irrigated only by water precipi-
tation. Fertilizers were applied during the vegetative
season from April to October.

The physicochemical characteristics of particular grass
cuttings are listed in Table 1.

The intensively planted grasses consist of only four
grass species with following representation in domi-
nance of plants (50% Festuca rubra L. 35% Lolium
perenne L., 10% Poa pratensis L. and 5% Lolium multi-
florum L.) but extensive cuttings consist of many more
species (consist of monocot and dicot species with a
majority of monocot grass —25% L. perenne L., 15% F.
rubra L., 10% Arrhenatherum elatius L. and 15% P. praten-
sis L.; and dicot species —5% Trifolium pratense L., 10% Tri-
folium repens L., 8% Plantago lanceolata L., 2% Potentilla
reptans L. and 10% Taraxacum officinale).

2.3. Storage of grass before batch tests

Before anaerobic digestion the samples of grass were
stored under different temperature regimes (freezing at
—18°C, +3°C, +18°C and +35°C) in order to simulate con-
ditions easily achievable on biogas plants if they applied
the trigeneration process. The storage of all tested
samples at defined temperatures lasted for one week.
The samples treated at —18°C were stored in a freezer,

Table 1. Physicochemical analyses of intensively and extensively
planted grass.

Intensively planted grass  Extensively planted grass

TS (%) 28.2+0.42 21.3+225
VS (% TS) 93.7+0.49 883 +0.86
Crude fiber (% TS) 46+0.24 3.6+0.31
Lipids (% TS) 0.5+0.06 0.3+0.04
Ash (% TS) 6.3+0.49 11.6 +0.86
N (% TS) 40+0.10 32+0.10
C(%TS) 38.5+0.55 37.6+0.54
H (% TS) 56+0.25 55+0.10
S (% TS) 0.3+0.02 03+0.16
C/N 9.6+0.11 11.8+0.26

at +3°C were stored in refrigerator, at +18°C were
stored in a room which was air conditioned and
samples treated at +35°C were stored at a dryer (Elsko
MF5, Czech Republic). Finally, all samples were dried at
40°C to the constant weight before being milled
(Retsch mill SM 100, Retsch GmbH, Germany). The
samples were dried for better homogenization, better
representativeness of the samples, and finally for same
weight of material used in batch tests (0.70 +0.002 g),
also used for the determination of TS, VS, Ny, crude
fibre and lipids in the samples.

2.4. Biochemical methane potential tests for the
quantification of biogas production (batch tests)

The biochemical methane potential (BMP) tests were
performed according to [32] and modified procedure
of [33]. Each sample assay was carried out in five replica-
tions, and each assay was performed in 120 mL glass
bottles. Inoculum and substrate were added to bottles
where 30 mL of inoculum was mixed with grass
samples (VS 0.70+0.002 g) and distilled water was
added to each bottle to adjust the final volume to
80 mL. The inoculum to substrate ratio was 1.9 (VS
basis). Bottles were sealed with butyl rubber stoppers
and plastic seal. The volume of biogas produced during
BMP test was determined by the volumetric method
where the produced gas volume is recorded when the
levels of the confining liquid in the audiometer tube
and in the levelling bottle are the same [32]. A blank
assay (only inoculum) was used to determine biogas pro-
duction resulting from inoculum itself — this biogas pro-
duction was subtracted from each sample and thus the
real biogas production was obtained and the biogas pro-
duction was subsequently corrected to standard con-
ditions (0°C, 101.325kPa). The same amount of
inoculum was added to each bottle. Fermentation was
carried out under mesophilic conditions at 40°C. Batch
tests lasted for 57 days. Gas samples were taken
through the butyl rubber stoppers. During the first two
weeks of the tests, the biogas production was measured
every day of the batch tests, in the following two weeks
was measured every second day and rest of the time the
biogas production was quantified once a week. Gas com-
position (especially the representation of methane) was
analysed twice per week during the first four weeks
and later weekly.

Having finished the batch tests, the efficiency of
organic matter removal was quantified by the compari-
son of VS concentration at the beginning and at the
end of the experiment. VS removal efficiency was calcu-
lated according to Equation (1) where the contribution of
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inoculum VS removal was taken into consideration:

Vsremoval (%) =

[eVSy s+ — VS s4p] — [€VSy () — VS, ]
[cVSy (51 — cVSi )

- 100%,

M

where cVS; (s j: VS concentration of sample + inoculum
at the start; cVS, s+, VS concentration of sample +
inoculum at the end; cVS; (): VS concentration of inocu-
lum at the start; cVS, (): VS concentration of inoculum at
the end.

The parameters T80 and T90 were determined as well.
The values of T80 and T90 correspond to time which is
needed to produce 80% and 90% of the maximum gas
production during the experiment, respectively [34].

2.5. Analytical methods

TS, VS, COD and pH were determined according to
standard methods [35]. TS were determined by the TSs
dried at 103-105°C according to method SM 2450-B,
using drying oven (Ecocell 55, Czech Republic). VSs
were determined by the annealing of the sample at
550°C according to method SM 2540-E, using muffle
furnace (ELSKLO MF5, Czech Republic). COD was
measured by the colorimetric method SM 5220-D,
using the spectrophotometer HACH DR/4000 (Hach,
Germany). pH was measured by electrometric method
SM 4500-H* B, using a pH meter 1Q 150 equipped with
an IS FET PH77-SS electrode (IQ Scientific Instruments,
USA).

Crude fibre was determined according to the crude
fibre method — the crude fiber analysis in feeds, using
the Fiber Analyzer 2000 (Ankom Technology, USA) [36].
Lipids were measured according to the EC regulation
No. 152/2009 [37], using the solvent extractor SER 146
(VELP Scientifica, Italy). The total concentrations of
elements N, C, H, S and C/N were analysed according
to the Dumas combustion method [38], using the
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elemental analyser VARIO MACRO cube (Elementar Ana-
lysensysteme GmbH, Germany).

The representation of CH, in the biogas was deter-
mined using a gas chromatograph (DANI Master GC,
Italy), equipped with a thermal conductivity detector
and a 90 m x 0.37 mm column (Restec). Hydrogen was
used as the carrier gas. Injection volume was 0.2 mL,
injector temperature was 110°C, and the detector and
oven temperature was 195°C.

2.6. Statistical analyses

Means and standard error for five replications in each
sample were calculated for grass biogas production.
Data from the batch tests were analysed using the
one-way ANOVA method (with Tukey HSD test) of STA-
TISTICA 12 (StatSoft, Tulsa, USA), where differences
between pretreatments were significant at .001 prob-
ability levels.

3. Results and discussion

3.1. The influence of temperature applied during
the storage on biogas production

The experiments proved that the temperature applied
during the storage influences the biogas and methane
production (Table 2). Specific biogas and methane pro-
duction related to 1kg of TS varied from 0.29 to
0.61 m?/kg and from 0.18 to 0.39 m%/kg respectively,
during this experiment. Most of the samples were
characterized by methane production from 0.28 to
0.33m?kg TS. The highest biogas production was
achieved from frozen samples (stored at —18°C). It was
caused by a phase change of water into ice, which
mechanically damaged cell membranes. Water included
in the cell walls during the freezing damaged the compli-
cated structure of lignin, cellulose and hemicellulose into
short chains and promotes solubility of organic matter

Table 2. Biogas production, methane and carbon dioxide representation in biogas, specific methane production (mL/1 g TS and VS))

and VS removal efficiency.

Pretreatment  Biogas production (mL/grs)  CH, from TS (mL/g)  CH4 from VS (mL/g)  CH4 (%) T 80% (days) T 90% (days) VS removal (%)
—18 INT 607.4°+11.17 388.8 4127 64.0 1" 18 68.8+3.15
+3 INT 501.1%° +7.57 310.8 3345 62.0 10 15 59.8+5.11
+18 INT 5222°+817 3289 3517 63.0 10 14 622+ 131
+35 INT 511.3°+12.22 313.6 336.9 61.3 1 17 61.1+£5.06
—18 EXT 465.5" +8.48 288.5 3304 62.0 9 13 55.8+1.87
+3 EXT 394.8%+7.98 2458 2794 623 9 12 49.1 +4.04
+18 EXT 286.2° +4.59 178.9 204.5 62.5 9 12 34.6+3.89
+35 EXT 468.87+11.13 280.5 3134 59.8 10 15 56.5+1.71

Treatment abbreviations: —18 INT: —18 EXT intensively/extensively planted grass stored at —18°C; +3 INT: +3 EXT intensively/extensively planted grass stored at
+3°C; +18 INT: +18 EXT intensively/extensively planted grass stored at +18°C; +35 INT: and +35 EXT intensively/extensively planted grass stored at +35°C.

Pretreatment with same letter (a—e) was not significantly different.
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[28]. Freezing and subsequent thawing helps to release
insoluble organics into soluble ones [39]. By this way, a
higher proportion of readily solubilized organics was
accessible for biological attack during the tests with
frozen grass. This fact promoted enzymatic hydrolysis
and enhanced biogas production from anaerobic diges-
tion and fermentation processes [40]. The lowest
methane production was observed for the sample of
extensively planted grass stored at +18°C (0.20 m*> CH,/
kg VS). Generally, a surprising trend of methane pro-
duction for extensively planted grass stored at +3°C;
+18°C and +35°C was observed (0.28, 0.20 and 0.31 m®/
kg VS, respectively). This was probably caused by differ-
ent activities of microorganisms during the storage of
grass at applied temperature values. The psychrophilic
temperature +3°C is characteristic by minimizing the
activity of aerobic as well as anaerobic microorganisms,
which leads to reduced enzyme activity or altered trans-
port of nutrients [41]. Therefore, the intensity of the
degradation of grass matter is very low at +3°C and
almost all organic matter contained in raw grass is avail-
able for the biogas production during subsequent BMP
test. On the other hand, during the storage of grass rea-
lized at +18°C, much more intensive degradation pro-
cesses could be expected compared to +3°C owing to
high activity of mesophilic aerobic organisms at 18°C
(bacteria, fungi — f.e. Aspergillus or Penicillium, whose
activity started at a temperature about +15°C) [42].
Thus, a significant portion of easily degradable organic

[
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matter is converted into gaseous emissions (CO,, NHs,
N,O, CH,; and H,0) already during the storage process
[43], and it is not available for biogas production.
During the storage realized at the temperature of +35°
C, the representation of TS increased significantly com-
pared to +18°C (23.1% and 18.2%, respectively). Insuffi-
cient humidity of the sample stored at +35°C probably
led to the decrease in the microbial activity [44] com-
pared with the sample stored at 18°C. Additionally, the
temperature +35°C exceeds the maximum enabling
high activity of many species of mesophilic fungi and
bacteria [42]. Thus, the loss of substrate during the
storage was lower at +35°C compared with +18°C. The
low methane yield for extensively planted grass stored
at +18°C corresponds to the low VS degradation effi-
ciency of this sample which reached only 34.6%, in com-
parison with other samples where VS degradation
reached 49.1-68.8% (Table 2).

The methane production from grasses stored at +35°C
varied from 0.31 to 0.34 m*® CH,/kg from VS and corre-
sponded with [18], who investigated methane pro-
duction from lawn cuttings dried at 60°C. They
observed that BMP of the tested biomass varied from
0.29 to 039 m? CHu/kg VS and methane production
from wild plants varied from 0.1 to 0.3 m*> CHa/kg VS.
Our results are also in accordance with [17], who
described the methane production 0.36 m® CH,/kg VS.

The biogas production, respectively cumulative
biogas production (Figure 1) can be split into three
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Figure 1. Biogas cumulative production during the batch tests according to different pretreatments (a: —18°C; b: +3°C; ¢: +18°C; d: +35°
G full line: intensively planted grass; and dotted line: extensively planted grass).
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phases. The first is characterized by a sharp increase in
biogas production. This is connected with a high concen-
tration of substrate which is available for the anaerobic
bacteria. During this phase, a significant increase in the
representation of CH, in biogas can be seen (Figure 2).
This phase corresponds approximately with T80. The
second phase is characterized by a moderate biogas pro-
duction and corresponds to the data in the interval from
T80 to T90. The last phase is characterized by a low
biogas production until the end of the experiment. T80
and T90 corresponded with results of [34], who
described the biogas formation during the 40 days of
BMP test of lucerne biomass. Their samples reached
T80 on 10th day and T90 reached between the 15th
and 20th day. Our results were similar because samples
reached T80 around 10th day and T90 from 12th to
18th day.

3.2. The influence of temperature applied during
the storage on the representation of methane in
biogas

The composition of biogas in all tested samples was
similar where the maximum methane representation
was observed in the sample of intensively planted
grass stored at —18°C which reached 72.2% of methane
on ninth day of fermentation.

.
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Figure 2 presents methane concentration in all
samples. An upward trend at the beginning of the exper-
iment which is represented by a peak is obvious, as all
easily degradable compounds were utilized during this
phase of batch tests. These values for maximum
methane composition were in the range from 62.9% to
72.2%. After this peak we can see a decrease in stable
methane concentrations around 60-64%. Average
methane representation during the whole experiment
ranged from 59.8% to 64.0% for particular variants. This
trend in the representation of methane in biogas
during the batch tests corresponded with [45] who
found out that the methane content at the beginning
of the experiment with the grass had upward trend
and reached a maximum of 63-66% in the first week
and after a few weeks the methane content decreased
to stable values of 59-61%. The same trend, but with
higher methane portion, described [17] who stated
that during the first weeks the methane content
increased up to 66-74% and then it was stabilized
between 64% and 66%. Generally, methane represen-
tation in biogas produced from grass is diverse according
to the given conditions. Asam et al. [17] presented CH,
representation from 64.2% to 66.6% [45], published
lower methane representation in biogas produced from
grass — 56.2% and [20] stated that biogas produced
from wild grass had methane representation 62.5%,

b
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Figure 2. Concentration of methane according to different pretreatments (a: —18°C; b: +3°C; ¢: +18°C; d: +35°C; full line: intensively

planted grass; and dotted line: extensively planted grass).
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which was practically identical to our results with the
extensive grass (Table 2).

3.3. The differences of biogas production and the
representation of methane in biogas for
intensively and extensively planted grass

Biogas production, respectively methane production was
higher from all intensively planted grasses compared to
extensively planted ones (Figures 1 and 2). Intensively
planted grass produced higher methane yield reaching
from 0.33 to 0.41 m? from kg of VS. Extensively planted
grass was characterized by methane production in the
range of 0.20-0.33 m® from 1kg of VS. These values
are similar to results of [13], who illustrated that grass
grown as intensive crop released in the range of 0.32—
0.35 m*® CH, from kg of VS, and that from extensively
planted grass only 0.23 m* CH, from kg of VS. Triolo
et al. [20] stated that wild grass produced 0.31 m* CH,
from kg VS, respectively from 0.37 to 0.44 m® CH, from
kg of VS from festulolium which is a cross between
Festuca spp. and L. multiflorum and corresponds to inten-
sively planted grass. The results published by [13] and
[20] are in agreement with our results (Table 2) confirm-
ing higher methane potential of intensively planted
grass comparing with extensively planted grass. Taking
into consideration different representations of particular
grass species in the samples of intensively and exten-
sively planted grass used for this experiment (see
Section 2.2), certain influence of this fact on the differ-
ences of methane yield for different sources of grass
cannot be excluded [3].

3.4. VSs removal efficiency

The VS removal efficiency for particular variants ranged
between 34.6% (+£3.9) and 68.8% (+3.2) (Table 2). The
highest VS removal efficiency was found for sample
stored at —18°C. The lowest VS degradation was found
for a sample of extensively planted grass stored at +18°
C corresponding with the lowest biogas production
(see Section 3.1). Considering all variants performed, VS
removal efficiency reached 63.0% (+3.5) and 49% (+8.8)
for intensively and extensively planted grasses, respect-
ively. These results are in agreement with [18], who
found that biomass of lawn cuttings is easily biologically
degradable in anaerobic conditions which enabled VS
removal efficiency to reach 66.6% (+8.5), respectively
44.9% (+12.5) for wild plants. Their grass samples were
dried at 60°C and milled for a maximum size of 1 mm.
Our results were also confirmed by [46], who evaluated
VS removal efficiency during anaerobic digestion of
grass. They proved that anaerobic digestion of grasses

can only remove 37-67% of VS. Similarly, Asam et al.
[17] described that the conversion of VS into the
biogas varied between 35% and 70%. These findings cor-
responded with our results. Large differences in VS
removal efficiency presented in the literature could be
attributed to the applied pretreatment of grass and
also to the differences in the substrate characteristics,
harvest time and methods of reactor operation [47].

Conclusion

Grass originating from public areas or sport parks is suit-
able to be used as a renewable energy resource for
biogas production and can be grown in high biomass
yields at locations where other energy crops would not
be grown. The experiment proved that the biogas (as
well as methane) production during anaerobic digestion
of grass is influenced by the way of the growing of grass
(extensive or intensive) and by the temperature applied
during the storage of grass. Intensively planted grass
produced methane ranging from 0.33 to 0.41 m3/kg VS
and extensively planted grasses produced 0.20-
0.33 m3/kg VS. Freezing had a positive effect on biogas
production. Frozen samples of intensively and exten-
sively planted grass produced by 2.4% and 6.1% more
methane than samples stored at +35°C, respectively.
Simultaneously, VS removal efficiency was up to 12.6%
higher in case of frozen sample compared to the
sample stored at +35°C. The highest methane content
was observed for the frozen samples (64.0% and 62.0%
for intensively and extensively planted grass,
respectively).
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Abstract

The suitability of industrial hemp as an alternative substrate for biogas production was
evaluated. The influence of hemp’s growing stage and the strategy of hemp fertilization on the
biogas production as well as methane yield was investigated. The effectivity of common NPK
fertilization strategy was compared with the application of biogas plants (BGP) byproducts
(liquid and solid phase of the digestate) within the precise field experiment. Hemp biomass was
harvested 4 times during vegetation (five leaf pair, flower formation, beginning of flowering,
seed maturity). The samples of hemp’s biomass of all tested combinations (vegetation period
x fertilization strategy) have been subjected to anaerobic digestion in laboratory batch
reactors for 60 days. During this period, the amount and composition of released biogas has
been determined. The yield of biomass as well as dry matter content grew within the age of
plants reaching up to 12.0 t/ha and 32 %, respectively. The highest methane production was
observed for industrial hemp in first sampling (309-316 L of CH4 per kg of organic dry matter —
ODM), the lowest production was determined from industrial hemp in the full maturity (289 —
302 L of CH4 per kg ODM) according to individual strategy of the fertilization. Due to significant
growth of hemp biomass during the growth of the hemp, methane hectare yield (MHY) reached
142 — 175 m? per ha for the five leaf pair stage of the growth of the hemp, where 2783 - 3232
m? per ha was reached for the full maturity stage. The average methane content reached
about 60 % for all tested variants. It was proved that there is no significant differences in biogas
production between different strategies of fertilization in each harvest. Thanks to this fact,

byproducts originated from BGP seems be the effective source of nutrients for hemp planting.

Key words: hemp, fertilization, solid phase of digestate, liquid phase of digestate, methane

production, organic matter content, batch test, stage of growth

42



31

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

50
51
52
53
54

55

56
57
58
59
60
61

1. Introduction

According to the European Commission Renewable Energy Directive 2009/28/EC
(European Commission, 2009), we can see a growing interest in renewable energy production
which should contribute 20% by 2020 on total energy consumption in the EU. This goal should
be achieved for example by producing the biogas in agricultural biogas plants (BGP) where the
most frequently used material served as the substrate for biogas production is a silage maize
(Mast et al., 2014). However, intensive cultivation of maize can cause problems with soil
erosion, which subsequently causes low biodiversity. This intensive cultivation also generates
problems with pesticide pollution of soil and water. Additionally, intensive nitrate leaching
into ground water is connect with the intensive maize production as well (Norris et al., 2016).
Last, but not least is problem with competition of using maize for food and non-food purposes.
Abovementioned facts represent the main reasons for searching for the alternative plants and
materials useful for biogas production. These innovative substrates include lignocellulosic
biomass such as agricultural residues, herbaceous crops or forestry residues. These raw
materials are abundant and inexpensive, with a high content of cellulose and hemicellulose
(Kim and Dale, 2004). Thus, the application of substrates for biogas production can reduce the
potential land use conflicts between food and energy production based on food crops (Gissén
et al., 2014). Consequently, there is an interest to explore alternative annual energy crops with

low establishment costs fitted into standard crop rotations (Finnan and Styles, 2013).

Hemp is considered as a break crop and can be used by tillage farmers to improve diseases
and weed control, as well as to improve soil structure with its extensive root system. This
practice is well known to increase the yield of subsequent crops such as wheat by as much as
20 % (Bosca and Karus, 1998; Kirkegaard et al., 2008). It’s cultivation started at least
5000 years ago in Central Asia (Fraanje, 1996) and nowadays we can see awakening great

interest as a renewable source for many industrial products (Gonzales-Garcia et al., 2010).

Hemp can be cultivated for non-food use in various applications: fibers can be used for
making ropes, cloth and paper, while the seeds can be used as a protein rich food or feed and
the woody core can be used as animal bedding (Kuglarz et al., 2014). The new opportunity
includes thermal insulation (Kymaldinen and Sjoberg, 2008), bioethanol production (Sipos et
al., 2010) or direct energy use for briquette and pellet production (Prade et al., 2011). Hemp

gives a high biomass yield per ha. Its high biomass yield results in high area-efficiency, which
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reduces competition with food and feed crops for arable land (Bosca and Karus, 1998). Due to
its robustness and adaptability, hemp is well situated to the Central European climate. It is
fast growing (more than 3 m in 100 days) with biomass yield 7 — 30 t of DM/ha and is a spring
crop with 120 — 150 days cropping cycle and can also be an excellent predecessor in crop
rotation in particular before winter cereals such as wheat (Kreuger et al., 2011; Prade et al.,
2012; Ingrao et al.,, 2015). Another factors supporting using of hemp represent a low
requirement for pesticides, good weed suppression and improvement for soil health justify
the use of the hemp as an energy crop (Bosca and Karus, 1998; Kok et al., 1994). Additionally,
the hemp can take up heavy metals and toxic elements from the soil. The heavy metals
concentration in plants does not limit their use in briquette production as bioenergy resources
(Rulkens, 2008). Hemp has a low environmental impact compared to several other annual
crops commonly used in Europe for production of renewable fuels such as maize, wheat,
rapeseed and sugar beets (Werf, 2004). It’s energy potential is higher than those of many
other energy crops common in northern Europe, e.g. maize or sugar beet for biogas

production and reed canary grass as solid biofuel (Prade et al., 2011).

The main competitors for biogas production are maize and sugar beet which gave a high
biomass yield where maize (DM 15.4 — 25.9 t/ha) and sugar beet (10.7 — 23.0 t/ha) have often
a similar or only slightly higher biomass yield than hemp (6.6 — 31.3 t/ha; Achilles et al., 2006;
Heiermann et al., 2009; lon et al., 2015; Brauer-Siebrecht et al., 2016; Kreuger et al., 2011;
Prade et al., 2012; Gissén et al., 2014). By this reason, the possibility to apply the hemp as the
substrate for biogas production was studied in the past (Kreuger et al., 2011; Pakarinen et al.,
2011; Heiermann et al., 2009) but without investigation of the possibility to harvest the hemp
in early growth stages. Simultaneously, the effectivity of the application of the byproducts of
BGPs operation - solid phase of digestate (SPD) and liquid phase of digestate (LPD) - for the
fertilization of the hemp produced as the substrate for biogas production was not evaluated

until the present time.

Final endproduct of BGP is digestate, which is characterized by a low DM content ranging
from 2 — 12 % (Kara et al., 2009) with a large annually production on average ranging from
15 to 20 m3 per 1 MW, of installed capacity (Vondra et al., 2018). Digestate provide a broad
range of nutrients like nitrogen, potassium, phosphorus, sulphur, calcium and magnesium

(Nkoa, 2014) and can be used as an organic amedment or fertilizer with positive effect on soil
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organic matter (Tambone et al., 2015; Garcia-Sanchez et al., 2015). It’s recycling in agricultural
system plays an important role connected with reducing of use of mineral fertilizers
(Albaquerque et al., 2012). While SPD, respectively LPD is byproduct of solid-liquid separation
of digestate (Tambone et al., 2015). Dry matter of solid phase varied between 20 —30 % (Rehl
and Muller, 2013) with high content of phosphorus and carbon (Wellinger et al., 2013). It can
be composted (Tambone et al., 2015), dried and combusted (Kolaf et al., 2010) or directly
applied on a soil. On the other hand, the liquid phase represents a major volume of original
digestate, representing 80 - 90% of the mass of digestate (Wellinger et al., 2013). It’s dry
matter varied between 2 — 6 % (Vondra et al., 2018). It contains high amount of ammonia
nitrogen and potassium comparable to mineral fertilizers (Tambone et al., 2015; Wellinger et

al., 2013).

The aim of this study was to quantify the biogas and methane yield during anaerobic
digestion of industrial hemp. Different growing stages of the hemp were compared from this
point of view. Moreover, the effectivity of the fertilization of the hemp’s plants using LPD, SPD
and combination of SPD and LPD was compared with the conventional NPK fertilization
strategy with the aim to quantify hemp’s biomass production and consequently also biogas

and methane production.

2. Material and Methods

The experiment was divided into two parts. First part was based on the realization of field
plot experiment simulating hemp breeding under different systems of fertilization.
Subsequent second part was based on performing the series of anaerobic batch tests
guantifying biogas production from the samples of hemp gained during the field plot
experiment. All the experiments were performed with hemp cultivar Tiborszallasi. This cultivar
is characterized by short cultivation period reaching 105 - 110 days for fibre production, for
seed production is required cultivation period lasting for 140 days and can reach 4 metres high

with THC content under 0.2 % of dry matter (Finta, 2012).

2.1. Hemp cultivation and characteristics of fertilizers

The plot experiment was established on the experimental field of the Czech University of

Life Sciences Prague (50°07'40" N 14°22'33" E) where the soil of the experimental site is sandy
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loam Chernozem. The long-term annual air temperature is 9.1 °C and the total sum of
precipitation is 495 mm (Kulhanek et al., 2016). The experiment was arranged in three
replications, size of each plot was 2.5 m x 5 m and seed density was 70 kg per hectare. Plants
were sown to a depth of 0.03 m and no pesticides were applied during the growing period.
Four treatments according to the source of fertilizers (NPK mineral fertilizers, LPD, SPD,
combination of LPD and SPD in ratio 1:1 according to N content). LPD as well as SPD originated
from the agricultural BGP Krasna Hora nad Vltavou. The amount of these materials was
determined with the aim to apply the same amount of nitrogen as compared with the variant
with NPK fertilizer. The characteristics of fertilizers (LPD, SPD) used for this experiment is listed
in Table 1 and exact amount of macronutrients (N, P and K) added on the field experiment is

presented in Table 2.

Table 1: Characteristics of digestate fractions
DM ODM pH
% % of DM
SPD 21.3 85.2 8.5
LPD 6.9 69.8 8.1

DM — dry matter, ODM — organic dry matter

NPK variant was fertilized before sowing by N (calcium ammonium nitrate — 27 % N), P
(triple superphosphate — 21 % P) and K (potassium chloride — 50 % K) with a dose of nitrogen
150 kg/ha. The same amount of nitrogen was applied in other variants - 27.8 t/ha of SPD in
second variant, 13.9 t/ha of SPD as a basic fertilization with subsequent three doses of LPD
(7.2 t/ha in each dose) in total sum of 21.6 t/ha of LPD in third variant. This LPD was applied
32 days after the sowing, 39 days, respectively 46 days after the sowing. The last variant was
fertilized only with LPD, where the total LPD amount was 43.2 t/ha. This variant was fertilized
before sowing with a 21.6 t/ha of LPD and three subsequent doses (each dose of 7.2 t/ha) of
LPD was applied in same days as in previous variant. Other incoming nutrients on the plot

experiment is stated in Table 2.
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Table 2: Amount of macronutrients added on the field experiment (in kg per hectare)

N P K
kg/ha
NPK 150.0 20.0 150.0
SPD 152.0 18.0 177.4
SPD + LPD 152.7 14.1 133.3
LPD 153.3 10.2 89.2

2.2. Harvesting of the hemp plants for biogas production

Hemp plants for biogas production were harvested in 4 different development stages: five
leaf pair, flower formation, beginning of flowering and seed maturity marked in tables and in
the text situated below as a symbols |, IlI, Ill and IV, respectively. Three plants of each
replication at different growing stages were sampled and subsequently used for the

experiments quantifying the biogas production and other physicochemical analyses.

2.3. Inoculum for batch tests

Inoculum was obtained from BGP Krasna Hora nad Vitavou which is operated at mesophilic
conditions (39 °C). Livestock slurry (60 % of weight) and maize silage (40 % of weight) serve as
the main substrates for the anaerobic reactor of this BGP. The DM of the inoculum was 6.1 %
with ODM content 71.7 % of DM, the pH was 8.2. The inoculum was stored and degassed at
thermostatic box for 10 days at 40 °C in order to minimise the effect of inoculum on biogas

production.

2.4. Biochemical methane potential tests for the quantification of biogas production
(batch tests)

The biochemical methane potential (BMP) tests were performed according to test VDI
4630 (VDI, 2006) modified by Mast et al. (2014). Each sample assay was carried out in five
replications in 120 mL glass bottles. Inoculum and substrate were added to the bottles where
30 mL of inoculum was mixed with different hemp samples (DM 0.70 £ 0.002 g). Demineralized
water was added to each bottle to adjust the final volume of 80 mL. Bottles were sealed with
butyl rubber stoppers and plastic seal. A blank assay (only inoculum) was used to determine
biogas production resulting from inoculum itself — this biogas production was subtracted from

each sample. Thus, the real biogas production was obtained. The biogas production was
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subsequently corrected to standard conditions (0 °C, 101.3 kPa). The same amount of
inoculum was added to each bottle. Fermentation was carried out under mesophilic
conditions at 40 °C. Batch tests lasted for 60 days. Gas samples were taken through the butyl
rubber stoppers. During the first two weeks of the tests, the biogas production was measured
every day of the batch tests, the following two weeks was measured once per two days and
the rest of the time, the biogas production was quantified once per a week. Gas composition
(especially the representation of methane) was analysed twice per week during the first 4

weeks and later weekly.

Having finished the batch tests, the parameters T80 and T90, which served as an intensity
of biogas forming were determined as well. The values of T80 and T90 correspond to time
which is needed to produce 80 % and 90 % of the total gas production gained during the

experiment, respectively (Hakl et al., 2012).

2.5. Analytical methods

DM and ODM were determined according to standard procedures (Greenberg et al.,
2005). The total concentrations of elements C, N, H and C/N were determined with the use of
Vario MACRO cube (Elementar Analysensysteme GmbH, Germany). The pH was measured
using a pH meter IQ 150 (IQ Scientific instrument, U.S.A.) equipped with IS FET PH77-SS
electrode (HACH, U.S.A.).

The representation of CHa in the biogas was determined using a gas chromatograph (DANI
Master GC, ltaly), equipped with a thermal conductivity detector and a 2 m x 1 mm column
(Restec ShinCarbon ST, U.S.A.). Hydrogen was used as the carrier gas. Injection volume was

0.2 mL, injector temperature was 110 °C, the detector and oven temperature was 195 °C.

2.6. Statistical analyses

Means and standard deviation (s. d.) were calculated for three replications of hemp’s plant
samples in plot experiment. Similarly, these parameters were calculated for five replications
for hemp’s biogas production in each BMP test samples. BHY (biogas hectare yield) and MHY
(methane hectare yield) were calculated manualy based on DM of the plants per hectare and
specific biogas, respectively methane production. This calculation is stated in equation 1,

respectively 2. Data from the batch tests and hectare DM yield were analysed using oneway
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ANOVA method (with Tukey HSD test) of STATISTICA 12 (StatSoft, Tulsa, USA), where

differences between particular variants were significant at 0.001 probability levels.
BHY [m3/ha] = DM (t/ha) x specific biogas production (m3/t DM) (1)

MHY [m3/ha] = DM (t/ha) x specific methane production (m3/t DM) (2)

3.0 Results and discussion

3.1 Biomass yield depending on hemp’s growing stage

The field experiment proved that the harvest time of hemp plants influenced DM content
of the hemp where the content of DM increased gradually during the growing season (Table
3). While about 21 % was measured for I. harvest, for the IV. harvest around 32 % was
observed for all the variants performed. In accordance with our results, Kreuger et al. (2011)
found that DM of the hemp plants harvested in August or September reached 30.9 % and
30.5 %, respectively. Prade et al. (2011) and Pakarinen et al. (2011) also investigated DM yield
of hemp plants. These authors observed DM content reaching around 30 % for harvest in
September and October (seed maturity). Heiermann et al. (2009) described DM for fresh hemp

plant 31.1 % of DM but they didn’t present exact harvest time.

Dry matter production per hectare increased significantly during the growing season.
Average DM yield production for all variants in the last harvest performed within this research
was 10.9 t/ha (Table 3). Almost eighteen times higher biomass production per hectare was
observed for the IV. harvest (10.9 t/ha) comparing with the I. harvest (0.6 t/ha). Our results
are relatively close to literature data. Gissén et al. (2014) reported that hemp biomass of
autumn harvest during 4 year experiment was in the range from 6.6 to 13 t/ha, in first year of
the field experiment reached 11 — 13 t/ha. Pakarinen et al. (2011) reached the production of
DM corresponding with 14 t/ha. Prade at el. (2011) and Kreuger et al. (2011) reported that

hemp biomass of autumn harvest was in the range from 13 to 17 t/ha.

3.2. Chemical composition of the hemp biomass

The development of the plants during the growing season also significantly influenced the
chemical composition of the hemp biomass. Basic physicochemical characteristics of the
hemp’s biomass could be seen in Table 4. Gradual increase of the content of ODM in DM was

observed during the growing season. Whereas for the young plants samples of the I. harvest
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reached ca. 80 %, in the IV. harvest, the representation of ODM reached 91 %. This significant
effect of the growth stage on DM yield is well documented for grasslands in the literature
(Hakl et al., 2012; McEniry and O’Kielly, 2013; Stolarski et al., 2017). The final ODM content is
in accordance with Prade et al. (2012) and Heiermann et al. (2009) who reported that autumn
harvest of industrial hemp is characterized with ODM content ranging from 92.0 % to 92.5 %
for September harvest, where Pakarinen et al. (2011) gained even higher ODM content of

96.6 % in dry matter for the September harvest.

As could be seen from Table 4, the average representation of carbon in dry matter started
from 36.8 % in the biomass gained during the |. harvest to 43.1 % on average founded in the
samples from the IV. harvest. Simultaneously with increasing representation of carbon in DM
during the plant growth, we can see a decreasing representation of nitrogen. The most
important element for plant growth. The representation of nitrogen in the samples gained at
I. harvest was in the range from 3.2 % (LPD + SPD) to 3.6 % (NPK). During the plant growth,
representation of nitrogen decrease to the range between 1.0 and 1.3 % for the last harvest.
Prade et al. (2012) reported higher carbon content and lower nitrogen content reaching
45.0 % and 1.1 %, respectively, for the autumn harvest. The differences in organic matter
characteristics of byproducts of the operation of BGP used as the fertilizers within this
research probably influenced concentration of carbon and nitrogen in the plant samples.
Plants fertilized with SPD as well as with SPD + LPD showed higher carbon content in
comparison with NPK. The difference increased during the growing season from 2 % (l.harvest)
to 6 % (ll. harvest). The plants fertilized with LPD were characterised by higher nitrogen
concentration in comparison with SPD and SPD + LPD. Higher concentration of easily available
nitrogen where the ammonium nitrogen prevails over organic nitrogen in LPD reflect in a
higher nitrogen content in the plant matter which is in accordance with Grigatti et al. (2011)
who reported influence of using anaerobically digested slurries on plant N utilization.
Increasing representation of carbon combined with gradual utilization of nitrogen leads to
increasing C:N ratio, which is very important factor for subsequent anaerobic digestion (Amon

et al., 2007a; Wang et al., 2014).
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Table 3: Specific biogas production, methane production and concentration, T80 and T90 during the biochemical methane potential test, respectively dry
matter yield per hectare, biogas hectare yield (BHY) and methane hectare yield (MHY)

mectchoms et SN Gu T Tso pemow om s we e

harvest sample L/kg DM L/kg DM L/kg ODM % days days % t/ha m3/ha m3/ha m3/ha
NPK 411.2 +10.8* °PE 248.8 308.7 60.5 21.6 29.4 21.22+0.25 0.6*¢ 249 151
SPD 407.2 + 7.4%0F 248.0 309.4 60.9 21.4 28.5 21.39+0.25 0.6*¢ 254 155

! LPD+SPD  408.7+7.9>® 249.3 3115 61.0 21.8 29.0 21.44+0.88 06*¢ 233 142 16
LPD 416.7 + 8.4>° 252.9 316.0 60.7 20.8 27.9 21.46+0.18 0.7*¢ 289 175
NPK 427.2 +7.4>8¢ 255.0 306.5 59.7 26.6 343 26.49+1.62 53%A8 1717 1025
SPD 387.2 +12.3%F 236.2 290.0 61.0 25.8 334 28.59+9.21 6.1*%° 1902 1160

! LPD +SPD  401.4 + 14.4> C0E 244.5 292.9 60.9 25.7 33.2 2;60§5i 6.4 %18 2095 1276 1148
LPD 387.9 + 7.7 bF 238.6 297.2 61.5 26.5 34.7 28.87+2.60 6.0*%8 1836 1129
NPK 425.0 + 12.0>"8¢ 257.6 295.9 60.6 18.5 30.7 31.84+3.69 6.6%° 2814 1705
SPD 424.4 + 9.6 R8¢ 255.9 299.7 60.3 18.3 30.1 30.30+0.41 7.2%%8 3034 1830

. LPD +SPD  375.2 +20.5% ¢ 230.0 311.8 61.3 17.0 26.4 29.25+4.25 69" 2581 1582 1766
LPD 402.3 + 9,92 C0E 245.0 283.4 60.9 19.2 334 31.91+3.79 7.9%%8 3198 1948
NPK 451.2 + 6,748 269.4 290.0 59.7 18.8 325 32.51+1.14 10.32%* 4661 2783
SPD 451.1 +8.3*"8 268.4 289.4 59.5 20.2 32.0 32.51+2.18 12.0** 5431 3232

b LPD +SPD  462.3+18.3*A 275.5 302.2 59.6 18.2 26.8 32.13+1.73 10.9%* 5044 3006 s
LPD 449.4 +11.3%48 270.1 295.6 60.1 19.4 30.3 31.87+1.73 10.32%* 4642 2790

Table abbreviation: NPK (mineral variant), SPD — solid phase of digestate, LPD — liquid phase of digestate, SPD + LPD — combination of SPD and LPD. Statistical differences between each harvest
(stage of the growth) is display by a small alphabetical letters (a-c) where same letters was not significantly different. Statistical differences between all tested variants is display by a large
alphabetical letters (A-E) where same letters was not significantly different. Standard deviation of specific biogas production was calculated from five replication. Standard deviation of plant DM
was calculated from 3 replications.
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Table 4: Physicochemical analyses of hemp samples during the different growth stages

Physicochemical analyses

ODM C N H C/N
harvest sample (% of DM) (% of DM) (% of DM) (% of DM) (% of DM)
NPK 80.60 + 0.02 36.32+0.16 3.56 £ 0.06 5.33+0.04 10.21+0.14
| SPD 80.14 £ 0.04 36.92+£0.20 3.29+0.11 5.47+0.02 11.24+0.44
SPD + LPD 80.04 £ 0.04 37.23+£0.60 3.24+£0.16 5.47+£0.07 11.49%0.37
LPD 80.05 +0.03 36.84+0.11 3.46+£0.16 5.49+0.05 10.67+0.54
NPK 83.20+0.02 36.76 £+ 0.19 2.56+0.04 5.36+0.04 14.36+0.27
I SPD 81.44 +0.03 38.84+£0.18 2.24 +0.10 5.58+0.05 17.36+0.87
SPD + LPD 83.47 £ 0.01 38.46 £ 0.45 2.14+£0.12 5.51+£0.06 18.06+1.22
LPD 80.26 £ 0.04 36.69 + 0.59 2.40+0.13 5.31+0.10 15.37+1.12
NPK 87.03+0.01 4193+0.24 156+0.10 6.03+0.07 26.90+1.88
I SPD 85.40+0.03 41.32+0.17 1.63+£0.01 5.97+0.01 25.36+0.23
SPD + LPD 73.77 £0.03 31.80+1.31 1.57+0.15 4.74+0.23 20.43+2.79
LPD 86.46 + 0.01 40.01 £0.57 1.90+0.14 5.85+0.06 21.17+1.88
NPK 92.87 £ 0.00 43.25+0.34 1.29+0.14 6.35+0.02 33.74+4.06
v SPD 92.76 £ 0.01 43.15+0.18 1.03+0.08 6.30£0.03 42.26+3.39
SPD + LPD 91.18 + 0.00 42.81+0.23 1.14+0.06 6.26+0.01 37.66+1.99
LPD 91.37+0.01 43.14 £ 0.30 1.11+£0.05 6.29+0.01 39.11+2.01

Standard deviation of the results was calculated from 3 replications.
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3.3. The influence of the hemp’s growing stages on biogas and methane production

The experiment proved that the stage of the growth of the hemp influenced the quantity
of biogas as well as methane production. The highest specific biogas production (related to
DM or ODM) was achieved for the samples from the IV. harvest. However, the biogas (as well
as methane) production is very similar among the different harvest times. Specific biogas
production related to 1 kg of DM (Table 3) varied from 375 to 462 L/kg (418 L/kg on average)
where the methane yield varied from 230 to 276 L/kg (253 L/kg on average). Methane yield
from 1 kg of ODM varied from 283 to 316 L/kg (300 L/kg on average). Average specific
methane production was higher than the value observed by Kreuger et al. (2011) who reached
the methane production 245.0 L/kg of ODM during only 30 days of anaerobic test. Our results
are closer to Pakarinen et al. (2011) who produced 290.0 L/kg of methane from 1 kg of ODM
and 275 L/kg of DM. Simultaneously, the methane production from DM gained by Pakarinen
et al. (2011) is higher comparing with our research from all tested variants (253 L/kg of DM).
If we would like to focus on the last harvest, the methane production ranged from 289 to
302 L/kg (294 L/kg on average) of ODM during our experiment which is in agreement with
Pakarinen et al. (2011). Heiermann et al. (2009) also reached the methane yield from ODM
with production of 301 L/kg, which is almost the same as the value presented by Pakarinen et

al. (2011).

3.4. The comparison of gained hemp’s specific methane production with other crops

In comparison with other crops useful as the substrate for biogas production we reached
similar values of methane vyield during the experiment with hemp ranging from 0.28 to
0.32 L/kg of OMD. The specific methane production from maize is in the range from 0.29 to
0.36 L/kg of ODM (Amon et al., 2007b; Hermann et al., 2012). For maize harvested in wax
ripeness, the specific methane production reached 0.33 L/kg of ODM (Amon et al., 2007b) and
for ensiled triticale it fluctuated between 0.24 and 0.34 L/kg of ODM (Hermann et al., 2011;
Amon et al., 2007b). Alternative materials like different grasses produced wide range of
specific methane, where red clover, cockfoot, cup plant and perennial ryegrass show specific
methane production in the range from 0.14 to 0.28 L/kg of ODM (McEniry and O’Kiely, 2013;
Mast et al., 2014). Intensive and extensive grasses or Lucerne biomass shows methane

production reaching from 0.28 to 0.43 L/kg of ODM (Michal et al., 2017; Hakl et al., 2012). The
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observed methane production gained in our experiment find no differences between methane
yield compared with maize or grass biomass. Taking into the consideration fundamental effect
of the hectare yield of the biomass on the final intensity of general biogas production (see
above), the biogas as well as methane production related to one hectare is discussed in
Chapter 3.7 with the aim to compare more objectively the suitability of hemp for biogas

production with other crops.

3.5. The rate of biogas production

Very sharp increase of biogas caused probably by the presence of easily available
substrates for bacteria, was observed during approximately 10 initial days of the test
(Figure 1). This trend also corresponds with fast increase of methane concentration in biogas
during the first days of the experiment (Figure 2). Subsequently, moderate production of
biogas until the day ca. 25 was found. Finally, low biogas production where only 10 % of biogas
formed during another 25 - 30 days of experiment was characteristic for all tested variants.
Time needed for the production of 80 and 90 % of biogas produced during whole 60 days
lasting experiment (T80 and T90) was determined with the aim to describe precisely the
course of the experiments. The curves describing the biogas production from all harvests are
presented in a Figure 1. 80% of biogas production was formed in 17 - 27 days where slightly
shorter time was observed for the samples from the Ill. and IV. harvest (Table 3 and Fig. 1).
90 % of biogas production was formed during 28 - 35 days. The trend of biogas formation is

expressed in Figure 1.

Kreuger et al. (2011) investigated T90 for industrial hemp in a two years experiment and
in their work observed that 90 % of biogas formed during first 15 - 17 days for the first year,
while for the second year was T90 more than 21 days. The longer time of biogas forming,
observed in our experiment in the range from 28 to 35 days, is probably related with three
factors like plant maturity which increase in plant non-digestible matter (Massé et al., 2011),
content of TKN (total Kjeldahl nitrogen) and C/N ratio which varied around the harvest time
and should influence the biogas kinetics (Ragaglini et al., 2014). Last factor is connected with
the presence of inhibitors in hemp during the plant growth like apolar phenols, monoterpens
and terpenols which described Kortekass et al. (1995), where this inhibition can be seen

around fifth day in Figure 1 (graph 1a and 1b), respectively in methane forming in Figure 2b.
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In comparison with other alternative materials suitable for biogas production, Michal et al.
(2017) investigated the biogas production from grass where T80 and T90 reached during 9 —
11 and 12 to 18 days, respectively. Hakl et al. (2012) also investigated biogas dynamics from
Lucerne pastures where T80 reached on 10th day and T90 reached between 15th and 20th
day. On the other hand, for maize very fast biogas formation of T90 was achieved after 10 days
of fermentation for a September harvest (Mast et al., 2014). At all events, relatively long time
necessary to reach T80 and T90 indicates that each operator of BGP which would like to use
hemp as the substrate for biogas production should monitor and eventually also optimize
hydraulic retention time and other technological parameters in the fermenters. The best
solution seems to be co-digestion of the hemp’s with different other substrates which can
improve the biogas production with improved the dilution of inhibitory substances or nutrient

balance and subsequently can influenced biodegradability of the material (Hagos et al., 2017).

500.0
a
400.0 .
2 P
o
Qo
= 300.0
~
v
[
&
= 200.0
=
o
- |
100.0
0.0
0 10 20 30 40 50 60
days
C 500.0
400. e
. 00.0 /’:_:_,.— :
a =
oo .
= 300.0
Mg
wv
©
&
5 200.0
©
o
-
100.0
0.0
0 10 20 30 40 50 60
days

o

L of biogas / kg DM

[oR

L of biogas / kg DM

500.0

400.0

)
o
o
o

N
=
O
S

100.0

0.0

500.0

400.0

w
o
o
[S)

[N
[
O
o

100.0

0.0

10 20 30 40 50 60
days

‘;ﬁ'-

10 20 30 40 50 60
days

Figure 1: Biogas cumulative production during the batch tests (a: I. harvest, b: . harvest, c: IIl.

harvest, d: IV. harvest; dotted line: NPK, full line: SPD + LPD, shaded line: SPD, shaded line with

dottes: LPD)

14

55



348

349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

367
368
369
370
371

3.6 The quality of the biogas

Figure 2 presents methane concentration for the samples from all stages of the growth of the
hemp. From this graph, we can see very fast increase of the representation of methane in the
biogas during the first days of the test. For the I. and Il. harvest, it reached around 75% after
15 days. Similar trend was observed also for all other tested variants differing in maximum
percentage around 60 % of methane for the Ill. and IV. harvest in 10 days. After that, the
representation of methane in the biogas decrease in samples from I. and Il. harvest to
concentrations around 64 — 66 %, while almost constant concentrations reaching 62 — 64 %
was observed for Ill. and IV. harvest. During the last two weeks of the experiment, slight
increase of the representation of methane up to 67 — 69 % was observed. The average
methane concentration for all samples during the 60 days of experiment reached from 59.5
to 61.5 % (60.5 + 0.6 % in average, Table 3). No significant differences were observed for
particular hemp’s growing stages as well as for different fertilizers. The evaluation of the
biogas composition during anaerobic digestion of hemp was not intensively studied in
scientific literature until present time. Heiermann et al. (2009) as the only authors dealing with
this problem found that hemp variety Feodora 19 reached only 53 % of methane in biogas but
without any information about the harvest time. Thus, our results indicate that even
significantly higher representation of methane in biogas comparing with Heiermann et al.

(2009) could be reached during the fermentation of the hemp.

The trend of methane forming founded during this research is very similar to Kandel
et al. (2013) who observed, during the tests with reed canary grass the methane concentration
in the range from 25 % to 75 % with sharp increase at beginning of the experiment connected
with highest methane concentration continuing to the stable concentration around 60 % of

methane at the end of the experiment.
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Figure 2: Methane concentration in biogas during the batch tests (a: I. harvest, b: Il. harvest,
c: lll. harvest, d: IV. harvest; dotted line: NPK, full line: SPD + LPD, shaded line: SPD, shaded
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3.7. Specific biogas and methane hectare yield of hemp’s plant

From the previous results of field plot experiment and biogas production from BMP test
were estimated values of biogas hectare yield (BHY) and methane hectare yield (MHY). This
value is presented in Table 3, where significant increase of plant DM weight during the growing
season representing the main factor determining the final hectare yield of biogas in particular
harvests. The average BHY, respectively MHY, varied from 256 and 156 m3/ha for the |. harvest
to the values of 4945 and 2953 m3/ha observed for the IV. harvest, respectively. Thus, if we
compare the I. and IV. harvest, we will find a nineteen times higher methane production in
the IV. harvest. Simultaneously, the Ill. harvest produced only 60 % of the IV. harvest.
Pakarinen et al. (2011) reached MHY of 3066 m3/ha, while Gissén et al. (2014) produced wide

16

57



387 range of MHY reaching only 1650 — 1950 m3/ha, where the first year of their four year
388  experiment reached an ideal DM yield (11 — 13 tons DM) with MHY of 2750 — 3250 m3/ha. On
389 the other hand, plants like energy dock, switchgrass or reed canary grass showed lower MHY
390 thanindustrial hemp (1172 to 2753 m3/ha; Mast et al., 2014). Values typical for maize is higher
391  than industrial hemp and varying in a wide range from 2897 to 9056 m3/ha (Herrmann et al.,

392  2012; Ragaglini et al., 2014; Mast et al., 2014).

393 4. Conclusion

394  Our results confirmed that industrial hemp is able to produce suitable high yield biomass for
395  biogas production. The application of byproducts produced during the operation of biogas
396 plants itself (liquid as well as solid phase of digestate) showed similar biomass yield as
397 compared with the conventional NPK fertilization, introducing cheap source of nutrients. The
398  biogas as well as methane production was influenced mainly by the stage of the hemp’s
399  growth where the highest values (460 L/kg DM) were gained from the IV. harvest. Mean
400 hectare dry matter yield varied significantly from 0.6 tons at |. sampling up to 10.9 tons at the
401 lastone. Thus, the methane hectare yield increased fundamentally during the growing season
402  from 142 to 3232 m? per hectare. The results clearly proved that total methane production is
403  substantially affected by hemp biomass yield, not by the amount of biogas and methane
404  produced per unit of dry matter. The hemp harvested in the growth stage of seed maturity
405  could represent suitable alternative which could partially replace conventional substrates for

406  biogas production.
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The nitrification of the liquid phase of digestate (LPD) was conducted using a 5 L completely stirred tank
reactor (CSTR) in two independent periods (P1 - without pH control; P2 — with pH control). The possibil-
ity of minimizing nitrogen losses during the application of LPD to the soil as well as during long-term
storage or thermal thickening of LPD using nitrification was discussed. Moreover, the feasibility of apply-
ing the nitrification of LPD to the production of electron acceptors for biological desulfurization of biogas
was assessed. Despite an extremely high average concentration of ammonia and COD in LPD reaching
2470 and 9080 mg/L, respectively, nitrification was confirmed immediately after the start-up of the
CSTR. N-NO3 concentration reached 250 mg/L only two days after the start of P1. On the other hand,
P1 demonstrated that working without pH control is a risk because of the free nitrous acid (FNA) inhibi-
tion towards nitrite oxidizing bacteria (NOB) resulting in massive nitrite accumulation. Up to 30.9 mg/L
of FNA was present in the reactor during P1, where the NOB started to be inhibited even at 0.15 mg/L of
FNA. During P2, the control of pH at 7.0 resulted in nitrogen oxidation efficiency reaching 98.3 + 1.5% and
the presence of N-NO3; among oxidized nitrogen 99.6 + 0.4%. The representation of volatile free ammonia
within total nitrogen was reduced more than 1000 times comparing with raw LPD under these condi-
tions. Thus, optimum characteristics of the tested system from the point of view of minimizing the nitro-
gen losses as well as production of electron acceptors for the desulfurization of biogas were gained in this
phase of reactor operation. Based on the results of the experiments, potential improvements and modi-

fications of the tested system were suggested.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Digestate is produced as a by-product of anaerobic digestion of
organic matter. A specific type of digestate is produced during the
operation of biogas plants. In many cases, the digestate produced
in biogas plants is separated into solid and liquid phases with
the aim of optimizing the use of the nutrients contained in the
digestate and to reduce the costs of transporting the digestate from
the biogas plant to land (Al Seadi et al., 2013; Bauer et al., 2009;
Rehl and Miiller, 2011). The liquid phase of digestate (LPD) con-
tains relatively high concentrations of total ammonia nitrogen
(TAN; the sum of N-NH} and free ammonia - FA) reaching mostly
several hundreds of milligrams or several grams per litre (e.g.
Botheju et al.,, 2010; Xu et al., 2014; Zekker et al., 2015). Also the
concentration of phosphorus, potassium and other nutrients is rel-
atively high in LPD (Al Seadi et al., 2013; Kolar et al., 2008;
Chiumenti et al., 2013). Presently, the LPD produced at agricultural

* Corresponding author.
E-mail address: michalp@af.czu.cz (P. Michal).

http://dx.doi.org/10.1016/j.wasman.2017.03.041
0956-053X/©@ 2017 Elsevier Ltd. All rights reserved.

biogas plants is usually stored in lagoons situated on the premises
of the plants on a relatively long-term basis, and it is consequently
applied to the soil, where it serves as a source of nutrients for
plants in the growing season. However, the LPD contains a large
amount of ballast water in which the concentration of nutrients
is still limited. Simultaneously, legislation limits the amount of
nitrogen that can be applied to soil in the EU states (European
Commission, 1991). This fact reduces the possibility of utilizing
LPD directly in situ. Therefore, the economic benefits of working
with raw LPD may be decreased by the costs of transporting the
LPD from the biogas plant to farms (Rehl and Miiller, 2011). At
the same time, the present-day approach to handling LPD causes
intense emission of ammonia during storage and the application
of the LPD (Whelan et al., 2010). These losses of nitrogen could
be significant, not only from the perspective of environmental pro-
tection, but also simply because of the decrease in the amount of
nutrients supplied to plants with LPD. Due to the reasons pre-
sented above, in some cases it is necessary to treat LPD with the
aims of recovering the nutrients in concentrated form, contributing
to environmental protection, or minimizing nitrogen loss. In order
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to treat the LPD, various physico-chemical or biological processes
such as struvite precipitation (Miinch and Barr, 2001; Song et al.,
2011), stripping of ammonia (Gustin and Marin3ek-Logar, 2011),
sorption on zeolite, biochar or other materials (Cardoso et al.,
2015; Kizito et al., 2015), incorporation of nutrients into the bio-
mass of a specific algae (Prajapati et al., 2014; Tale et al., 2014), for-
ward osmosis and subsequent reverse osmosis or other membrane
processes (Al Seadi et al., 2013; Holloway et al., 2007), or thermal
thickening by vacuum evaporation (Chiumenti et al., 2013) could
be applied. Nevertheless, all the above mentioned methods require
relatively high operational costs.

Nitrification in combination with a suitable additional process
could also be advantageously used within LPD treatment aimed
at the reasonable use of nitrogen. The nitrification represents bio-
chemical oxidation of TAN to nitrite and thence to nitrate. Firstly,
the TAN is converted to nitrite by ammonia oxidizing bacteria
(AOB). Consequently, the nitrite is converted to nitrate using the
activity of nitrite oxidizing bacteria (NOB). The genus Nitro-
somonas, Nitrosococcus, Nitrosospira and Nitrosocystis represent
typical AOB, whereas Nitrobacter, Nitrospira or Nitrocystis belong
to the important NOB genus (Daims et al., 2015; Painter, 1970).
Moreover, the results presented by Daims et al. (2015) indicate
that the genus Nitrospira may even be able to directly convert
TAN to nitrate. During nitrification of extremely highly nitrogen-
loaded water streams, such as LPD, the pH decreases as the result
of the acidification of the water environment caused by H* produc-
tion (Painter, 1970). At the same time, the representation of vola-
tile FA within TAN falls significantly with decreasing pH value
(Anthonisen et al., 1976). Therefore, the nitrification process
induced in the environment of LPD could minimize the loss of
nitrogen caused by the volatilization of FA during storage and
application of LPD (Botheju et al., 2010). Additionally, the nitrate
which could be, from the perspective of potential volatilization,
considered as in “stabilized” nitrogen form, is introduced into the
LPD. For the treatment of LPD using thermal thickening leading
to minimizing the volume of LPD, the pH should be also decreased
with the aim of minimizing volatilization of ammonia within this
process (Chiumenti et al, 2013). Thus, nitrification could be
applied with the aims of improving the pH of the LPD and intro-
ducing the nitrate into LPD before its thermal thickening
(Botheju et al., 2010). Another potential use of nitrate (or nitrite)
produced during the nitrification of LPD consists of their applica-
tion as an electron acceptor for autotrophic denitrification in bio-
gas cleaning by hydrogen sulphide scrubbing and bio-oxidation
of captured sulphides (Dogan et al.,, 2012; Pokorna et al., 2015;
Pokorna and Zabranska, 2015).

The nitrification of LPD has been successfully completed by sev-
eral authors during the last few years (Botheju et al., 2010; Cydzik-
Kwiatkowska et al., 2013; Magri et al., 2013; Scaglione et al., 2013;
Xu et al,, 2014; Zhang et al., 2011). However, most of the available
papers evaluate the biological processes ensuring ammonia
removal from LPD without the ambition to reuse the nitrogen. In
these cases, the nitrification (or more precisely its short-cut ver-
sion - nitritation) represents one stage of LPD treatment by nitrita-
tion/denitritation or partial nitritation/anaerobic ammonium
oxidation - anammox (Cydzik-Kwiatkowska et al., 2013; Magri
etal., 2013; Scaglione et al., 2013; Zhang et al., 2011). An extremely
high concentration of TAN in LPD and resulting FA and/or free
nitrous acid (FNA) or NO; inhibition of AOB and NOB
(Anthonisen et al., 1976; Buday et al., 1999) significantly compli-
cates the start-up of traditional nitrification with nitrate as a dom-
inant final product in the environment of LPD. NOB are generally
much more sensitive towards FA/FNA/NO; inhibition compared
to AOB. Anthonisen et al. (1976) postulated that FA starts to inhibit
NOB in a range of 0.1-1.0 mg/L, whereas more resistant NOB
tolerate a concentration up to 10-150 mg/L. FNA seems to be an

especially strong inhibitor of NOB activity where even 0.011 mg/
L of N-HNO, corresponding with 0.037 mg/L of FNA may inhibit
anabolic processes of NOB (Vadivelu et al., 2006a). On the other
hand, even dissociated NO, was presented as an NOB inhibitor
inducing 50% inhibition at a concentration of 198 mg/L N-NO3
(Buday et al., 1999). Due to the risk of FA/FNA/NO; inhibition,
the necessity to dilute the LPD entering into the nitrification reac-
tor to initial TAN concentration lower than 800 mg/L was reported
by Xu et al. (2014). Moreover, nitrite accumulation was observed
by these authors despite the abovementioned dilution of digestate.
Botheju et al. (2010) achieved massive nitrate production without
significant nitrite accumulation during digestate nitrification.
However, it was necessary to pre-acclimate the inoculum for
20 days before the experiment. In addition, the hydraulic retention
time (HRT) was extremely long (>33 days). Thus, the efficiency of
the system operated by Botheju et al. (2010) was very low. The
ability of NOB to produce nitrate efficiently, at high nitrogen load-
ing rates (NLR), was not confirmed. Taking into consideration the
fact, that AOB as well as NOB belong among aerobic bacteria, the
availability of dissolved oxygen is essential from the point of view
of a satisfactory course of nitrification applied to highly nitrogen-
loaded water streams. Pacek et al. (2015) proved that the nitrifica-
tion of highly nitrogen-loaded reject water (1450 + 165 mg/L of
TAN) producing nitrate as sole final product could be efficiently
operated at a dissolved oxygen concentration of 3.0 mg/L in a com-
pletely stirred tank reactor (CSTR), whereas the decrease of dis-
solved oxygen to 0.7 mg/L leads to a massive accumulation of
nitrite. On the contrary, when sequencing batch reactor (SBR) tech-
nology was applied, even a dissolved oxygen concentration reach-
ing up to 7.5 mg/L was not able to prevent the accumulation of
nitrite owing to significantly stronger FA and FNA inhibition pres-
sure towards NOB in SBR compared to the CSTR (Svehla et al,
2014).

The aim of this paper is to define the optimal conditions for the
nitrification of LPD based on the intended subsequent processing of
nitrified LPD. Potential direct application to soil, long-term storage
as well as thermal thickening of nitrified LPD is expected in this
context. Moreover, the possibility of using the nitrified LPD as
the source of electron acceptors for biogas cleaning will be also dis-
cussed. Attention was paid primarily to the acceleration of the
treatment process start-up, to the control of final nitrification pro-
duct (nitrate versus nitrite) representation and to the control of the
nitrification process efficiency. With respect to minimization of
nitrogen losses, the reduction of the proportion of nitrogen present
in the form of volatile FA at least by 90% was required. With regard
to a relatively high toxicity of nitrite to plants (Court et al., 1962;
Singh et al, 2007), minimization of nitrite accumulation was
required during the nitrification process for potential application
of nitrified LPD to soil. The paper also aims to suggest suitable ways
for subsequent research in this field.

2. Material and methods
2.1. Reactor set-up

The experiments were carried out in a 5 L laboratory-scale nitri-
fication reactor with LPD as an influent. The reactor was aerated
using a coarse bubble system. A peristaltic pump was used to
transport the LPD into the laboratory model. The LPD was supplied
continuously into the CSTR where the feeding rate of the peristaltic
pump was dependent on the actual NLR applied. The reactor was
operated according to the principle of CSTR using the biomass cul-
tivated in the form of a suspension (activated sludge). The source
of the inoculum for the start-up of the reactor is described in chap-
ter 2.2. The reactor was combined with a sedimentation tank (1 L).
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The sludge was continuously recirculated from the sedimentation
tank to the reactor using the peristaltic pump. In accordance with
Jenicek et al. (2004) and Svehla et al. (2014), with the aim of max-
imizing the sludge retention time (SRT) no excess sludge was with-
drawn from the reactor. Only minor sludge losses were caused by
its escaping with the effluent water. Thanks to this strategy, an SRT
in the range of 10-35 days was maintained throughout the whole
experiment. The actual value of SRT in the reactor was determined
by the intensity of the escape of solid particles from the reactor
which was dependent mainly on the actual value of HRT. The aver-
age biomass concentration in the reactor quantified as volatile sus-
pended solids (VSS) reached 5.58 g/L. However, a certain portion of
this matter was created by VSS present in raw LPD entering into
the reactor (Table 2). All experiments were performed at labora-
tory temperatures (23 +2) °C with no oxygen limitation (the dis-
solved oxygen concentration varied within the range of 3.0 and
7.4 mg/L) with the aim of preventing the inhibiting effect of the
low oxygen concentration on the activity of nitrifying bacteria
(Pacek et al., 2015).

The experiment was divided into two independent phases. First,
the reactor was operated without pH control for 30 days within
Period 1 (P1). Consequently, Period 2 (P2), lasting for 90 days,
was initiated. The value of the pH was controlled in this phase of
the reactor operation with the aim of evaluating the possibility
of improving the efficiency of the nitrification process as well as
the representation of nitrate and nitrite between nitrification final
products. During the first 60 days of P2, the pH was set at 7.0. Sub-
sequently, the adjusted pH value was lowered to 6.5. An NaOH
solution was dosed into the reactor using peristaltic pumps with
the aim of improving the pH value. The GRYF sensor PCl 321 XB2
and GRYF MAGIC XBC measuring and controlling system (GRYF
HB, Czech Republic) were used for the maintenance of the required
pH value in the system. At the beginning of both periods (P1 as
well as P2), the reactor was inoculated with nitrifying biomass
(see below, chapter 2.2). The HRT and NLR was controlled during
the experiment with the aim of quantifying approximately the pro-
ductivity of the reactor. The overall volume of LPD treated during
P1 and P2 corresponded to 14.5 and 60.2 L, respectively.

2.2. Start-up of the reactor

For each period of the reactor operation (P1 and P2), the reactor
was inoculated with nitrifying activated sludge gained from the
flow of recirculated sludge at the Prague central wastewater treat-
ment plant. The concentration of this sludge was 10 g/L (expressed
as total suspended solids - TSS). The method of inoculating the
reactor was based on findings presented by Pacek et al. (2016).
When starting the reactor operation, the whole reactor container
was filled with an activated sludge used as an inoculum. Then,
the LPD inflow was initiated. The characteristics of the inoculum
are presented in Table 1.

2.3. LPD used for the experiments

The LPD used for this experiment originated from an agricul-
tural biogas plant using pig slurry and grass silage as the main

Table 1

The characteristics of the inoculum.
Parameter (unit) Value
pH 7.4
TAN (mg/L) 12.0
N-NO3 (mg/L) 5.5
N-NO5 (mg/L) 0.0
TSS (mg/L) 10,000
VSS (mg/L) 8150

sources of the substrate for biogas production. Thermophilic condi-
tions (55-57 °C) are applied in the anaerobic reactor of this biogas
plant. The basic parameters of LPD used for this experiment are
presented in Table 2.

2.4. Analytical methods

Once a week, the TAN, N-NO3; and N-NO3 concentration in raw
LPD used as the influent and in the effluent from the reactor were
measured with the aim of evaluating the nitrification process.
Simultaneously, chemical oxygen demand (COD) of centrifuged
samples taken from the influent and the effluent was determined
in order to evaluate the efficiency of the dissolved organic matter
removal at the same intervals. A Rotina 420 centrifuge (Hettich
GmbH & Co. KG, Germany) was used for centrifugation of samples
where the speed of rotation corresponded to 9500 rpm and the G-
force corresponded to 12.007. The samples were treated for 12 min
using the centrifuge. Additionally, total nitrogen (N-tot) was mea-
sured at least once every two weeks in the influent as well as in the
effluent. Alkalinity, TSS and VSS were monitored once every two
weeks in the influent. VSS were also measured once a week in
the reactor with the aim of quantifying the nitrifying biomass.
The concentrations of TAN, N-NO5, N-NOs, COD, TSS, and VSS were
measured in accordance with the standard methods (APHA, 2005).
The N-tot concentration was determined using a HACH DR/4000
photometer (Hach Lange, Germany) by HACH method number
10071. Organic nitrogen (N-org) concentration was calculated as
the difference between N-tot concentration and inorganic nitrogen
concentration (the sum of TAN, N-NO; and N-NOj3 concentration).
The alkalinity of the influent was determined by titration of the
sample with hydrochloric acid (0.1 mol/L) up to pH 4.5. The results
of alkalinity (Table 2) are presented in the number of mmol/L of
strong monohydric acid needed to achieve a pH of 4.5 in the sam-
ple. The temperature, pH, and dissolved oxygen concentration in
the reactor were gauged continually using GRYF sensors PCl 321
XB2 and KCl 12 XB4 (GRYF HB, Czech Republic). With the aim to
describe more precisely the quality of nitrified LPD and to compare
it with the quality of raw LPD, the concentration of other important
nutrients (Ca, K, Mg, P and S) and selected risk elements (Cd, Pb,
Hg, As, Cr, Cu, Mo, Ni, Zn) in the effluent from the reactor as well
as in the influent was quantified on a one-time basis. The samples
taken on day 32 of Period 2 were analysed for this purposes. Cd, Pb,
As, Cr, Cu, Mo, Ni, Zn, Ca, K, Mg and S were determined according to
Zakova et al. (2016) using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, Agilent 720, Agilent Technologies Inc.,
USA) equipped with a two channel peristaltic pump, a Sturman-
Masters spray chamber and a V-groove pneumatic nebulizer. By
this way, so called pseudototal content of the elements expressing
the amount of the elements extractable with aqua regia was
analysed. The pseudototal content of Hg was measured according
to Sipkova et al. (2016) using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7700x, Agilent Technologies Inc.,
USA), equipped with an autosampler ASX-500, a three-channel
peristaltic pump and a MicroMist nebulizer. The determination of

Table 2

The composition of the LPD fed into the reactor.
Parameter (unit) Value
pH 8.1+0.1
Alkalinity (mmol/L) 97+15
COD (mg/L) 9080 + 1240
TAN (mg/L) 2470+ 190
N-tot (mg/L) 2780 230
TSS (mg/L) 3130£370
VSS (mg/L) 2780 +320
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Ca, K, Mg, P, S, Cd, Pb, Hg, As, Cr, Cu, Mo, Ni and Zn in the samples of
influent and effluent was realized in 3 repetitions where average
values and standard deviations were presented within the results.

2.5. Calculations
The concentrations of FA (Cga) and FNA (Cgna) in mg/L were cal-

culated in accordance with Anthonisen et al. (1976) (Egs. (1) and

(2)):

o 17 c(TAN) - 10pH a
A A ™ v o
14 exp (%)JrlOpH

46 ¢(N-NO,)

CPNA =3y ——F7 o~ (2)
14 exp (2‘723392) -10pH

where ¢(TAN) and ¢(N-NO; ) represent the actual total concentra-
tions of TAN and N-NO;, respectively in mg/L, and T is the temper-
ature in degrees centigrade.

The nitrogen oxidation efficiency (NOE) in% was calculated
according to Eq. (3):

¢(N-NO, ) + ¢(N-NOy)

NOE (%) = ¢(N-NO3) + ¢(N-NO3) + c(TAN)

-100% (3)

where ¢(N-NO), ¢(N-NO3) and c(TAN) represent the concentra-
tions of N-NO3, N-NO3 and TAN in the effluent from the reactor.

The nitrite accumulation ratio (NiAR) in% was calculated
according to Eq. (4):

¢(N-NO3)

NiAR (%) = ¢(N-NO, ) + c(N-NO;)

-100% (4)

where ¢(N-NO3) and ¢(N-NOj3) represent the concentrations of N-
NO; and N-NOj3 in the effluent from the reactor.

3. Results and discussion
3.1. Experiments without pH control — Period 1

3.1.1. The initiation and the stability of the nitrification process
Despite extremely high concentrations of TAN and COD in raw
LPD, the nitrification process with nitrate as the main final product
was initiated immediately after the start of the experiment. An N-
NO;5 concentration reaching 250 mg/L was observed in the effluent
as soon as two days after the start of the experiment, where
1540 mg/L was measured on day 21 (Fig. 1A). These findings
clearly confirmed high activity of AOB as well as NOB. Simultane-
ously with the increase of the N-NO3; concentration, a gradual
increase of the TAN concentration was observed in the effluent
from the reactor during first 15 days of the experiment. Then, it
was stabilised in the range of 1000-1250 mg/L (Fig. 1A). The
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results indicated that the TAN coming into the reactor with the
LPD was partially converted to N-NO3 and partially it remained
in its original form. The N-NO; concentration did not exceed
50 mg/L during the first 21 days of the reactor operation. In accor-
dance with the fact that very low concentrations of nitrogen forms
were present in the reactor at the moment of the process initiation
(Table 1), the concentrations of total nitrogen in the effluent and in
the raw LPD were gradually equalized. During our experiment, no
dilution of raw LPD entering into the reactor or long-term pre-
acclimation of nitrifying bacteria mentioned by Xu et al. (2014)
and Botheju et al. (2010), respectively, was needed for satisfactory
initiation of the nitrification process with nitrate as the dominant
final product observed during the first 21 days of the reactor oper-
ation. The biomass adapted to the conditions prevailing in the reac-
tor naturally by a gradual increase of the nitrogen forms
concentration resulting from the method of the reactor
inoculation.

However, a gradual increase of N-NO; concentration was
observed after day 21 which was accompanied by an N-NO3 con-
centration decrease. While 47 mg/L of N-NO, was measured on
day 21, on day 30, the concentration of N-NO; had increased to
1022 mg/L (Fig. 1A).

3.1.2. The pH value and its influence on the inhibition of nitrification
bacteria

The initial pH of the inoculum (measured on day 0) was 7.4
(Table 1). A subsequent decrease of the pH observed, despite the
slightly alkaline characteristic of raw LPD (Table 2), confirmed
the immediate start of the nitrification process (Painter, 1970).
Due to this, the conditions achieved by Xu et al. (2014) using exter-
nal acidification with the aim of supporting the start-up of the
nitrification of the anaerobic digester effluent were attained natu-
rally during our research. From day 2 until day 21, the value of pH
ranged between 6.1 and 6.5 (Fig. 2A). Subsequently, a sudden
decrease to 5.2 was registered between days 21 and 22. The reason
for this significant change in the pH value during this phase of the
reactor operation is not quite obvious. However, even significantly
lower minimum pH values reaching 3-4 were observed by Botheju
et al. (2010) during the nitrification of digestate at certain phases
of the nitrification reactor’s operation.

The decrease in the pH value discovered in our reactor on day
21 is a positive development with respect to a potential minimiza-
tion of nitrogen loss during storage, application or thermal thick-
ening of nitrified LPD (Botheju et al, 2010; Chiumenti et al.,
2013). On the other hand, it resulted in a significant increase of
FNA concentration despite the fact that a relatively low N-NO3
concentration reaching 47 mg/L was actually measured in the reac-
tor. The FNA concentration reached 0.15 mg/L at this time (Fig. 2B).
At the same time, even 0.011 mg/L of N-HNO, corresponding with
0.037 mg/L of FNA may inhibit anabolic processes of NOB (Vadivelu
et al., 2006a). This fact probably induced the massive accumulation

—e—NOE ——NiAR ——NLR

80 0.6
o g -
S 05 o
< 60 =
g s 04 %
Z 40 03 5
- ]
= 30 5 =
S 20 02
< 0.1 =
10 17z

0 0

0 5 10 15 20 25 30
Time (days)

Fig. 1. Results of Period 1 - TAN, N-NOz and N-NO3 concentrations in the effluent compared to TAN concentration in the influent (A); NLR, NOE and NiAR (B).
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Fig. 2. Results of Period 1 - pH value (A); FA and FNA concentration (B).

of N-NOg3 after day 21 of the reactor operation (300 mg/L measured
on day 22, Fig. 1A). Thus, the biomass was exposed to an extremely
high concentration of FNA reaching 13.8 mg/L on this day (Fig. 2B).
Under such conditions even the inhibition limit 0.2-2.8 mg/L of
FNA for NOB presented by Anthonisen et al. (1976) was exceeded
several times. The subsequent reactor operation was characterised
by further increases of N-NO; and also FNA concentration
(Fig. 1A and 2B). The maximum FNA concentration (30.9 mg/L)
was achieved on day 30. Under such high FNA concentration, the
restoration of NOB activity could not be expected (Anthonisen
et al., 1976; Vadivelu et al.,, 2006a) and even AOB activity could
have been endangered (Vadivelu et al.,, 2006b). Therefore, the
experiment was interrupted and subsequent tests were performed
with the pH control.

A maximum FA concentration reaching 1.6-1.8 mg/L was
achieved between days 10 and 21 during Period 1. Despite the
inhibiting level for NOB in the range of 0.1-1.0 mg/L (Anthonisen
et al, 1976) being exceeded, no massive N-NO3 accumulation
was observed until day 21 which indicates that FNA was a much
more important NOB inhibitor compared to FA during this period
of reactor operation.

3.1.3. Nitrogen oxidation efficiency, nitrite accumulation ratio and
nitrogen oxidation rate

During all of Period 1 the nitrogen oxidation efficiency (NOE)
values ranged between 47 and 61% (Fig. 1B). The limitation of
achievable NOE is caused by the reduced alkalinity of the treated
LPD which is insufficient for the compensation of H* production
and from it we observed the resulting pH decrease (Painter,
1970; Jenicek et al., 2004). The achieved NOE is similar to the
results of the experiment performed under comparable conditions
with reject water (Jenicek et al., 2004). Nitrite accumulation ratio
(NiAR) did not exceed 4% until day 21 (Fig. 1B). However, after
day 21 it increased gradually up to 66% as the result of massive
NOB inhibition. Thus, the conditions applied during Period 1 do
not seem to be suitable for the requirement to minimize NiAR
value.

The NLR was kept around 0.2 kg/(m? d) during the first 21 days
of the reactor operation. Subsequently, it was gradually increased
to 0.52 kg/(m? d) (Fig. 1B). Taking into consideration the values of
NOE achieved in the reactor, the nitrogen oxidation rate and speci-
fic nitrogen oxidation rate reached up to 0.31kg/(m*®d) and
2.31 mg/(gVSS-d), respectively during this period of the reactor
operation.

3.2. Experiments with pH control — Period 2
3.2.1. The initiation and the stability of the nitrification process

Similarly, as in the case of the experiments performed without
the pH control, TAN was converted to N-NO3 immediately after the

beginning of the experiment (Fig. 3A). No massive N-NO3 accumu-
lation was observed during any of Period 2. The N-NO, concentra-
tion did not exceed 30 mg/L. The TAN concentration in the effluent
did not exceed 60 mg/L until day 47. A temporary increase of the
TAN concentration to 400 mg/L registered on day 55 seems to be
the result of exceeding the optimum LPD feeding rate when the
NLR reached 0.64 kg/(m>d) and the nitrifying bacteria were not
able to nitrify all the TAN incoming into the reactor (Fig. 4A).
Therefore, the NLR was intentionally reduced on this day. As a
result of this change in feeding strategy, the TAN concentration
in the effluent decreased again to 60 mg/L on day 61. The subse-
quent long-term increase of TAN concentration observed after
day 68 was caused by the change of the pH control strategy (the
adjusted value was changed from 7.0 to 6.5). Nitrifying bacteria
prefer slightly alkaline pH value reaching 7-9 (Painter, 1970)
whereas the value of 6.5 applied during the days 61-90 is outside
this interval. For this reason, the TAN concentration increased up to
780 mg/L in this phase of the reactor operation (Fig. 3A). This find-
ing is in accordance with Jenicek et al. (2004) who observed mas-
sive accumulation of TAN (almost 40% of the TAN measured in the
influent) in the reactor treating reject water when the pH was not
controlled. On the contrary, more than 99% of TAN was successfully
oxidized by these authors when a pH control ensuring a value fall-
ing in the abovementioned optimal range for nitrifying bacteria
was applied.

The sum of TAN, N-NO3 and N-NO, concentrations in the
effluent was higher compared to the concentration of TAN in
the influent during some measurements. The reason for this phe-
nomenon is that a certain portion of pure water contained origi-
nally in the raw LPD evaporated during the retention of the LPD
in the nitrification reactor. In this way, the LPD was thickened to
a certain extent and the concentration of various chemical com-
pounds, including nitrogen forms, increased. At relatively con-
stant conditions (mainly temperature and aeration intensity)
applied during this research, the volume of water which evapo-
rated each day was almost constant. However, if the HRT is
extended significantly, the percentage of the losses of water
through evaporation (related to volume of raw LPD) increases sig-
nificantly. Therefore, the phenomenon of thickening was
observed mainly during the last 30 days of Period 2 (Fig. 3A)
characterised by long HRT reaching 13-14 days on a long-term
basis (Fig. 4A). Also the transformation of part of organic nitrogen
into inorganic forms in the nitrification reactor may to a certain
extent support the increase of the sum of TAN, N-NO3 and N-
NO; concentrations. However, this phenomenon seems not to
be as significant from this point of view (see chapter 3.3.4). Cer-
tain losses of water caused by evaporation and the resulting
thickening of LPD must also be expected in a full scale system,
where the intensity of this process will be determined by local
conditions including actual HRT.
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3.2.2. Inhibiting factors affecting nitrification activity

Due to the pH control, the pH value reached 7.00 £ 0.05 and
6.50 + 0.05 during first 60 days and during the rest of Period 2,
respectively with the exception of day 55 when the pH increased
to 8.0 on a short-term basis. Under such conditions, the biomass
inhibition induced by FA and/or FNA was significantly weaker dur-
ing Period 2 compared to Period 1. FA and FNA concentration did
not exceed 1.88 and 0.07 mg/L, respectively, with the exception
of day 55 (Fig. 3B). On day 55, the FA concentration increased to
24.6 mg/L as a consequence of a pH increase to 8.0. Exceeding
the optimum LPD feeding rate by TAN at the maximum applied
NLR reaching 0.64 kg/(m? d) (Fig. 4A) seems to be responsible for
this temporary pH deviation. In this phase, the intensity of acidifi-
cation during the LPD nitrification (Painter, 1970) was restricted by
the limited potency of nitrification process resulting in a pH
increase observed on day 55. The exceeding of the optimum LPD
feeding rate by TAN on day 55 is discussed more precisely in chap-
ter 3.2.3. In any event, FA inhibition limits for NOB were signifi-
cantly exceeded on day 55 (Anthonisen et al., 1976). However, no
massive nitrite accumulation (indicating a strong limitation in
NOB activity) was observed even in this phase of the reactor oper-
ation (Fig. 3A). Taking into consideration these results, the resis-
tant culture able to adapt to relatively high FA concentrations
reached on a short-term basis in the reactor was probably devel-
oped in the reactor within its long-term operation in accordance
with Turk and Mavinic (1989).

3.2.3. Nitrogen oxidation efficiency, nitrite accumulation ratio and
nitrogen oxidation rate

Keeping the pH value at 7.0 enabled the reactor to achieve an
NOE reaching 98.3 + 1.5% during the first 47 days of the observa-
tion (Fig. 4B). Despite the decrease of the adjusted pH value to
6.5 after day 60, NOE reaching at least 75% was achieved through
the end of the experiment. These results confirmed the positive
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effect of pH control on NOE during nitrification of highly
nitrogen-loaded water streams observed during the nitrification
(or more precisely nitritation) of reject water by Jenicek et al.
(2004).

The NLR was intentionally gradually increased during the first
55 days of the experiment from 0.12 to 0.64 kg/(m>d) (Fig. 4A).
While an NLR of 0.60 kg/(m>d) on day 47 produced an NOE of
99% (Fig. 4B), the increase of NLR to 0.64 on day 55 induced the
decrease of NOE to 86% which clearly demonstrated an exceedance
of the optimum LPD feeding rate through the presence of TAN in
the effluent in this phase of the experiment. According to this,
the approximate maximum NLR enabling the complete transfor-
mation of TAN to nitrate seems to be a value of 0.60 kg/(m>d)
under the conditions applied during Period 2. Consequently, the
NLR was reduced radically to 0.15-0.18 kg/(m® d) for the rest of
Period 2 with the aim of stabilizing the process. This led to the
recovery of excellent NOE values which reached 97% on day 61.
Thus, after having temporarily exceeded the optimum LPD feeding
rate, the reversibility of high NOE was proved. The decrease of NOE
observed during the rest of Period 2 (Fig. 4B) was caused by the
change of the pH control strategy (the adjusted value was changed
from 7.0 to 6.5) in accordance with Jenicek et al. (2004).

Considering the actual NOE, the maximum nitrogen oxidation
rate reaching 0.59 kg/(m> d) was registered on day 47 (Fig. 4B)
exceeding many times the maximum values achieved by Botheju
et al. (2010). The specific nitrogen oxidation rate reached
4.41 mg/(gVSS d) on this day. However, taking into consideration
the radical decrease of NLR performed to stabilize the process, such
high values of the nitrogen removal rate were not re-established
during the rest of Period 2. Thus, the ability of the system to ensure
such high nitrogen oxidation rate levels on a long-term basis
should be verified within additional research (see chapter 3.4.1).
The productivity of the reactor treating the LPD seems to be signif-
icantly lower compared to the systems treating reject water. In the
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research by Jenicek et al. (2004), the system treating reject water
using the nitritation/denitritation process was able to nitrify
ammonia satisfactorily even at NLR levels exceeding 1.5 kg/
(m?d) under comparable conditions. The chemical composition
of the LPD (especially extremely high COD concentrations exceed-
ing values usual for reject water multiple times) seems to be
responsible for this observation. NiAR did not exceed 2% during
all of Period 2, where the change of the pH control strategy made
on day 61 (the target pH value changed from 7.0 to 6.5) did not
have any measurable effect on this parameter (Fig. 4B).

3.3. Chemical composition of nitrified LPD

Considering the fact, that the application of nitrified LPD to soil
(directly or after subsequent thermal thickening) is one of the most
important expected applications of this material (see above), the
chemical composition of the effluent from the reactor represents
very important aspect of the treatment process. From this point
of view, the nutrition of agricultural crops, potential toxicity of
nitrified LPD towards crops as well as environment protection
were also emphasised during this research together with mini-
mization of nitrogen losses and other aspects mentioned above.

3.3.1. Nitrogen forms

Total nitrogen (N-tot) present in the LPD could be divided into
TAN, N-NO3, N-NO5 and organic nitrogen (N-org) forms. Nitrifica-
tion of LPD results in significant changes of the representation of
these forms. By this way, the risk of nitrogen losses, the agricul-
tural value of LPD as well as potential environmental risks con-
nected with its application to soil could be changed significantly
after the nitrification process. The proportion of TAN, N-NOs,
N-NO3 and organic nitrogen (N-org) in N-tot in the effluent during
selected phases of reactor operation were compared with the val-
ues characteristic for raw LPD serving as the influent for the nitri-
fication reactor during this research (Table 3). Taking into
consideration variable concentrations of N-tot in raw LPD (chapter
3.3.5), percentage expression was used. Additionally, the propor-
tion of nitrogen present in the form of FA (N-FA) was evaluated
with the aim to compare the risk of nitrogen losses during the stor-
age and during the application of LPD to soil. Taking into consider-
ation that N-FA represents part of TAN, it is not included in the sum
of nitrogen forms creating N-tot.

Considering actual conditions prevailing in the reactor, the data
gathered during Period 1 were divided into two separated phases
in Table 3. Firstly, the phase ending on day 21 was evaluated. Then,
the period starting on day 22 which was characterised by massive
nitrite accumulation was separately assessed. Similarly, Period 2
was divided into parts lasting for days 1-47 and 68-90, respec-
tively, taking into consideration the different pH values applied
during these phases (see chapter 2.1). Taking into account unstable
conditions between days 47 and 67 of Period 2 (see Figs. 3 and 4),
this phase of the reactor operation was not included in Table 3.

As can be seen in Table 3, the nitrification process induced in
the environment of LPD led to a radical decrease of the proportion
of N-FA compared to raw LPD in which it represented 8.1% of N-tot.
The lowest proportion of N-FA (0.007% on average) was definitely

Table 3
The proportion of the various nitrogen forms in the influent and effluent.

achieved on days 1-47 during Period 2 proving the conditions
applied during this phase (with pH control value of 7.0 almost all
the TAN was converted to nitrate) to be optimal from the point
of view of minimization of nitrogen losses during the handling of
LPD. In this case, the proportion of N-FA was decreased even more
than 1000 times. Although several times higher proportions of N-
FA (0.033% on average) were observed on days 68-90, during Per-
iod 2 (pH control of 6.5), these results seem to be still very positive.
A lower pH did not enable a more significant increase of the pro-
portion of N-FA although the actual TAN concentration increased
rapidly in this phase compared to days 1-47 (Fig. 3A). Similarly,
a low pH (Fig. 2A) resulted in low proportion of N-FA (0.05% on
average) even on days 1-21 of Period 1, although TAN concentra-
tion reached up to 1250 mg/L in this phase of the reactor operation
(Fig. 1A).

TAN, as well as N-NOs3, represent suitable forms of nitrogen
from the point of view of plant nutrition. N-NO3 which is intro-
duced into the LPD within the described technology is characteris-
tic with higher mobility which seems to be more suitable
compared to TAN from the point of view fast transport into the
plants (Pilbeam, 2015). It is beneficial mainly from the point of
view of the application of nitrified LPD during growing season.

With the aim to prevent eutrophication of natural water
resources, the legislation limits the total amount of nitrogen that
can be applied to soil with LPD as well as with other fertilizers
while concrete values are adjusted to different regional conditions
(e.g. European Commission, 1991) depending on the local extent of
the risk of the contamination of natural water by nitrogen com-
pounds. So, the dosages of nitrified LPD to the soil must meet the
standards valid for the locality where it will be applied. The
amount of specific chemical nitrogen forms (TAN, N-NO3 and N-
NO, ) applied to land is usually not limited strictly within the
legislation.

However, the application of nitrified LPD during non-growing
season represents slightly higher environmental risk compared to
the application of raw LPD by the reason of higher mobility of N-
NO; (Pilbeam, 2015) than TAN and its potential faster transfer into
natural water resources.

N-NO3 represents an even significantly larger environmental
risk compared to N-NOs. It is toxic to plants where its concentra-
tion in soil water exceeding 0.9 mg/L was identified as the limit
of the toxicity (Court et al., 1962; Singh et al., 2007). Thus, if we
would like to apply nitrified LPD to soil (directly, after long-term
storage or after thermal thickening), the presence of nitrite in the
effluent should be minimized with the aim to prevent the exceed-
ing of this toxic level. Taking into consideration very variable con-
ditions prevailing at different localities on which nitrified LPD
could be applied, it is very complicated to suggest objectively a
maximum amount of nitrite which could be applied to soil without
the risk of temporary exceeding this value after the application of
nitrified LPD to soil at the locality. The variability of the physico-
chemical properties of the soil (mainly the soil type and the
humidity), the intensity of precipitations, the method of the soil
management (particularly the depth of potential ploughing after
the application of nitrified LPD) and many other factors are very
important from this point of view. Taking into the consideration

Nitrogen form (%) Influent Period 1 (days 1-21) Period 1 (days 22-30) Period 2 (days 1-47) Period 2 (days 68-90)
TAN 88.1x22 41748 37145 1.52£1.31 18.48 £3.15

N-FA 8.1+1.0 0.05 +0.02 1.49 +3.01 0.007 +0.007 0.033 +0.008

N-NO3 1.20+£0.20 48.4+4.1 229+11.6 874+15 705+33

N-NO» 0.08 +0.04 0.77 £0.73 320+128 0.37+0.38 0.31+0.34

N-org 10.60 + 1.30 8.50 + 1.05 8.82 +0.63 8.20+0.95 8.35+1.30
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these factors, maximum safe dose of N-NO3 could be estimated in
each concrete case. For example, if the LPD will be applied in the
amount of 5 m?/ha (corresponding with 5 L/m?), seepage of the lig-
uid to a depth of 0.2 m and the humidity of the soil corresponding
to 30% will be expected, nitrite contained in 0.5 L of nitrified LPD
will penetrate the soil characteristics by a total volume of ca.
200 L in which ca. 60 L of soil water will be present. Thus, if the
concentration of N-NO, in nitrified LPD reaches 100 mg/L, 50 mg
of N-NO; will be diluted into ca. 60 L resulting in an N-NO> con-
centration in soil water slightly higher than 0.8 mg/L. Thus, the
concentration limit mentioned by Court et al. (1962) and Singh
et al. (2007) will still not be exceeded. Naturally, this is only one
concrete example, actual concentration of N-NO5 in soil water will
change significantly based on local conditions (see above). Addi-
tionally, the above presented calculation is very approximate,
being only illustrative.

Positively, the nitrite represents a relatively unstable nitrogen
form which could be relatively easily biochemically oxidized to
nitrate within nitrification or reduced within denitrification
(Painter, 1970). Taking into consideration the above presented dis-
cussion, it seems to be reasonable to perform additional research
focused on the study of the dynamic of the migration and biochem-
ical transformations of N-NO; in the soil after the application of
nitrified LPD.

At all events, the conditions applied on days 22-30 of Period 1
seem to be very unsuitable from the point of view the presence of
nitrite in the effluent. N-NO> represented 32.0% of N-tot on aver-
age at actual concentrations reaching up to 1022 mg/L in this phase
of the reactor operation (Table 3, Fig 1A). On the contrary, values
not higher than 0.4% on average at N-NO3 concentrations below
30 mg/L were observed during the whole of Period 2 seeming to
be safe from the point of view the toxicity of nitrite to plants even
regardless of actual conditions.

The proportion of N-org decreased very poorly in the effluent
from the reactor compared to the influent (Table 3) which is in
accordance with the discussion presented in chapter 3.3.4.

3.3.2. Other nutrients

During this research the influence of the nitrification of LPD on
the content of other basic nutrients (Ca, K, Mg, P and S) was also
evaluated on a one-time basis. For this purpose, the samples of
the raw LPD serving as the influent for the nitrification reactor
and the effluent taken on day 32 of Period 2 were analysed. The
results proved that the biological treatment of LPD in the nitrifica-
tion reactor did not result in significant changes of the concentra-
tion of any particular nutrients (Table 4).

In accordance with Al Seadi et al. (2013), Kolar et al. (2008) or
Chiumenti et al. (2013), a relatively high content of particular
nutrients (especially K, S, P and Ca) was observed in dry matter
(DM) of raw as well as nitrified LPD. Taking into consideration
the liquid nature of LPD, the concentration of monitored nutrients
expressed in mg/L is presented in Table 4. Thus, the concentration
of nutrients in nitrified LPD could be easily compared to the con-
centrations of the different nitrogen forms presented in chapters
3.1.1 and 3.2.1.

Table 4
The content of the nutrients in the influent and effluent.

3.3.3. Heavy metals and other risk elements

Actual legislation related to the application of digestate, LPD
and separated solid phase of digestate to soil strictly defines the
concentration limits of various heavy metals and other risk ele-
ments which should not be exceeded in the case of agricultural
use of these materials. The samples of the influent and the effluent
of the nitrification reactors taken on day 32 of Period 2 were anal-
ysed for this purpose. The results were compared with the legisla-
tion limits valid in various countries which are presented in mg of
risk elements contained in 1 kg of DM (Table 5). Taking into con-
sideration that the LPD used for this study was collected at a biogas
plant operated in the Czech Republic where the application of LPD
to soil in this country is also expected, the limits valid for the Czech
Republic were primarily discussed. Also the limits valid for other
selected countries (UK and Germany) are presented in Table 5.
Additionally, a non-binding proposal for the EU aiming to unify
the requirements for European countries is mentioned in this table.

The results proved that the treatment of LPD in the nitrification
reactor did not result in any significant changes in the concentra-
tion of evaluated risk elements. The samples of raw LPD (influent)
as well as nitrified LPD (effluent) were within the limits defined by
the legislation valid in various countries. Taking into consideration
the data presented in Table 5, the potential subsequent thermal
thickening (Chiumenti et al., 2013) leading to the reduction of
the volume several times (and simultaneously adequately increas-
ing the concentration of risk elements) should not lead to the
exceeding of these limits.

3.3.4. Organic matter

A very low COD removal efficiency reaching 22.6% on average
was recorded in the experiments. These results indicate poor bio-
logical degradability of organic compounds contained in the LPD
under the conditions applied. In accordance with this, N-org were
not converted in larger extent into inorganic forms of nitrogen
(Table 3). The fact that the biologically degradable organic matter
present in the substrate for biogas production was decomposed
already in the anaerobic digester before the LPD was originated
seems to be responsible for these findings. Taking into considera-
tion the facts presented above, a similar structure of organic com-
pounds present in the nitrified LPD compared to raw LPD could be
expected.

3.3.5. Variability of the properties of nitrified LPD

The results related to the chemical composition of nitrified LPD
cannot be generalized for potential treatment of LPD originated
under different conditions. The particular parameters of nitrified
LPD could fluctuate significantly according to local conditions pre-
vailing on the given biogas plant. Mainly the representation of dif-
ferent materials in the substrate for biogas production and the
technological arrangement of anaerobic digestion will dramatically
influence the properties of raw LPD including N-tot concentration,
the content of other nutrients as well as the potential presence of
risk elements or other contaminants. On the other hand, the data
presented in Table 3 seem to be useful from the point of view of
primary prediction of the representation of particular nitrogen
forms under conditions analogical with this research. In accor-

Influent (mg/kg DM)

Influent (mgj/L)

Effluent (mg/kg DM) Effluent (mg/L)

Ca 6590 + 380 26415

K 103,000 + 4000 3730+ 150
Mg 461123 18449
P 6720 + 240 2699

S 9970 + 520 399+21

6450 £410 258 £16
89,300 + 7200 3570+ 290
510+ 150 20.4+6.0
6120 £230 245+9
10100.0 + 600 403 £22
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Table 5
The content of the selected risk elements in the influent and effluent.
Influent (mg/kg DM) Effluent (mg/kg DM) Czech Republic? UK” Germany* EU proposal”

cd 0.13 £ 0.06 0.11 £0.04 2 1.5 15 15
Pb 254124 247 +1.54 100 200 150 120
Hg 0.08 + 0.006 0.09 +0.01 1.0 1.0 1.0 1.0
As 1.95+0.39 2.02+0.73 20 - - 20
Cr 3.70+1.63 4.18+3.17 100 100 100 100
Cu 39.9+189 349+119 250 200 100 250
Mo 1.62 +0.65 1.46 £ 0.48 20 - - -
Ni 7.72+£3.26 7.17+2.98 50 50 50 50
Zn 101 £58 88 +42 1200 400 400 1200

2 Ministry of Agriculture of the Czech Republic (2014).
b British Standards Institution (2010).

© Siebert (2008).

4 Saveyn and Eder (2014).

dance with Saveyn and Eder (2014) and Tampio et al. (2016) who
quantified risk elements in digestate originated on agricultural bio-
gas plants, the content of heavy metals in nitrified LPD produced
within our experiments fulfilled the requirements defined by the
legislation (see chapter 3.3.3). On the other hand, the presence of
such elements in the substrate for biogas production will result
in higher concentrations in nitrified LPD (Al Seadi et al., 2013;
Kupper et al.,, 2014). Similarly, potential risk of the presence of
specific persistent organic pollutants such as polycyclic aromatic
hydrocarbons (PAHs), polychlorinated dibenzodioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs) or polychlorinated biphe-
nyls (PCBs) must be expected in the case of the contamination of
the substrate (Al Seadi and Lukehurst, 2012).

3.4. Application of the results

In accordance with Botheju et al. (2010), it seems to be feasible
to “stabilize” nitrogen contained in raw LPD using the nitrification
process thanks to the pH decrease and nitrate production. Simulta-
neously, the nitrification of LPD in the system described within this
paper seems to be applicable as the pre-treatment of LPD ensuring
the minimization of NH; emission during subsequent thermal
thickening (Chiumenti et al., 2013). This research also confirmed
the possibility efficiently producing oxidized nitrogen forms usable
as acceptors of electrons for autotrophic denitrification applied
within biogas cleaning by hydrogen sulphide scrubbing and bio-
oxidation of captured sulphides (Dogan et al., 2012; Pokorna
et al,, 2015; Pokorna and Zabranska, 2015). Our results proved that
the oxidized nitrogen could be produced directly in the biogas
plant using LPD originated as a by-product of the biogas plant
operation. On the other hand, the above presented experiments
have some limitations and the results produce further topics for
subsequent research. Despite the fact that the possibility to suc-
cessfully initiate and operate the nitrification process in the envi-
ronment of LPD was proved within this research, stable
conditions were not achieved for any extended period of reactor
operation. This is caused by the fact that different parameters such
as NLR and pH were changed significantly during the experiment
with the aim to identify quickly basic properties of the system
and to find out the reaction of the biomass to these changes. The
text situated below aims to summarize the possibilities for the uti-
lization of results for practical application of the tested system and
particularly for the verification and improvements of its
characteristics.

3.4.1. Suggestions for objective identification of maximum achievable
nitrogen oxidation rate

During future experiments, it will be necessary to prevent
simultaneous changes of several parameters within short periods
of reactor operation. It seems to be necessary operate the reactor

at a controlled and stable value of pH during long-term operation
of the reactor. Based on the results of Period 2, the value of pH
reaching 7.0 seems to be optimal from this point of view. Under
such conditions, the NLR should be increased step by step from
the values applied at the start of Period 1 and Period 2 (ca.
0.2 kg/(m? d)) to values approaching 0.60 kg/(m* d) which enabled
the complete transformation of TAN to nitrate during Period 2. Pro-
gressive application of NLR values reaching 0.20, 0.30, 0.40, 0.50
and 0.60 kg/(m?® d) is recommended where after each change of
the NLR value, it will be necessary to operate the reactor under
constant conditions for a period lasting for at least one month with
the aim of stabilizing the system. Each observation indicating a dis-
ruption of the stability of the nitrification process (especially
uncontrolled pH increases similar to the pH deviation during day
55 of Period 2) should immediately result in the reduction of the
NLR to the level applied during the previous step of the gradual
increase of NLR. Finally, the reactor should be operated for a period
lasting at least three months under the maximum NLR level ensur-
ing satisfactory operation of the system. By this way, the maximum
achievable NOR of the tested system could be objectively
quantified.

All the above mentioned experiments were performed using the
LPD originated from one concrete biogas plant. However, the
chemical composition (N-tot and TAN concentration, pH, COD
value as well as other parameters) of LPD produced at different
biogas plants could differ significantly because of the variable
structure of the substrate used for biogas production as well as
the variable technological conditions applied for anaerobic diges-
tion (Al Seadi et al., 2013). Thus, the inhibition effect of FA and/
or FNA could differ significantly during the treatment of LPD orig-
inating at different biogas plants. Consequently, the maximum
achievable NOR and other basic characteristics of the system could
be affected by this fact. Similarly, the maximum achievable NOR
could be significantly influenced by the content of organic matter
quantified by the COD value of each concrete sample of LPD. There-
fore, during the start-up of the nitrification reactor treating the
LPD, as well as during its regular operation, the actual conditions
prevailing in the reactor must be strictly taken into the account.

3.4.2. Prevention of nitrite production during nitrification

The presence of nitrite in nitrified LPD which is planned to be
applied to soil should be minimized (see chapter 3.3.1). Simultane-
ously, considering the oxidation stage of nitrogen in nitrite (III) and
nitrate (V), the effectivity of nitrite used as an electron acceptor for
biogas desulfurization is 1.67 times lower compared to nitrate
which makes nitrate the preferred nitrification final product in this
case.

The results of Period 2 clearly demonstrated that the NiAR as
well as N-NO, concentrations in the effluent from the nitrification
reactor could be maintained at very low levels, preventing a toxic
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effect to plants using a pH control of 7.00+0.05 as well as
6.50 + 0.05. Taking into consideration FNA and/or nitrite’s strong
inhibition effect towards NOB (Anthonisen et al, 1976; Buday
et al, 1999), it seems to be necessary to prevent any temporary
restriction of NOB activity inducing increases of N-NO5 concentra-
tion in the nitrification reactor. Such situations seem to be highly
risky from the point of view of secondary long-term inhibition of
NOB as in the case of the operation of the reactor on days 22-30
of Period 1 (Fig. 1A) where significant changes of pH and NLR
resulting in the limitation of NOB activity were characteristic for
this phase of the reactor operation. Also temporary restriction of
dissolved oxygen availability may result in massive long-term N-
NO> accumulation (Pacek et al., 2015).

3.4.3. Maximization of nitrogen oxidation efficiency

Based on the results presented in chapters 3.1.3 and 3.2.3, the
maximization of NOE and minimization of TAN concentration in
the effluent could be achieved by a pH control at a level of 7.0.
Using this method, up to 100% of the TAN was oxidized to nitrate
where the TAN concentration did not exceed 60 mg/L. This is ben-
eficial for the minimizing of ammonia emissions during the direct
application of nitrified LPD to soil as well as during its long-term
storage or thermal thickening (see chapter 3.3.1). Simultaneously,
it is useful for subsequent autotrophic denitrification applied to
biogas cleaning, because the maximum amount of oxidized nitro-
gen usable as an acceptor of electrons is produced.

On the other hand, a pH control of a lower value may represent
a successful strategy from the point of view of minimization of
nitrogen losses. Within this research, the representation of N-FA
was dramatically reduced at pH value 6.5 although the actual con-
centration of TAN increased significantly compared to the opera-
tion of the reactor at a pH value reaching 7.0 (see chapter 3.3.1).
Therefore, additional research aimed at the evaluation of the
potential possibility of decreasing the cost for alkali supplying
thanks to the operation of the reactor at lower pH values seems
to be reasonable.

With the aim to prevent the thickening of LPD in the nitrifica-
tion reactor taking place as the consequence of evaporation of
water (see chapter 3.2.1), it seems to be reasonable to compensate
the evaporation by the addition of an adequate amount of distilled
water. For this purpose, continual monitoring of the intensity of
the flow of the influent raw LPD as well as effluent nitrified LPD
will be necessary. By this way, the volume of distilled water
required per day will be determined as the difference of the vol-
ume of raw LPD incoming into the reactor per day and the volume
of nitrified LPD escaping the reactor daily. This improvement of the
system will result in the enhancement of the objectivity of the
evaluation of its basic characteristic including NOE.

3.4.4. Potential problems resulting from the application of the
nitrification of LPD on biogas plants

Regarding the long-term storage of nitrified LPD, the potential
occurrence of heterotrophic denitrification using the rest of the
organic matter contained in nitrified LPD as a substrate and from
it a resulting loss of nitrogen in the form of dinitrogen gas cannot
be excluded. In addition, the extent of the potential risk of alkaliza-
tion of LPD as a consequence of the denitrification process (Painter,
1970) and subsequent increase in the intensity of NH; emission is
also questionable. On the other hand, the biological degradability
of the organic compounds contained in raw LPD seems to be very
poor (see chapter 3.3.4). Additionally, the majority of the degrad-
able organic matter will be decomposed in the nitrification reactor
where extremely low concentration of biologically degradable COD
could be expected in nitrified LPD. In any event, these aspects
should be verified in the future.

The operation of the biological reactor applying nitrification for
LPD treatment is essentially connected to energy consumption,
particularly, for supplying the air into the reactor. Thus, the eco-
nomic aspects connected to the energetic demands must be evalu-
ated for each concrete biogas plant individually.

4. Conclusions

Nitrification could be advantageously used with the aim of min-
imizing nitrogen losses during the storage and/or the application of
LPD as well as for the pre-treatment before thermal thickening of
LPD. It also could be applied to the production of electron acceptors
for the biological desulfurization of biogas. Despite the extremely
high concentration of TAN and COD in LPD used for the experi-
ment, the nitrification process with N-NOj3 as a final product began
immediately after the start of the reactor operation. The pH control
of 7.0 enabled the reactor to convert practically all TAN to nitrate
decreasing the representation of volatile N-FA more than 1000
times compared to raw LPD, which is optimal for minimizing the
nitrogen losses during storage application or thermal thickening
of the nitrified LPD. Simultaneously, the high efficiency of the con-
version of TAN to N-NO3 is beneficial for the production of electron
acceptors for the biological desulfurization of biogas. Uncontrolled
decreases of pH to values lower than ca. 5.5, similar to other sud-
den changes of environmental conditions prevailing in the nitrifi-
cation reactor seem to be a high risk with respect to potential
FNA inhibition towards nitrifying bacteria resulting in nitrite accu-
mulation in the effluent from the reactor. Although very promising
results were gained during the experiments, additional research is
recommended with the aim of verifying and improving the basic
characteristics of the tested system taking into the consideration
variable chemical composition of raw LPD.
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Souhrn

Tento prispévek je zaméren na dvoustupriovou Upravu kapalné frakce fermentacniho zbytku (tzv.
fugatu) umozriujici reSit problémy spojené s velkou produkci fermentacniho zbytku v ramci provozu
zemédélskych bioplynovych stanic, které byly v poslednich letech v CR vybudovéany. Tato Uprava
spociva v biologické nitrifikaci dusiku obsaZeného ve fugatu a nasledném tepelném zahusténi
nitrifikovaného fugatu. Nitrifikace umoZni oxidaci vyznamné casti amoniakalniho dusiku na dusi¢nany
a zaroven vede k poklesu pH fugatu, ¢imz mohou byt minimalizovany ztraty dusiku tékanim amoniaku
v pribéhu skladovani fugatu i jeho aplikace na zemédélskou ptadu. Zahusténi vyuZivajici prebytecné
teplo produkované kogeneracnimi jednotkami pak vede k radikalnimu snizeni objemu fugatu a
k produkci destilatu. Zahustény fugat s vysokym obsahem dusicnani mize byt vyuZit jako cenné
hnajivo, pficemz naklady na jeho dopravu jsou podstatné nizsi nez v pfipadé surového fugatu, snizi se
i riziko zhutriovani pady CEastymi pojezdy zemédeélské techniky aplikujici fugat. Nabizi se i vyuZiti
destilatu jako procesni vody napfiklad pro optimalizaci su$iny substratu vstupujiciho do anaerobniho
reaktoru bioplynové stanice. V ramci prispévku jsou presentovany prvotni vysledky vyzkumu v této
i v agresivnim prostredi fugatu, pricemz nitrifikace vede ke snizeni pH fugatu az o nékolik jednotek.
Hlavnim faktorem ovilivriujicim viastnosti produkti odparovaciho procesu je hodnota pH zahustovaného
fugatu.

Klicova slova: Fermentacni zbytek, fugat, zZiviny, nitrifikace, tepelné zahustovani

Uvod

Fermentacni zbytek (asto oznaCovany téz jako digestat) produkovany v ramci provozu bioplynovych
stanic je v fadé pripadl separovan na dvé slozky: na pevnou frakci (tzv. separat) a na kapalnou frakci
(tzv. fugat). Separat mize byt nasledné dosousen a vyuzit pro fadu ucell (stelivo, péstebni substrat Ci
jeho slozka, surovina pro vyrobu kompostu &i vermikompostu apod.)'?. Fugat, charakteristicky nizkou
suSinou do 5 %, predstavuje v tomto pfipadé v podstaté odpadni proud, pfiCemz nakladani s nim je
spojeno s fadou problému®. Soudasnou bé&Znou praxi nakladani s fugatem je jeho relativné dlouhodobé
skladovani v uskladfiovacich nadrzich a jeho nasledna aplikace na zemédélskou pudu. Fugat obsahuje
relativné velké mnozstvi Zivin, zejména amoniakalniho dusiku (N-amon). Pomérné vysoky je ve fugatu i
obsah drasliku, hoféiku a vapniku & fosforu®>®. N-amon se vyskytuje ve dvou disociadnich formach,
kterymi jsou amonny kationt (NH,") a nedisociovany amoniak (NHs, free ammonia - FA). Pomér téchto
forem je dan fyzikalné-chemickymi podminkami, pfiéemz zasadni vyznam ma v tomto ohledu zejména
hodnota pH a teplota. Zastoupeni t€kavého NH; se zvySuje s rostouci hodnotou pH a s rostouci
teplotou®’. Fugat je charakteristicky mirn& zasaditou hodnotu pH (cca 7,5 — 8,5). Za téchto podminek je
jiz zastoupeni nedisociovaného NH; pomérné vysoké, v zavislosti na teploté &ini cca 4 — 20 %°.

Tékavy NHj pfi skladovani fugatu i pfimo béhem jeho aplikace na pldu unika do ovzdusi, coz je
nezadouci jak z environmentalniho®, tak z ekonomického hlediska (ztrata dusiku). Podil ztrat miize &init
az 30 % z celkového mnozstvi dusiku ptivodn& obsaZeného ve fugatu®. Ziviny jsou pres relativné vysoké
koncentrace N-amon, fosfore€nanl a dalSich latek ve fugatu rozptyleny v pomérné velkém mnozstvi
balastni vody. To navySuje naklady na skladovani, pfepravu a naslednou aplikaci tohoto materialu na
pudu. Vysoka frekvence pojezdl zemédélské techniky aplikujici velké objemy fugatu je navic spojena

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 299
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i se zvySenym rizikem zhutnéni pldy. Problémy s uplatnénim digestatu nebo jeho kapalné slozky
(fugatu) jsou slabym clankem provozu soucasnych BPS. Pritom vyvinuti vhodné technologie pro
zpracovani fugatu mize vést k ploSnému vyuziti separace digestatu a celkové i k racionalizaci vyuziti
latek v ném obsazenych.

Optimalizovat vyuzZiti zZivin obsazenych ve fugatu je mozno rlznymi pfistupy, které jsou zpravidla
zaloZeny na zakoncentrovani Zivin &i jejich ziskani v relativné gisté podob&'™. Znamé jsou fyzikalné-
chemické metody vedouci k ziskani amonného dusiku, popfipadé k sou¢asnému ziskavani amonného
dusiku a fosforu — napriklad stripovani amoniaku, & srazeni struvitu''. Cisté biologickou metodou je
pfevedeni Zivin obsaZenych ve fugatu do biomasy Fas &i vyssich rostlin'?>. Zmin&né zplsoby zpracovani
fugatu jsou vSak vice ¢ méné selektivni, tedy s jejich pomoci jsme schopni ziskavat pouze jednu (napf.
stripovani amoniaku), dvé (dusik a fosfor pfi srazeni struvitu) nebo nékolik (inkorporace do biomasy ras)
zivin. Ostatni cenné latky obsazené v surovém fugatu neni mozno zpravidla vyuzit. Navic jsou vSechny
vySe uvedené postupy spojeny s produkci odpadniho materidlu, tedy vody zbavené vybranych Zivin.
Cisténi takové odpadni vody je pfitom velice komplikované, nebot fugat obsahuje pestrou $kalu
nejrizngjSich chemickych latek. Zasadnim problémem z hlediska biologického ¢isténi takového proudu
odpadni vody je vysoky obsah téZko biologicky rozlozitelnych organickych latek charakteristicky pro
material, ktery jiz proSel anaerobnim biologickym rozkladem v biologickém reaktoru bioplynové stanice.

Cestu umoznujici zachovat pfi zpracovani fugatu v koncentrovaném proudu v podstaté vSechny Ziviny
a soucasné se vyvarovat produkce odpadni vody muzZe predstavovat tepelné zahustovani fugatu
vedouci k odpafeni vyznamné &asti balastni vody', popfipadé aplikace membranovych procest
(zpravidla ultrafiltrace a reverzni osmdza, resp. jejich kombinace)®'"'*. Membranové procesy predstavuji
pomérné slozité a nakladné systémy. Tento pfispévek se zaméfuje zejména na variantu zpracovani
fugatu jeho tepelnym zahustovanim. To je velice energeticky naro&né', nicméné pokud zohlednime
skuteénost, Ze vétsina zemé&délskych BPS provozovanych na GUzemi CR nedokaZe vyuzivat veskeré
teplo produkované kogeneracnimi jednotkami, naskytda se moznost jeho vyuZiti pravé pro tepelné
zahustovani fugatu vedouci k zakoncentrovani veskerych Zzivin do jednoho produktu omezeného
objemu. Destilat ziskany v priabéhu procesu (kondenzované pary balastni vody) by navic bylo mozno
v arealu bioplynové stanice vyuzit jako procesni vodu, zejména pro Upravu obsahu vody v substratu
vstupujicim do anaerobniho reaktoru. Abychom pfi tepelném zahustovani zamezili anikim amoniaku do
destilatu, resp. do ovzdusi, je vS8ak nutné nejprve upravit hodnotu pH fugatu do mirné kyselé oblasti
(= 6,0). Nejjednodussi metodou, jak tohoto cile dosahnout, je davkovani mineralni kyseliny'®. Nevyhodou
tohoto pfistupu je vSak vysoka spotfeba chemikalii a z ni plynouci provozni naklady. Problémem muize
byt i okyselovani ptdy po aplikaci takto upraveného fugatu.

Nabizi se vS8ak moznost docilit upravy pH fugatu pfed jeho tepelnym zahu$ténim bez davkovani
chemickych ¢inidel. Tato mozZnost spociva v nitrifikaci N-amon obsaZeného ve fugatu. Nitrifikace
predstavuje biochemickou oxidaci N-amon na dusi¢nany a je soucasti pfirozeného kolobéhu dusiku ve
vodnim prostfedi. Tato biochemicka transformace probiha ve dvou krocich a podileji se na ni dvé
nezavislé skupiny nitrifikacnich bakterii. N-amon je nejprve oxidovan na dusitanovy dusik (N-NO,)
¢innosti nitritacnich organismd (ammonium oxidizing bacteria - AOB) rodl Nitrosomonas, Nitrosococus
a dalSich. Nasledné je N-NO,™ pfevadén na dusi¢nanovy dusik (N-NOj3) v ramci €innosti nitratacnich
organisml (nitrite oxidizing bacteria - NOB) rodU Nitrobacter, Nitrospira a dalSich. Oxidované formy
dusiku (N-NO, a N-NOj") pfitom nejsou té€kavé a z tohoto hlediska je mozno je povazovat za ,stabilni“
formu dusiku. Nitrifikace je v kombinaci s denitrifikaci i zakladnim principem odstrafiovani sloucenin
dusiku z odpadnich vod. P¥i nitrifikaci, pfesnéji v prabéhu jeji prvni faze - nitritace, jsou uvolfiovany ionty
H*. V pfipadé vodniho prostiedi s velmi vysokou koncentraci N-amon a nedostate¢nou kyselinovou
neutralizaéni kapacitou (coz je i pfipad fugatu) proto dochazi pfi nitrifikaci k poklesu hodnoty pH®. Diky
tomu je zaroven s produkci oxidovanych forem dusiku po nitrifikaci radikalné snizeno riziko ztrat dusiku
tékanim amoniaku, nebot i v pfipadé, Zze vyznamna ¢ast N-amon neni pfi nitrifikaci pfevedena na
oxidované formy, zastoupeni t€kavého NH; je minimalni.

Se zpracovanim fugatu s vyuzitim nitrifikace nejsou v CR dosud Zadné zkusenosti. Na druhou stranu
je v8ak za ucelem optimalizace tohoto procesu mozno vyuzit vysledky ziskané pfi dlouhodobych
experimentech zaméfenych na zpracovani kalové vody ¢&i jinych odpadnich vod charakteristickych
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vysokou koncentraci slougenin dusiku'®'®. Prekazkou pro Uspésnou iniciaci a dlouhodobé udrZeni

nitrifikadniho procesu v prostifedi fugatu mdze byt vysoka koncentrace N-amon. Ten je sice substratem
pro AOB, ale zaroveri na tyto organismy (zejména ve formé FA) od urcité koncentrace pusobi inhibicné.
Jesté citlivéjsi jsou vtomto sméru NOB. Navic, pfechodna akumulace N-NO,, ke které dochazi
v pfipadé c¢innosti AOB a soucasné inhibici aktivity NOB, muze nitrifikaéni organismy sekundarné
inhib%\g:;-lt jesté silngji z davodu zvySeného vyskytu volné kyseliny dusité (HNO,, free nitrous acid —
FNA)>'.

Cilem tohoto pfispé&vku je ovéfit moznost iniciace a dlouhodobého udrzeni nitrifikaéniho procesu
v agresivnim prostfedi fugatu a posoudit vliv riznych faktortl na priibéh tohoto procesu. Zarovern si klade
za cil navrhnout optimalni podminky pro tepelné zahustovani surového fugatu tak, aby bylo mozno zvolit
vhodnou strategii pro dvoustupriovou upravu fugatu v soustavé nitrifikace — tepelné zahusténi, ktera
bude realizovana v dalSich fazich vyzkumu.

Experimentalni ¢ast

Test zaméreny na simulaci nitrifikace v prostfedi fugatu probihal v laboratornim modelu biologického
reaktoru zkonstruovaného z plexiskla, jehoz pracovni objem C¢inil 1,5 |. Za reaktorem byla zafazena
dosazovaci nadrz o objemu 0,25 I. K inokulaci systému nitrifikujici biomasou byl vyuzit vratny aktivovany
kal odebrany z biologického stupné cgisténi na méstské Cistirné odpadnich vod. V okamziku zahajeni
provozu byl cely objem reaktoru naplnén aktivovanym kalem o koncentraci (NL) cca 10 g/l, teprve poté
bylo zahajeno kontinualni davkovani fugatu. Prlibéh zapracovani reaktoru v danych podminkach
(prakticky nulova koncentrace N-amon v reaktoru pfi zahajeni provozu reaktoru) byl analogicky s dfive
provedenym experimentem s kalovou vodou vznikajici pfi odvodriovani anaerobné stabilizovaného
kalu'®. Reaktor byl provozovan jako aktivadni systém v reZimu sméSovaci aktivace zplsobem
analogickym s postupy aplikovanymi pfi biologickém &isténi odpadnich vod?°. Provzdu$iiovani aktivaéni
smeési bylo zajisténo vzduchovacim motorkem pouzivanym v akvaristice. PfeCerpavani tekutin v ramci
modelu bylo realizovano pomoci peristaltickych Cerpadel. Fugat pouzity jako vstup do reaktoru byl
odebran z bioplynové stanice zpracovavajici zejména praseci kejdu, travni hmotu a masokostni moucku.
Koncentrace N-amon v pouzitém fugatu se pohybovala mezi 2,4 a 2,9 g/l, pficemz predstavovala
dominantni chemickou formu dusiku v tomto fugatu. Hodnota pH dosahovala v priméru 8,2. Fugat byl
charakteristicky velice vysokym obsahem organickych latek, pficemz hodnota CHSK odstfedéného
vzorku Cinila primérné 8,3 g/l. Homogenizovany vzorek vykazoval dokonce hodnoty CHSK okolo 20 g/I.
Zatizeni reaktoru se v prab&hu provozu reaktoru pohybovalo mezi 0,17 a 0,70 kg/(m*d). Tomu
odpovidala hydraulicka doba zdrzeni fugatu v reaktoru v rozsahu 4 — 15 dnd. V ramci téchto prvotnich
experimentu byl reaktor provozovan po dobu 54 dni. Hodnota pH nebyla regulovana, coz limitovalo
celkovou ucginnost pfevedeni N-amon na oxidované formy ve shodé s pribéhem nitrifikacniho procesu
v kalové vodé vznikajici pfi odvodfiovani anaerobné stabilizovaného kalu™®.

V pribéhu celého experimentu bylo jednou tydné provadéno spektrofotometrické méreni koncentrace
N-amon ve vstupnim fugatu a koncentraci jednotlivych forem dusiku (N-amon, N-NO; a N-NOj3) na
odtoku z reaktoru. Ve stejném intervalu byla sledovana i hodnota CHSK fugatu na vstupu a vystupu.
Kontinualné pak byla pomoci méficiho systému Magic XBC (GRYF HB, spol. s r.0.) méfena teplota
a hodnota pH v reaktoru. Pravidelné byla také sledovana koncentrace kysliku v reaktoru, ktera byla ve
snaze zabranit limitaci vykonnosti reaktoru a hromadéni dusitan(i v odtoku'®udrzovana na hodnotach
prevysujicich 2,5 mg/l.

Za uUcelem posouzeni efektivity nitrifikacniho procesu byl pouzit parametr ,uc¢innost prevedeni
N-amon na oxidované formy*“ (E (ox)), jehoz hodnota byla vypoctena dle nasledujici rovnice 1:

c¢(N-NO3)+ c(N-NO3)
c(N-NOZ)+ c(N—NO§)+ c(N—amon)

E (ox) = -100 % (1),
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ve které c(N-NO;’), c(N-NOj3) a c(N-amon) pfedstavuji koncentraci jednotlivych forem dusiku na
odtoku z reaktoru.

Koncentrace volného amoniaku -FA (Cga) a volné kyseliny dusité - FNA (Cgna) V mg/l byly vypocéteny
dle nasledujicich rovnic (rovnice 2 a 3)°%:

17  c¢(N—amon)- 10PH

AT 13 cxp(E) 10 @
_ 46 c(N-NO3)
CFNA T 14 exp %) 10PH (3)!

kde c(N-amon) a c(N-NO;") pfedstavuje aktualni celkovou koncentraci N-amon a N-NO, v mg/l, T je
teplota ve °C a pH aktualni hodnota pH v systému.

K pokusiim zaméfenym na tepelné zahus$tovani fugatu byla vyuZita laboratorni odparka BUCHI
Rotavapor R-215 s vakuovou pumpou V-700 a regulatorem podtlaku V-850. Prvotni pokusy zamérené
na odparovani balastni vody z fugatu probihaly za snizeného tlaku (300 mBar) s vyuzitim vodni lazné
temperované na teplotu 95 °C. P¥i tepelném zahustovani byl produkovan zahustény fugat a destilat
vznikajici kondenzaci vodni pary v chladici, ktery je soucasti pouzité odparky. Zpracovavany byly vzorky
fugatu o objemu 200 ml. Pfed zahajenim vlastniho odparovani byly vzorky pridavkem kyseliny sirové
o molarni koncentraci 0,1 mol/l okyseleny ze slabé alkalické hodnoty typické pro fugat na hodnoty 6,0;
5,0; resp. 4,0. Nasledné byly vzorky tepelné zahustény na 50 % puvodniho objemu. Z plivodniho objemu
fugatu 200 ml bylo tedy 100 ml pfevedeno do destilatu. Ve vzorcich surového fugatu, zahusténého
fugatu i destilatu byla sledovana hodnota pH, koncentrace amoniakalniho dusiku a mérna elektricka
vodivost (konduktivita).

Testy byly realizovany s fugatem produkovanym v ramci tfi BPS provozovanych na tzemi CR (BPS
1, BPS 2 a BPS 3). BPS 1 a BPS 2 zpracovavaji pfevazné cilené péstovanou biomasu a exkrementy
hospodarskych zvifat, BPS 3 vyuziva jako substrat pro vyrobu bioplynu zejména separované bioodpady
a biologicky rozlozitelné odpady z kuchyni a stravoven (gastroodpad).

V ramci experimentu byl kvantifikovan podil amoniakalniho dusiku zUstavajiciho v zahusténém fugatu
a jeho podil pfechazejici do destilatu. Ur€ovany byly také ztraty dusiku béhem odparovaciho procesu.
Tepelné zahustovani jednotlivych vzorkl bylo realizovano ve tfech opakovanich, pfic¢emz nize uvedené
vysledky jsou aritmetickymi priméry z t&chto tfi pokusu.

Veskeré chemické rozbory vzorkd byly provadény ve shodé s postupy uvedenymi v praci®'.N-amon
byl stanovovan spektrofotometricky indofenolovou metodou, N-NO; a N-NO, byly kvantifikovany
spektrofotometricky s 2,6 dimethylfenolem, respektive s amidem kyseliny sulfanylové a NED
dihydrochloridem, hodnota CHSK byla stanovovana dichromanovou metodou (spektrofotometrickou
semimikrometodou).

Vysledky a diskuse
LABORATORNI TEST HODNOTICI NITRIFIKACI FUGATU
Zmény koncentrace sloucenin dusiku v odtoku z nitrifikacniho reaktoru

Pres extrémné vysokou koncentraci N-amon a organickych latek ve zpracovavaném fugatu se
podafilo od poc¢atku experimentu iniciovat nitrifikaéni proces s dusi¢nany jako koneénym produktem. To
svédCi o vysoké aktivité nitritacnich (AOB) i nitratacnich (NOB) bakterii. Jiz dva dny po zahajeni
experimentu byla v odtoku z reaktoru zaznamenana koncentrace N-NOj™ 250 mg/l, pficemz do 21. dne
rovhomérné stoupala az na 1540 mg/l (obrazek 1A). Soucasné dochazelo k narustu koncentrace N-
amon v odtoku. Z vyvoje koncentraci jednotlivych forem dusiku v odtoku je zfejmé, Ze pfiblizné polovina
N-amon byla v této fazi prevedena na N-NOj™ a druha polovina zustavala v odtoku. Produkce N-NO,
byla do 21. dne provozu reaktoru velice nizka. Od 21. dne experimentu byl (patrné v souvislosti se
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zvySenim zatizeni reaktoru — obrazek 1B a poklesem pH vreaktoru — obrazek 2A) zaznamenan
pozvolny narust koncentrace N-NO,, ktery byl doprovazen poklesem koncentrace N-NOj'. Zatimco
21. den byla naméfena koncentrace N-NO,™ 47 mg/l, 28. den jiz &inila 1022 mg/l. Koncentrace N-amon
v odtoku se od 15. dne ustalila na hodnotach mezi 950 a 1250 mg/I.

Postupny narast koncentrace celkového dusiku (sumy N-amon, N-NOj;™ a N-NOy") v odtoku z reaktoru
reaktoru, ktery byl pivodné naplnén aktivovanym kalem s koncentraci dusiku neprevysujici 20 mg/I.
V dal§im pradbéhu experimentu byla v nékterych pfipadech naopak zaznamenana situace, ve které
soucet koncentraci jednotlivych forem dusiku v odtoku pfevySoval koncentraci N-amon v pfitoku. K tomu
doslo zejména okolo 20. dne provozu reaktoru. Hlavnim ddvodem tohoto jevu byl patrné provoz reaktoru
pfi relativné nizkém zatizeni, kdy pfi malém pratoku dochazelo k zahus$tovani fugatu odparem vody
z reaktoru. Tuto domnénku potvrzuje i skute¢nost, Ze po nasledném zvySeni zatizeni reaktoru (a tim
i pratoku fugatu reaktorem) jiz nebyl tento jev tak vyznamny (obrazek 1). K odparu sice pochopitelné
dochazelo v pribéhu celého experimentu, nicméné pfi vy$Sim prutoku reaktorem nemél takovy vliv na
koncentrace sledovanych latek, nebot objem odpafené vody byl ve vztahu k pratoku zanedbatelny.
Urcity vliv na bilanci dusiku v systému mohla mit i pfipadna mineralizace organického dusiku
v nitrifikaénim reaktoru. Ta by mohla byt vyznamna zejména ve fugatu z anaerobnich reaktoru
bioplynovych stanic, ve kterych nedochazi k dostateéné ucinnému rozkladu organické hmoty. V kazdém
pfipadé je zamérem autorl tohoto pfispévku se v ramci navazujicich experimentt podrobnéji vénovat
biochemickym pfemé&nam sloucenin dusiku, které by v reaktoru mohly probihat soubé&zné s nitrifikaci.

Zjisténi, ze pfi vhodné volbé strategie zapracovani nitrifikacniho procesu je mozno nitrifikaci okamzité
iniciovat pres extrémni chemické sloZzeni zpracovavané vody je ve shodé se zavéry plynoucimi
z experimentu provedenych s kalovou vodou vznikajici pfi odvodrovani anaerobné stabilizovaného kalu
na velkych méstskych &istirnach odpadnich vod'®. Vysledky prezentované v ramci tohoto prisp&vku tedy
potvrzuji pfedpoklad, Ze v mnoha ohledech bude nitrifikace v prostfedi fugatu probihat podobné jako
v pfipadé biologického Ccisténi kalové vody, prestoze fugat obsahuje N-amon ve vyrazné vysSSi
koncentraci nez kalova voda a nékolikanasobné vyssi ve fugatu je i hodnota CHSK kvantifikujici obsah
organickych latek.

A = =¢= = N-amon pfitok g N-amon odtok B
——a— N-NO," odtok s N-NO5" odtok —e—E(ox) ——Bv
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Obrazek 1: Nitrifikace fugatu — koncentrace N-amon ve vstupnim fugadtu a koncentrace N-amon,
N-NO; a N-NOj; v odtoku z reaktoru (A); objemové zatizeni dusikem - BV a uc¢innost prevedeni
N-amon na oxidované formy — E (ox) (B)

Hodnota pH a jeji vliv na inhibici nitrifikace

Do 21. dne pokusu se hodnota pH v reaktoru pohybovala mezi 6,1 a 6,5 (obrazek 2A). Nasledné ale
doslo k poklesu pH az na 5,2. To mélo i pfi relativné nizké koncentraci N-NO;™ (47 mg/l méfeno 21. den)
za nasledek pomérné vyznamny narlst koncentrace volné kyseliny dusité (FNA), viz obrazek 2B. Jiz
22. den byla zaznamenana koncentrace FNA dosahujici 13,8 mg/l. Pfitom jiz rozmezi koncentrace FNA
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0.2 — 2.8 mg/l byva z hlediska aktivity NOB ozna&ovano jako inhibiéni®. Nékteré novéjsi studie naznaduii,
e FNA muze inhibovat éinnost NOB dokonce pfi koncentraci 0,037 mg/I?2. Z tohoto diivodu byla patrné
od 21. dne aktivita NOB vyznamné& omezena, coz se projevilo strmym narlstem koncentrace N-NO,
(obrazek 1A) a soucasné logicky i dalSim vzrastem koncentrace FNA (obrazek 2B). Ta vzrostla na
extrémni hodnoty dosahujici aZ 30,9 mg/l. Za t&chto podminek jiz ve shod& s Vadivelu et al.?® doslo
i k potlageni aktivity AOB, coz se v disledku absence acidifikace prostiedi pfi jejich ¢innosti’projevilo
strmym narUdstem pH az na 8,7 (méfeno 35. den experimentu). Tento narust pH na jedné strané
eliminoval inhibiéni pusobeni FNA, na druhou stranu vSak vyvolal narast koncentrace volného amoniaku
(FA) az na extrémni hodnoty dosahujici 35. den az 308 mg/I (obrazek 2B).
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Obrazek 2: Nitrifikace fugatu — hodnota pH a teplota v reaktoru (A) a jejich viliv na koncentraci
FA a FNA (B)

Za téchto podminek jiz nelze ocekavat uspokojivou funkci NOB ani AOB®?. Pfesto se v dal§im
pribéhu experimentu €innost reaktoru obnovila, coz se projevilo urditym poklesem pH jiz pfi dalSim
méfeni. | dale v8ak pfes vyznamné sniZzeni zatiZzeni reaktoru (obrazek 1B) dochazelo k silnym fluktuacim
v hodnoté pH a tedy i k prechodnému extrémnimu nartstu koncentrace toxickych forem dusiku.

Uc¢innost pfevedeni N-amon na oxidované formy

Uginnost prevedeni N-amon na oxidované formy (E (ox)) se po celou dobu provozu reaktoru
pohybovala v rozmezi 47 — 67 %. Omezeni ucinnosti procesu v podminkach bez regulace pH je dano
nedostate€nou kyselinovou neutraliza¢ni kapacitou zpracovavaného fugatu (respektive pfilis nizkym
pomérem mezi kyselinovou neutralizacéni kapacitou a koncentraci N-amon), pficemz pokles pH
zptsobeny nitrifikadnim procesem nasledné& limituje aktivitu nitrifikaénich organismti’. Hodnoty E (ox)
zjisténé v ramci tohoto experimentu jsou ve shodé s vysledky ziskanymi pfi obdobnych testech
zaméfenych na nitritaci kalové vody'®.

Zatizeni reaktoru se v prvnich 21 dnech provozu reaktoru pohybovalo okolo 0,2 kg/(m®-d). Nasledné
bylo postupné zvySovano (obrazek 1B). Pi hodnot& 0,70 kg/(m®-d) dosazené 35. dne doslo ke strmému
narustu hodnoty pH (obrazek 2A) svéd¢€icimu o snizeni ucinnosti nitrifikace (nedochazi k tak intenzivni
produkci H* charakteristické pro nitrifikaci, resp. nitritaci’). Proto bylo zatiZeni reaktoru snizeno na
ptvodni hodnotu okolo 0,2 kg/(m®-d). Zprovedenych experimentd vSak nebylo moZno uginit
jednoznacny zavér, zda narlst hodnoty pH zpUsobilo primarné pretizeni reaktoru ¢i extrémni nartst
koncentrace FNA v této fazi jeho provozu (viz vyse).

Rizika plynouci z vysledku testu zaméreného na nitrifikace fugatu a naméty na navazujici
experimenty

Nizké hodnoty pH jsou pfihodné pro tepelné zahustovani nitrifikovaného fugatu. Na druhou stranu je
vSak potreba brat na zfetel vliv aktualni hodnoty pH v nitrifikacnim reaktoru na koncentraci FA a zejména
FNA. Jejich inhibi¢ni plsobeni na nitrifikacni organismy muze v danych podminkach silné ovliviiovat
nejen zastoupeni kone¢nych produktld nitrifikace, ale v extrémnich pfipadech muze vést i ke kolapsu
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celého procesu. V ramci dosavadnich experimentd bylo také zjisténo, ze i prudké zmény v zatizeni
reaktoru dusikem mohou vyvolat nestabilitu procesu. Systém se jevi jako velice nachylny zejména
k inhibici aktivity NOB. Ukazalo se, Ze razantni nekontrolovany pokles pH v nitrifikaénim reaktoru
(v nasem pfipadé z hodnoty cca 6,4 na cca 5,2) mize vést k masivni akumulaci dusitant v odtoku
z nitrifika¢niho reaktoru a k riziku kolapsu biologického procesu. Vzhledem k toxickému vlivu N-NO, na
nékteré rostliny® je v8ak pfi vyuziti nitrifikovaného a nasledné tepelné zahusténého fugatu v zemédélstvi
nasim zajmem minimalizovat zastoupeni N-NO, mezi produkty nitrifikace. V kazdém pfipadé bude za
ucelem identifikace optimalnich podminek pro nitrifikaci fugatu zapotfebi v ramci navazujiciho vyzkumu
realizovat dlouhodobéjsi experimenty, pfi kterych bude biomasa vystavena po delSi dobu neménnym
podminkam. Jako perspektivni se jevi zejména varianta s moznosti kontinualni regulace pH v reaktoru
a velice pozvolnym zvySovani zatiZzeni reaktoru dusikem.

VLIV PH NA TEPELNE ZAHUSTOVANIi SUROVEHO FUGATU

V ramci prvotnich experimentl zamérenych na tepelné zahustovani surového fugatu bylo potvrzeno,
Zze hlavnim faktorem ovliviujicim distribuci N-amon v zahusténém fugatu a v destilatu i dalSi vlastnosti
téchto dvou produktd, je hodnota pH fugatu pfi zahajeni odparovaciho procesu. S klesajici hodnotou pH
vzrustal podil N-amon zUstavajiciho v zahusténém fugatu a klesal podil N-amon prechazejiciho do
destilatu. Pfi hodnoté pH 6,0 ¢inil podil N-amon v zahu$§téném fugatu u jednotlivych vzorkd 63 — 80 %
(viz tabulka 1), podil N-amon v destilatu 7 — 14 %.

Zbytek (8 — 30 %) pak pfipadal na ztraty N-amon v plynné formé (viz tabulka 1). LepSich vysledku
bylo u BPS 1 a BPS 2 v tomto sméru dosazeno pfi hodnotach pH 5,0 a 4,0, pfic¢emz vysledky pfi téchto
hodnotach nevykazovaly pfili§ vyznamné rozdily. U BPS 3 naopak nebyly zaznamenany velké rozdily
u vzorkl okyselenych na pH 6,0 a 5,0. Vyrazné lepsi vysledky byly u této BPS naopak zaznamenany pfi
pH 4,0. UpIné& nejvyssi podil N-amon v zahusténém fugatu (90 %) byl pozorovan u vzork( z BPS 2
okyselenych na pH 5,0, resp. 4,0. Podil N-amon v destilatu neprekrocil pfi hodnotach pH 4,0 ani 5,0
v zadném ze vzorkl 7 %. U vzork(l z BPS 1 a BPS 3 zahustovanych pfi pH 4,0 pak nepiekroCil 2 %.
Nejmensi ztraty dusiku (cca 4 %) byly zaznamenany u vzorku z BPS 2 zahustovaného pfi hodnoté pH
5,0. AvSak u vzorku z BPS 3 ¢inily ztraty i pfi pH 4,0 celych 20 %, pfi hodnotach pH 5 a 6 byly u této
BPS jesté vyrazné vyssi (tabulka 1). V kazdém pfipadé je prekvapujici velky rozdil mezi ztratami dusiku
u jednotlivych BPS. Zda se, ze v tomto sméru mohla hrat roli skuteCnost, Ze pfi upravé pH vzorkl fugatu
pred tepelnym zahusténim davkovanim roztoku kyseliny do$lo ke zméné, resp. narlstu, objemu vzorku,
ktery byl v ramci téchto experimentl zanedban. Narlst objemu fugatu vS§ak mohl zplsobit u nékterych
vzorkll vyznamnéj$i zménu v koncentraci dusiku ve vzorku fugatu a z ni plynouci zkresleni vypoctu
procentualniho zastoupeni dusiku v zahusténém fugatu, destilatu a dusiku pfipadajiciho na ztraty.
U vzorkl s vys$Si hodnotou kyselinové neutraliza¢ni kapacity (zejména BPS 3) byly davky roztoku
kyseliny logicky vysSia to patrné vedlo k ur€itému zkresleni vypoc¢tu ztrat dusiku. Dal$Simi faktory
ovliviiujicimi pfesnost vypoctu bilance dusiku mize byt také omezena moznost ukoncit destilaci presné
ve chvili, kdy byla odpafena 2 puvodniho objemu fugatu a chyba stanoveni N-amon, ktera muize
dosahovat v danych podminkach az 5 %. V kazdém pfipadé bude nezbytné se v ramci navazujicich
experimentl na vSechny faktory ovliviiujici pfesnost bilance dusiku pfi odpafovacim procesu detailnéji
zaméfit a eliminovat jejich vliv.

Vysledky ziskané v ramci tohoto experimentu jsou srovnatelné s literarnimi Gdaji. Napfiklad Chiumenti
et al.” také dospéli k zavéru, ?e hodnota pH fugatu je hlavnim faktorem ovliviiujicim prabéh
odparovaciho procesu a vilastnosti jeho produktl. Zatimco pfi zahustovani surového neupraveného
fugatu charakteristického hodnou pH v rozmezi 7,6 —7,9 bylo 78 % N-amon pfevedeno do destilatu,
Uprava pH na 5,0 vedla k tomu, ze 97,5 % N-amon zUstalo v zahu$§téném fugatu. Pfi hodnoté pH 3,5
tento podil vzrostl dokonce na 99,2 %.
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Tabulka 1: Bilance amoniakadlniho dusiku po odpareni pfri riznych hodnotiach pH vstupniho
fugatu

koncentrace N-amon (mg/l) N-amon N-amon ztraty
vzorek (surm'/J)‘:'lfuga't) (po i?:-avé) surovy | zahustény — v zahyété?ém v deftilétu N-aomon
fligat fugat destilat fugatu (%) (%) (%)
6.0 3680 710 74 14 12
BRSH 8,2 5,0 2500 4080 160 82 3 15
4,0 4030 67 81 1 18
6,0 3030 460 80 12 8
BPS:2 w7 5,0 1900 3420 240 ) 6 4
4,0 3410 190 90 5 5
6,0 5970 650 63 7 30
BPS:3 8,0 5,0 4750 6 250 150 66 2 32
4,0 7510 70 79 1 20

Hodnota pH surového fugatu v okamziku zahajeni odpafovani ma pochopitelné vyznamny vliv i na
dal$i vlastnosti zahusténého fugatu i destilatu. V tabulce 2 jsou uvedeny hodnoty pH a konduktivity pro
tyto produkty tepelného zahustovani fugatu. Konduktivita destilatu vyznamné klesa s poklesem hodnoty
pH, coz jasné prokazuje pokles koncentrace elektrolytl v destilatu. V pfipadé hodnoty pH 5,0 a 4,0,
nepresahovala konduktivita 1 mS/cm a dosahuje tedy hodnot splfiujicich limit pro pithou vodu. Na
druhou stranu jsou to hodnoty o 2 — 3 Fady vy&§i neZ hodnoty typické pro destilovanou vodu’. Vyrazné
hodnota (0,22 mS/cm) byla zaznamenana u destilatu ziskaného tepelnym zahustovanim fugatu
produkovaného na BPS 3 pfi hodnoté& pH 4,0. Ve vS8ech vzorcich zahu$téného fugatu byly zaznamenany
velice vysoké hodnoty konduktivity pohybujici se v Fadu desitek mS/cm.

Tabulka 2: Hodnoty pH a konduktivity v produktech tepelného zahustovani fugatu

pH zahustény fugat destilat
vzorek | surovy fugat po upravé pH konduktivita pH konduktivita
(mS/cm) (mS/cm)
6,0 6,7 39 9,3 3,2
BPS 1 8,2 5,0 5,4 41 8,6 0,7
4,0 4,4 45 7,5 0,5
6,0 6,8 19 9,1 3,2
BPS 2 T 5,0 58 20 8,4 0,9
4,0 5,1 28 5,4 0,5
6,0 6,5 48 9,3 4,3
BPS 3 8,0 5,0 5,4 53 7,5 0,9
4,0 4,4 52 3,8 0,2

Naméty na navazujici vyzkum v oblasti tepelného zahustovani fugatu

V ramci vySe popsaného experimentu zaméfeného na tepelné zahustovani fugatu byla z hlediska
obsahu Zivin hlavni pozornost vénovana N-amon, u kterého je vysoké riziko prestupu z kapalné do
plynné faze. U dalSich zakladnich zZivin (zejména fosforu a drasliku) Ize vzhledem k jejich fyzikalné-
chemickym vlastnostem predpokladat, Zze po tepelném zahusténi v podstaté beze zbytku zlstanou
v kapalné frakci, resp. v zahus$téném fugatu. Za predpokladu aplikace optimalnich podminek
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odparovaciho procesu a zachovani cca 80 — 90 % N-amon v tepelné zahusténém fugatu (viz tabulka 1),
je tedy mozno ocekavat, ze zpracovani fugatu tepelnym zahusténim nepovede k zasadnim zménam
vpoméru N, P a Kvtepelné zahusténém fugatu ve vztahu k surovému fugatu prfed jeho Upravou.
V kazdém pfipadé autofi prispévku pocitaji s ovéfenim téchto predpokladl v ramci navazujiciho
vyzkumu.

Zatim byly samostatné simulovany nitrifikace a tepelné zahustovani surového fugatu, pficemz
v dalSich fazich FeSeni projektu se pocita s integraci obou procesu, tedy se zpracovanim fugatu
v soustaveé nitrifikace/tepelné zahusténi. Tepelné zahustovan jiz nebude surovy fugat, nybrz fugat, ktery
byl nejprve podroben biologické predupravé nitrifikaci. To v ramci dosud provedenych experimentt
nebylo mozné, nebot nebylo k dispozici dostateéné mnozZstvi nitrifikovaného fugatu, jehoz vlastnosti
navic nebyly stabilni. V ramci navazujicich experimentl se bude potfeba zameéfit na detailngjsi
identifikaci faktord zplsobujicich ztraty dusiku pfi odparovani. Budou vyvijeny snahy navrhnout

Pozornost bude nutno v ramci navazujicich experimentl vénovat také riziku zvySeného obsahu
tézkych kova a dalSich rizikovych latek v zahusténém fugatu. Tepelné zahusténi logicky povede nejen
ke zvySeni obsahu Zivin, ale zaroven i k zakoncentrovani téchto latek. Existuje tedy nebezpedi, Ze
i v pfipadé splnéni limitd obsahu rizikovych latek v surovém, resp. nitrifikovaném, fugatu dle aktualnich
legislativnich predpis(?®, témto predpisim nevyhovi koneény produkt dvoustupfiové Upravy fugatu, tedy
tepelné zahustény nitrifikovany fugat. V kazdém pfipadé se jevi jako nezbytné u kazdého konkrétniho
vzorku pred aplikaci upraveného fugatu na zemédélskou padu provadét testy ekotoxicity®.

Z hlediska praktické aplikace tepelného zahustovani fugatu muize pomérné zasadni problém
predstavovat velka energeticka narocnost tohoto procesu. Z dosud realizovanych zahrani€nich aplikaci
pro tepelné zahustovani surového fugatu je zfejmé, Zze k odpareni 1 kg vody je potifeba pfiblizné 1 kWh
tepla. Dle dostupnych zdroju je proto k realizaci takového systému potieba cca 75 % zbytkoveho
odpadniho tepla produkovaného v ramci provozu BPS?. Tento (idaj ale nelze povazovat za univerzalné
platny, bude se ménit v zavislosti na mistnich podminkach. V kazdém pfipadé, pro BPS, které
nenachazeji jiné uplatnéni pro zbytkové teplo, se jevi jako realné uvazovat o jeho vyuziti pro tepelné
zahusténi surového, resp. nitrifikovaného fugatu.

Zaveéry

Zpracovani fugatu v soustavé nitrifikace/tepelné zahusténi predstavuje perspektivni variantu pro
upravu fugatu produkovaného v ramci provozu bioplynovych stanic, ktera mize vést k efektivngjSimu
vyuziti tohoto materialu. Byla potvrzena mozZnost iniciovat a provozovat nitrifikaci v agresivnim prostredi
fugatu. V nitrifikovaném fugatu je vyrazné snizena hodnotou pH, rozdil v pH surového a nitrifikovaného
fugatu muze cinit i nékolik jednotek. To je pfiznivé z hlediska potencialniho tepelného zahustovani
nitrifikovaného fugatu. Na druhou stranu bylo zjiSt&€no, Zze za urcitych okolnosti hrozi nekontrolovatelné
vykyvy hodnoty pH v nitrifikaénim reaktoru, které mohou vyvolat masivni akumulaci dusitant v odtoku ¢i
dokonce zastavit nitrifikacéni proces. Pro dalsi fazi vyzkumu bude tedy zapotfebi regulovat pH v reaktoru.
Pribéh tepelného zahustovani fugatu ovliviiuje zejména hodnota pH zahustovaného fugatu. V ramci
navazujicich experimentl bude jiz tepelné zahuStovan nitrifikovany fugat, pfi€emz technologické
usporadani odparovaciho procesu bude zapotfebi optimalizovat z hlediska minimalizace obsahu N-
amon v destilatu a z pohledu minimalizace ztrat dusiku.
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Summary

This paper deals with two-stage treatment of the liquid phase of digestate (so called fugate or
liquid digestate) enabling to solve the problems connected with large production of digestate
during the operation of agricultural biogas plants which were constructed intensively during last
years in the Czech Republic. The treatment consists of the biological nitrification of ammonia
contained in the fugate and consequent thermal thickening of all nutrients contained in fugate
pre-treated by the nitrification. Nitrification ensures partial conversion of ammonia to nitrate and
simultaneously induces pH decrease in the fugate. By this way, the nitrogen losses during the
storage and during the application of fugate to soil which are mainly caused by the volatilization
of free ammonia could be minimized. Thermal thickening utilizing excess of heat produced by
cogeneration units consequently leads to radical decrease of the volume of fugate where
valuable distilled liquor will be produced. Thickened fugate could be applied as fertilizer where
the costs for the transport of this material will be reduced significantly in the comparison with
raw fugate. Also the risk of the compacting of the soil by frequent driving of agricultural vehicles
will be reduced significantly. The distilled liquor produced during the thermal thickening could be
used as the process water e.g. for the optimisation of the content of dry matter in the substrate
for anaerobic reactor of biogas plant. Primary results of the research in the field of combined
treatment of the fugate by nitrification and subsequent thermal thickening are presented within
this paper. The results indicated that the nitrification process could be successfully initiated and
operated in the aggressive environment of fugate where the pH of fugate could decrease even
by several units thanks to initiation of nitrification. The main factor influencing the course of
thermal thickening of raw fugate was the pH value reached during the evaporation process.

Keywords: digestate; fugate; nitrogen; nitrification; thermal thickening

Acknowledgement

This paper was prepared within the project supported by Ministry of Agriculture of the Czech
Republic under NAZV project no.QK1710176. The authors gratefully thank the donor for the
financial support of the research.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostredi TVIP 2018, 6. — 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 309

88



4.5 Michal et al. (2018). Dvoustupiiova uprava fugatu jako cesta k produkci

procesni vody.
Autof¥i: Michal, P., Svehla, P., Vargas, C. L. M., Tlustos, P.

Publikovano v ¢asopise: Vodni Hospodaistvi. 68 (4). 44-46.

89



Dvoustupnova uprava
fugatu jako cesta
k produkci procesni vody

Pavel Michal, Pavel Svehla, Liz Mabel Vargas Céceres,
Pavel Tlustos

Abstrakt

Prispévek se zabyva problematikou zpracovani kapalné frakce
fermentacniho zbytku vznikajiciho pri provozu bioplynovych sta-
nic (tzv. fugatu) dvoustupniovou tpravou spocivajici v nitrifikaci
a nasledném tepelném zahusténi nitrifikovaného fugatu. Kone¢nymi
produkty jsou zahustény nitrifikovany fugat vyuzitelny jako kom-
plexni kapalné hnojivo a destilat, ktery mtze byt v ramci bioplyno-
vych stanic (BPS) zpétné vyuzit jako procesni voda. Nitrifikace vede
k prevedeni ¢asti amoniakalniho dusiku na dusi¢nanovou formu
a zaroven k vyznamnému poklesu pH fugétu. Ten je pozitivni vzhle-
dem k minimalizaci prechodu zbyvajiciho amoniakalniho dusiku do
destilatu. Diiraz je v ramci prispévku kladen zejména na moznost
vyuziti destilatu. Prezentovény jsou zakladni charakteristiky surové-
ho fugatu, nitrifikovaného fugatu i jednotlivych produkti tepelného
zahustovani. V téchto frakcich byly sledovany parametry jako pH,
koncentrace N-amon, N-NO, a N-NO,,, CHSK ¢&i niz$ich mastnych
kyselin. Sledovana byla i elektricka vodivost.

Klicova slova
fermentacni zbytek — fugat — procesni voda — nitrifikace — tepelné
zahustovani — destilat

Uvod

Problematika BPS jako obnovitelného zdroje energie je vysoce disku-
tovanym tématem jak v Ceské republice, tak i v Evropské unii. V CR
je v soucasné dobé v provozu 554 bioplynovych stanic, z ¢ehoz je
383 zemédélskych. V celé Evropské unii se nachazi priblizné 12 tisic
zemédelskych BPS z celkového poctu 17 tisic [1]. Vedle energeticky
bohatého bioplynu jsou vedlejsim produktem anaerobni digesce velké
objemy suspenze, kterd jiz prosla anaerobnim rozkladem. Jedna se
o tekuty material se susinou obvykle okolo 10 %, ktery je oznacovan
jako digestat, respektive fermentacni zbytek. Fermentacni zbytek je
v nékterych provozech BPS separovin na dvé slozky: na pevnou
slozku (tzv. separat) a na kapalnou frakci (tzv. fugdt).

Separat je charakterizovan pomérné vysokou susinou 20-30 %
a mize byt nasledné vyuzit pro fadu aceli (hnojivo, stelivo, péstebni
substrat ¢i jeho slozka apod.). Z celkové hmotnosti digestatu zaujimé
separat pouze 10 az 20 % a je v ném koncentrovano pfiblizné 60 %
fosforu [2].

Naopak fugét se vyznacuje nizkou susinou 0,8-4 %, pficemz ob-
sahuje relativné vysoké koncentrace Zivin — zejména amoniakalniho
dusiku (N-amon, 5-15 % susiny; koncentrace v jednotkach g/l), dras-
liku (0,1 % susiny), ale i fosforu (cca 1 % susiny, vétsinou desitky az
stovky mg/l) [3, 4, 5]. Z celkového mnozstvi predstavuje fugét 80-90 %
hmotnosti digestatu [2]. Béznou praxi nakladéani s fugatem je jeho
pomérné dlouhodobé skladovani v aredlu BPS a néasledna aplikace
na zemédélskou ptidu jakozto zdroje zivin pro rostliny.

Vysoké koncentrace N-amon ve fermenta¢nim zbytku, resp. ve
fugatu jsou zptisobeny transformaci organicky vézaného dusiku
pfitomného v riznych organickych substratech (hntj, kejda ¢i
jatecni odpady) béhem anaerobni fermentace [6]. Amoniakéalni du-
sik zahrnuje amonny iont (NH,*) a nedisociovany amoniak (NH,).
Zastoupeni obou forem je déno fyzikalné-chemickymi podminkami,
zasadni vyznam ma v tomto ohledu hodnota pH a teplota. Zastoupeni
tekavého NH, se zvysuje s rostouci hodnotou pH a s rostouci teplotou
[7, 8, 9]. Fugat je pfitom charakteristicky mirné zasaditou hodnotou
pH, ktera se pohybuje v rozmezi 7,5 az 8,5 [4], proto je zastoupeni
nedisociovaného NH, ve fugdtu pomérné vysoké. Pii aplikaci fugatu
na zemédeélskou ptidu i pfi jeho skladovéni dochazi tedy k uvoliiovani
NH, do ovzdusi, coz ma negativni vliv na lidské zdravi [10] a stav
zivotniho prostfedi obecné. Zaroven dochazi i ke ztratam dusikaté
ziviny, ktera je nezbytné pro vyvoj rostlin.
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Pres relativné vysoky obsah zivin ale fugat zaroveri obsahuje i velké
objemy balastni vody. To vede ke zvy§enym nérokiim na objem usklad-
novacich nadrzi. Problém dlouhodobého skladovani fugatu je zasadni
hlavné v obdobi zakazu hnojent, které je v Ceské republice zakotveno
v nafizeni vlady ¢. 262/2012 Sb., o stanoveni zranitelnych oblasti
a akénim programu. Fugit je na zdkladé tohoto natizeni hodnocen
jako hnojivo s rychle uvolnitelnym dusikem a zakaz jeho aplikace je
v obdobi od 15. 11. do 15. 2. pro klimaticky region 0-5 (tzn. region
velmi teply, teply az po mirné teply—mirné vlhky region), respektive
od 5.11. do 28.2 pro klimaticky region 6-9 (mirné teply—vlhky az po
chladny region). V Evropé se pozadavky na skladovani digestatu, resp.
fugdtu velmi riizni a zalezi na legislativnich upravach jednotlivych
statt. Maximdlni pripustna doba skladovani se pohybuje od 4 do 9
mésict [2]. Zaroven i doprava digestatu ¢i jeho kapalné frakce do
vzdélengjsich oblasti (vice nez 20 km) netimérné prodraZuje ekono-
miku celého provozu BPS [11].

Za ucelem dosazeni optimalni susiny materialu vstupujiciho do
anaerobniho reaktoru BPS je zpravidla substrét potteba fedit. To plati
zejména pii zpracovani substrati s vyssi susinou. V celém procesu
anaerobni digesce tak ma vyznamnou tlohu voda, které musi byt
zajistén dostatecny piisun. Jako fedici médium zpravidla byva pouzi-
van praveé fugat, jehoz neustald recirkulace v systému vsak miize vést
k provoznim problémiim zptisobenym nértistem koncentrace N-amon
¢ijinych latek az na Groven inhibujici proces [2]. Nabizi se tedy moz-
nost zakoncentrovat ziviny obsazené ve fugatu vhodnym postupem
do jednoho proudu a druhy proud (prakticky ¢istou vodu) pouZit jako
fedici médium pro Gpravu susiny substratu ¢i k jinym tceltim (¢isténi
technologickych soucésti BPS, uzitkovd voda pro obsluhu BPS atd.)
[12]. Frakce, ve které je zakoncentrovéna vétsina zivin i jinych latek,
muze mit charakter pevné hmoty. Na druhou stranu je véak v nékte-
rych pripadech vhodnéjsi koncentrovany proud vznikajici Gpravou
fugdtu produkovat ve formé kapaliny. Kraume [11] napriklad uvadi,
ze optimalni je situace, kdy cca 50 % ptivodniho objemu pripadne na
kapalny zahustény proud a zbylych 50 % predstavuje déle vyuzitelna
.Cista voda®.

Vysoky obsah balastni vody ve fugédtu a snaha o racionalizaci vyuZiti
v ném obsazenych zivin i této balastni vody podporuji rozvoj novych
metod naklddéni s fermenta¢nim zbytkem, respektive s fugatem.
7Znéamé jsou fyzikdlné-chemické metody vedouci k ziskdni amon-
ného dusiku, popiipadé k soucasnému ziskavani amonného dusiku
a fosforu — napriklad stripovani ¢i sraZeni struvitu. Uplatnéni mohou
v téchto souvislostech nalézt také membranové procesy ¢i sorpce [5].

Zajimavou alternativu prestavuje také odparovani balastni vody pri
tepelném zahustovani vyuzivajicim odpadni teplo produkované ko-
generac¢nimi jednotkami [2], popfipadé jeho kombinace s biologickou
predupravou fugatu nitrifikaci [13]. Kone¢nymi produkty zpracovani
fugatu v soustavé nitrifikace/tepelné zahusténi jsou zahustény nitri-
fikovany fugét vyuzitelny jako komplexni kapalné hnojivo a desti-
lat, ktery mutize byt v ramci BPS zpétné vyuzit jako procesni voda.
Nitrifikace fugatu realizovana podobnym zptisobem jako pfi ¢isténi
odpadnich vod vede k prevedeni ¢ésti (popfipadé veskerého) amonia-
kalniho dusiku obsazeného v surovém fugatu na dusi¢nanovou formu
a zaroven dochazi k vyznamnému poklesu pH fugatu do mirné kyselé
oblasti (6,0 ¢i méné). Pokles pH je pozitivni vzhledem k minimalizaci
tekdni amoniaku pfi dlouhodobém skladovani nitrifikovaného fugétu,
resp. pii jeho primé aplikaci na ptidu. V pripadé dvoustuprové tpravy
nitrifikace/tepelné zahusténi je zasadni i z pohledu sniZeni intenzity
prechodu zbyvajictho amoniakédlniho dusiku do destilatu pii tepel-
ném zahugtovani nitrifikovaného fugatu. Dusi¢nany vyprodukované
pri nitrifikaci 1ze z pohledu rizika ztrat dusiku povazovat za stabilni
formu, u které by nemélo pii manipulaci s fugdtem dochazet k jejimu
tniku do atmosféry, resp. do destilatu [5].

Hlavnim cilem tohoto prispévku je vyhodnotit moznosti vyuziti
destilatu, vznikajiciho pfi tepelném zahustovéni nitrifikovaného
fugatu jako procesni vody vyuzitelné v aredlu BPS.

Metodika

V ramci pokusti byla v prvnim kroku realizovana nitrifikace fugatu
v laboratornim reaktoru o provoznim objemu 5 litrti. Tento fugét po-
chazel z BPS, ktera zpracovava bioodpady a biologicky rozlozitelné
odpady z kuchyni a stravoven (gastroodpady). V nitrifikacnim reak-
toru bylo dlouhodobé udrzovano pH na hodnoté 6,0. Popis funkce
nitrifikac¢niho reaktoru je uveden v praci [13].

V navazujicim kroku byly vzorky nitrifikovaného fugatu (odtoku
z nitrifika¢niho reaktoru) tepelné zahustény priblizné na 50 % pt-
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vodniho objemu. Zbyvajicich 50 % ptivodniho objemu fugatu preslo
do destilatu (vody vznikajici kondenzaci par produkovanych pfi te-
pelném zahugtovani nitrifikovaného fugatu). Ve fazi tepelného zahus-
tovéani bylo pouzito 200 ml nitrifikovaného fugatu, pficemz vysledky
prezentované v niZze uvadénych tabulkach 1 a 2 jsou priiméry hodnot
ze ti méfeni. K tepelnému zahusténi byla vyuzita odparka BUCHI
Rotavapor R-215 s vakuovou pumpou V-700 a reguldtorem podtlaku
V-850. Vysledky rozborti zaznamenané u vzorki zahusténého nitri-
fikovaného fugatu byly vzdy srovndny s hodnotami ziskanymi pro
surovy fugat (materidl vstupujici do nitrifika¢niho reaktoru) a fugat
po nitrifikaci (odtok z nitrifikacniho reaktoru). Odpafovéani probihalo
za snizeného tlaku (300 mbar) s vyuZzitim vodni lazné temperované na
teplotu 95 °C. Teplota vznikajici pary se pfi daném tlaku pohybovala
okolo 70 °C. V ramci chemickych rozbort byly ve vzorcich surového
fugétu, nitrifikovaného fugdtu, zahusténého nitrifikovaného fugatu
(destilacniho zbytku) i destilatu dle Horakové a kol. [14] stanovovany
hodnoty téchto parametrii:
* hodnota pH;
* koncentrace N-amon, N-NO,, N-NO, [mg/l];
* chemicka spotieba kysliku dichromanovou spektrofotometrickou

semimikrometodou [mg/1];
* konduktivita [mS/cm].

Byly taktéz sledovany koncentrace nizsich mastnych kyselin (NMK)
v surovém fugatu, fugatu po nitrifikaci a v produktech tepelného za-
hustovani nitrifikovaného fugatu pomoci plynového chromatografu
Thermo Fischer scientific Trace 1310 s FID detektorem.

Vysledky a diskuse

Z vysledkii prezentovanych v tabulce 1 a 2 jsou zfejmé zakladni
rozdily v charakteristikiach surového fugatu, nitrifikovaného fugatu
a jednotlivych produkti procesu tepelného zahusténi. Z tabulky 1
je patrné, ze v diisledku nitrifikace dochézi v souladu s [8] k po-
klesu hodnoty pH (z 8,4 na 6,1) a k poklesu koncentrace N-amon
z 3 600 mg/l na 5,9 mg/l. Pokles koncentrace N-amon byl logicky
doprovézen nértstem koncentrace dusi¢nanového dusiku (z prakticky
neméfitelnych hodnot na 5 650 mg/l). Vyskyt dusitanového dusiku
v nitrifikovaném fugatu nebyl u zpracovavanych vzorkd vyznamny.
Nesoulad v koncentraci celkového dusiku ve fugdtu vstupujiciho do
nitrifika¢niho reaktoru a ve fugdtu nitrifikovaném je patrné zptisoben
¢astecnou mineralizaci organického dusiku v reaktoru a odparem
urcité ¢asti vody [5]. V§znamny je také pokles hodnoty CHSK,, (tedy
CHSK odstfedéného vzorku kvantifikujici organické rozpusténé lat-
ky) z 12 000 na 2 400 mg/l. Ten potvrzuje pomérné vysokou aktivitu
aerobnich heterotrofnich organismu v nitrifika¢nim reaktoru [15]. Na
druhé strané mtzeme pii srovnani surového a nitrifikovaného fugatu
pozorovat nértst konduktivity z 33,7 mS/cm na 49,8 mS/cm. Ten se
také da vysvétlit mineralizaci organickych latek, kterd patrné vedla ke
zvy$eni koncentrace elektrolytt v odtoku z re-
aktoru. Nezanedbatelnou roli mtize i v tomto

stilatu byly v tomto proudu zaznamenany o minimalné 3 rfady nizsi
hodnoty konduktivity ve srovnani s ostatnimi proudy. Z tabulky 1 je
déle patrné, Ze do destilatu prechdzi ur¢ité mnozstvi organickych latek
kvantifikovatelnych pomoci parametru CHSK, jehoz hodnota dosaho-
pritomnosti ur¢itého mnozstvi tékavych NMK v nitrifikovaném fugatu
a jejich ¢éastecnym transferem do destildtu (viz tabulka 2).

Tabulka 2 zobrazuje koncentrace NMK. Je z ni patrné, Ze surovy
fugét pred nitrifikaci obsahoval vysoké koncentrace jednotlivych
kyselin. To svédc¢i o nedokonalém anaerobnim rozkladu v reaktoru
BPS, ze které byl vzorek odebran. V dutisledku aerobniho rozkladu
organické hmoty v nitrifikacnim reaktoru doslo k rapidnimu poklesu
koncentrace NMK. Koncentrace jednotlivych NMK v zahu$téném
fugdtu, respektive v destilatu je s ohledem na jejich nizky obsah v ni-
trifikovaném fugatu pred zahusténim pomérné vysokd. Zajimava je
také zména v zastoupeni jednotlivych NMK v produktech zahugténi
ve srovnani s ptivodnim nitrifikovanym fugatem. Toto zjisténi muze
indikovat priibéh chemickych zmén organické hmoty pfi procesu
tepelného zahustovani. Jedna se véak pouze o prvotni vysledky, které
bude potieba ovéfit v ramci navazujiciho vyzkumu.

Zaveér

Z vysledkt dosud provedenych experimentt je zfejmé, Ze do desti-
latu vznikajiciho pfi tepelném zahustovéni nitrifikovaného fugatu
(potencialni procesni kapaliny) prechdzi pomérné malé mnozstvi
jednotlivych forem dusiku. Na druhou stranu se zda, Ze koncentrace
organickych latek v destilatu mtze byt relativné vyznamnd, patrné
zvlasté pri vyssich koncentracich tékavych nizsich mastnych kyselin
v nitrifikovaném fugétu. Prestoze chemické slozeni destilatu v zadném
piipadé nedosahuje kvality napriklad destilované vody, z predbéznych
vysledki vyzkumu prezentovanych v ramci tohoto prispévku vyplyvd,
Ze ma smysl se i nadale zabyvat moznosti aplikace postupu nitrifikace/
tepelné zahusténi jako metody pro zpracovani fugdtu, véetné myslen-
ky vyuzivat destilat produkovany v ramci tohoto procesu v provozu
bioplynové stanice jako procesni vodu, napriklad k fedéni vstupnich
surovin. Zarover se jevi jako realné uvazovat o vyuziti zahusténého
nitrifikovaného fugatu jako komplexniho kapalného hnojiva.

Podékovani: Projekt vznikl za financ¢ni podpory Narodni agentury
pro zemédélsky vyzkum QK1710176.
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5. Sumarni diskuse

Tématem produkce bioplynu z riznych rostlinnych materiald se zabyvalo mnoho studii,
pricemz hlavni pozornost se soustfedila na tradi¢ni substraty (kukufice, cukrovarnické tizky,
organicka frakce smésnych komunalnich odpadir), ale jen malo z nich se vénovalo problematice
dalsich rostlin vhodnych k jejich vyuziti v BPS. Soucasné stim je v poslednich letech
zaméiovana veédecka aktivita na nalezeni vhodné metody pro upravu vznikajicich velkych
objemt fermentacniho zbytku — digestatu, ale i jeho slozek (separatu, fugatu). ReSeni vyse
nastinénych problémi je v souCasné dob¢ velmi aktudlni a potfebné, jak v rovin¢ hledani
alternativnich zdroja substratu pro vyrobu bioplynu, tak i z pohledu nakladani s fermenta¢nim

zbytkem.

V prvni ¢asti sumarni diskuse (podkapitola 5.1) jsou shrnuty poznatky z védeckych
publikaci (podkapitoly 4.1 a 4.2), ve kterych jsou nase vysledky zaméfeny na moznost
uplatnéni alternativnich plodin (rtizné druhy trav, technické konopi) v anaerobni digesci, jejichz
zaClenéni by mohlo vést k diverzifikaci surovinové zakladny BPS. V kapitole 5.1 je dale
diskutovana problematika rychlosti produkce bioplynu ze sledovanych materialti, soucasné je
vyhodnocen i vliv teploty skladovani na produkci a kvalitu vznikajiciho bioplynu z riznych
druhti trav. U experimentu s technickym konopim je sledovana tvorba a kvalita produkované
biomasy Vv jednotlivych rastovych fazich ve vztahu k mnozstvi a kvalit¢ produkovaného

bioplynu a methanu.

Ve druhé ¢asti sumarni diskuse (podkapitola 5.2) jsou diskutovany poznatky z dalsich
publikovanych praci (podkapitoly 4.3, 4.4 a 4.5). Zde jsou posuzovany moznosti zpracovani
kapalné frakce fermenta¢niho zbytku (fugatu). Ten je na BPS produkovan ve velkych
objemech, ptic¢emz nakladani s nim neni dostate¢né vyfeseno. Zpracovani fugatu je v ramci této
disertacni prace feSeno dvoustupniovym systémem nitrifikace-tepelné zahuStovani, pii kterém
nejprve dochazi k transformaci amoniakalniho dusiku (N-amon) do dusi¢nanové formy

(N-NO3)) s naslednou redukci objemu pomoci tepelného zahusténi.

5.1 Hodnoceni produkce bioplynu z alternativnich substratu
5.1.1 Sledovani vyvoje rostlin na produkci biomasy

Vliv faze ontogeneze rostlin na obsah a mnozstvi suSiny produkované biomasy byl
sledovan u rostlin technického konopi (podkapitola 4.2) v prubéhu polniho pokusu ve ¢tyiech
vyvojovych fazich rostlin (faze péti pravych listi — 1. sklizen, tvorba kvétu — 2. sklizen, faze
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kvétu — 3 sklizen, zralost 50 % semen — 4. sklizen) Vv rizném systému hnojeni (NPK, separat,
fugat a délena davka separatu a fugatu). Bylo prokazano, Ze s posunem Kk vys$im vyvojovym
fazim rostlin dochazi k nartstu susiny z 21 % u prvni sklizné az po 32 % u posledni sklizné.
Soucasné dochazi i ke zméné zastoupeni OS. Z 80 % podilu OS u prvni sklizné doslo k nariistu
az na 93 % OS u ¢tvrté sklizné. To je ve shodé s Haklem et al. (2012) a McEniry et O'Kielly
(2013), ktefi ve svych studiich popisuji zménu susiny, respektive OS v prubéhu vyvoje riznych
trav. V jejich studiich byl prokazan nartst suSiny mezi jednotlivymi skliznémi Vv rozmezi
hodnot od 16 % do 26 % (Hakl et al., 2012), respektive narast v zastoupeni OS v rozmezi
hodnot od 90 % do 93 % (McEniry et O’Kielly, 2013). Konkrétni hodnoty OS béhem vyvoje
rostlin technického konopi vsak dosud nebyly publikovany. Hektarové vynosy susiny prokazaly
statisticky prikazny nartst v rozmezi od 0,6 do 0,7 t/ha u prvni sklizné az po 10,3 az 12,0 tuny
suSiny z hektaru u ¢tvrté sklizng. V ramci jednotlivych sklizni v§ak nebyly prokazany statisticky
vyznamné rozdily ve vynosech mezi jednotlivymi variantami hnojeni. Pakarinen et al. (2011)
ve své studii uvedli vynos 14 tun susiny biomasy z hektaru pro zatijovou sklizen, Prade et al.
(2011) dosahli vynosu susiny z hektaru béhem tiiletého pokusu v rozmezi od 13 do 17 t/ha pro
podzimni sklizen, Kreuger et al. (2011) uvadé&ji vynos 15,6 tuny susiny z hektaru. V porovnani
S témito autory pak Gissén et al. (2014) publikovali Siroké rozpéti vynosu viceletého pokusu
rostlin technického konopi v rozmezi od 6,6 tuny/ha az po 13 t/ha. Nami dosazené vynosy
Z posledni sklizn€ jsou nizs§i v porovnani s vétSinou diskutovanych autord, avSak nejvyssi
zjistény vynos (12,0 t/ha) je blizky niz§im vynosim uvedenym ve studii Prade et al. (2011) a
zaroven dosahuje vynosu srovnatelného se studii Gissén et al. (2014), jejichZ vynos biomasy

konopi se v prvnim sledovaném roce pohyboval v rozmezi od 11 do 13 t/ha.

5.1.2 Produkce a kvalita bioplynu z alternativnich plodin

Produkce bioplynu a obsah methanu v bioplynu vyprodukovaném z trav sklizenych
Z intenzivné obhospodafovaného hiistového travniku a extenzivné péstované travy v parku
byla hodnocena v kombinaci s riznou teplotou skladovani (-18 °C, +3 °C, + 18 °C a + 35 °C)
sklizené travy pted zahajenim testu produkce bioplynu (podkapitola 4.1). Produkce bioplynu a
kvalita methanu rostlin technického konopi byla naopak sledovana v riizné onthogenezi rostlin

a v ruizném systému hnojeni. Tyto vysledky byly publikovany v podkapitole 4.2.

Vyssi produkce bioplynu z trav bylo dosazeno u intenzivné obhospodafovanych
htistovych travnikd oproti extenzivné obhospodafovanym parkovym travniklim. Systém

obhospodatfovani travnikl se vyznamné projevil na mnozstvi a kvalité bioplynu. U hiistového
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travniku dosSlo k aplikaci 560 kg N/ha, 410 kg K/ha a 120 kg P/ha, pfi¢emz tento travnik byl
vedle pfisunu vody ve srazkach (ro¢ni Gthrn srazek 495 mm/m?; Kulhanek et al., 2016) také
zavlazovan dal§imi 670 mm/m?. Parkovy travnik byl naopak hnojen pouze 75 kg N/ha, 75 kg
K/ha a 33 kg P/ha, travnik nebyl zavlaZzovan. Toto intenzivni hnojeni se tak projevilo
V rozdilném druhovém 1 fyzikalné-chemickém slozeni travnich material (tabulka ¢. 1,
podkapitola 4.1). Intenzivné obhospodatrované travniky vykazaly vyssi produkci methanu z OS
(0,33 — 0,41 m®) v porovnani s extenzivné obhospodafovanymi travniky (0,20 — 0,33 m3), coz
je ve shod¢ s Piepenschneider et al. (2016) 1 Mayer et al. (2014), ktefi uvadéji nizsi vytéznost
methanu z OS pro travniky z okoli silnic. Ta je dle Piepenschneidera et al. (2016) v rozmezi od
0,21 do 0,24 m® methanu z kg OS, avsak Meyer et al. (2014) ve své studii uvadgji §irsi rozpéti
vytéznosti methanu v rozmezi od 0,22 do 0,39 m® z kg OS. Triolo et al. (2012) a Gerin et al.
(2008) dospéli k zavéru, ze ruzné druhy travnich materialti pochazejicich z udrzby zahradnich
travnikd produkuji mnoZstvi methanu z kg OS Vv rozmezi od 0,32 do 0,35 m®. Je tedy ziejmé,

ze systém obhospodafovani ma vyznamny vliv na produkci methanu.

Zjisténé produkce methanu z OS se u rostlin technického konopi v jednotlivych
skliznich vyznamné statisticky neliS§i. Produkce methanu z kg OS se u vSech sledovanych
variant pohybovala v rozmezi od 0,28 do 0,32 m®z kg OS. To je ve shodé s Pakarinen et al.
(2011), Prade et al. (2011) ¢i Heiermann et al. (2009), kteti uvadéji produkci methanu z kg OS
u rostlin technického konopi v rozmezi od 0,25 do 0,30 m®. P¥i porovnani s vy3e diskutovanymi
produkcemi methanu z riznych travnich materiall je zfejmé, ze specificka produkce methanu
technického konopi je vyssi v porovnani s vytéznosti methanu z travnikt z okoli silnic (0,21 do
0,24 m3; Piepenschneider et al., 2016) a zaroveii dosahuje vyssich, piipadné obdobnych
vytéznosti methanu z extenzivné obhospodafovanych parkovych travnika (0,20 — 0,33 md).
Naopak pii porovnani s intenzivné péstovanymi travami (0,33 — 0,41 m®) dosahuje technické

konopi nizs§i vytéznosti methanu z kg OS.

Soucasn¢ s produkci methanu z OS bylo v publikovanych experimentech sledovano
zastoupeni methanu v bioplynu. Primérné hodnoty zastoupeni methanu byly u rtiznych trav
v rozmezi hodnot od 59,8 do 64,0 %. Pro rostliny technického konopi bylo zastoupeni methanu
v bioplynu v rozmezi od 59,5 do 61,5 %. Zastoupeni methanu v bioplynu produkovaném
z péstovanych trav je tak vyssi v porovnani s Triolo et al. (2012). Zaroven zastoupeni methanu
Vv bioplynu produkovaném z rostlin technického konopi dosahuje blizkych hodnot s Triolo et
al. (2012), kteti uvad¢ji praimérnou hodnotu 58,3 + 1,1 %. Prubéh produkce methanu béhem
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anaerobni digesce pak v obou piipadech odpovidal stavu, ktery ve své studii popsali Kandel et

al. (2013) pro vyvoj zastoupeni methanu u rostlin chrastice rakosovité.

Vzhledem k velmi podobnym vysledkaim specifické produkce methanu (0,28 - 0,32 m*
z kg OS) u jednotlivych vyvojovych fazi rostlin technického konopi, byly na zakladé vynosu
susiny z hektaru vypocteny hektarové vynosy bioplynu, respektive methanu. Primérna
hektarova produkce methanu byla pro zavére¢nou sklizei 2953 m®. To je na spodni hranici
hektarové produkce methanu z kukufice (2897 m?az 9056 m?; Ragaglini et al., 2014; Mast et
al., 2014). V porovnani s jinymi alternativnimi plodinami (krmny $tovik, proso prutnaté ¢i
chrastice rakosovita), jejichz hektarova produkce methanu se pohybuje v rozmezi 1172 az

2753 m* (Mast et al., 2014), je produkce methanu z hektraru technického konopi stale vyssi.

5.1.3 Rychlost produkce bioplynu

Soucasti kapitol 4.1 a 4.2 je stanoveni rychlosti tvorby bioplynu, ktera vyjadiuje dobu,
za kterou dojde ke vzniku 80 % (T80), respektive 90 % (T90) bioplynu. Stanoveni této rychlosti

uzce souvisi se specifickou a kumulativni produkei bioplynu.

Rychlost produkce bioplynu stanovena U riznych trav se pro T80 pohybovala v rozmezi
9 — 11 dnu, pro T90 byla v rozmezi 12 — 18 dnti. Rychlost T80 byla shodna s Haklem et al.
(2012), avsak pro T90 byla zjisténa rychlejsi produkce bioplynu V porovnani S vyse
diskutovanymi autory, kteti ve své studii uvadéji rychlost T90 v rozmezi 15 — 20 dnti. V nasem
experimentu tak doslo k rychlejsi produkci bioplynu ze sledovanych materiald, ktera mutize
napiiklad souviset s pouZitou upravou materidlu. Pfi porovnani s rychlosti T90 u kukufice
(10 dnti; Mast et al., 2014) je nami zjisténa rychlost produkce bioplynu stale pomalejsi.
Parametr T80 i T90 je u rostlin technického konopi vV porovnani s travami daleko pomalejsi.
Hodnota T80 se u rostlin technického konopi pohybovala v rozmezi od 17 do 27 dnti, respektive
pro T90 se tato hodnota pohybovala v rozmezi od 27 do 35 dnii. Obdobné geneze tvorby 80 %
bioplynu byly pro rostliny technického konopi prokazany experimentem Kreuger et al. (2011).
Soucasné byla béhem pokusu s technickym konopim zjisténa inhibice produkce bioplynu
fenolickymi latkami, kterou popsali Kortekass et al. (1995). Tyto fenolické latky vznikaji
béhem vyvoje rostlin konopi a prokazatelné znamenaly zpomaleni rychlosti formovani
bioplynu u druhé vyvojové faze rostlin. Parametr T80 dosahl v tomto ptipad¢ hodnoty 26 — 27
dnti, respektive T90 dosahl hodnoty 33 az 35 dnii. Z porovnani téchto hodnot U riiznych travnich
materiali (u kterych se hodnota parametru T80 i T90 pohybovala v rozmezi od 9 do 18 dnii)

jsou patrné téméf dvojnasobné rychlosti formovani bioplynu pro anaerobni digesci technického
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konopi. Pfi porovnani rychlosti s dobfe rozlozitelnou kukufici je pak ziejné, ze travni materialy
mohou dosahovat obdobnych rychlosti tvorby bioplynu. Pii aplikaci v realném provozu v BPS
pak pomalej$i geneze bioplynu z technického konopi (v nékterych ptipadech i travnich

materialil) mohou znamenat vyssi naroky na dobu zdrZeni materialu v anaerobnim reaktoru.

5.1.4 Sledovani vlivu teploty skladovani na vytéZnost bioplynu

V ramci experimentu s riznymi druhy trav byl sledovan vliv teploty skladovani Gerstvé
biomasy na produkci bioplynu, respektive na zastoupeni methanu. Skladovani pii teploté pod
bodem mrazu (-18 °C) mélo pozitivni vliv na vytéznost bioplynu, jelikoz takto upravené
materialy vykazaly statisticky vyznamné vyS$$i produkci bioplynu z intenzivné
obhospodatovaného htistového travniku (0,61 m® z kg susiny) oproti ostatnim variantim. U
extenzivné obhospodafovaného parkového travniku nebyl vliv tohoto zpasobu skladovani
statisticky prikazny. U varianty skladované pii -18 °C byla stanovena produkce bioplynu
0,47 m¥/kg susiny, stejné jako u susené varianty skladované pfi teploté 35 °C. Vyssi produkce
bioplynu, respektive methanu u Gpravy mrazenim, byla pravdépodobné zptisobena dezintegraci
bun¢k diky pfeméné vody obsazené v rostlinné matrici na led (Montusiewicz et al., 2010). Po
rozmrazeni se tak zvysila pfistupnost organického podilu mikroorganismim (Jan et al., 2008).
Tento efekt se nasledné projevil intenzivngjsi enzymatickou hydrolyzou, diky které se zvysila

produkce bioplynu, respektive methanu (Bundhoo et al., 2015).

5.2. Aplikace inovativnich metod upravy kapalné frakce fermentac¢niho
zbytku

5.2.1 Aplikace nitrifikace pro ipravu kapalné frakce fermentaéniho zbytku

Experimenty zamétené na nitrifikaci kapalné frakce fermenta¢niho zbytku mély za cil
ovefit moznost iniciace & dlouhodobého udrzeni nitrifika¢niho procesu v téchto extrémnich

podminkach (podkapitola 4.3, 4.4 a 4.5).

Proces nitrifikace v prostfedi kapalné frakce fermentac¢niho zbytku byl simulovan
V laboratornich podminkach s vyuzitim modelu fungujiciho na principu tzv. sméSovaci aktivace
(CSTR — Completely Stirred Tank Reactor). Tento systém je vyhodny vzhledem ke stabilité
podminek panujicich v reaktoru a k minimalizaci inhibi¢nich vlivl, kterym je vystavena
nitrifika¢ni biomasa (Chudoba et al., 1991; Svehla et al., 2014). V prvni etapé provozu trvajici
55 dnti byl reaktor provozovan bez regulace hodnoty pH, pficemz objem reaktoru €inil 1,5 litru.

Nasledné¢ doSlo vramci druhé etapy trvajici 90 dna k zavedeni regulace pH a
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k vyuziti laboratorniho reaktoru o objemu 5 litrti. Jiz béhem prvnich dnti prvni etapy provozu
reaktoru doslo v dusledku nitrifikace k rychlému narGstu koncentrace dusi¢nant, kdy druhy den
byla zjisténa koncentrace N-NOz™ 250 mg/l. Za tfi tydny tato hodnota dosahla 1540 mg/1. Takto
rychly priibéh iniciace nitrifikace je ve shodé s Pacek et al. (2016) & Svehla et al. (2014).
Nevyhodou pritbéhu procesu nitrifikace bez redukce pH vsak byly stale vysoké koncentrace
N-amon na odtoku dosahujici 1000 — 1250 mg/l (graf ¢. 1, podkapitola 4.3; obrazek ¢. 1A,
podkapitola 4.4). Uginnost prevedeni N-amon na oxidované formy tak byla pouze 60 %, mezi
40. a 50. dnem prvni etapy se G¢innost pohybovala kolem 67 — 68 %. Tato hodnota je blizka
hodnotam dosazenym v publikaci Botheju et al. (2010) zaméfujici se na nitrifikaci digestatu
v systému SBR (Sequencing Batch Reactor). Autofi uvadéji 75 % ucinnost prevedeni N-amon
na N-NOs. Tato ucinnost je ve shod¢ s vysledky ziskanymi pfi testech zaméfenych na
nitrifikaci kalové vody (Svehla et al., 2010). Odtokové charakteristiky reaktoru byly v ramci
prvni etapy znacné€ nestabilni. To plati v prvni fadé pro hodnotu pH, ktera v urcitych fazich
provozu reaktoru klesala az na 5,2. To je samoziejm¢ vhodné z hlediska minimalizace unikd
amoniaku pfi skladovani fugétu, jeho aplikaci na padu ¢i nasledném tepelném zahust'ovani. Na
druhou stranu vykyvy v hodnoté pH zptisobovaly dramatickou fluktuaci koncentrace toxickych
forem dusiku, zejména koncentrace nedisociovaného amoniaku a volné kyseliny dusité (FNA,
free nitrous acid), které inhibovaly aktivitu nitrifika¢nich organismt, zejména NOB. Proto
doslo k nekontrolovanému nartstu koncentrace toxickych dusitani az ke koncentracim N-NO2
1000 mg/l. To samoziejmé vedlo k dal§imu nartstu koncentrace volné kyseliny dusité
(13,8 mg/l po tiech tydnech, nasledné az 30,9 mg/l). Tento nartst pak znamenal inhibici celého
procesu nitrifikace. Anthonisen et al. (1976) uvadéji, ze inhibice volnou kyselinou dusitou mtze
nastat jiz pf1 jeji koncentraci pohybujici se v rozmezi od 0,2 do 2,8 mg/l a naptiklad Vadivelu
et al. (2006a) zjistili, ze inhibice mtize nastat dokonce pii koncentraci 0,037 mg/l. V naSem
provozu tak tedy doslo k n¢kolikandsobnému piekroceni téchto koncentraci, které nasledné
vyvolalo potlaceni aktivity NOB a nasledn¢ i odoIné&jSich AOB, coz je ve shod¢ s Vadivelu et

al. (2006b). Z téchto duvodu byla prvni etapa provozu reaktoru v této fazi ukoncena.

Na zaklad¢é zkuSenosti z prvni etapy se v ramci druhé etapy za ucelem stabilizace
nitrifika¢niho procesu ptikrocilo k regulaci nitrifikace pomoci upravy pH ptidavkem NaOH.
Ihned po zahijeni provozu reaktoru ,vVradmci této etapy, doslo opét k rychlému naristu
koncentrace dusinanii, coZ je i V tomto ptipadé ve shodé Pacek et al. (2016) &i Svehla et al.
(2014), avsak koncentrace dusitani béhem celé této etapy provozu nepiekrocila 30 mg/l.

Ustaleni hodnoty pH nejprve na hodnoté 7,0 (prvnich 60 dnd etapy), pozdéji 6,5 (nasledujicich
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30 dnd, viz podkapitoly 4.3 a 4.4) se pozitivné projevilo na odtokovych charakteristikach, kdy
vice nez 99 % vstupniho N-amon bylo pfevedeno do oxidovanych forem. V porovnani
s nekontrolovanou fazi procesu V prvni etapé Vv tomto piipadé, diky stabilnim podminkédm
panujicim v reaktoru, nedoslo k potlaceni aktivity NOB bakterii a vedlo k G¢inné transformaci
N-amon na N-NOs. Odtokové charakteristiky nitrifikacniho reaktoru jsou detailné&ji
vyhodnoceny v podkapitole 4.5, pficemz na odtoku se vyskytuji velice nizké koncentrace
N-amon (5,9 mg/l) i N-NO2" (0,34 mg/l) pii koncentraci N-NO3z™ dosahujici pramérné
5650 mg/l.

5.2.2 Uprava kapalné frakce fermentaéniho zbytku s vyuZitim tepelného zahu$tovani

Podkapitoly 4.3, 4.4 a 4.5 se vénuji problematice tepelného zahust'ovani kapalné frakce
fermentac¢niho zbytku, jelikoz tato metoda efektivné fe$i moznost snizeni objemu surového
fugatu a zakoncentrovani Vném obsazenych zivin. VedlejSim produktem tepelného
zahus$tovani je destilacni zbytek neboli destilat. Prvotni uprava pH surového fugatu do kyselych
hodnot ptidavkem kyseliny sirové potvrdila snizujici se intenzitu volatilizace N-amon béhem
jeho tepelného zahustovani. Okyseleni surového fugatu do nizkych hodnot pH (5,0 a 4,0) vedlo
k zakoncentrovani N-amon V tepelné zahus$téném produktu. Timto zplisobem bylo
zakoncentrovdno az 90 % amoniakélniho dusiku. Na druhou stranu vyss§i hodnota pH (6,0)
vedla k akumulaci pouze 63 az 74 % N-amon v zahusténém produktu, pticemz 7 — 14 %
pavodniho N-amon bylo analyzovéano v destilaénim zbytku. Tento ubytek mnozstvi N-amon
v zahusténém fugatu je nesporné zpisoben kiehkou rovnovahou mezi volnym amoniakem a
jeho iontovou podobou, jejichZz zastoupeni je zavislé na hodnoté pH (Hadj et al., 2009).
K podobnému vysledku dospéli 1 Chiumenti et al. (2013), kteti se ve své studii vénovali
okyselovani fugatu ptidavkem 35 % kyseliny sirové az do hodnoty pH 3,5 s naslednym
tepelnym zahu$ténim. Ve své studii zjistili, Ze pti pH 3,5 dochazi k zakoncentrovéani az 99,2 %
N-amon v tepelné zahusténém fugatu. Pouze 0,8 % amoniakalniho dusiku stanovili ve vzniklém
destilatu. Velmi podobnych hodnot blizicich se zakoncentrovani N-amon do zahu$téného
fugatu, respektive zanedbatelnému piechodu amoniaku do vzniklého destilatu, bylo dosazeno
pomoci tepelného zahustovani nitrifikovaného fugatu s hodnotou pH 6,1. Tyto vysledky jsou
uvedeny v podkapitole 4.5. Dusledkem dvoustupfiového systému nitrifikace-tepelné
zahustovani doslo k efektivnimu ptevedeni N-amon do N-NOzs™. V nitrifikovaném fugatu bylo
obsazeno pouze 0,2 % ptivodniho N-amon, z tohoto mnozstvi pak diky néslednému tepelnému
zahusténi pteslo do destilatu pouze 40 % N-amon, coz je méné nez 0,1 % procenta N-amon

obsazeném v surovém fugatu pred zahusténim.
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V podkapitole 4.5 byly vedle koncentraci jednotlivych forem dusiku publikovany i
hodnoty chemické spotieby kysliku (CHSK), konduktivity a hodnoty pH pro jednotlivé frakce
systému nitrifikace-tepelné zahustovani. Béhem nitrifikace dochazi v duisledku aerobni oxidace
organickych latek ke zméné obsahu CHSK. To bylo pozorovano poklesem hodnoty CHSK
z 12 000 mg/l na 2 400 mg/l, nasledné tepelné zahust'ovani pak znamenalo nartust na hodnotu
10 900 mg/l. Obdobnych nardsti koncentraci bylo dosazeno i u koncentrace N-NOs", coz je
diilezité z pohledu zakoncentrovéni zivin. Snahou o efektivni zakoncentrovani zivin v prostiedi
fugatu se vénovalo nékolik védeckych studii (Bonmati et Flotats, 2003; Bonmati et al., 2003,
Chiumenti et al., 2013 ¢i Li et al., 2016; Khan et Nordberg, 2018), avsak s vyuzitim riznych
uprav bez aplikace predchozi nitrifikace. Khan et Norberg (2018) ve své studii uvadgji, ze
membranovymi procesy je mozné zakoncentrovat N-amon i prvky jako fosfor ¢i sira do
dvojnésobnych koncentraci, pficemz vznikly permeat je mozné vyuzivat jako technologickou
vodu Vv ramci provozu BPS. Zakoncentrovani zivin vy$e uvadénymi postupy (odpafovani,
membranové procesy) je efektivni z pohledu snizeni objemu surovych materidli, avsak
dostate¢né nefesi napiiklad problematiku omezeni volatilizace N-amon pfi nasledném tepelném
zahusténi (Risberg et al., 2017; Li et al., 2016) ¢i ptitomnost vyssich koncentraci NMK p#i
aplikaci na padu (Botheju et al., 2010).

5.2.3 Koncentrace rizikovych prvkia a nizSich mastnych kyselin v jednotlivych stupnich

upravy kapalné frakce fermentaéniho zbytku

V podkapitole 4.3 jsou publikovany analyzy obsahi vybranych rizikovych prvka pred
procesem nitrifikace u surového fugatu ptichazejiciho do nitrifika¢niho reaktoru a téz v jeho
odtoku, ktery vyjadiuje tyto charakteristiky v pribéhu jeho provozovani (tabulka 5, podkapitola
4.3). V ramci srovnani bylo zjisténo, ze vlastni nitrifikaci nedoslo k vyznamnym zménam
V koncentracich téchto prvka. Problematika rizikovych prvka je soufasné uvedena
v podkapitole 4.3 v kontextu legislativnich pozadavki jak Ceské republiky, tak i dal3ich stati.
Pokud budeme uvazovat o vyuziti at’ uz nitrifikovaného fugatu, pfipadné i v kombinaci
s tepelnym zahuiténim, je tieba bezpodmineéné splnit legislativni podminky Ceské republiky
vyplyvajici vyhlasky €. 131/2014 Sb., o stanoveni pozadavkll na hnojiva, ptipadné z vyhlasky
¢. 341/2008 Sb., o podrobnostech nakladani s biologicky rozlozitelnymi odpady. Moznost
zatfazeni tepelného zahuSténi naptiklad na 50 % ptivodniho objemu neptichazi v tvahu u
takovych fermentac¢nich zbytk, jejichZ koncentrace rizikovych prvkl bude na minimélné 50 %

koncentrace stanovené ve vyse uvadénych vyhlaskach. Z tohoto pohledu je tak dulezité
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dusledn¢ sledovat kvalitu vstupnich materialt, ktera se nasledné odrazi v kvalité vznikajiciho

fugatu (Li et al., 2018; Risberg et al., 2017).

V podkapitole 4.5 byla feSena problematika obsahu NMK v systému nitrifikace-tepelné
zahust'ovani a jejich ptfechod mezi jednotlivymi produkty tohoto dvoustupiiového systému.
Koncentrace NMK se odviji od kvality vstupnich surovin (Li et al., 2018; Risberg et al., 2017)
a také zavisi na vlastni technologii a fizeni anaerobniho procesu (Ahring et al., 1995). V naSem
ptipadé doslo diky aerobni oxidaci k rozkladu 98,6 % vSech NMK obsazenych v surovém
fugatu na cca 70 mg/l. Pokles koncentrace NMK je dobfe dokumentovan u nitrifikace
odpadnich vod, kde NMK slouZi jako zdroj uhliku pro heterotrofni nitrifika¢ni bakterie (Zheng
et al., 2018; Lee et al., 2014). Tento pokles obsahit NMK je dulezity pii aplikaci fugati
s vysokymi koncentracemi NMK, pied kterymi varuji napiiklad Hjorth et al. (2010). Ty se pti
spravném chodu anaerobniho reaktoru zpravidla pohybuji v rozmezi od 100 mg/I do 300 mg/I
(Zhang et al., 2012; Maldaner et al., 2018; Lehtomaiki et al., 2007), avSak v extrémnich
ptipadech mize tato koncentrace dosahnout 15 000 az 20 000 mg/l (Banks et al., 2011; Zhang
et al., 2012). Jejich zvysené koncentrace pak vedou k vyssi mobilité rizikovych prvki v pade
diky poklesu hodnoty pH (Zygmunt et Banel, 2009). Vedlejsi benefit nitrifikace tak nespociva
pouze Vv pitevedeni N-amon do N-NOz,, ale vede i komezeni problému souvisejicich

s koncentraci NMK a jejich néslednou aplikaci at’ uZ v surové ¢i zahusténé formé.
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6. Zaver

V kratkém rozmezi let 2008 az 2012 doslo k intenzivnimu budovani zemédélskych BPS.
Tato zafizeni byla instalovana zejména ve snaze o zvySeni podilu energie vyrobené z
obnovitelnych zdroju energie. S masivnim rozvojem téchto technologii vSak vyvstavaji rizné
problémy, kterym v dobé vystavby BPS nebyla vénovana patficna pozornost. V fad¢ ptipadu je
mozno ocekavat nedostatek vhodného substratu pro vyrobu bioplynu. Jesté vétSim problémem
muize byt obrovska produkce fermenta¢niho zbytku. Manipulace s timto zbytkem je spojena
S nejrizngjsimi technickymi a environmentalnimi problémy. V ramci této disertacni prace byla
komplexn¢ feSena problematika optimalizace produkce bioplynu v BPS pravé z téchto dvou

vyznamnych thla pohledu.

Prvni ¢ast vyzkumu se veénovala vyuziti alternativnich plodin jakoZto potencialni
nahrady kukufice vyuZzivané v dne$ni dobé pro produkci bioplynu jako dominantni cilené
pestované plodiny. V naSich publikovanych pfispévcich jsme potvrdili, Ze méa smysl uvazovat
o vyuziti alternativnich materialti — travnich odpad ¢i technickém konopi. Bylo prokazéano, ze
produkce bioplynu z intenzivné obhospodafovanych travnika (0,55 - 0,64 m® z kg OS) i
extenzivné obhospodafovanych parké (0,33 - 0,53 m® z kg OS), v iadé piipadi dosahuje
obdobnych hodnot jako silazni kukufice (0,45 az 0,70 m® z kg OS). Specifickd produkce
bioplynu z technického konopi (0,48 - 0,58 m? z kg OS) je sice oproti hnojené traveé nizsi, aviak

1 zde plati, Ze dosahuje hodnot na spodni hranici rozsahu typického pro silazni kukufici.

Druha ¢ast vyzkumu byla zaméfena na dvoustupiiovou upravu fugatu postupem
nitrifikace-tepelné zahustovani, piicemz reflektuje aktualni problémy spojené s nadmérnou
produkci fermenta¢niho zbytku a nutnosti feSeni situace spojené s jeho zpracovanim pii
soucasném dodrzeni vSech legislativnich pfedpist. Bylo prokazéano, Ze nitrifikaci lze u¢inné
aplikovat i v extrémnim prostiedi fugatu, které je charakteristické vysokymi koncentracemi
N-amon i dal§ich latek. U¢innost prevedeni N-amon na N-NOz” mize v téchto podminkach
dosahovat az 100 %, coZ je z&douci z hlediska minimalizace ztrat dusiku pfi manipulaci
s fugatem. Dlouhodobym pokusem bylo zjisténo, Ze v prostfedi fugatu je mozné ucinné snizit

hodnotu pH azZ na 5,0, avsak tyto vysledky zatim nebyly publikovany.

Zaroven bylo prokazano, ze zarazeni tepelného zahustovani vede v kombinaci
s predeslou nitrifikaci fugatu K efektivnimu zakoncentrovani zivin pii minimalni intenzité

uniku amoniaku do destilatu. Destilat je pak mozno vyuzit v rdmci BPS jako procesni vodu.
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Zde je vsak tteba brat v potaz, Ze zatazeni tepelného zahustovani je mozné pouze pii Uprave
takového fugatu, jehoz parametry splni i po této upravé legislativou stanovené limity

koncentraci rizikovych prvkl a dalSich polutantt.
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